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Introduction: 

Marine Resiliency Study II (MRS II) is a collaborative project with an overarching objective to develop a 
platform to provide early analysis of predictors of mental health outcomes, such as Post Traumatic Stress in 
Marines, in coordination with the Army Study of Risk and Resilience (Army STARRS) program, by evaluating 
the physical, family, social, cognitive and mental health status of ground combat Marines deploying to Iraq and 
Afghanistan. They study aims to achieve these objectives through three main components. The three 
components of MRS It will provide for: 1) Extended evaluation and additional follow-up assessments of 
remaining active duty Marines in battalions previously assessed by Marine Resiliency Study I (MRS I), a 
prospective, longitudinal assessment of 2,500 Marines pre- and post-deployment across psychological, 
physiological and biological domains. 2) A MRS II specific assessment of Marines in battalions slated for 
deployment to enable the use of novel, stand-alone pre- and post- deployment measures independent of other 
ongoing projects, but can be designed to coordinate with measures used in the United States Army's Study to 
Assess Risk and Resilience in Service members (STARRS). 3) PiloUDemonstration projects based on the data 
from the original and MRS II study for a series of small studies to investigate the feasibility of targeted 
prevention or intervention protocols, or the use of new technolog ies to identify biomarkers. A specific goal of 
these small studies would be to determine feasibility and to estimate effect sizes from more extensive studies 
in larger Department of Defense groups, such as that from Army STARRS. 

Body: 

The primary programmatic aim of the Marine Resiliency II (MRS 11) is to identify the individual, social, and 
deployment factors that predict trajectories of mental health response, particularly posttraumatic stress 
disorder (PTSD), and secondly, by integrating and analyzing data across psychosocial, physiological and 
biological domains, to accomplish a broader multi-system understanding of the phenomenology of adaptation 
to stress. 

The specific objectives of this collaboration and implementation of MRS 11 are to: 

1 _ Provide extended assessment information from Marines already enrolled in MRS I so as to more 
accurately identify modifiable stressors for HQMC that most strongly predict mental health and 
functional outcomes. 

2. In coordination with HQMC, NIMH and Army STARRS, to provide longitudinal psychosocial and 
biological data collection and analyses so as to better understand causes and risk of suicide across 
services. 

3. In coordination with HQMC, NIMH and Army STARRS, to explore modifiable psychophysiolog ical, 
biological and genetic biomarkers predictive of post-deployment mental health outcomes. 

4. In coordination with HQMC, NIMH and Army STARRS, to test the feasibility of specific experimental 
designs such as targeted prevention or treatment protocols, or the use of new technology (e.g. MEG). 

5. In coordination with HQMC, NIMH and Army STARRS, to determine feasibility and estimate effect 
sizes of experimental designs in smaller Marine cohorts for more extensive studies using the Army 
STARRS cohort 

Task 1: To extend the number of assessment time-points and the evaluation period for all available Marines 
participating in the Marine Resiliency Study (MRS). Marines available include Marines from Cohort 3 (300 
Marines from 3/4, 29 Palms) and Cohort 4 (400 Marines from 3/5 and 1st CEB, Pendleton). Regulatory 
approval (University of California (UCSD), Veterans Affairs (VA) and Naval Health Research Center (NHRC)) 
is current: IRB # 070533. 

Task 1a: Cohort 3 extended post-deployment data collection 
• Subtask 1: Organize and maintain materials for data collection 
• Subtask 2: Data collection 
• Subtask 3: Data entry and cleaning 
• Subtask 4: Data integration and analysis 
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Task 1 b: Cohort 4 extended post-deployment data collection 
• Subtask 1: Organize materials for data collection 
• Subtask 2: Data collection 
• Subtask 3: Data entry and cleaning 
• Subtask 4: Data integration and analysis 

Current status of Task 1 a and 1 b: 

Task 1 a: Data gathering for MRS-II Project 1, (Extension Study), is complete, and data entry and cleaning 
have also been completed. 97 subjects were successfully enrolled into this part of the project in January of 
2012. Primary analysis for this task has been completed and data has been reported in manuscripts. (subtask 
4). 

Task 1b: Assessments for MRS-II , Project 1, (Extension Study) were not collected, since 3/5 and 1st CEB unit 
did not go on a deployment. 

Summary of Task 1a and 1b: All lRB approvals (UCSD, VA, and NHRC) for MRS-II , Project 1.(Extension) 
remain current and Core analysis has been completed reported in manuscripts. Additional ancillary analysis is 
ongoing and all papers and data will be shared With NMLC and Marine Corps Headquarters. 

Task 2: To identify biomarker predictors of PTSD and suicide vulnerability in newly enrolled Marines, pre- and 
post- deployment, using measures that ca11 be designed to coordinate with those used in Army STARRS. 
Specifics of these experimental designs will be developed in concert with NIMH, HQMC and Army STARRS. 

These tasks are dictated by DOD and USMC leadership in that the dates that the project can be executed 
based on deployment and training dates of currently participating battalions and potential battalions. Data 
collection tirnefrarnes are subject to change based on these schedules. 

Task 2a: Novel pre-post-deployment research design, coordinated with Army STARRS, 1st battalion 
• Subtask 1: Development of experimental design 
• Subtask 2: Regulatory approval; amendment or new IRB 
• Subtask 3: Data collection 
• Subtask 4: Data entry and cleaning 
• Subtask 5: Data integration and analysis 

Task 2b: Novel post-deployment research design, coordination with Army STARRS, 2nd battalion 
• Subtask 1: Development of experimental design 
• Subtask 2: Regulatory approval ; amendment or new IRB 
• Subtask 3: Data collection 
• Subtask 4: Data entry and cleaning 
• Subtask 5: Data integration and analysis 

Current status of Task 2a and 2b: 

Task 2a: For MRS-II , Project 2a (Neuro-cognition Study) deploying Marines from 1/7 were assessed during the 
allotted 2012 timeframe. In total 570 Marines were available and consented with cohort 1 (Task 2a). Seven 
Marines declined study participation. Of enrolled Marines, 569 completed the pre-deployment study 
assessments. 428 Marines completed their post-deployment assessment for a total retention rate of 75.1 % of 
all subjects participating in this portion of the study. 

Task 2b: The MRS-II military liaison and MRS staff identified a second battalion of deploying Marines (2n) to 
complete study recruitment goals. Assessments of these deploying Marines took place at 29 Palms Marine 
Base. 625 Marines were available and consented. 34 Marines declined study participation. Of enrolled 
Marines, 458 Marines completed their post-deployment assessment for a total retention rate of 73.3% of all 
subjects participating in this portion of the study. 
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Summary of Tasks 2a and 2b: Thus total enrollment for Project 2 wass 1195 recruited, 41 declined and 1190 
completions of the pre-deployment assessments. 886 Marines completed their post-deployment, for an overall 
retention rate of 75.5% for this portion of the project. A small recruitment of non-deployed subjects (3/7) was 
completed with 3/7 with a total enrollment of 195 recruited, 2 declined and 195 completions of the pre­
deployment assessments. 163 Marines from this group completed their post-deployment. for an overall 
retention rate of 83.6%. Our goal in recruiting and assessing non-deploying Marines served as a non­
deployment control group. All IRS approvals (UCSD, VA, and NHRC) for MRS-II , Project 2 (Neuro-cognition 
Study) remain current, as necessary for the data collection as noted above_ 

Task 3: In coordination with HQMC, NIMH and Army STARRS, implement demonstration projects that utilize 
subgroups drawn from prior MRS enrollees, to test the feasibility of specific experimental designs such as 
targeted prevention or treatment protocols or the use of new technology (e.g. MEG) to identify biomarkers. A 
specific goal of the demonstration projects would be to determine feasibility and estimate effect sizes for more 
extensive studies using the Army STARRS cohort. 

• Subtask 1: Identification of goals of exploratory, demonstration projects 
• Subtask 2: Development of experimental design and local review 
• Subtask 3: Project review by NIMH, Marine Corps 
• Subtask 4: Regulatory approval ; amendment or new IRS 
• Subtask 5: Data collection 
• Subtask 6: Data entry and cleaning 
• Subtask 7: Data integration and analysis 

Current status of Task 3 during this reporting period: 

MRS 11. Project 3 had four demonstration projects: 

1. For MRS-II, Project 3, Demonstration Project 1, IRB approvals remain current to allow for continued 
secondary analysis and manuscript writing. This project involved collaboration with University of 
Pennsylvania researchers associated with the Army STARRS Program. Data collection on this initial 
Demonstration Project focused on validation of the Penn battery (Ruben Gur) for use in Project 2 is 
complete (45 subjects) and all primary analysis is complete. All data analysis for this project has been 
completed. The wealth of data generated will also serve as a great resource for possible future data 
analysis, research studies, and publications. 

2. For MRS-II , Project 3, Demonstration Project 2, IRS approvals are up-to-date to allow for continued 
secondary analysis and manuscript writing. Project samples were analyzed, and basic characterization 
of comparison groups (PTSD versus healthy) is complete. A total of 64 PTSD cases and 64 combat­
exposed healthy, matched subjects were selected. Blood samples of these 128 Marines were available 
at pre-deployment and at least once at post-deployment. A total of 360 RNA and matching DNA 
samples have been extracted, quantified, and RNA seq is complete. The findings have been published 
(Breen et al. , 2015). DNA samples for methylation assays (epigenetics) were submitted, and are 
complete. Secondary data analysis continues; one manuscript is near completion and will be submitted 
for review to HQMC when complete, i.e. findings are replicated by an independent data set. MRS-II is 
working with other prospective studies to confirm replications. 

3. For MRS-II , Project 3, Demonstration Project 3, IRS approvals remain current to allow for continued 
secondary analysis and manuscript writing. The metabolomic measurements of all 120 samples were 
assayed, and primary analysis ls complete. Outcomes on the first 40 Marines were presented at a 
Military Biomarker Workshop in Amsterdam. Validation assays were completed and analyzed. These 
assays were delayed because of a break-down in equipment. but were ultimately completed. Initial 
analysis indicates that groups (PTSD, mTBI , PTSD/mTBI, control) can be grouped by metabolomic 
profile. The number of groupings was larger than anticipated. Additional samples will be needed for 
analysis as a separate project. DOD funds are currently being sought to complete additional assays 
and subsequent analysis. 
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4. For MRS-II, Project 3, Demonstration Project 4, all projects IRB approvals remain current to allow for 
continued secondary analysis and manuscript writing. This project was reviewed and approved by 
NIMH and HQMC. Funding for this study was allocated and the project was reviewed and approved by 
both the Naval Health Research Center IRB and the VA-designated IRB: UCSD Human Research 
Protections Program. With the help of our POC at HQMC, John Hartmann, an 

EOD battalion was identified to participate and their post deployment and post training assessments 
(December 2014) were completed. An initial group offifty Marines signed the informed consents during 
the June time frame (Jun 12 and Jun. 14, 2013 and Jun 26, 2013), and an additional 20 signed 
informed consents shortly thereafter. Enrolled Marines completed baseline scans and underwent blast 
training. Post-training scans took place in fall 2014 to summer of 2015. Preliminary outcomes of 
baseline assessments were presented at the Military Biomarker Workshop in Amsterdam. Additionally, 
IRB approval (an adjunct protocol) was obtained to proceed with distribution of blast sensors, and to 
analyze MEG data in relation to blast event outcomes during field training. Of the enrolled Marines in 
the Demonstration Project 4; MEG Study we obtained consents for use of the blast sensors from 60 
Marines during the allotted October to December 2013 timeframe. Of consented Marines, 54 (77 .1 % ) 
received their blast sensors. Blast sensors from these Marines were collected and core analysis is 
complete. Addit ionally, IRB approval (an adjunct protocol) was obtained to proceed with distribution of 
blast sensors during deployment. Of the enrolled Marines in the Demonstration Project 4: MEG Study 
we obtained consent for use of the blast sensors from 17 Marines during the allotted March 2014 
timeframe. A subset of the EOD battalion went on deployment and 17 (24.2%) have received blast 
sensors which were collected upon their return. 

Upon receiving notification that the EOD battalion returned to stateside we began working with the 
battalion leadership to schedule assessments. Due to post deployment operational requirements 
(OPTEMPO) for this unit, Marines were available for post-deployment assessments later that originally 
projected, thus our data collection schedule was delayed approximately 6 months. In November and 
December, 2014 we completed our first post deployment assessment session and assessed 9 subjects 
who were available. Our second assessment session began January of 2015; we completed 
assessment of 11 Marines as of March 2015. Our third assessment session began April of 2015; but 
due to operational requirements of Marines needing scans we were able to assess one Marine during 
this timeframe. 

A fourth assessment session began July of 2015 to assess Marines enrolled during the pre-deployment 
timeframe. During this fourth session we completed assessment of an additional 10 Marines. Our 
overall post-deployment assessment rate is 31 (49.2%). Post-deployment assessments continued in 
2015. All principal analysis is complete and included in publications. The dataset generated will 
continue to be studied for potential future publications .. 

There have been no problems in accomplishing the above tasks. 

Key Research Accomplishments: 

• All necessary IRB approvals (UCSD, VA, and NHRC) for MRS-II are complete and remain current for 
continuation of secondary analysis and manuscript writing. 

• Data collection for MRS II , Project 1 (Extension study) cohort one is complete 
• Pre-deployment data collection for MRS 11 , Project 2 (Neuro~cognition Study) is complete with an 

overall retention rate of 7 4.1 % 
• All Demonstration projects for MRS II, Project 3, Demonstration project 4 is complete with an overall 

retention rate of 49.2% 
• A draft Marine Resiliency website is currently under review by Headquarters Marine Corps and will be 

made public after approval (website contains general study information and publications) 
• An invention has been submitted (SD2014-043) entitled "Diagnostic and Predictive Metabolite Patterns 

for Disorders Affecting the Brain and Nervous System" which resulted from findings from the MRS II , 
Project 3, Demonstration Project 3. This patent addresses use of metabolomics as a biomarker for 
PTSD. 
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Reportable Outcomes: 

While preliminary outcomes have been reported at meetings, and In published manuscripts, we continue 
secondary analysis and submit additional manuscripts. We will forward all published future manuscripts to our 
contacts at NMLC. 

We have a number of findings that may be of value to Navy BU MED and HQMC: 

1. Based on Project 2 analyses, our findings indicate that longitudinal declines in cognitive performance 
after deployment were observed in a small subset of subjects endorsing both deployment TBI with 
LOC~1 min and prior TBI history. Based on these findings, given that TBI recent exposure and severity 
were modestly associated with reduced cognitive performance even when controlling for severe TBI 
(LOC>30 min) and mood and anxiety symptoms. Therefore, TBI history (recent prior TBI or multiple 
TBI) may be an additional factor to consider when assessing cognitive performance changes 
associated with TBI. 

2. Given the high rates of hearing loss and tinnitus in the military, we sought to examine whether cause, 
severity , and frequency of traumatic brain injury (TBI) increased risk of post-deployment tinnitus, 
accounting for co-occurring posttraumatic stress disorder. Pre-deployment TBI increased the likelihood 
of new-onset post-deployment tinnitus and deployment-related TBls likewise increased the likelihood of 
post-deployment tinnitus. The likelihood of new-onset post-deployment tinnitus was highest for those 
who were blast-exposed, who reported moderate-severe TBI symptoms, and who sustained multiple 
TBls across study visits. Posttraumatic stress disorder had no effect on tinnitus outcome. 

3. Based on prior cross-sectional evidence for inflammation associated with PTSD, we sought to 
determine whether inflammation was a risk factor for PTSD. Analysis of our data gives evidence that 
higher pre-deployment levels of a blood immune marker, c-reactive protein, are a risk factor post­
deployment PTSD, accounting for relevant variables such as trauma exposure (Eraly et al., 2014). We 
sought to confirm evidence of inflammation as an associate of, and risk factor for PTSD through MRS-II 
gene expression studies. Our gene expression also indicate that there is increased peripheral 
inflammation associated with PTSD diagnosis, and that inflammation may be a risk factor for PTSD, 
(Glatt et al. , 2013, Tylee et al. , 2015, Breen et al. , 2015). 

4. Our magnetoencephalogram (MEG) study provides further evidence for use of MEG imaging to detect 
mild traumatic brain injury. The high-resolution MEG source magnitude images obtained by Fast­
VESTAL method detected abnormalities at the positive detection rates of 84.5%, 86. 1%, and 83.3% for 
the combined (blast-induced plus with non-blast causes), blast, and non-blast mTBI groups, 
respectively. We found that prefrontal, posterior parietal, inferior temporal, ·hippocampus, and cerebella 
areas were particularly vulnerable to head trauma. Furthermore, MEG slow-wave generation, indicative 
of injury, in prefrontaJ areas positively correlated with personality change, trouble concentrating, 
affective !ability, and depression symptoms (Huang et al. , 2014). The MEG scan technique was also 
able to visualize brain abnormalities, different markers of mTBI, associated with PTSD. Those findings, 
consistent with to those observed using fMRI , were also published (Huang et al, 2014). 

5. Based on our metabolomics analyses, PTSD, mild TBI , and well as combined PTSD/mTBI show 
metabolomic profiles distinct from those of healthy combat-deployed Marine controls. Because the 
PTSD (without mTBI) metabolomics profiles differ from those of mTBI alone, and those of combined 
PTSD/mTBI, the total number of subjects was insufficient to provide an internal replication of findings. 
Thus, these data need to be replicated in a larger cohort. 

6. MRS is working collaboratively with other cohorts (e.g. Army STARRS, PRISMO) and with NIH funded 
consortia to replicate gene expression, epigenetics and genetics findings in PTSD. 

Please see Body section for reference to study related abstract presentations and slides cited above. 
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Conclusions and Recommendations: 

1. TBI is a risk factor for development of post-deployment mental health problems, such as depression 
and PTSD, as well as tinnitus. A small group of multiply exposed Marines may also show cognitive 
decline. 

Thus, policy recommendations might be 1) Employment of methods to document and record intensity of (e.g, 
blast sensors) of blast exposure(s) ; 2) Screening for likely consequences (e.g. mental health problems, 
tinnitus, cognitive decline), and 3) Additional training for Marines about the potential consequences of TBI 
encouragement to seek early medical assessment for symptoms. 

2. Inflammation may be a risk factor for development of PTSD 

Thus, policy recommendations might be to reduce likely sources of inflammation prior to and during 
deployment of military personnel. Such action might include 1) attention to when vaccinations are given: and 
2) to the extent possible encourage good sleep hygiene, as sleeplessness increases inflammation. Further 
research into the mechanisms of the association between inflammation and PTSD would be of value. 
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There have been several presentations and pending abstracts on MRS I, MRSll , and related topics . 

Study associated presentations: 

1. MRS II has provided an informational slide for the Army STARRS/NIH briefing (appendix 1 ). 

2. Dr. Dewleen Baker presented data on the NPY in PTSD, combat control subjects and healthy civilians, 
as well as prospective plasma NPY concentration trajectory at its relation to combat exposure at the 10th 
Catecholamine Meeting, Pacific Grove, California on September 10th, 2012 (appendix 2 and 3). 

3. Dr. Victoria Risbrough presented an early description and preliminary findings of the fear extinction task 
at the International Society for Psychoneuroendocrinology Conference in New York, NY on Sept. 12th, 2012 
(appendix 4). 

4. Dr. Dewleen Baker also contributed to a Panel 1 (Defining optimal biomarkers(s) for the military) of 
a satellite session of the International Society for Psychoneuroendocrinology Conference entitled "The Use of 
Biomarkers in the Military: Theory to Practice", led by Colonel Carl Castro and Rachel Yehuda. The session 
was held in New York, NY on Sept. 14th, 2012 

5. Dr. Susan Powell presented data describing the effects of childhood trauma on physiological responses 
in active duty marines on April 5th, 2013 at the Anxiety and Depression Association of American Annual 
Conference in La Jolla, CA. and Dr. Risbrough presented a description of the MRS-II study methods and 
masures on October 31st, 2012 at the BIOS PTSD conference in Los Angeles, CA. 

6. Dr. Mingxiong Huang presented data describing ''Magnetoencephalography (MEG) source imaging 
markers for mTBI and PTSD" on August 22, 2013 at the Military Biomarker Conference held in Amsterdam, 
Netherlands, a satellite conference of the 43rd Annual Meeting of the International Society of 
Psychoneuroendocrinology, Leiden, Netherlands (appendix 5) . 

7. Dr. Robert Naviaux presented data on "NextGen Metabolomics for Determining the Predeployment 
Risk and Postdeployment Diagnosis of PTSD and TBI" on August 22, 2013 at the Military Biomarker 
conference held in Amsterdam Netherlands, a satellite conference of the 43rd Annual Meeting of the 
International Society of Psychoneuroendocrinology, Leiden, Netherlands (appendix 6). 

8. Dr. Dewleen Baker presented data describing "CRP as a Predictor of PTSD Risk" and "Genetic Risk for 
PTSD in the Marine Resiliency Study: Interrogation of the Entire Genome" on August 22. 2013 at the 43rd 
Annual Meeting of the International Society of Psychoneuroendocrinology held in Leiden. Netherlands. Dr. 
Baker also presented "Military Biomarkers"on August 23th, 2013 at the Satellite Symposium to ISPNE; The 
Use of Biomarkers in the Military: From PTSD Susceptibility to Disease at the Military Biomarker Conference 
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held in Amsterdam (appendix 7 and 8). A special issue of Psychoneuroendocrinology is anticipated, entitled: 
'Biomarkers in the Military' edited by Ors. Vermetten, Baker and Yehuda. Talks presented (above) will be 
written up as manuscripts for this issue (appendix 7 and 8). 

9. Dr. Dewleen Baker presented data describing "CRP as a Predictor of PTSD Risk" at the 52nd Annual 
Meeting of the American College of Neuropsycholopharmacology (ACMP) held in Hollywood, FL from 
December 8-12, 2013 (appendix 7). 

10. Dr. Dean T. Acheson presented "Is Deficient Sensorimotor Gating a Pre-Existing Factor in Those That 
Develop PTSD After Combat Deployment?" at the 52nd Annual Meeting of the American College of 
Neuropsycholopharmacology (ACMP) held in Hollywood, FL from December 8-12, 2013 (appendix 9). 

11 . A poster entitled "Prospective Examination of Prepulse Inhibition in OIF/OEF Marines Suggests 
Reduced Sensorimotor Gating is a Pre-Existing Factor in Those That Develop PTSD After Combat 
Deployment" (Risbrough VR, Acheson OT, Baker DG, Nievergelt CM, Yurgil KA) was presented at the 52nd 
Annual Meeting of the American College of Neuropsycholopharmacology (ACMP) held in Hollywood, FL from 
December8-12, 2013(appendix10). 

12. Dr. Baker presented a MRS-II Briefto the 1st MEF Surgeon and staff with an MRS-II update on 
February 13th, 2014(appendix11). 

13. A paper entitled "Conditioned Fear and Extinction Learning Performance and its Association with 
Psychiatric Symptoms in a Sample of Active Duty Marine" (Acheson, OT, Geyer, M, Baker, DG, Neivergelt, 
CM, Yurgil , KA, Risbrough, VB, & MRS Team) was presented at the 34th annual meeting of the Anxiety 
Disorders Association of America. Chicago, IL from March 27-March 30th. 2014 (appendix 12). 

14. A paper entitled "Genome-Wide Association Study in Combat-Exposed Marines Identifies a Novel Risk 
Factor for PTSD" (Nievergelt CM, Maihofer AX, Mustapic M. Breen MS, Woelk CH, Whitaker JA, Geyer MA, 
Risbrough VB, O'Connor OT, Baker DG) was presented at the 69th Annual Scientific Meeting of the Society of 
Biological Psychiatry, New York, NY on May 8-10th, 2014 (appendix 13). 

15. Symposium Entitled New Research Initiatives on Biomarkers in Combat-Related PTSD (Baker, 
Nievergelt, O'Connor, Risbrough, Maihofer, Cook), with Col. E. Vermetten (Netherlands) and Col. R Jetly 
(Canada) Annual Meeting of the International Society for Psychoneuroendocrinology, Montreal, August 22, 
2014 (appendix 14). 

16. Dr. Mingxiong Huang presented "Developing MEG and DTI markers for PTSD" in a symposium "MEG 
as a diagnostic tool for post-traumatic stress disorders in military combatants" at the 19th International 
Conference on Biomagnetism, Biomag2014, Halifax, Canada on August 25, 2014 (appendix 15). 

17. Dr. Mingxiong Huang presented "MEG and mild traumatic brain injury" in a symposium "Emerging 
clinical indications" at the 19th International Conference on Biomagnetism, Biomag2014, Halifax, Canada on 
August 25, 2014 (appendix 16). 

18. A paper entitled "First GWAS in Dopamine Beta Hydroxylase confirms strong cis-acting variants and 
lends support for its role as an intermediate phenotype in post-traumatic stress disorder" was presented at the 
64th Annual Meeting of the American Society of Human Genetics at the San Diego Convention Center (SDCC) 
in San Diego, California, from October 18-22, 2014 ( qppendix 17). 

19. A poster entitled "Impact of Childhood Maltreatment of Physical Health Related Quality of Life in U.S. 
Active Duty Servicemen and Veterans'' (Aversa L, Lemmer J, Nunnik S, Mclay R, Baker DG) was presented at 
the 30th Annual Meeting of the International Society for Traumatic Stress Studies held in Miami, Florida from 
November 6-8, 2014 (appendix 18). 

20. A poster entitled "Conditioned Fear and Extinction Learning Performance and its Association with 
Psychiatric Symptoms in a Sample of Active Duty Marines" (Acheson OT, Geyer M, Baker DG, Nievergelt CM. 
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Yurgil KA, Risbrough VR) was presented at the 52nd Annual Meeting of the American College of 
Neuropsycholopharmacology (ACMP) held in Phoenix, Arizona from December 7-11 , 2014 (appendix 19). 

21 . A poster entitled "Identifying Extinction Learning Trajectories and their Association with Psychiatric 
Symptoms in a Sample of Active Duty Marines." (Acheson OT, Baker DG, Geyer M, Risbrough VR) was 
presented at the Annual Meeting of the Anxiety and Depression Association of America (ADAA) held in Miami. 
Florida on March 31-April 3, 2015 (appendix 20). 

22. A poster entitled ''Acoustic Startle Threshold: Predictor of Psychiatric Symptoms Pre- and Post­
deployment" (Glenn DE, Acheson OT, Nievergelt CM, Baker DG, Risbrough VR) was presented at the Annual 
Meeting of the Anxiety and Depression Association of America (ADAA) held in Miami, Florida on March 31-
April 3, 201 5 (appendix 21). 

23. Dr. Nievergelt presented "Extending Genome-Wide Associations Studies to Identify Risk Factors for 
PTSD in combat-exposed Marines." at the Annual Meeting of the Anxiety and Depression Association of 
America (ADAA) held in Miami, Florida on March 31-April 3, 2015 (appendix 22). 

24. A poster entitled "Acoustic Startle Threshold: Predictor of Psychiatric Symptoms Pre- and Post­
deployment" (Glenn DE, Acheson OT, Nievergelt CM, Baker DG, Risbrough VR) was presented at the Lewis L. 
Judd Young Investigators Symposium at UCSD on April 13, 2015 (appendix 21). 

25. Dr. Nievergelt presented "Genomic Predictors of Combat Stress Vulnerability in U.S. Marines: Genome­
wide Association Studies across Multiple Ancestries Identify Novel Risk Factors for PTSD" at the 2015 Society 
of Biological Psychiatry Annual Meeting on May 14-16, 2015 (appendix 23). 

26. A poster entitled "MEG Imaging Markers for Mild TBI and PTSD." (Huang MX, Baker DG) was 
presented at the Military Health System Research symposium was held from Aug 17-20 2015 at the Marriott 
Harbor Beach Resort, Ft. Lauderdale, FL (appendix 24). 

27. Dr. Baker presented "Autonomic Nervous System and Immune Markers of PTSD Risk and Resilience 
at the 2015 Military Health System Research symposium on Aug 19, 2015 at the Marriott Harbor Beach 
Resort, Ft. Lauderdale, FL (appendix 25). 

28. A poster entitled "MEG Imaging Markers for Mild TBI and PTSD." (Huang MX, Baker DG) was 
presented at the State-of-the-Art (SOTA) meeting on Traumatic Brain Injury (TBI) in Veterans being sponsored 
by VA's Office of Research and Development on August 24-25, 2015 (appendix 24). 

29. Dr. Baker presented "Seeking Risk and Resilience Factors for PTSD: The MarineResiliency Studyu at 
the Clinical, Translational Research Institute. University of California, San Diego on March 25, 2016 (appendix 
26). 

Please see appendices for slides and abstracts. 
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Summary 
Background: Posttraumatic Stress Disorder (PTSD) is a major public health concern, especially 
given the recent wars in Iraq and Afghanistan. Nevertheless, despite a sharp increase in the 
incidence of psychiatric disorders in returning veterans, empirically based preventlon strategies 
are still lacking. To develop effective prevention and treatment strategies, it is necessary to 
understand the underlying biological mechanisms contributing to PTSD and other trauma related 
symptoms. 
Methods: The "Marine Resiliency Study II " (MRS-II; October 2011- 0ctober 2013) Neurocognition 
project is an investigation of neurocognitive performance in Marines about to be deployed to 
Afghanistan. As part of this investigation, 1195 Marines and Navy corpsmen underwent a fear 
conditioning and extinction paradigm and psychiatric symptom assessment prior to deployment. 
The current ~tudy assesses (1) the effectiveness of the fear potentiated startle paradigm in 
producing fear learning and extinction and (Z) the association of performance in the paradigm 
with baseHne psychiatric symptom classes (healthy: n=923, PTSD symptoms: n=42, anxiety 
symptoms: n=37, and depression symptoms: n=12). 
Results: Results suggest that the task was effective in producing differential fear learning and 
fear extinction in this cohort. Further, distinct patterns emerged differentiating the PTSD and 
anxiety symptom classes from both healthy and depression classes. During fear acquisition, 
the PTSD symptom group was the only group to show deficient discrimination between the 
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conditioned stimulus (CS+) and safety cue (CS- ), exhibiting larger startle responses during the 
safety cue compared to the healthy group. During extinction learning, the PTSD symptom group 
showed significantly less reduction in their CS+ responding over time compared to the healthy 
group, as well as reduced extinction of self-reported anxiety to the CS+ by the end of the extinc­
tion session. Conversely, the anxiety symptom group showed normal safety signal discrimination 
and extinction of conditioned fear, but exhibited increased baseline startle reactivity and potenti­
ated startle to CS+, as well as higher self-reported anxiety to both cues. The depression symptom 
group showed similar physiological and self-report measures as the healthy group. 
Discussion: These data are consistent with the idea that safety signal discrimination is a relatively 
specific marker of PTSD symptoms compared to general anxiety and depression symptoms. Further 
research is needed to determine if deficits in fear inhibition vs. exaggerated fear responding are 
separate biological "domains'' across anxiety disorders that may predict differential biological 
mechanisms and possibly treatment needs. Future longitudinal analyses will examine Whether 
poor learning of safety signals provides a marker of vulnerability to develop PTSD or is specific 
to symptom state. 
© 2014 Elsevier Ltd. All rights reserved. 

1. Introduction 

Posttraumatic Stress Disorder (PTSD) is a major public 
health concern among current and former military mem­
bers, including those who have recently experienced combat 
in Iraq and Afghanistan (Baker et al.. 2012). For instance, 
while most service members remain resilient following 
deployment, the incidence of psychiatric disorders among 
active-duty service members has increased by 62% since 
these wars began in 2001. Specifically, there has been an 
increase of 656% for PTSD and 226% for anxiety disorders. In 
addition, t he cost to the Department of Defense (DoD) for 
treating these service members doubled between 2007 and 
2012 (Blakeley and Jansen, 2013 Congressional Research Ser­
vice Report). The Department of Veterans Affairs (VA) and 
society at large will continue to bear the cost of treating 
service members with chronic psychiatric issues long after 
these individuals are discharged from the military. According 
to a recent report by the Institute of Medicine, DoD preven­
tion efforts are hampered by an insufficient empirical base 
(National Research Council, 2014). Identifying the underly­
ing biological mechanisms of PTSD from other stress-related 
disorders is a key step in developing an evidence base on 
which to design more effective prevention and treatment 
efforts. 

The "Marine Resiliency Study II'' (MRS-II ; October 
201 1- 0ctober 2013) Neurocognition project is an investiga­
tion of neurocognitive performance in Marines about to be 
deployed to Afghanistan. Similar to the original MRS (Baker 
et al., 2012), Marines were assessed in a 3.5 h test battery in 
which clinical assessment, self-report, and biological assays 
are combined with comprehensive neurocognitive assess~ 
ments once before deployment and then again 3-6 months 
after deployment. The purpose of MRS·ll is to discriminate 
between biological markers that predict risk/resiliency for 
development of combat-stress related disorders and mark­
ers associated specifically with symptom state. Here we 
focus on one aspect of these assessments, measurement of 
fear conditioning and extinction learning and its association 
with psychiatric symptom groups prior to deployment. 

Increased responses to conditioned fear cues and reduced 
ability to inhibit these responses are well-known features of 

PTSD in civilian and combat-veteran populations (for review 
see VanElzakl<er et al. , 2013 ). Reduced ability to inhibit fear 
has recently been suggested to be a potential "biomarker" 
specific to PTSD, with PTSD subjects exhibiting poor learn­
ing of safety signals (cues that predict absence of threat) 
compared to depressed subjects (Jovanovic and Norrhol111, 
2011; Jovanovic et al.. 2009 , 2010). Studies in high trait 
anxious participants or other anxiety disorders are inconsis­
tent, showing either normal or reduced fear inhibition as 
measured by safety signal learning (Kindt: and Soeter, 2014; 
Gazendam et al. , 2013 ; Lissek et al. , 2009). Reduced inhi­
bition in PTSD patients is thought to reflect disruption of 
frontal cortical and hippocampal circuits to inhibit amygdala 
activation and concomitant fear responses (Adman et al.. 
2013; Acheson et al. , 2012a,b). However, increased fear 
responding to conditioned cues, aversive contexts, or over­
generalization of fear responses are shown across multiple 
anxiety disorders and thus may reflect biological processes 
that are shared across disorders (McTeague and Lang, 2012; 
Lissek et al., 1013; Grillon et al. , 1998). Results are less clear 
however for depression, with reports of lower, normal, and 
higher aversive responding or fear conditioning (McTeague 
and Lang, 2012; Gritton et al. , 2013; Robinson et al., 2012; 
Jovanovic et al. , 2010) depending on the type of conditioned 
cues and aversive stimuli. Heightened fear responding may 
be due to increased amygdala, extended amygdala, and/or 
dors<:l anterior cingulate activity in these disorders (Adman 
et al., 2013 ; Grillon, 2008). Understanding the differential 
patterns of fear conditioning and inhibition between symp­
tom types will help identify specific endophenotypes for 
further biological interrogation across stress-related disor­
ders (Cuthbert and Kozak, 2013; McTeague and Lang, 2012; 
Adman etal., 2013). Given that MRS-II is a longitudinal study, 
we will ultimately be able to determine in future analyses 
if these putatively differential phenotypes are vulnerabil­
ity factors or related specifically to symptom state after 
trauma. 

To test the hypothesis that PTSD, depression, and 
general anxiety symptoms may reflect distinct biological 
mechanisms and subsequent differential patterns of fear 
conditioning and inhibition abnormalities, we used a cross­
sectional design to directly compare fear conditioning and 
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extinction across participants endorsing symptoms of gen· 
eral anxiety, depression, and PTSD at pre-deployment. We 
used the fear potentiated startle (FPS) paradigm established 
by Norrholm et al. (2006), as this paradigm is sensitive to 
both the reduced fear inhibition (i.e., safety signal learning 
and extinction) and increased fear conditioning described 
in PTSD patients (Norrholm et al .. 2011). This protocol uses 
an aversive air-puff as the unconditioned aversive stimu­
lus. Though other fear conditioning paradigms have used 
aversive electrical shock as the unconditioned stimulus (i.e. , 
Milad et al., 2007), we chose to use air puff for a number of 
ree1sons. One, use of an air puff increased the feasibility of 
testing such a large active duty population in a time-limited 
manner as it does not require initial "customization" of 
shock stimuli. Lack of required customization reduced setup 
time as well as technical difficulty. Two, we antfcipated that 
shock stimuli would be less acceptable to study participants 
and to local and military institutional review boards given 
the special population status of active duty military. Third, 
this protocol uses startle reactivity as the operational mea· 
sure of conditioned fear, a cross species measure of fear 
conditioning for translational applications in animal models, 
and Which may be more sensitive to' 'automatic" or implicit 
fear learning compared to other measures such as skin con­
ductance (Sevenster etal., 2014; Glover et al. , 2011). 

2. Methods 

2. 1. Participants 

1195 infantry Marines and Navy Corpsmen enrolled in a 
longi tudinal study of the health effects of deployment to 
Afghanistan and completed the pre-deployment assessment. 
Data was collected on two separate infantry battalions, 
ident ified with the assistance of Marine Corps leader­
ship, 1- 2 mo prior to deployment. The first battalion was 
deployed from March 2012 to October2012, and the second 
battalion from September 2012 to April 2013. At the time of 
this collection period all Marine infantry were male, thus 
females did not participate. All data collection occurred 
on a single day, with the entire testing battery (of which 
only a portion is being presented here) was completed over 
the course of approximately 4 h. This study Was approved 
by the institutional review boards of the University of Cal· 
ifomia San Diego, VA San Diego Research Service, and the 
Naval Health Research Center. Written informed consent was 
·obtained from all participants. 

2.2. Fear conditioning and extinction procedure 

Apparatus: Startle pulses ( 108 dB, 40 ms) were delivered 
using a San Diego Instruments (SDI, San Diego, CA, USA) SR­
HLAB Electromyography (EMG) system. Sound levels were 
measured using continuous tones calibrated with a Quest 
Sound Level Meter on the A scale, coupled to the head· 
phones w'lth an artificial ear. The air puff was set at 250psi 
and delivered Vi<1 a plastic tube positioned 2.5 cm from the 
center of the throat. Air-puff onset was controlled by a 
solenoid system triggered by the same Acer laptop com­
puter that controlled the startle stimuli. Conditioned stimuli 
were presented via E-Prlme software (Psychology Software 

Tools, Inc. , Sharpsburg, PA, USA) run on a Dell desktop com­
puter with a 48 cm monitor positioned directly in front of 
the participant. Presentation of the stimuli by the E-Prlme 
software was triggered by signals from the EMG system to 
control synchronization of conditioned, startle, and air-puff 
stimuli. 

Eyeblink EMG responses were recorded via Ag/ Ag 3M 
Red Dot electrodes placed at the orbicularis oculi mus­
cles at the left eye connected to the SDI SR-HLAB EMG 
system and Acer laptop computer (Acheson et al., 2013, 
2012a,b). A reference electrode was placed at the mas­
toid bone behind the left ear. Before electrode placement, 
skin was cleaned with an alcohol swab and gently exfoli­
ated With 3M electrode prep tape. All electrode resistances 
were <10 kn. EMG data were recorded at a sampling rate 
of 1 kHz, amplified (0.5 mV elect rode input was amplified to 
2500 mV signal output). band-pass filtered (100- 1000 Hz), 
rectified, and then smoothed with a 5-point rolling aver­
age. Expectancy responses were recorded on a trlal -by·trial 
basis via the participant's responses on a key pad linked 
to E·Prime software. Additional self-report responses were 
recorded at the end of each experimental phase via the same 
keypad. 

Eyeblink dat<1 were scored via SR-HLAB EMG Utilities soft­
ware as previously described (Acheson et al. , 2012a,b). In 
brief, eyeblink responses were examined on a trial by trial 
basis at a window starting 100 ms before the startle pulse 
and ending 200ms after the pulse. Only responses that 
peaked within 100 ms of pulse onset were scored as a startle 
response. Trials in which excessive baseline noise or arti~ 

fact obscured the startle response were removed (2. 1% of 
trials) and replaced with an imputed value based on the 
average of the immediately preceding and following tri­
als. 

Fear conditioning and extinction task: The fear condi­
tioning and extinction protocol consisted of two discrete 
testing sessions or "phases": acquisition and extinc­
tion. Before the acquisition phase the participants were 
instructed that one of the colored symbols predicted when 
the air puff would appear: Each phase began with 6 star· 
tle pulses presented in t he absence of any other stimuli 
to stabilize startle responding. The acquisition phase con­
sisted of eight 6-s presentations of the conditioned stimulus 
(CS+; either a blue or yellow circle or square, balanced 
ac;ross subjects) that was paired with the air puff in 75% 
contingency, eight 6-s presentations of a non-reinforced 
conditioned stimulus (CS-; ct lso either a blue or yellow cir­
cle or square) that was never paired with the air puff, 
and 8 presentations of the startle stimulus in the absence 
of any stirnul1 (noise alone or " NA'' trial) which served 
as a measure of baseline startle across the phase. The 
CS+ and air puff co·term1nated on reinforced trials. Star­
tle pulses were presented approxim<1tely 4 s following CS+ 
or CS- onset. The stimuli serving as CS+ and CS- (blue or 
yellow circles or squares) were randomly assigned across 
participants. Contingency awareness was measured using 
a numbered keypad to report at each CS+ and CS- trial 
whether or not they expected to receive the air puff. Par­
ticipants responded With a ' '1 " if they expected the air 
puff, "2" if they were unsure, and ' 13" if they did not 
expect the air puff. After the acquisition ph<1se, contin· 
gency awareness was again assessed via a questionnaire 
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asking participants which stimulus predicted the shock. Self· 
reported anxiety during the cues was also measured at this 
time, as was the subj ective aversiveness of the air·puff stim· 
uh. 

After completing the acquisition phase, participants were 
asked to sit quietly for 5 min before beginning the extinction 
phase. Before the extmction phase began, the subjects were 
told to ' 'remember what they learned" in the previous ses· 
sion. The extinction phase consisted of 16 presentations of 
each stimulus type (C.S+, CS- , and NA). No air puffs were 
presented during this phase. Presentations of startle pulses 
were delivered and ratings of air·puff expectancy were col· 
lected in the same fashion as in the acquisition phase. After 
this phase, part1c1pants again rated their level of anxiety 
during the cues. After these ratings were made, partic· 
1pants were disconnected from the apparatus and went 
on to other assessment stations (see Baker et al. (2012) 
for full details of Marine Resiliency Study assessment bat· 
tery). 

2.3. Assessment of psychiatric symptoms 

Posttraumatic Stress Disorder: Posttraumatic stress symp· 
toms were assessed using a structured diagnostic interview, 
the Clinician Adm mistered PTSD Scale (CAPS; Blake et al.. 
1995). CAPS total scores can range from 0 to 136 and can 
be used as a measure of PTS symptom severity. PTSD symp· 
tom g1oup membership was defined using the partial PTSD 
criteria art iculated by Stein el al. (1997). Partial PTSD cri· 
teria were chosen due to the relative psychological health 
of an act ive duty Marine cohort. Criteria for assignment to 
the PTSO symptom group were the presence of at least I B 
symptom, 2 C symptoms, and 2 D symptoms, with minimum 
frequency ratings of 1 and minimum intensity ratings of 2. 
Inter-rater reliability in MRS was high for both the CAPS total 
score (Intraclass correlation coefficient=. 99) and for PTSD 
diagnosis (kappa ~ .714). All interviews were conducted by 
study personnel who were trained, certified and supervised 
by a licensed psychiatrist (D.G.B.; Baker et al., 2012). 

Anxiety: Assignment to the anxiety symptoms group was 
defined as scoring In the Moderate to Severe range {>15) 
on the Beck Anxiety Inventory (BAI; Beck and Steer, 1993). 
The BAI is a reliable measure of general anxiety symptoms 
present w1thin the past week, and discriminates between 
anxiety vs. depressive symptoms fairly well (Clark et al., 
1994). 

Depression: Assignment to the depression symptoms 
group was defined as scoring in the Moderate to Severe 
range (>19) on the Beck Depression Inventory 2 (BDl·2; Beck 
et al. , 1996). The BDl·2 measures the presence of depressive 
symptoms within the past 2 weeks. 

Trauma history: The life Events Checklist (LfC; Gray 
et al., 2004) was used to assess previous trauma history. The 
LfC evaluates the participant's lifetime experience of a wide 
range of traumatic events, including civilian traumas and 
combat or war·zone exposure, and further assesses whether 
the event directly happened to the individual, the individ· 
ual w1tnessed the event happening to others, or whether 
the event was teamed about second-hand. The LfC score 
reported here was calculated by summing all of the items 
scored as "happened to me" and I or "witnessed it". 
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2.4. Data analysis 

Final sample: Of the original 1195 Marines and Corpsmen 
who underwent the fear conditioning and e.xtinction proto· 
col, data on 21 were rendered unusable due to technical 
difficulties during testing. An additional 125 (10.6% of the 
remaining sample) were excluded from the analysis because 
they failed to show a CS• response greater than basehne 
during the last half of the acquisition phase. This failure to 
potentiate above baseline suggested that the air puff was 
ineffective in inducing fear in these subjects that would be 
sufficient to support learning in these participants. Further, 
35 subj ects met our cutoffs for more than one symptom 
group and were excluded from the analysis. This approach 
was taken to enable comparison of relat ively "pure" symp­
tom classes on fear conditioning and extinction phenotypes. 
See supplemental materials Table S1 for demographic data 
on these excluded subjects. The remaining 1014 subjects 
were included in all analyses. 

Startle: Startle data for the acquisition and extinction 
phases were analyzed as previously described in Acheson 
et al. (2013) by averaging responses to each stimulus type 
Into blocks of two trials. Within each block, the NA averages 
were subtracted from the CS• and CS- averages to adjust 
for changes in baseline startle across the session_ Thus, each 
CS• and CS- block represented startle above baseline for 
that block (e.g., (CS+) - (NA)). Thus there were 4 blocks for 
the CS• and CS- during the acquisition phase, and 8 blocks 
for the CS• and CS- for the extinction phase. 

To compare acquisition across symptom groups. the anal· 
ysis was simplified by averaging the last two blocks of the 
session across both CS types to create a measure of respond­
ing over the last half of the acquisition phase. To assess 
function of the task, acquisition phase data were initially 
analyzed within the healthy group only using a repeated· 
measures ANOVA to assess differences in response to each 
CS type. To assess differences by symptom group, a 2 (CS 
type) x 4 (symptom group) mixed ANOVA was conducted on 
the entire sample. Significant interactions were followed up 
with alpha·adjusted post hoc tests to assess Cue response 
differences within each symptom group. To assess symp· 
tom group differences in baseline startle, a one-way ANOVA, 
with appropriate post hoc tests, was conducted on the aver· 
age NA trial response across the last half of the extinction 
phase. 

Extinction phase data were analyzed by computing a 
measure of " I conditioned fear'·. This score is similar 
to the "extinction retention index" originated by Milad 
et al. (2007, 2008 l in their studies of fear extinction 
memory recall, which use a normalization approach to 
reduce confounds of differences m fear conditioning on 
measurement of extinction. for each subject, the maximal 
CS• response during the acquisition phase is identified. 
A % conditioned fear ls then calculated for each of the 8 
extinction bloc.ks using the following equation: 100 •(CS? 
response on extinction block/ maximum response across 
acquisition blocks). For simplicity of presentation and anal· 
ysis, these scores were further averaged into 4 extinction 
blocks consisting of 4 trials each. The first block, Early 
Extinction, consisted of the first 4 trials of the phase, Mid 
Extinction 1 trials 5 8, Mid Extinction 2 trials 9- 12, and 
Late Extinction trial 13- 16. To assess function of the task, 
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extinction phase data were initially analyzed within the 
healthy group only using a repeated-measures ANOVA to 
assess decrease in responding across the phase. To assess 
differences by symptom group, a 4 (symptom group) x 4 
(Extinction Block) mixed ANOVA was conducted on the 
entire sample. To assess symptom group differences in 
baseline startle response during the extinction phase, a 
4 (symptom group) x 4 (Extinction Block) mixed ANOVA, 
with appropriate post hoc tests, was conducted on the NA 
responses averaged into blocks analogous to those above. 

Expectancy and self-report: Expectancy responses were 
re-coded as: expect air puff= 1, unsure= 0, do not expect 
air puff = - 1. Expectancy responses over the last half of 
the acquisition phase (4 trials/stimulus type) were averaged 
together as with the startle data. ANOVAs were applied to 
assess both task effectiveness and differences by symptom 
group in t he same manner as with the startle responses. 

Table 1 Demographics and symptom measures. 

Symptom group 

Healthy 

N 923 

Age (SD) 22.23 (2.81) 

Months in the military (SD) 31.29 (26.18) 

Education 
<H.S. 3.3% 
H.S. 69.3% 
Some college 25% 
B.A. 2.4% 
Post-graduate 0% 

Rank 
Junior enlisted 71.3% 
NCO 27.5% 
Officer 1.2% 

Race 
White 87.4% 
African· American 3.7% 
Other 8.9% 

Ethnicity 
Not Hispanic or Latino 75.8% 
Hispanic or Latino 24.2% 

Marital status 
Single, never married 68.5% 
Married 29.3% 
Divorced 1.4% 
Separated 0.9% 

Pathology measures (SD) 
CAPS total score 9.66" (9.34) 
BAI total score 2.872 (4.03) 
BDl-2 total score 3.89" (4.19) 
LEC score 4.16 (2.80) 

Expectancy responses during the extinction phase were 
analyzed by trial, including the last 4 trials of the acquisi­
tion phase (20 total trials). Task effectiveness was assessed 
using a repeated-measures ANOVA on the healthy group only. 
A 4 (symptom group) x 20 (trial) mixed ANOVA was used to 
assess differences by symptom group across the entire sam· 
ple. 

To assess task effectiveness on self-reported anxiety, CS 
type differences on post-phase questionnaires were ana­
lyzed using repeated measures ANOVA on the healthy group 
alone. A 2 (CS type) x 4 (symptom group) mixed ANOVA 
was used to assess differences across symptom groups. 
Task effectiveness in assessing change across phase in self· 
reported anxiety was assessed using a repeated-measures 
ANOVA in the healthy group only. Differences across phase 
by symptom group were assessed with 4 (symptom group) x 2 
(phase) mixed ANOVA on the entire sample. In all analyses, 

PTSD Anxiety Depression 

42 37 12 

22.63 (4.08) 22.4 (3.27) 21.38 (2.33) 

39.5 (43.89) 32.7 (28.74) 31 (29.64) 

2.4% 2.7% 8.3% 
76.2% 73% 91.7% 
21.4% 21.6% 0% 
0% 2.7% 0% 
0% 0% 0% 

76.2% 78.4% 91 .7% 
23.8% 18.9% 8.3% 
0% 2.7% 0% 

85.7% 83.3% 83.3% 
0% 0% 0% 
14.3% 16.2% 16.6% 

64.3% 67.5% 75% 
35.7% 32.4% 25% 

69% 75.7% 75% 
28.6% 21.6% 25% 
2.4% 0% 0% 
0% 2.7% 0% 

43. 74 (11.29) 17.95° (10.91) 27.83° (12.06) 
4.4a (5.54) 20.41 (5.45) 6.67a (4. 92) 
9.86a (5.43) 9.65a (5.44) 24. 17 (3.33) 
5. 93b (3.60) 5.54b (3.12) 5.92b (2.27) 

a p -:..05 for comparisons vs. category reference group (i.e. , PTSD group reference for CAPS score comparisons). 
b p < .05 vs. healthy. 
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significant interactions were followed up with two-tailed 
Tukey post hoc tests. 

3. Results 

3. 1. De mographics 

Sample demographics are displayed in Table 1. There 
were no differences across symptom groups on any demo­
graphic variable. Differences between symptom groups 
did emerge on the LEC [f(3,1010)= 9.03, p<.0001 , par· 
tial 111 = .03], such that all symptom groups reported more 
trauma experience relative to healthy controls (ps< .04). 
However, the symptom groups did not differ from one 
another. Two subjects were taking psychiatric medication 
for reasons other than smoking cessation or sleep (1 in 
the PTSD symptom group and 1 in the anxiety symptom 
group). Both of those subjects reported taking fluoxetine 
at unknown dosages. As expected from our selection cri· 
teria, the symptom groups had significantly higher scores 
on their respective assessment measures relative to the 
other groups (Table 1; omnibus tests F(J, 1010)> 129.55, 
ps< .0001; ps < .05 for comparisons vs. reference group). 
All symptom groups had higher levels of PTSD, anxiety and 
depression symptoms compared to controls healthy controls 
(ps < .05). 

3.2. Overall task effectiveness 

3.2. 1. Acquisition 
Startle: As expected, startle responses during the Acqui­
sition phase showed a significant effect of Cue type, 
with the CS+ response being elevated relative to 
the CS-, indicating successful differential fear con· 
ditioning [Fig. 1A, F(t,918) =475.14, p <.0001, partial 
,,2 = .34]. 

Expectancy and self-report: For expectancy ratfngs, 
participants correctly identified the CS+ as predictive of 
the shock [Fig. 2A; f(1,913) =3916.39, p< .0001, partial 
1,2 = .811 }. On a 1 (expect air puff) to - 1 (do not expect 
air puff) scale, participants averaged a 0.59 rating for the 
CS+ and a - 0.78 rating for the CS-. 

On the post-phase questionnaire, 88. 9% of participants 
correctly identified the CS+ as predictive of the air puff. 
6.7% of participants were not sure which CS predicted the air 
puff, and 3. 1% misidentified the CS- as predictive of the air 
puff. Overall, participants assigned the air puff an average 
aversiveness rating of 2.31 out of 5 (SD= 1.02). Participants 
rated higher levels of subjective anxiety in the presence 
of the CS+ relative to the CS·, again indicative of differen· 
tial fear conditioning [Fig. 1C; f(1, 911 ) = 1298.43, p < .0001, 
partial 172 = . 588]. 

3.2.2 . Extinction 
Startle: As expected, percentage of conditioned fear (nor­
malized to the fear levels displayed in the acquisition phase) 
decreased significantly across the phase, demonstrating 
successful fear extinction [Fig. 2A; F(J,2751) = 182.87, 
p <.0001, partial 1,2 = .166]. 

Expectancy and self ·report: Expectancy ratings to the 
CS+ decreased significantly across the late acquisition and 
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Figure 1 (A) Potentiated startle magnitudes across the last 
half of the acquisition phase by symptom group. 'p < .05 for CS+ 
vs. CS- comparisons. # p < , 05 for PTSD symptoms vs. healthy 
comparison. (BJ Expectancy ratings across the last half of the 
acquisition phase by symptom groups. 'p < .05 for the CS+ vs. 
CS- main effect. (C) Self-reported anxiety by symptom groups 
following the acquisition phase. •p < .05 for CS+ vs. CS- main 
effect a.nd anxiety symptoms vs. healthy comparison. 
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Figure 2 (A) % acquisition response retained across the 
extinction phase by symptom group. •p < .05 for PTSD symptoms 
vs. healthy comparison. Np< .05 for exploratory comparisons vs. 
he1;1lthy controls. (B) CS+ expectancy ratings acrO$S the entire 
extinction phase. Ratings have been combined into 4-trial blocks 
for clarity. (C) Self-reported anxiety following the acquisi tion 
and extinction phases by symptom group. •p <. .05 for compar­
isons across phase and for the anxiety symptoms vs. healthy 
comparison. 11p < .05 for PTSD and anxiety symptoms vs. healthy 
comparisons within the extinction phase. 

extinction phases [Fig. 2B; f(19,16682):573.56, p<.0001, 
partial ri2 = .395]. From the acquisition to extinction phases, 
post-phase ratings of anxiety to t he CS+ decreased signifi­
cantly [Fig. 3B; f(1, 902) ,. 529. 15, p < .0001, part ial 172 = . 37]. 

3.3. Comparison of task performance between 
psychiatric symptom groups 

3.3.1. Acquisition 
Baseline startle: There was a significant difference between 
symptom group;:; in average baseline startle during the last 
half of the acquisition phase [F(3, 1010) = 3.05, p < .03, par· 
tial ri2 =. 009], such that the anxiety symptom group had 
a higher magnitude of startle relative to healthy controls 
(p <.009). No other symptom group differed from healthy 
controls. 

Startle potentfation: When participants meeting crite­
rfa for inclusion in a symptom group were examined, a 
significant symptom group x Cue type interaction emerged 
[Fig. 1A; F(3, 1005) = 3.4, p <.02, partial 172 = .01]. Post hoc 
tests revealed that responding to the CS+ was significantly 
higher than responses to the CS- for the healthy, anx­
ious, and depressed symptom groups (ps < . 001 ), but not 
for the PTSD symptom group (p < .09) suggesting reduced 
differential fear conditioning in the PTSD symptom group. 
This deficit in differential conditioning was driven by higher 
CS- responses in the PTSD symptom group relative to the 
healthy group (p < .004). In cont rast , the anxiety symp· 
tom group exhibited a trend for increased CS+ responding 
(p < 0.06) and no significant differences in CS- responses 
compared to healthy controls. Maximum CS+ responding 
was also calculated across the groups, and the anxiety 
symptom group showed significantly larger maximum CS+ 
responses compared to the healthy group [supplemental Fig. 
1; F(3,1010)=2.73, p<.05, partial 112 : .008; anxiety symp­
toms vs. healthy p <. .02) 

Expectancy and self -report: For expectancy ratings, 
there was no syl'nptom group x Cue type interact ion [Fig. 2A; 
F(3,1000) = 1.62, ns], nor was there an overall effect of 
symptom group [F(3, 1000) < 1.0, ns] . For self-reported anx· 
iety, there was a significant effect of symptom group [Fig. 
3A; f(3,997) =5.78, p< .001, partial 112 = .017] with anxious 
subjects reporting higher levels of anxiety in response to 
both cues (p < .001 ). There was no symptom group x Cue 
type interaction [f(3, 997) = 1.65, ns). 

3.3.2. Extinction 
Baseline startle: There was a trend toward differential 
responding between symptom groups across the extinction 
phase [F(3, 1010) = 2.09. p <.1, partial 112 = .006 ), again with 
the anxiety symptom group trending toward higher response 
relative to healthy controls (p < .1 ). 

Startle potentiation: A significant main effect of symp­
tom group was apparent on %conditioned fear during the 
extinct ion phase [F(3, 1005) =3.05, p < .03, partial ,.,2 = .009], 
such that the PTSD symptom group maintained a higher 
level of conditioned fear across the entire session com­
pared to the healthy controls (p < .006). There was also 
a trend for a block x symptom group interaction [Fig. 2A; 
f(9,3015) = 1.66, p<. 1, partial 112 = .005]. Exploratory post 
hoc analyses at each block showed that the PTSD symptom 
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group maintained a higher level of conditioned fear rela· 
tive to healthy controls at both the Mid Extinction 2 and 
Late Extinction blocks (ps < • 05). The anxiety symptom group 
showed a trend toward higher responding relative to con­
trols during Mid Extinction 1 (p < .07), however this trend was 
not apparent at the later extinction blocks. The depression 
symptom group did not differ from healthy controls. 

E'xpectancy and self-report: Expectancy ratings to the 
CS+ did not vary by symptom group across the phase [Fig. 2B; 
F(45, 14505) "" 1.33, ns], nor was there a main effect of symp· 
tom group [F(3, 967) < 1.0, ns). For self-reported anXiety, 
there were significant differences in change across phases 
by symptom group [Fig. 3B; F(3,988 )=4.24, p c.01 , parti al 
112 = . 013), such that all groups showed significant reductions 
across phase (ps <.OS) with the exception of the PTSD symp· 
tom group. The PTSD and anxiety symptom groups had higher 
responses to the CS+ during the extinction phase relative to 
the healthy group (ps < .02). In addition, t here was a sig· 
nificant main effect of symptom group, with the anxiety 
symptom group showing higher ratings overall relative to the 
healthy group [F(J ,988) = 5.12. p < .002, partial 112 = .015]. 

4 . Discussion 

As expected, the conditioning paradigm was effective in 
producing conditioned fear learning and subsequent extinc· 
tion teaming in our active-duty Marine and Navy volunteers. 
Psychiatrtcally healthy participants acquired differential 
fear-potentiated startle and self-reported anxiety responses 
to the CS+ vs. the CS- and showed contingency aware· 
ness (expectancy ratings). Across the extinction phase, when 
the air puff was absent, responses to the CS+ decreased 
in terms of both potentiated startle and self-reported 
anxiety. EXpectancy ratings showed intact contingency 
learning across extinction as well. Successful learning in this 
paradigm enables comparisons to be made in the learning 
patterns among the various psychiat ric symptom groups. 

Differential patterns of learning performance emerged 
between psychiatric symptom groups. The PTSD symptom 
group was unique in failing to show a differential potenti· 
ated startle response to CS+ and CS- at the end of fear 
acquisition. This failure was due to PTSD symptom group 
subjects maintaining a relatively high startle response to 
the CS-. The observation of high startle responses to the 
CS- is in line with existing research showing that individuals 
with PTSD have dtfficulty learning to inhibit startle responses 
in the presence of a safety signal (Jovanovic e t al. , 2009, 
2010). Though not explicitly termed " safety signal" in the 
current paradigm, presentation of the CS- effectively sig· 
nals the absence of the air puff, or safety. Interestingly, the 
participants in th·e PTSD symptom group showed intact con· 
tingency awareness in the expectancy ratings, as well as 
intact discrimination learning as assessed by self-reported 
anxiety. These findings suggest a •'disconnect'• between the 
participant's explicit experience and automatic physiologi­
cal responses to the safety cue (i.e . , potentiated startle) . 

Across the extinction phase, the PTSD symptom group 
maintained potentiated startle to the CS+ overall relative 
to the healthy group. The finding that conditioned fear 
responses were maintained throughout extinction supports 
existing research suggesting a disruption in fear extinction 
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learning and recall in PTSD symptom group subjects rela· 
tive to healthy controls (Norrholm et al. , 2011 ; Milad et al. , 
2008; Wessa and Flor, 1007; Orr et al. . 2000; Peri et al. , 
2000). This greater maintenance of conditioned fear was 
also apparent in the self-report of anxiety in response to the 
CS+, which remained relatively unchanged in the PTSD group 
after extinction training, unlike the other groups. Again, 
the PTSD symptom group showed normal explicit learning 
that the CS+ no longer predicted the US (as evidenced by 
the expectancy ratings across the extinction session}, fur­
ther supporting a disconnect between explicit contingency 
awareness and fear expression. Thus the current findings of 
deficient inhibition of potentiated startle to a safety cue 
and reduoed extinction of physiological and emotional fear 
responses in the presence of intact contingency awareness 
supports the theory that PTSD is characterized by a failure to 
inhibit automatic, physiological fear responses. This failure 
of inhibition is observed even though the subject is explicitly 
aware of a lack of threat or danger. 

The anxiety symptom group showed significantly higher 
baseline startle responding and higher CS+ potentiation 
compared to the healthy gmup. This group also reported 
significantly higher anxiety to both CS+ and CS- after acqui­
sition relative to the healthy group. The finding that CS+/ ­
discrimination is normal in participants with high general· 
ized anxiety symptoms is in line with other report that high 
traft anxiety participants exhibit normal CS+/CS- discrimi· 
nation (Kindt and Soeter, 2014; Gazendam et al. , 201 3 ). The 
present findings of higher self-reported anx:iety to the condi· 
tioned cues are also in line with past reports using a similar 
protocol (Gazendam et at. . 201 3). During extinction train· 
ing, the anxiety symptom group successfully extinguished 
both potentiated startle and US expectancy to the CS+. They 
also successfully extinguished self-reported anxiety to the 
CS+, however ove rall respondfng remained high compared 
to the other groups. Taken together, this pattern of results 
is suggestive of greater explicit anxiety responses durfn_g 
aversive anticipation in this group while fear inhibition and 
discrimination processes are relatively normal. 

The depression symptom group showed response patterns 
in all measures that were indistinguishable from healthy 
controls. The normal fear inhibition and potentiated star· 
tle in the depression group as assessed by safety signal 
learning and extinction is in line with previous studies 
(Jovanovic et al. , 2010, 2012). The present results differ 
however from a recent study in major depression patients 
in a task which incorporates both predictable and unpre· 
dictable aversive stimuli (Grillon et al. , 1013). Jn this task, 
MOD patients exhibited higher baseline startle reactivity as 
well as greater potentiation during the cue that was predic· 
ttve (100% contingency) of an aversive event. The 1ncreased 
startle potentiation was associated with symptom chronic· 
ity as well as severity. The different results across this study 
and the present study are unlikely due to differences in 
symptom severity (mean BDl 26 vs. 29 for present and pre· 
vious studies, respectively) or treatment (both studies used 
unmedicated participants). It is possible that the difference 
between the Gritton et at. study and the present study are 
due to differences in the chronicity of symptoms, gender 
demographics (mixed vs. all mate sample respectively) and 
comorbid anxiety (high vs. relatively low respectively). The 
lack of significant differences in the present study must also 
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be interpreted with caution given the relatively small sam­
ple size in this group (N = 12). 

The present results suggest differential performance 
between PTSD and anxiety symptom groups, with general 
anxiety symptoms being more associated with exaggerated 
fear responses and PTSD symptoms being specifically 
associated with a failure to appropriately inhibit fear 
responses to safety signals and reduced extinction. This 
differential pattern of results is suggestive of differences 
at the neurocircuit level. The higher overall responding 
in the anxiety symptom group may reflect hyperactivity 
in emotion-generating limbic circuits, consistent with the 
neuroimaging evidence for heightened arnygdala activation 
to negative provocation in subjects with generalized anxiety 
(i.e., Rauch et al., 2003). While PTSO has also been asso­
ciated with limbic system hyperactivity (Shin et al .. 2006), 
neuroimagfng studies have shown more pronounced findings 
of hypoactivation in structures responsible for inhibition of 
the limbic system, specifically the medial prefrontal cortex 
(mPFC) and the rostral and dorsal regions of the anterior 
cingulate cortex (Etkin and Wager. 2007). Further, Milad 
et al. (2007, 2008) have demonstrated that individuals 
With PTSD exhibit reduced ability to recall fear extinction 
(or fear inhibition) 24 h after initial learning, an ability 
that is dependent upon mPFC activation. Reduced activity 
of ventromedial prefrontal cortex is also associated with 
increased potentiation to CS- and reduced extinction of CS+ 
(Jovanovic et al., 2013). Thus this pattern of hypoactivation 
in fear inhibition circuits may be reflected in the current 
results of relatively normal magnitude of fear responses 
but poor safety-signal learning and reduced extinction in 
PTSD symptom groups. The present findings also raise the 
possibility that this task could identify, via differential pat­
terns of response (exaggerated fear response vs. 'impaired 
fear inhibition), those who are neurobiologically at risk 
for developing a certain class of pathology post-trauma. 
Previous research has suggested that impaired fear extinc­
tion may be a marker for increased risk of developing PTSD 
following a trauma (Guthrie and Bryant , 2006; Pole et al., 
2009; Lommen et al., 2013). Future studies may examine 
whether these phenotypes predict differential treatment 
responses to pharmacological or behavioral therapies. 

Some limitations of the current study must be acknowl­
edged. First, the paradigm was not effective in producing 
fear-potentiated startle in ~ 11% of the study participants 
tested. While this failure resulted in a reduction of sample 
size, the excluded participants did not appear to differ 
systematically from the study volunteers as a whole 
(supplemental Table 1). Second, the study was conducted 
on a highly screened cohort of active duty Marines and 
Navy corpsmen, which limited the number of participants 
displaying psychiatric symptoms of sufficient intensity for 
1nclusion in the symptom groups. Therefore, the number of 
participants included in the symptom groups is relatively 
small, particularly the depression group. It is possible 
that low power may have contributed to the inability to 
detect significant differences in between the depression 
and healthy control group. However it is important to 
note that the present findings of normal fear inhfbit ion 
and extinction in the depression symptom group replicate 
previous studies with greater subject numbers (Jovanovic 
et al.. 2009, 2010). Third, the current study did not 

explicitly examine the effects of trauma or deployment 
history on fear conditioning and extinction performance, or 
on psychiatric outcomes. All symptom groups exhibited sig­
nificantly higher trauma burden severity (i.e., LEC scores) 
compared to the healthy group, however no differences 
were detected between PTSD, anxiety and depression 
symptom groups, suggesting that trauma burden alone is 
unlikely to explain differences in task performance across 
the symptom groups. Future analyses will investigate the 
role of these variables in influencing task performance, as 
well as their interaction with psychiatric symptoms. Finally, 
while t he symptom groups had significantly higher scores on 
their respective assessment measures relative to the other 
groups (Table 1 ), all symptom groups also differed from 
healthy controls across all measures. This elevation across 
symptom measures speaks to the difficulty of achieving 
"pure" symptom categories given the large amount of 
overlap ln phenomenology among these conditions. How­
ever; the current paradigm was effective in discriminating 
between symptom classes based on severity, and as whole it 
appears that the current results have captured differences 
between groups characterized by predominant symptoms 
unique to anxiety and PTSD. A final limitation is the use of 
categorical cutoffs for our symptom groups, which are nee· 
essarily arbitrary. However, treating our symptom indicators 
as quantitative is problematic given our large(y healthy 
sample. Future research in other naturalistic samples may 
wish to examine quantitative relationships between fear 
learning indices and symptoms of psychopathology. 

In sum, the fear conditioning and extinction paradigm 
appears to function as anticipated in this active-duty 
Marine/ Navy cohort. further, the current study represents 
the first direct comparison of fear conditioning and extinc­
tion performance across healthy cont rol, PTSD, anxiety, and 
depression symptom groups in a fairly homogenous sample. 
The results point to differential biobehavioral "signatures" 
associated with distinct symptom groups and may lead 
toward development of objective markers for Classification 
of psychiatric dysfunction. Future research in this sample 
will continue to characterize the nature of fear learning 
abnormalities and examine whether poor .learning of safety 
signals provides a marker of vulnerability to develop PTSD 
or is specific to symptom state. 
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J_ Introduction 

ABSTRA CT 

Hismry of childhood trauma (CTJ is highly prevalent and may lead to long-term consequences on 
phys ical and mental hea lth. This study fnvestigated the Independent association of CT wirh symptoms of 
adult depression and posrrraumatic srress disorder (PTSD). mental and physical health- related qua lity of 
life (HRQoL). as well as current tobacco consumprion and alcohol abuse in a large homoge nous cohort of 
1254 never-deployed, young male Marines enrolled in the Ma1ine Resiliency Study. Independent effects 
of er history. number and type of CT on outcomes were analyzed using hierarchical multivariate logistic 
regression models. Our results suggested dose-dependent negative effect of an increasing number of 
trauma types of CT on depression. PTSD and HRQoL Experience of single er type demonstrated overall 
weak effects. while history of multiple CT types distinctively increased Lhe likelihood of adult PTSD 
sympromology (OR: 3.1. 95.% O: 1.5-6.2). poor mental (OR: 23. 95% Cl: 1.7-3.1 J and physical HRQoL(OR: 
1.4. 95% Cl: L1 - 1.9)_ Risk for depression symptoms was similar for both single and multiple er (OR: 2.2. 
95% Cl: 1.3-3.8 and OR: 2.1 , 95% Cl: 1.2- 3.5 respectively). CT history had no effects on current tobacco 
use and alcohol abuse. Our study thus provides evidence for substantial additive effect of different er 
Lypes on adult mental and physical health with increasing levels of exposure. 

Published by Elsevier Ltd. 

Experience of early-life stressors is highly prevalent in the 
general population and constitutes a major public health problem 
(Edwards ec al., 2003: Gilbert et al.. 2009: Green et at.. 2010). 
Persistent functional, and epigenetic changes as a sequelae of early 
trauma could mediate risk for disease in adulthood, and lead to 
cumulative disadvantages and increased physical and mental 

morbidity in lacer life (l\aufman et al., 2000: Nemeroff. 2004; 
Gilbert et. a l.. 2009: Shonkoff er al., 2009). Especially a higher risk 
for psychiatric disorders (e.g., depression. posttraumatic stress 
disorder and other anxiety disorders) and their unfavorable out­
comes has been repeatedly associated with a history of child.hood 
trauma (CT) in several retrospective (Heim and Nemeroff. 2001; 
Maercker et al., 2004; Pirkola et al.. 2005; Scott et al.. 2.0J 1: Nanni 
er al., 2012 ) but also prospective studies (Koenen et aJ., 2007: 
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0022-3956/PubJished by Elsevier Ltd. 

Wang et al.. 2010; Bemrsen er al., 2012: Havens et al., 2012). 
Nevertheless. the chronic physical health consequences of child­

hood adversities may be as substantial as mental health conse­
quences (Goodwin and Stein. 2004: Scotc er al.. 2011 ). Prior research 
suggests an association of CT with cardiovascular. pulmonary and 
metabolic diseases. d1ronic inflammatory and pain syndromes, 

Please cite this article ·in press as: Agorastos A, et.at. The cumuJatiVe effect of different clti ldhood trauma types -0n self-reported symptoms of 
adult male depression and PTS.D, substance abuse and health-related quality of life in a large active-duty military cohort.journal of Psychiatric 
Research {2014), htq>://dx.doi.1;>rg/1Q,1016/jJpsychires.20l4.07.014 
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frequency or medical consultations and number of medical diagnoses 
(Dong ec al., 2004: Springer et <11., 2007; Korkei la et al .. 2010; Stein 
et <ii., 2010; TJrnayo er al .. 2010: Scott et al., 2011 ). In addition. risk 
behavior patterns such as substance use and especially tobacco and 
alcohol consumption are considered significantly increased in in­
dividuals with experience of CT (Spr.ltt er al.. 2009: Khou1y et aL, 
:WlO; Wu el c1l., 2010; Su'ine el al.. 2012: Femon et al., 2013; fUJler­
Thomson er al .. 2013 ). Consequently, many studies have reported a 
negaLi ve impact of CT on adult general mental and physical heaJrh­
relared quality of life (HRQoL) (Walker et al.. 1999; SpertUs el al.. 
2003; Elstad. 2005: Draper et al.. 2008; Dube et al.. 2010). 

However, prior studies have generally focused on smaller, clin­
ical and mostly female samples reporting specific trauma types, 
namely sexual or physical abuse or larger but heterogeneous 
community s.amples. Additionally, previous research has largely 
failed to control for other variables that have an independent as­
sociation with physical and mental CT sequelae. such as frequency 
and i:ype of CT, ethnicii:y, age, current psychopathology. employ­
ment and socioeconomic si:a tus (Edwards et .11., 2003; Thompson 
et al.. 2004; Pirkola er al.. 2005; Finkelhor er al.. 2007; Suliman 
et al.. 1009; Mock and Arai, 2010). However, more recently, 
studies that show an association between CT and adult mental and 
physical heald1 have tended to appropriately include possible 
confounds in their analyses enabling better interpretability and 
generalizability of findings (Chu et al., 2013 ). 

The purpose or this study is ro exlend outcomes o[ prior 
research by examining the independent impact of CT history, type 
and number of traumas on adult symptoms of depression and 
PTSD, subsi:ance abuse and mental ,md physical HRQoL in a large, 
homogenous group of young male Marines, accounring for possible 
confounds. We hypothesized that CT histo1y would be a robust 
predictor of all outcome variables and exert a cumulative effect 
wi th increasing level or reported lraumali.zation. 

2. Methods 

Data were collected as part of the "Marine Resiliency Study" 
(MRS), a large, prospective invest igation of active-duty male 

Table l 
Sociodemographic and psy,hometric da101 of the total study population (n = 1254). 

Demographic mfonrntion 

Age (yrs) 
Education 

Some High School or GED 
High School Diploma 
Some College 
College/Masters Degree 

Marital SldtuS 
Never married 
Manied 
Divorced/separated/widowed 

Race 
Black/African American 
Caucasian 
Other 

Tobacco use 

Psychometric dau 

BDI roral score 
Depression 
CAPS total scoo c 
PTSD 
AUDIT total score 
Alcohol abuse (AUDIT level ?: 2) 

21.5 ±2.4 ( 18-43) 

59 (4.7't) 
795 (63.9%) 
328 (26.4%) 
62 (5.0%} 

943 (75.5%) 
298 (23.8%) 
9 (0.7%) 

67 (S.5't) 
1030 (83.8%) 
131 ( 10.7%} 
708 (SG.8%) 

4 (0.-51) 
100 (8.0%) 
t0 (0-101 ) 
55 ( 4.4%) 
9(0-33) 
534 (42.9%) 

Marines recruited from four infantry battalions o f lhe 1st Marine 
Division, CA (VA R&D and UCSD lRB approval #070533) (Baker 
er al.. 2012). 

2.7. Subjects 

A tota l or 2585 subjects were recruited and assessed on base 
prior to scheduled deployment. After complete description of the 
study, written infom1ed consent was obtained. To i11crease the 
homogeneity of our cohort and to reduce possible confounds due ro 
prior deployment. only Marines without a prior deployment his­
tory were included in the current a natyses (n = 1254; mean age 
21.5 :t 2.4 years; range: 18- 43). There were no od1er exclusion 
criteria. The demographfc and psychometric characteristics of the 
study sample are presented in 'I able I. 

2.2. Measures 

History of childhood maltreatment was assessed with the 
Childhood Trauma Questionnaire (CTQ) (Bernst<>ln .-ind Fink, 1998). 
The five CTQ subscales (emotional abuse; physical abuse; sexual 
abuse; emotional neglect; physical neglect) sum to a total CTQscore 
(range: 25-125). Presence of specific trauma types (yes/no) was 
dete rmined by meeting a threshold of moderate maltreatment 
sevelity as indicated by existing guidelines .md prior research (cur­
olT scores: emotional abuse: ;?.13; physical abuse: ~10; sexual 
abuse: ~8; emotional neglect: ~ 15: physical neglect: ~ 10) (Scher 
et al., 2001 ). We categorized our population according to the 
presence of CT (no CT: none of the CT subcategories experienced ; 
one CT: one CT subcategory experienced; multiple CT: ;::2 CT sub­
categories experienced). 

Depression symptoms was assessed using the Beck Depression 
lnventory-11 (BDl)(l3eck et al., 1961 ). The suggested BDI score of;?.20 
was used as a cut-off score fndicating at least moderate depression 
(Beck er al. 1996). Postrraumatic stress symptoms were assessed 
with the Oinician Administered PTSD Scale (CAPS) (Blake et al., 
1995). A DSM-IV diagnosis of PTSD was made using the well­
established Pl /2 scoring rule (Weathers er al.. 1999). 

Childhood trauma preva lence 

01ildhood traumu 
No CT 
One CT 
Multiple CT 
2 er 
JCT 
4CT 
scr 

Emotional abuse 
Physical abuse 
Sexual abuse 
Emotional neglect 
Physical neglect 

SF-12 MCS 
Poor mental health 
Sf'-12 PCS 
Poor physical health 
CTQ tot;il score 

652(53.7%) 
261 (21.5%) 
302 (24.9%) 
138 ( 11.4%) 
78 (6.2%) 
73 (S.8%) 
13(1.0%) 
147 (12.0%) 
392 (32.1%) 
76 (G.2%) 
240 (19.7%) 
282 (23.0%) 

50.5 (8,8--{)9.7) 
612 (49.5%) 
55.9(21.S.-7:2.0) 
618 (50.0%) 
36(25- 102) 

Descriptive stal1$lics are given as mean :i: SD for normally distributed continuous variables. median values (min- max) for skewed conunuous variables and tot.al numbers and 
proponions (:t) of valid answers (excluding N/A) for ca1~orical variables, as required. Values in categorical variables arc reported for presence of charaaeristic.AUDrr: Alcohol Use 
Disorders Identification Test: CT: Childhood rrauma: CTQ; Childhood Trauma Questionnaire: multiple CT: ?:2CTsubcategoriesexperienced: 801: Beck Depression Inventory-II; CAl'S: 
Oinfcian Administered PTSD Sc.lie: l'TSD: Post traumatic Stress Disorder; SF-12: 12-ltem Shon Fom1 Health Survey: PCS: Physical Component Score: MCS: Menta.I Component Score. 

Please cite tbi$ article in press as: Agorastos A, et aL, The rumulat'ive effect of different "Childhood trauma types on self-reported symptoms of 
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Table2 
Sample charaaerisric..~ act:0rding to self-reported childhood trauma history. 

Vanables No CT Cn = 652) One CT (n = 261) Mulriple CT (11 = 302) No vs. No vs. 
One CT MulupleCT 

Sig. 

Age (yrs) 2 15 ± 2.5 21.4 -: 2. 1 21.4 ± 2.2 ns ns 
CTQ total 31 (25-46) 40 (30-55) 56(35- 102) <.()01 <.001 
SDI total 3 (0-40) 5 (0-44) 7 (0- 51 ) <.001 <.001 
CAPS total 7 (0-7 4) 13 (0-80) 17 (0-101 ) <.001 <.001 
5r-12MC5 520 ( 155---065) 49.9 (8.8-66.4) 47.4 ( 15.2- 62.0 ) <.01 <.001 
SF-12 PCS 56.1 (32.5-6931 56.1 (40.0-69.4) 55.6 (34.9-72.0) ns <.OS 

AUDIT total 8(0-29) 9 (0- 33) 10 (0-28) ns .::.OS 
Depression 31 (5.0%) 28 ( 12.0%) 35 (13.1%) <.01 <.001 
IYJ'SD 14 (2.2%) 12 (4.6%) 25(83%) <.05 <.001 
Tobacco use 383 (58.8%) 145 (55.6%) 165 (54.8%) 115 ns 
Alcohol abuse 272 (41.8~) 116 (44.4%) 136 (45.2%) ns ns 
Poor mental HRQoL 264 (40.7%) 137 (533%) 191 (63.9%) <.In <.001 
Poor physical HRQol 300(463%) 128 (49.8%) 168 (56.2%) 115 <.01 

Descriptive sca11srics are given as mean ±SO for normally distributed continuous vari.1bles, mcdian values(mill-max) for skewed continuous va1iable~ and total numbers and 
proportions of va lid samples (%) for categorical variables. as required. Values in categorical variables are reported for presence of charac1erlstic (tobacco use. alcohol abuse. 
depression.. PTSD, poor mental and physical health). Statistically significant p-values are bolded. 
CT: Childhood lrauma; CTQ: Childhood Trauma Questionnaire; multiple er: :=::--2 CT subcategorles experienced: BDI: fleck Depress ion Inventory-II: CAPS: Clinician Admin­
istered PTSD Scale: SF- 12: 12-ltem Short Form He.11th Survey: MCS: MenL'll ComponemS<ore: PCS: Physical Con1ponent Score: ?TSO: Posrrrnumalic stress disorder; [IS: non­
significant.. 

Alcohol consumption was self-reported on the Alcohol Use Dis­
orders Identification Test (AUDIT) (Saunders et al.. 1993). We cate­
gorized participants into four levels of hazardous drinl<lng severity, 
consistent with prior literature (0- 7: level 1. 8-15: level 2. 16-19: 
level 3, 20- 40: level 4). An AUDIT level ~2 indicates haZc1rdous 
drinkingand has been used asa cut-off to define alcohol abuse (Babor 
et al.. 2001 ). Tobacco use stalus (smoking 1 cigarette or ch.ewing 
tobacco 1 x /day or more) has been assessed as a dichotomous vari­
able (yes/no) as in prior studies (Covey and Tam. 1990). Demographic 
information has been assessed by MRS study questionnaires. 

Physical and mental HRQoL were assessed with the Medical 
Outcome Study 12-ltem Short Form Health Survey {SF-12) (Ware 
et al.. 1996). The SF-12 uses US General population means and 
standard deviations to provide standardized, empirically derived 
physical (PCS) and mental health (MCS) composite summary scores 
ranging from 0 to 100 with lower scores representing poorer healLh 
functioning. The PCS assesses physical limitations, difficul ties in 
self-care. role performance, physical and social activities, etc., while 
che MCS assesses psychological distress and social and role limi­
tations due to emotional problems. MCS and PCS median values 
were used to categorize individuals with an MCS and PCS total score 
below (poor HRQoL) or al:>ove median score of the assessed 

Table 3 

population, similar to prior studies (W('bC'r et al., 2005. Qr,1per 
et al.. 2008). 

2.3. Statisrica/ analysis 

We compared variable differences using chi-square tests. 
independent-sample t-tests and Mann- Whitney U rests as appro­
priate. In order to investigate correlations between number of er 
experienced and AUDIT. CAPS. BDI, SF-12 PCS and SF-12 MCS total 
scores. psychometric scores were log transformed for parametric 
analysis. Relationships were investigated using the Pearson pro­
duct-moment correlation coefficient r. Separate univariate logistic 
regressions were performed to assess lhe impact of various factors 
on the likelihood of depression and PTSD diagnosis. poor menc,11 
and physical health, as well as tobacco consumpcion and alcohol 
abuse (cf. TableJ). Multivariate logistic regression was perfonned 
to determine the independent association of CT level (single or 
multiple). number of CT types reported and CT type on outcomes 
respectively, after controlling for significant confounders (cf. 
Table 4. Legend) as shown in the prior univariate analyses. Finally, 
we verified that all our sratistically significant results from the 
multivariate. logistic regressions were in fact significant by 

Unfvariare associations betwec:."n various prt1dictive factors and adult healrh outcomes in the toral sample (11 '"' 1254). 

Predictors OR (95% Cl) 

Depression PTSD 

Age .94 ( .86-1.04) .97 (.87-1.10) 
'fobacco use 1.15 (.76-1 .75) VIG (.83-2.57) 
Alcohol abuse 1.70 ( l .13- 257)° 130 (.76-224) 
Depression 1132 (633-20.24r· · 
PTSD 
Poor physical health 
Number or CTs 1.34 c1.11- 1.54r· · 1.54 c1.2s-1.s4r·· 
CT level 

One CT 240 ( 1.41-4.09)'° 2.20 (1.00-4.83)' 
Multiple Cl 2.63 (1 .59-4.JGr·' 4.14 (2.12-8.08) .. ' 

Poor mental health 

.9S ( .90- ,99 )' 
.96 (.77-1.21 ) 

\.34 { 1.Q7-1.68)" 
18.56 (8.06-42.72)··· 

4.86 (2 .43-9.74) ... 
.80 (.64- 1.01 ) 

1.42 ( 1.29- 1.57)°•• 

1.66 c1.24- 2.22r· 
2.57 ( 1.94- 3.41 ) .. . 

Poor physic.ii health 

1.00 (.95-1.05) 
1.06 (.85-133) 
J,04 (.83-130) 
.94 (.62-1.41) 

2.13 (120- 3.79)° 

1.14 ( 1.05- 1.25 )0 

1.15 (.86- 1.54) 
l.'19 (1.13- 1.\16)" -

Tobacco u~e 

1.02 ( .97- 1.07) 

.93 ( ,85-1.02) 

.87 (.65- 1.17) 

.ss ( .64- 1.1 2) 

Alcohol abuse 

1.05 {l .OO~l.10)' 

4.17 (3.26- 5.34)0
•• 

1.03 (.94- 1.13) 

1.1 I (.83- 1.49) 
LIS (.87- 1.51) 

Results of significant univariate logistic regression analyses. Result.s are reported as odds ratios (OR) with the 95% confidence interv.11 (95% Cl). Signific.1nt OR are balded; 
-p < .os. ··p < .01, ... p < .001. 
Cohort showe<I a significant association to alcohol abuse ( respecovcly p - .001 ). while race, education level and marital status did not reach st:atistical significance in any 
univanate regression analysis (data not shown). Because of the multi-categorical structure or these variables, they were not included in the table in terms of space man­
agement CT: Childhood Trauma: PTSD: l'osnraumatic stress disorder: number of Cfs: Number of different CT subcategories experienced: multiple Cf: <!2 er subcategories 
experienced. 
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Table4 
lndependenl associations between number of childhood traumas types and health-related quality of life, depression and PTSD In adulthood. 

Predictors Depression' I' I'S Db Poor mental he.11th' roor physical health~ 

CT leve l 
One er 2.21 (l."28-3.82) .. 1.62 (.71-3.68) 1.44( 1.05-1.95)' 1.14 (.85-1.52) 
Multiple CT 2.06 (1.21- 3.51)" 3.09 ( 1.54- 6.22 , .. 2.29 ( 1.70-3.07)' 00 1.43 (1.08- 1.89)' 

Nu1nt.>er ur crs 1.28 ( 1.10-1.48)'. 1.<11 ( 1.16-1.70)' .. 1.36 (1.23- 1.sor .. 1.13 ( 1.03-1.24)" 

Results of multivariate regression analyses controlling for significant confounders. Results are reponed as odds ratius (OR) with the 95% confidence interval (95% 0 ). Sig­
n ificant OR are bolded; ·p < .05, .. P < .Ol . ... P < .00 I. CT: Chilrlhoo<I Trauma: PTSD: rosttr.1umat1c stress disorder; number of CTs: Number of diffe rent CT subcategories 
experienced; multiple CT: :<:2CT subcategories experienced. Multivariate rno<lels were all statistically s ignificant aud adjusted as follows: 
~ The full rno<l el contained alcohol abuse aod !'TSO diagnosis as additional predictors (Model significance: p < .001 for both regression models). 
b The full model contained depression diagnosis and poor physical health as acldilional predircors (M()clel significance: p < .001 for both regression models~ 
< The full model contained age. a lcohol abuse. depression and PTSD diagnosis as additionJI predictors (Model signffkante: p < .001 for both regression models). 
d 111~ full ntodel contained PTSD diagnosis as ;idditional predictors (Model s ignificance: p = .042 and p = .009 resi1cctivcly). 

performing false discovery race (FDR) control with a race equal co 
0.1. Statistical analyses were conducted using the Statistical Package 
for Social Sciences Version 20 (SPSS Inc .. Chicago, IL) and R. version 
2.15.3. All tests of significance were 2-lailed, and p values < .05 
were considered significant 

3. Results 

3.1. Prevalence of CT 

The prevalence of any self-repo1ted CT type experienced was 463%. 
while 24.9% of participating Marines reported multiple CT types (cf 
Taole 1 ). Among participants who reported a history of CT. physical 
abuse was the most common rype. followed by physical and emotional 
neglect, while emotional and sexual abuse were less prevalent. 8.0% of 
palticipants met criteria for depression and 4A% for PTSD. Different CT 
types have shown varying association with risk of experiencing mul­
tiple CT l)'pes, with participants reporting history of emotional abuse 
showing the highest risk (Sexual Abuse: OR: 28.6, 95% Cl: 14J- 582; 
Physical Neglecc: OR: 43.9, 95% Cl: 30.2- 63.8: Emotional Neglect: OR: 
32.4, 95% O : 22.2-47.3; Emotional Abuse: OR: 1103, 95% Cl: 
50.7-240.1: Physical Abuse: OR: 23.6, 95% Cl: 16.8- 33.2). 

3.2. Correlations 

When investigating psychometric measures wilh respect co the 
number of CT l)'pes reported, a dose-dependent relation was 
observed, with participants who reported a greater number of Cf 

types also evidencing higher psychopathology scores (cf Fig . I). Our 
results suggest significant cmTelations between numberof CT types 
experienced and higher (log-transformed) psychopad1ology scores. 
Number of CT types was weakly. but significantly correlated with 
the PCS ofSF- 12 and AUDIT total score (r = - .069, p = .017; r = .069, 
p = .039, respectively) and highly significant with BDI. CAPS and the 
MCS of SF-12 (r = .173, p < .001: r = 243, p < .001 and r = - .199, 
p < .001, respectively). 

33. Overall group differences 

We investigated omnibus group differences wid1 respect to the 
number of CT types experienced. Statistically significant differences 
were found with respect to psychometric measures for depression. 
PTSD and the SF-12 MCS. where individuals with history of any CT 
re po1'ted worse scores (data not shown). These differences were 
more pronounced when comparing individuals with no CT hisrory 
and multiple CT type history (cf. Table 2). In rhis comparison, the SF-
12 PCS and the AUDIT total score a lso showed statistically signifi­
cant differences. With respect to tobacco consumption and alcohol 
abuse we did not find any statistically significant differences across 
groups. 

3.4. Predictors of depression and PTSD sympcoms. substance abuse 
and HRQoL 

We performed separate logistic regressions to investigate uni­
variate associations between several predicting factors and our 

50 -------------

0 

Fig. 1. Median psychometric scores classified by namt>er or reponed childhood rrauma types. 601: Beck Depression lnventorv-ll: CAl'S: Clinidan Administered rrrso Scale: SF-12: 
12-lrcm Short Form Health Survey. y-axis: psychometric scores of the respec11ve questfonnaire: x-axis: Number of childhood traumas (CT) reported. Panicipan!s reponfng 4 or 5 CT 
cypes have been assessed cogether as one category (4+), because of their small number. 
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main ootcomes (PTSD. depression, poor menta.I and physical 
HRQoL. tobacco consumption and alcohol abuse). Statistically sig­
nificant associations are presented in Table 3. 

We then performed multivariate logis1ic regression including all 
statistically significant factors in order to assess· the independent 
effect of er lev.el (single er type. multiple er types) and number of 
er types on rhe same main outcomes (cf. Table 4). Regression 
models for tobacco consumption and akohol abuse were not 
computed because there were no significant associations to er 
histoiy in univariate analyses. After controlling for significant 
confounds, final regression models indicated a dose-dependent 
relationship between number of CT types experienced and all 
outcome conditions. His1oiy of a single er type showed a signifi­
cant independent association only to depression symptoms and 
poor mental HRQoL. while hiscoiy of multiple er types had stronger 
independent associations to all outcome measures. excluding 
depression symptoms, which showed similar results to single CT. 

Finally, we investigated the independent association of different 
trauma types on all outcome conditions using the same mulc:ivar­
iate models as above to control for confounds. The respective in­
dependent associations of emotional, physical and sexual abuse, as 
well <is emotional and pl1ysical neglect to alt outcome conditions 
are presented in Table 5. 

4. DisOJSSion 

This study is to the best of our knowledge the first to investigate 
the independent association between CT histoiy and self~reported 
adult depression and PTSD symploms. subsrance abuse and menta.J 
and physical HRQol in such a large and homogenous group of 
young men. In sum, this study provides evidence for a dose­
dependent relationship between the number of different CT cypes 
expei'ienced and both psychopathology scores and incidence of 
adult depression and PTSO symptoms. and poor mental and 
physical HRQoL There was a significant increase in the indepen­
dent risk of these four outcomes with increasing number of CT 
types experienced, with relatively weak independent association of 
a single CT type. but signific..ant effect of multiple CT types. 

The assessed study cohort featured veiy specific characteristics 
in tem1s of sex, age and usual demographic characteristics. In an 
attempt Lo control for possible bias, we included only never 
deployed individuals in our analyses, since prior military deploy­
ment has been associated with higher prevalence of psychiatric 

Tables 
Statistically significant independen1 assncia1ions between type of childhood trauma 
and health-related quality of life. depression and PTSD in Adulthood. 

Predictor Depend. variable OR (9S!tCI) 

Emotional abuse Depression 2.26 ( 1..31-3.89) .. 
Poor mental health 1.83 (1.25-2.69)" 

Physical abuse PTSD 1.99 (1.10-3.60 )' 
Poor mental heahh 1.52 (1.18- 1.97) .. 

Sexual abuse Depression 2.21 (1.10-4.46)' 
rrsD 2..44 (1.07-5.58)' 
Poor mental health 2..34 (1.37-4.02)'" 
Poor physical heahh 1.13 (1.07-2.81)' 

Emotional neglect Depression 1 .71 (1.05-2.79)' 
PTSD 2.58 ( l.40- 4.76)" 
Poor menial healch 2.65 ( 1.93-3.65 )' .. 

Physical neglect Pl'SD 2.16 ( l.18- 3.95)' 
Poor rnenral health 1 .99 (1.49-2.66)'" 
Poor physical health 135 (1.03-1.77)' 

Resul1s or multlvaria!e n1gre.~slon analyses conrrolling for s ignificant confoundeFS. 
Multivanate models were all statistically sfgntficam and adjUSted as m l11bl(' 4. 
Results are reported as odds ratios (OR) with the 95% confidence interval (95% Cl). 
Significant Oil are bolded; 'p < .05, ··p < .01, ···p < .001 . 

disorders. subsrance, alcohol and tobacco consumption, and poorer 
physical health (Fiedle-r f't at .. 2006: Smit11 er .al, 2008: Armed 
Forces Health Surveillance Center, 2011; Bleier et al., 2011; 
TI1omsen el .ii .. 2011), thus would introduce a confound. The 
assessed population had higher average rates of pre-deployment 
PTSD and depression, but similar prevalence of Cf' history as 
compared ro prior findings in militaiy cohorts (Rosen and M.mi11. 
1995: Wells er al., 2010), altho1.1gh some studies report even 
l1igher prevalence for physical and sexual abuse rban we observed 
(Seifert et al .. 2011 ).1'he prevalence rares of er and number of CT 
experienced are comparable to previous reports in large commu­
nity samples (Edwards et al~ 2003; Dube et al, 2010). Our results 
could therefore possibly represent findings generalizable Lo the 
general population of males. 

The major finding of our study is the cumulative adverse effect 
of different CT i:ypes on adult PTSD and depression symptoms. as 
well as mental and physical HRQoL showing a dose-dependent 
relationship with increasing number of CT rypes experienced. 
While histoiy of a single CT type had at most a weak association 
with these adult outcomes, the independent association of several 
experienced CT types showed a defi nitive effect on adulr risk. The 
severity of health and psychological consequences has often been 
suggested to be associated with the number of CT types experi­
enced (Walker el at .. 1999: Edwards et al.. 2003; Huang el al., 2012). 
Our study is, thus, in accordance to other recent studies providing 
evidence that an increasing number of different er types results in 
higher adult risk for psychiatric symptom complexity and severity. 
psychiaITic comorbidities, poor mental and physical HRQoL. as well 
as several physical conditions (e.g. heart disease. asthma, diabetes 
meJlitus, arthritis, chronic spinal pain, chronic headache') (l'irkola 
er at., 2005; And,1 e1 al.. 2006: Afifi et aL. 2007: Stiere er al., 
2008: L.tng et al., JOOS; Suliman er al., 2009, 2010; Scott et aL, 
201 I: Seifert et al.. 2011: Sugaya ec al .. 2012). Here we should 
note that when investigating histoiy of either one or multiple CT 
type experiences on depression as a categorical variable we failed 
to observe a dose-dependent effect between single and multiple er 
type on depression symptomology, consistent with some similar 
published results in depression, and in contrast to most observa­
tions in PTSD (Hagenaars ct al., 2011; Huang et al., 2012). Inter­
estingly. when we used continuous variables (nwnber of CT types) 
on depression outcomes or investigated BDl-11 total scores. we 
found a dose dependent depression in relationship with CT. These 
discrepancies may be an artifact of different statistical approaches 
and depression cut-offs used in our paper, and across the literature. 

The distinct impact of early-life stress may lie on enhanced 
plasticity mechanisms during this period (Dudley et al., 2011) that 
lead to persistent functional. and epigenetic alterations and to 
higher allostaric load over time CKaufman er al., 2000; Nen1~roff, 
2004). Experience of er has been shown to lead to an increased 
vulnerability to stress, hypothalamic-pituitary-adrenal axis dys­
regulatioo, long-lasting alterations in emorional and psychophysi­
ological reactivity, impaired adaptive functioning, malfunction of 
fear response circuits and distinctive genomic and epigenetic pro­
files (Heim er al., 2008: Gillespie et al., 2009; Ehlert , 2013; Mehra 
et al.. 2013). Epigenetic modifications mediate the interaction be­
tween genetic predisposition and environmental factors and facil­
itate the response to environmental challenges by regulating 
functional expression of genes Uae111sch and Bird. 2003: [ljornsson 
et al., 2004). They, thus. play a central role in the long-rem1 bio­
logical trajectories leading to stress-related disease and may 
explain inter-individual variation (Yehuda and Bierer. 2009: 
t<lengel et al., 2014). Furure studies should utilize larger and 
collaborative cohorts to implement powerful (epi)genomlc ap­
proaches towards an identification of early trauma-specific bio­
logical pathways (Almli er 21., 20 14). 
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Our study showed no association between CT and alcohol abuse 
or wbacco consurnplion. as reported in od1er studies {Trent el .11.. 
2007; Seifert er al., 2011 ). This fact mighc partly rely on che male 
gender, as w ell as on group-specific and peer-coherent sample 
characteristics of our military pa1ticipants, potentially leading to 
more intensive consumption patterns than in the general popula­
tion (Ames et a l., 2007; Benjamin e c al .. 2t107; Green et al., 2008; 
Jones and Fear. 20'! l ). Similarly, neither did demographic charac­
teristics such as age, education. and marital status predict any study 
outcome. The apparently conflicting findings of significantly higher 
AUDIT scores in individuals with multiple CT types (cf Table 2) but 
non-signilkanr impact of CT history on alcohol abuse (cf Table 3) 
may rely on lhe used cur-offs for defining alcohol abuse and in the 
statistically sig nificant, bur only weak association of number of CT 
types and AUDIT score. 

Furchermore. our study assessed the association between CT 
experience and adult physical HRQol after controlling for mental 
disorders and mental health status as recommended in prior 
literarure (Springer, 2009; Mock and Arai, :.WlO). The association 
between CT and poor physical l-IRQoL was relatively weak in 
comparison to our other outcome measures. Taking into accounl 
the suggested large gap between early adverse experiences and 
discinctive biophysiological correlates (Shonkoff et al., 2009), this 
might in part be explained by rhe young age and physically active 
status of our cohort Overall, military service has been associated 
wid1 vigorous regular physical exercise, reductions in fat tissue and 
higher intake of fruits and vegetables Lhan in the general popula­
tion, while Marines incorporate even higher levels of physical ac­
tivity in their daily routine than general military population 
(Warber et aL, 1997; Harriwn et al~ WOO: Headquaners United 
5rates Marine Corps, 2002, Mil<kola er al .. 2009). This, thus, might 
also explain our obseIV.ilion of tl1e lack of correlation between 
depression and poor physical HRQoL. in concrast to chat desaibed 
elsewhere (H.irder er al., 201 1, Aversa ec al, 2012). 

When investigating the independent association of different CT 
types on our outcome parameters separately, it is worth 
mentioning that all five types of CT were significant associated with 
poor mental HRQoL That means that independent of CT type, 
experience of CT led to an increased risk of reporting poor me ntal 
HRQoL On the od1er hand. our results partly contradict prior 
studies reporting chat mainly non-sexual abuse (e.g. physical and 
emotional abuse) is related ro physical MRQol (Afifi e t al~ 2007: 
Lang et al.. 2008; Kelly et al .. 2011 ), Sexual abuse in our study is. 
actually, the only CT type showing significant independent asso­
ciations to all outcome parameters, although it did nor show 
stronger association wich history of multiple er types nor was it 
more prevalent than other CT types. Sexual abuse has been often 
shown to be more closely associated with a broader range of adult 
psychiatric symptoms. metabolic risk factors and even epigenetic 
changes, than other types of CT (Briere and Elliott. 2003; Cougle 
et al., 2010; Pe11"oud et al.. 2011: van Reedt Donland et al., 2012). 

Although o ur study has major strengths, some limitations merit 
discussion. Our study did not include information on add.itional 
traumatic life events (e.g., loss of parent member, natural disasters. 
accidental traumas, etc.), parental socioeconomic and educational 
stalus or current medical diagnoses. Although we did not assess 
information on such additional life events in our study, studies that 
investigated a large number of different childl10od stressors (Chu 
er al.. 2013) s uggest that interpersonal trauma, as assessed in our 
study, is of particular importance. Not controlling for the age of 
traumatization is another important limitation of our study, as 
there is evidence of its moderating role on adult psyd1oparhology 
(M<lerd>er er aL 2004; CutaJar e1 aL. 2010; Schoedl el .il. 2010), In 
addition, we cannot discount the facr that responders who reported 
more s evere er also experienced disproportionately higher 

cumulative adversity of the same trauma type, as shown in previ­
ous srudies (Schilling et al., 2008). TI1e retrospective, self-report 
assessment of CT also limits the ability to infer a causal relation­
ship or the developmenral mechanisms between CT exposure and 
che subsequenc onset of adult psychiatric and physical conditions. 
Retrospective assessment of symptoms may lead co distortion of 
recollecrions or bias due to current symptoms (Southwick e t al.. 
199i) and subjective assessment of traumatic experiences could 
introduce bias and distortions related co cognitive barriers (i.e. fear 
of stigma, warrior ethos, criticism, etc.) and adaptive denial coping 
mechanisms (Hoge et al., 2004: Nash. 2007). Furthermore. our 
study assessed an active duty, mostly non-treatment seeking mil­
itary cohort, with a relatively small degree of variance in self­
reported levels of depressive and PTSD symptoms, introducing an 
inherent limitation in analysis and interprecalion of results. Finally, 
a confounding factor possibly leading to weaker associations could 
be the strictly male gender cohort, as many studies have shown 
stronger CT effects in women (Thompson et ;ii.. 2004). This fact, in 
addition to the overall young age and physically active srarus of our 
investigated population, suggests that our results could possibly be 
yet more robust in an older, mixed-gender participant group of 
normal physical activity status. 

Nevertheless, despite its retrospective nature, our study is 
consistent with current literature on the ro le of early stress in 
diverse chronic mental and physical conditions. Taken together, our 
results support voluminous prior literature indicating an inde­
pendent association between childhood trauma and subsequent 
adult depression, PTSD, as well as poor mental and physical HRQol 
(Kessler and Magee. 1993: Young et al., 1997: Walker et al., 1999; 
W idom, 1999; Heim and Nrmeroff, 200 I; Spertus el al., 2003; 
Chapm.;in et al.. .2004; Milercker et al., 2004; Nemerof1, 2004. 
Elstad, 2005: Anda ec al,, "2006: Koenen et aL, 2007; Schilling 
et al.. 2007: Dr.iper et al.. 2008i Zlotnick el al., 1008; Scott el al.. 
2011, Nanni et al., 2012; Chu et al.. 2013) and converge with 
neurobiological evidence of Lite effect of childhood stress on the 
body and brain (Glaser, 2000; Nemero!T. 1004). 

5. Conclusions 

The long-tem1 effects of CT may be conceptualized as a common 
developmental risk factor triggering a health-related risk cascade 
with lligh public health impact. Our results support d1e theory that 
CT may increase tl1e risk of mental and physical health status even in 
early adulthood. Specifically, our study corroborates evidence chat 
CT history is significantly associated with adult PTSD and severe 
depression symptoms, as well as mental and physical HRQoL in a 
graded fashion as tlw number of CT types experienced increases. 
Recognizing the overlap of different types of childhood adversities is 
important for understanding its cumulative effect on lacer-life 
adjustment (Edwards et al.. 2003). Future studies should focus on 
prospective investigation of potential predictors and mediators. 
cheir temporal sequence and combined effecrs ar epidemiological, 
biological and epigenetic levels, while caking inro account the 
potentially delayed time frame for the expression of their effects. 
Screening strategies for CT need therefore to be improved. Infor­
mation about CT history and number of experienced CT would 
additionally help identify an individual's risk level for disease 
development and/or help predict response to treatment (Wiersma 
et al~ 2009), as we better understand the relationship between 
gene and environmental exposures that impacts resilience. 
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Summary Neuropeptide Y (NPY) is abundant in mammals, where it contributes to diverse 
behavioral and physiological functions, centrally and peripherally, but little information is 
available in regard to NPY cerebrospinal fluid (CSF)/plasma concentration relationships and 
dynamics. Since plasma NPY levels are commonly used as proxy "biomarkers" for central NPY 
actiVity in stress and mental health research in humans this study aims to better characterize the 
CSF/plasma NPY relationships. Subjects were eleven healthy male volunteers, admitted to the 
clinical research center for placement of an indwelling CSF catheter. as well as venous catheter, for 
24-h collection of CSF NPY (cNPY) and plasma NPY (pNPY) samples. As observed in prior studies, 
group mean (SE) cNPY concentrations [792.1 (7.80) pg/ml] were higher than pNPY concentrations 
(220.0 (3.63) pg/ml). For the eleven normal volunteers who had sufficient common (hourly) pNPY 
and cNPY data points, analysis of pNPY /cNPY concentration ratios and lagged cross-correlation 
analysis was completed. Average pNPY /cNPY concentration ratios ranged from .20 to .40 across 
study subjects, with a mean of. 29. pNPY I cNPY cross correlation analyses, computed at varying time 
lags, were non-significant. An attempt was made to analyze the circadian rhythmidty of NPY 
secretion, but circadian components were not detectable. Using 24-h data collection, we charac­
terized CSF /plasma NPY relationships, including presentation of evidence of weak CSF and plasma 
correlations, an important consideration for study design of NPY in stress or mental health. 
Published by Elsevier ltd. 
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1. Introduction 

Neuropeptide Y (NPY) acts centrally and peripherally to 
regulate diverse, endocrine, metabolic, cardiovascular, 
and immune functions, binding to cloned NPY receptor 
subtypes (Y1, Y2, Y4, YS), members of the A1 subgroup of 
rhodopsih·like G proteln·coupled receptors (Hirsch and 
Zukowska. 2012 ; Michel et al. , 1998). In the central nervous 
system (CNS), NPYis the most abundant neuropeptide, and is 
expressed across multiple neuronal systems from the brafn­
stem to the cerebral cortex, including regions that regulate 
anxiety and fear responses (Mfchel et al., 1998). Moreover, 
preclinical pharmacological and transgenic studies have 
established that NPYpromotes anxiolytic behavioral effects, 
reduces st ress responses, fosters recovery from stress, and 
regulates fear extinction by activating Y1 receptors in amyg­
dala (see Bowers et al. , 2012 , and Sah and Geracioti , 2012 for 
rev few). Human research has provided strong support for the 
importance of NPY in regulating emotional responses to 
stress and trauma as well (Bowers et al. , 2012). Taken 
together, these findings indicate that NPY may be a crit ical 
regulator of fear and anxiety of relevance to stress asso­
ciated pa.lhophysiology. 

Notwithstanding an interest in NPY as a moderator of 
stress, and an accumulating literature showing lower con­
centrations of NPY in plasma or CSF in association with 
chronic stress, anxiety, and depression, studies of plasma 
NPY (pNPY) and CSF NPY (cNPY) concentration relationships 
are few, despite common use of pNPY as a proxy for central 
NPY activity (see Sah and Geracioti , 2012 for review). Evi­
dence so far indicates that pNPY levels in humans correlate 
poorly with those in the CNS (Dotsch et al., 1997; Grouzmann 
et al. , 2000; Nam et al. , 2001). 

Objectives: The objective of this study is to better char­
acterize pNPY /cNPY concentration relationships and bio­
rhythmicity by concurrent measurement of pNPY and cNPY 
levels in healthy males over a 24-h timeframe. 

2. Methods 

2. 1. Participants 

Twelve healthy male civilian study volunteers participated in a 
serial CSF and plasma sampling study approved by the Institu­
tional Review Board (IRB) of the University of California, San 
Diego (UCSD) Medical Center and the Research Committee of 
the San Diego Veterans Affairs Medical Center. One of the 
volunteers had only a single CSF sample so was excluded from 
analysis. The 11 remaining participants were mentally healthy, 
having met study exclusion criteria, which prohibited presence 
or history of any DSM·IV Axis I mental health disorder or abuse/ 
dependency of alcohol, tobacco or other illicit substances. 
Likewise, based on a thorough physical examination the volun· 
teers, including blood laboratory tests, chest X-ray and elec­
trocardiogram, all were confirmed to be physically healthy. No 
subject had weight diverging from the norm (18 < BMI < 30), 
or had a positive urine toxicology screen. None were using 
any prescribed medications, nor had used either prescribed 
or over the counter medications for at least five half-lives 
prior to admission to the clinical research center (CRC). A 
brief physical examination the afternoon of CRC admission 

also provided assurance that no subj ect had acute medical 
symptoms. 

2.2. Procedures 

Study volunteers were recruited by verbal, electronic or 
printed advertisement. Eligible volunteers were invited to 
the laboratory for an introduction to the study. Following 
signing of informed consent, the mental and physical health 
examination procedures described above were administered. 
Participants who met study criteria were scheduled for 
admission to the CR'C at approximately 5 p.m. the day prior 
to CSF catheter insertion. From the time of admission until 
CSF catheter removal, participants remained on a controlled 
low monoamine diet receiving only standard meals (each 666 
calories: 20% protein, 24% fat and 56% carbohydrates) at 7 
a.m. , 12 p.m. and 6 p.m., in addition to an evening snack of 
300calori-es at 9 p.m. At8 p.m. the evening of CRC admission, 
an indwelling intra-venous (IV) catheter was placed for blood 
draw. A standard meal was provided, and lights were turned 
off at 10 p.m. Participants fasted overnight, until approxi­
mately 8 a.m., when a 20-gauge catheter was placed in the 
lumbar subarachnoid space at the L4/ 5 level , and a second IV 
line was placed in the antecubital vein of the non-dominant 
arm for delivery of normal saline solution, infused (100 ml/h) 
throughout the experiment. At 11 :00 a.m. , approximately 
3 h after CSF catheter placement, the indwelling catheter 
was attached to an infusion pump for continuous CSF with­
drawal at a constant rate of approximately 2 ml/h (48 ml/ 
24 h) into test tubes resting in ice for 24·h. The test tubes 
were processed each half-hour for storage at - 80 QC until 
immediately before assay. Blood was withdrawn into EDTA­
coated tubes at the same intervals and immediately pro­
cessed in a refrigerated centrifuge prior to storage. Vital 
signs were monitored hourly during the CSF and plasma 
sampling, while each subject was awake. Subjects were 
encouraged to maintain a regular sleep time at around 10 
p.rn. during each night of study participation, while relative 
silence (no radio, electronic media, or disturbing conversa­
tion) was maintained in the study room. 

2.3. Measures 

2.3.1. Mental health assessments 
Documentation of mental status was completed by a trained 
clinician supervised by Dr. Baker. Information obtained 
included basic demographic information, family history psy­
chiatric and physical illness, and via unstructured and struc­
tured clinical interviews, history and presence of psychiatric 
diagnoses or co·morbidities. Structured interviews included 
the Structured Clinician Interview for the DSM-IV-TR Axis I 
Disorders (SCID-1) and Hamilt'on·Depression Seate (HDRS) 
(Hamilton, 1960). 

2.3.2. Neuropeptide Y assays 
CSF and plasma were stored at - 80 °C until assay of available 
(hourly) samples. Of the 11 volunteers, 10 had (hourly) 
samples sufficient for analysis of circadian variation and 8 
had a sufficient number of common pNPY and cNPY data 
points for analysis of pNPY I cNPY correlations. Concentration 
ratios were calculated from the 7 subjects with at least 12 
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common data points. A direct radioimmunoassay kit (Euro­
Diagnostica·ALPCO Diagnostics, Salem, NH), was used for 
assay of both cNPY· and pNPY·like immunoreactlvity. The 
highly specific and sensitive antibody has < .1 % cross·reac· 
tivity with NPY-22-36, peptide YY, pancreatic polypeptide, 
and other neuropeptides. Assay sensitivity was determined to 
be - 12.81 pg/ml. The intra-assay coefficient of variation 
(CV) was 4. 7 ± .3% and the inter-assay CV was 8.4 ± .8%. 

2.3.3. Statistics 
Statistical analyses were conducted using R, version 2.14.2. 
An error probability of p :::; .05 was accepted as statistically 
significant. Individual NPY time series were displayed in 
x- y plots and inspected for patterns and outliers. Group 
means and CSF/plasma ratios were computed. Time 
ordered relationships between cNPY and pNPY were ana· 
lyzed for cross-correlation, computed at various time lags 
covering the 24-h· period, by leading or lagging the con­
centration- time series of cNPY relative to pNPY. A statis· 
tically significant cross correlation was declared if a t test 
was significant at p $ .05. An attempt was made to analyze 
the circadian rhythmicity of NPY secretion by utilizing a 
linear mixed-effects model to produce a harmonic analysis 

Ratio of Plasma to CSF by Subject 
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(Klernfuss and Clopton, 1993) wherein the joint effects 
cosine curves representing 24 h and 12 h periods were fit 
to the NPY data. 

3. Results 

The mean (SE) age of the eleven healthy volunteers was 30 
(1 . 97) years; age range 21 - 42 years. Mean body mass index 
(BMI) was 23.9 (1.60); range 16.5- 31.0. Hemodynamic mea­
surements were collected on each subject during waking 
hours (average 14 observations per subject, range 11 - 16 
observations). Mean (SE) pulse rate was 66. 6 (1.10) beats per 
minute and mean (SE) systolic and diastolic means (SE) were 
125.7 (1.56), and 63.9 (1.05), respectively. Mean arterial 
pressure (MAP) was 84.5 (1.15). 

3.1. Mean CSF and plasma NPY concentrations 

Group mean (SE) cNPY was 792.1 (7.80) pg/ml. Nine of 11 
subjects had sufficient plasma for calculation of group mean 
(SE) pNPY, which was 220.0 (3.63) pg/mL There were no 
significant correlations between either mean cNPY or pNPY 
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Figure 1 This figure represents pNPY /cNPY concentration ratios for the seven individual study volunteers. The circles represent the 
pNPY /cNPY ratio at each hour of a 24·h data collection timeframe, where both pNPY and cNPYare available for calculation of pNPY I 
cNPY rat io. 
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and any personal or physiological trait, e.g. age, BMI, or any 
hemodynamic measure. 

3.2. Plasma/CSF NPY ratios 

Individual average pNPY I cNPY concentration ratios ranged 
from .20 to .40 across all of the subjects (rig. 1 ). The mean 
(SE) pNPY I cNPY ratio for these subjects was . 29 ( .007). 
Ratios were relatively specific for each of the individuals 
and constant across the 24~h time-frame. Nq significant 
correlation between mean pNPY I cNPY concentration ratio 
and any personal or physiological parameter was observed. 

3. 3. CSF/Plasma NPY correlations 

Lagged cross-correlation analyses showed no statistically 
significant cross-correlations between cNPY and pNPY 
(Fig. 2). 

3.4. CSF/Plasma NPY variation across the 24-h 
timeframe 

The mean cNPY increase over the 24-h data collection time­
frame was 4.60 pg/h. In cohtrast, no positive or negative 
linear trend was observed for pNPY. After accounting for the 
detectable linear trend observable for cNPY, circadian rhyth­
micity of cNPY and pNPY secretion were analyzed; neither 
cNPY nor pNPY circadian components were statistically sig­
nificant, thus we were unable to replicate prior findings 
suggestive of a pNPY octohoran rhythmicity (Likkinger 
et al., 2004). 

4. Discussion 

Based on the individual NPY concentration time-series of our 
study, group mean CSF NPY values were higher than NPY 
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Figure 2 Cross-correlation analysis of cNPY and pNPY concen· 
trations in eight normal male study participants. The solid line 
represents the mean of the individual values of correlation 
coefficients Rx for each subject at lag time x. The shaded area 
corresponds to the critical values for statistical significance at 
the .05 level using a Mest for the cross correlations at each lag. 
At any lag time, a significant correlation would be represented by 
falling of the so/id line outside the shaded area. 

values observed in plasma, comparable to concentrations 
previously reported (Dotsch et al., 1997; Grouzmann et al., 
2000; Nam et al. , 2001 ). The primary source of plasma NPY is 
from postganglionic nerve fibers, although NPY can be found 
in the adrenal medulla and platelets as well (Hirsch and 
Zukowska, 2012; Takiyyuddin et al., 1994). In the brain, 
NPY is highly expressed Within the hypothalamic nuclei (para· 
ventricular, arcuate), amygdala, hippocampus, septum, and 
neocortex, but the primary source of CSF NPY has not been 
clearly delineated (Michel et aL, 1998). 

Interestingly, the heritability of NPY levels in plasma and 
CSF is similar, and relatively high. Genetic factors account for 
about 66% of NPY concentration variance in CSF. in contrast to 
the much lower heritability of some other CSF peptides, such 
as corticotropin-releasing hormone (CRH) (Berrettini et al., 
1988). Similar genetic heritability is observed for NPY levels 
in plasma (Zhang et al. , 2012). Genetic variation in human 
NPY haplotypes predicts brain NPY expression, plasma NPY 
concentrat ions, and amygdalar activation in response to 
threat -related facial expressions (Zhou et al., 2008). 

Given production of NPY both in the CNS and periphery, 
pNPY I cNPY concentration ratios are dependent upon a num­
ber of factors: rates of production, degradation in both 
compartments, as well any potential transport across the 
blood brain barrier (BBB). While a rodent study suggests that 
NPY may pass from the periphery to the brain via non· 
saturable t ransport this situation has not been studied in 
humans (Kastin and Akerstrom. 1999). Our data could suggest 
that underlying factors regulat ing each individual's pNPY I 
cNPY ratios are relatively constant over a day-long timeframe 
and that NPY concentration ratios vary over a relatively 
narrow range (.20 to .40), at least across the individuals 
tested. 

Interestingly, we observed a positive linear t rend in NPY 
concentration from the beginning to the end of the 24·h data 
collection timeframe. A potential explanation would be 
progressively enhanced secretion in response to the stress 
of the procedure. This possibility would be consistent with 
preclinical research showing that NPY expression in the 
amgydala increases following stress, and that NPYexpression 
is abnormally low in the amygdala and hippocampus in an 
animal model of PTSD (Cohen etal., 2012). It has not yet been 
tested as to whether the positive linear t rend in a time-series 
NPY study co-varies by genotype or by diagnosis. 

We detected no statistically significant NPY circadian 
rhythmicity, either in CSF or plasma, thus were unable to 
replicate prior findings suggestive of pNPY octohoran rhyth­
micity (Lockinger et at., 2004). However, this may have been 
a result of study Limitations such as the small number of 
subjects, or study-related modifications of participant meal 
and bedtime schedules that interfered with NPY circadian 
rhythmicity. 

Despite relatively constant plasma to CSF NPY ratios 
within subjects, levels of NPY from CSF and plasma collected 
concurrently show no cross-correlation across compartments 
at any time lag. Thus use of NPYassays in studies of humans 
should be undertaken With caution; plasma NPY Levels are 
unlikely to be accurate proxy markers of CNS NPY activity at 
any moment in time. 

Lastly, given that NPY modulates cardiovascular adapta· 
tion to stress with opposite effects in the CNS and periphery, 
we were interested in NPY concentration relationships and 
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hemodynamic measures, but observed no significant rela­
tionships between any hemodynamic measure and NPY levels 
or ratios in this small sample set (Hirsch and Zu.koWska, 2012; 
Sah and Geracioti, 2012). 

In conclusion, there is strong interest in NPY as a mod­
erator of resilience to emotional stress, thus increased 
research involving measurement of NPY levels in humans 
with mental disorders. Our 24-h study in normal volunteers 
indicates the need for caution in using pNPY to predict cNPY 
or brain NPY concentrations. 
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Abstract 
The aim of this study was to determine optimally efficient cutoff scores on the Posttraumatic Stress Disorder Checklist 
(PCL) for identifying full posttraumatic stress disorder (PTSD) and partial PTSD (P-PTSD) in active-duty Marines and 
Sailors. Participants were 1,0 r 6 Marines and Sailors who were administered the PCL and Clinician-Administered PTSD 
Scale (CAPS) 3 months after returning from Operations Iraqi and Enduring Freedom. PCL cutoffs were tested against three 
CAPS-based classifications: full PTSO, stringent P-PTSD, and lenient P-PTSD. A PCL score of 39 was found to be optimally 
efficient for Identifying full PTSD. Scores of 38 and 33 were found to be optimally efficient for identifying stringent and 
lenient P-PTSD, respectively. Findings suggest that the PCL cutoff that is optimally efficient for detecting PTSD in active­
duty Marines and Sailors is substantially lower than the score of 50 commonly used by researchers. In addition, findings 
provide scores useful for identifying P-PTSD in returning service members. 

Keywords 
PCL CAPS, PTSD. military, Marines, Sailors, subthreshold 

One of the most commonly used instruments for assessing 
posttraumatic stress disorder (PTSD) in the military is the 
PTSD Check.list (PCL; Weathers, Litz, Herman, Huska, & 
Keane, t993), a 17-item self-report questionnaire that has 
been shown to have excellent psychometric properties (sec 
Wilkins, Lang, & Norman, 2011 , for a recent review). 
However, with the exception of one study, the diagnostic 
utility of the PCL has not been evaluated in an active-c.Juty 
military context. Consequently, most research investigating 
the prevalence of PTSD in the military has relied on diag­
nostic cutoff scores derived ti-om studies of c ivilians or vet­
erans with chronic PTSD (e.g .. Hoge et al., 2004; Kim, 
Thomas, Wilk, Castro, & Hoge, 20l0: Schneiderman, 
Braver, & Kang, 2008: Thomas et al, 2010). lt is unclear 
whether these cutoffs generalize to active-duty personnel. 
p<:rticularly given the reluctance service members often 
bavc about reporting mental health problems (Hoge et al., 
2004: Kim et al., 2010). 

Recently, a new iteration of the PCL, the PCL-5, was 
developed to coincide with the publication oftbeDiagnos1ic 
and Statistical Manual of Mental Disorders, fifth edition 
(DSM-5; American Psychiatric Association, 20 13). 
A~thougb the revised measure will ultimately replace the 

PCL for DSM-IV (American Psychiatric Association, 1994), 
research on the original remains impo11ant, as these efforts 
guide retrospective analysis of archival c.Jata. including data 
collected from service members who deployed throughout 
Operations Iraqi Freedom, Enduring Freedom, and New 
Dawn (0.JF/OEF/OND). Moreover, until further research is 
conducted on the PCL-5, therapists may find the PCL for 
DSM-IV a more infonnative clinical instrument. 

Bliese et al {2008) attempted to redress the problem of the 
militruy's reliance on diagnostic cutoffs derived from civilian 
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and veteran samples. They collected PCL data from active­
duty soldiers 3 months after participants returned from serv­
ing in OIF and OEF and validated them against the structured 
clinical PTSD assessment module or the Mini International 
Neuropsychiatric Interview (MINI; Sheehan et al. , 1998). 
Their diagnostic utility analyses showed that cutoff values 
between 30 and 34 were the most efficient for detecting 
MINI-based PTSD cases, an importai1t finding given the sub­
stantially higher cutoff of 50 found to be optimally efficient 
in previous srudies with Vicmam War veterans (Forbes, 
Creamer, & Biddle, 200 I; Weathers et al., 1993). 

However, l:\vo roeU10dological aspects of Bliese et al. 's 
(2008) study may limit the generalizability of their findings. 
First, the use of the MINI as the cliagnostic criterion is a 
potential Umitation because it is not widely employed as a 
measure of PTSD and bas uot been validated against the 
Clinician-Administered PTSD Scale (CAPS: Blake et al.. 
1995), which bas excellent psychometric properties and is 
considered the gold standard for PTSD assessment (Keane, 
Street, & Stafford, 2004; Weathers, Keane, & Davidson, 
2001; Weiss. 2004). Second, Bliese ctal. validated the PCL 
in a sample of stlldiers who screened positive for possible 
behavioral health problems during a first-stage assessment. 
Near) y half ( 49 .5%) of potential participants screened nega­
tive and as a result were not administered the MINI or 
included in utility analyses. Thus. it is unclear whether the 
cutoff scores identified are useful for identifying cases of 
PTSD in uurcs\ricted samples of active-duty personnel 
(e.g., in screening contexts or epidemiological srudies). 

in this study, we sought to expand on the findings repo1ted 
by Bliese ct al. (2008) and fill gaps in the associated litera­
ture. To do so, we evaluated the diagnostic utility of the PCL 
in a large cohort of active-duty Marines and Sailors who 
were deployed to OIF/OEF. Using the CA PS for DSM-!Vas 
the criterion, our aim was to detennine optimally efficient 
cutoff scort!s for diagnosing PTSD. We chose to focus pri­
marily on diagnostic efficiency, as it is a measure oftest per­
formance that represents a balance between high sensitivity 
(which minimizes the likelihood of false negatives) and high 
specificity (which minimizes the likelihood of false posi­
tives) and can be interpreted as the extent to which test 
results are accurate overall. Whereas a highly sensitive test 
is most appropriate for screening purposes (100% sensitivity 
ensures that all positive cases are identified), and a highly 
specific test is most appropriate for diagnostic coofinnation 
( 100% specificity ensures tlrnt a positive test is never wrong), 
a highly efficient test maximizes the overall accuracy and is 
thus optimal for differential diagnosis. Given service mem­
bers' concerns about reporting mental health problems. as 
well as the relatively low cutoffs found by Bliese ct al. 
(2008), we hypothesized that the optimally efficient cutoffs 
identified in our study wouJd faJJ below 50. 

In addit ion to determining PCL cutoffs for full PTSD, 
we also were interested in detennining cutoffs for partial 

Assessment 

PTSD (P-PTSD). Also referred to as subthreshold or sub­
syndromal PTSD (Mylle & Maes, 2004; Zlotnick, 
Franklin, & Zimmem1an, 2002), P-PTSD is associated 
with increased risk for delayed PTSD and comorbid disor­
ders (Marshall et al. , 200 I: Pietrzak, Goldstein, Malley. 
Johnson, & Southwick, 2009), as well as higher levels of 
functional impairment, including occupational, relation­
ship, and health problems (Breslau, Lucia, & Davis, 2004: 
Mylle & Macs, 2004; Pietrzak et al.. 2009; Zlotnick et al., 
2002). Furthermore, returning veterans with P-PTSD 
report similar rates of suicidal ideation, hopelessness, and 
aggressive acts as those with full PTSD (Jakupcak et al., 
2007). Given the functional impairments associated with 
P-PTSD, the military considers il a stress injury, a psycho­
logical state falling between normal levels of stress reac­
tions and stress~related illnesses such as PTSO (e.g .. the 
Navy-Marfoe Corps Stress Continuum Model; Nash, 
2011 ). It is assumed that if stress inj uries are not ade­
quately addressed, performance and mission-readiness a.re 
compromised. Because ·satisfactory recovery requires a 
combination of institutional support, social support, and 
formal intervention. it is critical that P-PTSD be accu­
rately identified among service members (Litz, Steenkamp, 
& Nash , in press). To date. however, there is no conseosui> 
definition for P-PTSD. Thus, to examine the impact of 
adopting different definitions of P-PTSD, we employed 
lenient and stringent definitions and conducted separate 
diagnostic utility analyses for each. 

Method 

Procedure 

Data were collected as part of the Marine Resiliency Study 
(MRS), a longitudinal project examini11g risk and resiliency 
factors among active-duty U.S. Marines and Sailors deploy­
ing to OW/OEF. Assessments were conducted prospectively 
at one of two Marine bases located -in southern California. 
Participation entailed complet'ing a comprehensive banery of 
biopsychosocial measures, including self-report forms and 
structured diagnostic interviews (see Baker et al., 20 12, for 
an overview of study procedures). Interviews were adminis­
tered by master 's and doctoral level clinicians with extensive 
psychological assessment training, and a subset of interviews 
were independently rated by a second study clinician to eval­
uate intemHer reliability. The data analyzed in the present 
study were coUected from four separnte cohorts of Marines 
and Sailors who completed assessments at approxjmately 3 
months postdeploymeot (i.e., 3 mont11s after participants 
returned to tbe United States). Data coUectioo took place 
between June, 2009 and September, 201 1. Written infonned 
consent was obtained from all study participants, and the 
Institutional Review Boards at the University of California, 
San Diego, the San Diego an<.I Boston VA Healthcare 
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T able I. Characteristics of the Study Sample. 

Measure n % M SD 

Age (years) 23.36 3.40 

Race/ethnicity 
American Indian/ IS 1.5 
Alaskan 

Asian American 26 2.6 
Black/African American 37 3.7 

Hawaiian/Pacific Islander 13 1.3 
Hispanic/Latino 233 23.1 

White 6S3 64.8 

Mulci raciallother 31 3.1 
Military rank 

El-E3 664 6S.S 

E4-ES 283 27.9 

E6-E9 42 4.1 

01-03 20 2.0 

Warrant or field officer 4 0.4 

Education 
Some high school 26 2.6 

GED 10 2.0 

High school diploma 621 61.S 

Some college 284 28.1 

Associates degree 20 20 
4-year college degree 33 3.3 
Master's degree s o.s 

Marital status 
Never married 588 58.0 

Marrled 389 38.4 
Divorced/separated 36 3.6 

Time in military (years) 3.14 2.75 
Previously deployed 440 43.5 

Number of deployments 1.46 0.96 

Note. N ~ 1,016. Valid percentages reported. 

Systems, and the Naval Health Research Center, San Diego 
approved au study procedures and materials. 

Participants 

Participants were l,OJ 6 male, active-duty U.S. Mariues and 
Sailors who had recently returned from serving in OIF/OEF 
(womeu were not included in our sample as all participants 
were members of infantry battalions). Assessments were 
conducted at approximately 3 months postdeployment; on 
average, participants had been back in the United States 
98.58 days (SD= 14.50). Participant demographics are pre­
sented in Table J. 

Measures 

Self-reported PTSD symptoms were assessed immediately 
fo!Jowing completion of the CAPS interview using the 
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PTSD Checklist- Specific Version (PCL-S: Weathers, Litz, 
Herman, Huska, & Keane, 1993), a 17-item measure assess­
ing each symptom of PTSD conlai11ed in 1·he DSM-IV. The 
PCL-S is one of three versions of the PCL, which differ 
only in terms of U1e index event to which symptoms arc 
linked. Unlike the PCL civilian and military versions 
(PCL-C and PCL-M), which instruct individuals to link 
symptoms to "stressful experiences" and "stressful military 
experiences" respectively, the PCL-S is linked to a specific 
index event (in this case, the same index event tl1at was used 
during participants' CAPS interviews). Consequently, the 
PCL-S may be more likely to capture PTSD and discrimi­
nate it from other forms of psychopathology than the PCL-C 
and PCL-M (Wilkins et al. , 2011 ). The PCL-S bas strong 
psychometric properties and is widely used by trauma 
researchers and clinicians (e.g., Wilkins et al., 2 01 I). 
lntemal consistency was hjgb in the current sample, witb a 
Cronbach's alpha of .90. 

Ln addition, anxiety and depressive symptoms were 
assessed using the Beck Anxiety Inventory (BAI; Beck, 
Epstein, Brown, & Steer, 1988) and Beck Depression 
lnventory- 0 (BDl-TI; Beck, Steer, & Brown, 1996). These 
measures were included in the diagnostic utility analyses lo 
provide a comparison for the performance of the PCL. The 
BAJ and BDI-fl are widely used and have been extensively 
tested and validated (e.g., Beck & Steer, L 991; Beck & 
Steer, 1993; Dozois, Dobson, & Ahoberg, 1998; Hewitt & 
Norton, 1993; Osman, Kopper. Barrios, Osmau, & Wade, 
1997). Both the BAI and BDl-TT demonstrated high internal 
consistency in 1be current sample, each witb an alpha of .92. 
To examine levels of functioning across ruagnostic groups 
(i.e., full PTSD and lenient and stringent P-PTSD), we 
administered the World Health Organization- Disability 
Assessment Schedule II-Short Version (WHODAS-ll Short 
Version; Smith & Epping-Jordan, 2000), a 12-itero measure 
assessing a wide range of functional domains, including 
social and occupational functioning. Internal consistency 
was high, with an alpha of .91. 

PTSD symptoms were also measured using the CAPS 
(Blake et al., 1995), a structured diagnostic interview 
assessing all DSM-fV criteria for PTSD. The CAPS assesses 
the frequency and intensjty of PTSD symptoms on separate 
5-poi.nt (0-4) rating scales. Consistent with previous recom­
mendations (e.g., Weathers, Ruscio, &Keane. 1999). symp­
toms were considered present if they had occurred at least 
once within the past month and with at least moderate inten­
sity (i.e., the "'Frequency 1/ fntensity 2" rule). Internal con­
sistency, based on item severity scores (frequency plus 
intensity). was high, with an alpha of .81. lnterrater reliabil­
ity was previously evaluated in another MRS study using 
intraclass correlation coefficients and found to be high (see 
Yurgil ct al., 2014). 

Three cri terion variables were computed for the pur­
poses of this study, full PTSD and stringent and lenient 
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P-PTSD. For foll PTSD, participants needed to endorse :l 
sufficient number of symptoms to satisfy all DSM-JV crite­
ria, that is. one criterion B symptom (re-experiencing), 
three cri terion C symptoms (avoidance and numbing), and 
two criterion D symptoms (bypcrarousal). For stringent 
P-PTSD, participants needed to endorse a minimum of ooc 
criterion B. two criterion C. and two criterion D symptoms 
(i.e., the same criteria as full PTSD save one Criterion C 
symptom). For lenient P-PTSD, partic ipants needed to 
endorse a minimum of one criterion B symptom plus three 
criterion C or two criterion D symptoms (i.e., participants 
did not need Lo endorse symptoms. in all three clusters). 
Although numerous scoring rules have previously been 
used to operationalize P-PTSD, the current rules were 
selected based 011 tbeir past use in the research literature, as 
well as their documented association with fuo ctlonal 
impaim1cnt (e.g., Adams, Boscarino, & Galea, 2006; Mylle 
& Maes, 2004: Pietrzak et al., 2009; Schnyder, Moergeli, 
Klaghofer. & Buddeberg, 200 I). Given evidence that fear, 
helplessness, or horror are variably reported, and arc less 
commonly endo.rsed by males in response Lo lraumaric 
events (Creamer, Mcfarlane, & Burgess, 2005; O'Donnell , 
Creamer, Mcfarlane, Silovc, & Bryant, 20 10; Karam et al., 
2010~ Pereda & Forero. 20 12), criterion A2 was not fac­
tored into the compuration of our PTSD variables (criteria 
Al , E, and F were mcl by all participants assigned a 
diagnosis). 

Data Analysis 

A series o f preliminary analyses were conducted to (a) 
determine the prevalence associated with each cliagnos­
tic scoring rule (full PTSD, lenient P-PTSD, stringent 
P-PTSD) and examine differences in functional impair­
ment across groups; (b) obtain descriptive information 
for self-report measures (i.e., the PCL-S, BDl- ll, and 
BAJ) for purposes of comparison with other populations 
(i.e., Lo determine if symptom underreporting may be an 
issue in the current sample); and (c) obtain a nonpara­
metric smoothing regression curve (i.e., a locss curve; 
Jacoby, 2000) to examine the relationship between par­
ticipants' PCL-S scores and their total number of' CA PS 
symptoms met (i.e., determine Lhe extent to which this 
relationship is continuous). Loess ( locally weighte d 
scattcrplot smoothing) can be used lo fit a regression 
curve to scatterplot data without a priori specification of 
shape. SPSS defaults were used for smoothing parame­
ters (an Epanechnikov kernel, 50% of data points incor­
porated). S PSS version 21.0 was used for all preliminary 
analyses. No partic ipants were missing data on the PCL, 
BDl-U, 13AI, or CAPS. Kraemer's signal detection 
metbodology (Kraemer, 1987, 1992) was tbcD used to 
evaluate the utility of the PCL in prcdictiDg full and 
partial PTSD. 

Assessment. 

Kraemer's approach involves calculation of measures of 
test perfonnance, including sensitivity. specificity, effi­
ciency, and positive and Degative predictive values, as well 
as corresponding measures of test quality, which are 
weighted kappa coefficients that adjust for chance agree­
ment between the test and criterion. Measures oftestqualjty 
are unambiguous, calibrated indicators with endpoints 
ranging from .00, reflecting chance agreement between test 
and criterion, to 1.00, indicating perfect agreement. They 
allow idenrification of optimally sensitive cutoff scores, 
which minimize false negatives and thus are ideal for 
screening; optimally specific cutoffs, whicb minimize false 
positive and thus are ideal for coDfirrnatory tests; and opti­
mally efficient cutoff scores, which maximize agreement 
between tes t and criterion and thus are ideal for .differential 
diagnosis. Jn the present study the focus was on optimally 
efficlent tests. Because there are no absolute standards 
regarding acceptable test efficiency, tho BDJ.JJ and BAI 
were included to provide a basis of comparison. Following 
Kraemer's ( 1987) rccommen<l-dation, all cutoffs examined 
were observed in at leas1 lO participants. 

Results 

Prevalence of full PTSD was 4.J <yo (n = 42). As expected, 
prevalence was higher for stringent P-PTSO (6.2%; n = 63) 
and highest for lenient P-PTSD (11.1%; n ~ 113). To exam­
ine differences in functioning across diagnostic g;oups, we 
conducted a one-way analysis of variance with Tukcy post 
boc <.:omparisons. Post hoc comparisons revealed that, rela­
tive to pa1ticipanls with no diagnosis. Marines and Sailors 
in the lenient P-PTSD, stringent P-PTSD, and full PTSD 
groups scored significantly higher on the WHODAS-1 I 
(according to both ANOVA and Kruskal-Wallis tests). sug­
gesting that the diagnostic scoring rules used in the current 
study are associated with significant functional impairment 
(see Table 2). 

Descriptive infomiatiou for the PCL-S, BDl-ll, and BAJ 
was as follows: participants' mean score on these 01easures 
was 22.37 (SD = 8.00; range= 17-67), 4.72 (SD= 6.73; 
range = 0-50), and 4.51 (SD= 7.04; range = 0-57), respec­
tively. With regards to the frequency of minimum scores, 
365 (35.9 %), 366 (36.0%), and 429 (42.2 %) participants 
reported the lowest possible score on each measure, respec­
tively. Results from a nonparametric smoothing regression 
curve (Figure I) demonstrate a conti1rnous, positive rcla­
tionsl1ip between participants' PCL-S scores and tbe num­
ber of PTSD symptoms met on the CAPS-

Signal detection results are presented in Table 3. Across 
all U1rec diagnostic criteria rhe PCL demonstrated substan­
tially higher quality of efficiency tban did the BDT-U and 
BAI. With regards to cutoffs, PCL scores of39, 38, and 33 
were found to be optimally efficient for detecting full 
PTSD. stringent P-PTSD, and lenient P-PTSD, respectively. 
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Table 2. Means and Standard Deviations of Functioning According to Diagnostic Scoring Rule. 

n (%) 
WHODAS 

No PTSD/P-PTSD, 
M (SD) 

903 (88.9) 

13.76 (4.04). 

Lenient P-PTSD. 
M (SD) 

so (4.9) 
I 5.93 (S.S6)b 

Stringent P-PTSD, 
M (SD) 

21 {2.1) 
18.43 (8.8S)b 

Fu ll PTSD. 
M (SD) 

42 (4. 1) 

17.67 (6.7S)b 

F (df) 

20.58 (3, 1012)**"' 

Note. PTSD = posrcraumatlc srress disorder; P-PTSD = partial pomraumatic stress disorder, WHODAS = World Health Organization Disabrlity 
Assessment Schedule-II Short Version. Means with different subscripts differ signifitandy at p < .0 I. Valid percenU1ges reported. 
- p < .001. 
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Figure I. A nonparametric loess smoothing curve depicting 
the relationship becwe·en participants' scores on the PTSD 
Checklist-Specific Version (PCL-S) and their total number of 
PTSD symptoms, as determined using the Clinician Administered 
PTSD Scale (CAPS). Symptoms were considered present on the 
CAPS if they had occurred at least once within the past month 
and with at least moderate intensity. 

Measures of test perfomiance and quality for PCL cutoffs 
ranging from 30 to 50 for predicting full PTSD are pre­
sented in Table 4. 

Discussion 

Signal detection analysis was used to exarnfr1e the diagnos­
tic utility of the PCL among 1,0 16 MRS participants 
assessed at 3 months following return from deployment to 
OIF/OEF. To our knowledge, ooJy one previous study 
(Bliese et al., 2008) has tested the diagnostic utility of the 
PCL in an active-duty population. Analyses revealed that a 
PCL cutoff score of 39 was optimally efficient for identify­
ing full PTSD. Although this score is somewhat higher than 
rhe optimally efficient cutoffs (30-34) identified by Bliese 
et al.. it is substantially lower than the cutoff of 50 found in 

previous studies conducted with Vietnam War veterans 
(Forbes et al. , 2001; Weathers et al. , 1993) and reaffirms 
that different cutoff values are indicated for identifying 
PTSD among active-duly versus veteran populations. 

The lower diagnostic cutoff found in this study may 
reflect an unwillingness on the pa11 of active-duty service 
members to report mental health problems due to concerns 
such as being stigmatized or being denied opportunities for 
advancement (Gonnan, Blow. Ames, & Reed, 2011: Hoge 
et al., 2004; Kim et al., 20 J 0). Such a response bias could 
affect scores on both tbe PCL and CAPS, lowering test 
scores and prevalence and thereby lowering the optimally 
efficient cutoff Consistent with this hypothesis, self-re.port 
scores were highly positively skewed, and there was a pre­
ponderance of mioimum values. Whereas the mean PCL-S 
score in our sample was 22.37, higher PCL means have 
been found in other published unrestricted samples, includ­
ing in Persian Gulf War veterans (M = 34. 77; Weathers 
et al., 1993). 

RegardJess of the reasons for the lower test scores in this 
sample, jt appears that a PCL cutoff of 50 js too high for 
identifying PTSD among active-duty service members 
returning from combat. We found a cutoff of 50 to have 
markedly lower quality of sensitivity relative to other cut­
off.c; (Table 4), indicating that its use would result in a high 
rate of false negatives (i.e., a large number of unidentified 
cases). Based on these findings and the findings of Bliese 
et al. (2008), it appears that a self-reported PCL score in the 
mid- to upper-thirties is more appropriate for identifying 
PTSD in this population. It is Jloteworthy, however, tbat the 
level of sensitivity associated with a cutoff score of 39 
(Sens = .60) was still relatively low, indicating that its use 
could result in a considerable number of false negatives. 
Thus, for screening purposes, a lower cutoff appears 
indicated. 

lo addition to identifying optima.Uy efficient cutoff 
scores for detecting full PTSD, we a lso S()ught to identify 
cutoffs indicative of P-PTSD, a condition associated with 
functional impairment and incre.asod risk for suicidal ide­
ation (e.g., Marshall et al., 2001). To achieve this, we used 
two P-PTSD classifications, lenient P-PTSD and stringent 
P-PTSD, whicb meaningfully differentiated participants' 
functional impairment. Cutoffs of33 and 38 were optimally 
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6 Assessment 

TableJ. Diagnoscic Ucility of Optimally Efficient Cutoff Scores on the PTSD Checklist, Beck Depression Inventory, and Beck Anxiety 
Inventory for Predicting Full PTSD. St.ringenc Partial PTSD. and Lenient Partial PTSD Diagnostic Status Based on CAPS Fl/12 Scoring 
Rule (N = 1.016). 

Measure (cutoff score) Level(%) Sens Spec PPV NPV Eff 1\(0) K(.S) 95%CI K(I) 

Ful l PTSD (Base rate= 4.1 %) 
PTSD Checklist coral (39) 5.0 .60 .97 :49 .98 .96 .47 .$2 .39-.64 .57 
Beck Depression Inventory ( 14) 9.7 .62 .93 .26 ,98 .91 .23 .33 .23-.43 .58 

Beck Anxiety Inventory ( 18) 5.5 .31 .96 .23 .97 .93 .20 .23 .11-.35 .27 

Stringenc P-PTSD (Base rate = 6.2%) 
PTSD Checklist coral (38) 6.0 .56 .97 .57 .97 .95 .5S .54 .43-.6S .53 
Beck Depression Inventory ( 14) 9.7 .S2 .93 .33 .97 .91 .29 .36 .26--46 .47 

Beck Anxiety lnventpry ( 13.) 10.4 .43 .92 .25 .96 .89 .21 .26 .17-.36 .36 

Lenient P-PTSD (Base rate = I I. I%) 
PTSD Checklist total (33) 9.7 .58 .96 .66 .9S .92 .61 .57 .48-.6S .S3 

Beck Depression Inventory (I I) 14.9 .SO .90 .38 .94 .8S .30 .35 .17-A3 .42 

Beck Anxiety Inventory ( 13) 10.4 .3S .93 .38 .92 .86 .30 .29 .20-.38 .28 

Note. Values rollnded to decimal places shown. Le\>el = level or test (i.e., percentage of participants meeting eutof!); PTSD = posnraumatic stress 
disorder; Sens = sensitlvir:r, Spec = specificity; PPV = positive predictive value; NPV = negative predictive value; Eff = efficiency: Cl =confidence Interval; 
"(0) =quality of specificity; "(.5) =quality of efficiency; K (I) = quality of sensitivity. Confidence inc.ervals provided for i..- (.S). Measures of cest quality 
are adjusted for chance agreement becween the test and criterion. These values range from .00 (chance agreement) to I .00 (perfect agreement). 

Table 4. Diagnostic Utility of Alternative Cutoff Scores on the PTSD Checklist for Predicting Full PTSD Diagnostic Statu~. 

Cutoff Sens Spec PPV NPV Elf t<(O) K(.5) t<( I) 

30 .81 .89 .24 .99 .88 .20 .32 .78 

31 .81 .90 .26 .99 .90 .23 .35 .78 

32 .79 .92 .29 .99 ,91 .26 .39 .76 

33 .79 .93 .33 .99 .93 .30 .44 .76 

34 .'19 .94 .3S .99 .93 .32 .4S .76 

3S .76 .95 .38 .99 .94 .3S .48 .74 

36 .71 .96 .42 .99 .9S .39 .so .69 

37 .67 .96 .43 .99 .9S .41 .so .64 

38 .64 .97 .44 .98 .95 .42 .SO .62 

39 .60 .97 .49 .98 .96 .47 .S2 .S7 

40 .S2 .97 .47 .98 .96 .45 .47 .so 
41 .S2 .98 .49 .98 .96 .47 .48 .. so 
42 .48 .98 .SO .98 .96 .48 .47 AS 
43 .4S .98 .S3 .98 .96 .SI .47 .43 

44 .45 .98 .56 .98 .96 .S4 .48 .43 

45 .43 .98 .S5 .98 .96 .S3 .46 .41 

46 .36 .99 .S6 .97 .96 .54 .42 .34 

47 .36 .99 .S8 .97 .96 .S6 .42 .34 

48 .31 .99 .59 .97 .96 .57 .39 .29 

49 .29 .99 .60 .97 .96 .58 .37 J.7 
50 .24 .99 .59 .97 .96 .57 .32 .23 

Note. Values rounded to decimal places shown. PTSD = posttraumalic stress disorder; Sens "' sensitivity; Spec = specificity; PPV = positive predictive 
value; NPV = negative predictive value; Elf: efficiency; K(O) = quality of specificity; K(.S) =quality of efficiency; K( I) = quality of sensitivity. Measures of test 

quality are adjusted for chance agreement between tlie test and criterion. These values range from .00 (chance agreement) to 1.00 (perfect agreement). 

efficient for detecting lenient P-PTSD and stringent 
P-PTSD, respectively. Given tbar stringent P-PTSD dif­
fered from full diagnostic starus by only one Criterion C 
symptom, it is not surprising that the stringent P-PTSD cut­
off was very similar to thatsugge~ting full PTSD. 

C linicians and r esearchers hoping 10 apply study results 

should be mindful of the purpose for which cutoffs are 
being used. In situations where il is preferred that fewer 
PTSD or P-PTSD cases go undetected, lower identified cut­

off values are indicated. Conversely, in situations where it is 
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preferred that false positives be minimized, higher cutoffs 
arc recommended. Additionally, individuals wishing to use 
cutoffs for screening or diagnostic confirmation purposes 
shou ld be mindful that optimaLiy efficient cutoffs may have 
relatively poor sensitivity or specificity. As no absolute 
standards exjst regarding "acceptabll::" sensitivity, it is nec­
essary to adjust cutoffs to meet the needs of particular popu­
lations in particular contexts. 

There are several important limitt1tions to our study. 
Although our sample is large and likely representative of 
Marine Corps and Navy personnel, it is not a stratified ran­
dom subgroup of Marines and Sailors and does not include 
female service members, wluch may affect generalizability. 
Similarly, our results arc based on t:utoff scores on the 
PTSD Checklist-Specific Version (PCL-S), which although 
highly similar to other versions of the PCL, may be better 
able to discriminate PTSD from other forms of psychopa­
thology due lo differences in instruction set (Wilkins et al., 
20 11 ). Of note, admin.istrat ion of the CAPS and PCL was 
not counter-balanced, and admi11islering the PCL immedi­
ately following the CAPS may partly explain why il outper­
fonned the BDl-fi and BAI across all diagnostic utility 
analyses. ln addition, a relatively low base n:ite of PTSD 
was observed in the current sample, whicb may have 
affected diagnostic utility results. Finally, it is important to 
Mte that, due to time constraints. comprehensive diagnostic 
interviews could not be administered, precluding assess­
ment of comorbid psychological conditions. 

Limitations notwithstanding, our study makes several 
important contributions. Most notably, this is only U1e sec­
ond study to examine !he diagnostic utility of the PCL in an 
active-duty population, and the first to validate the PCL 
among active-duty Marines and Sailors. In addit'ion, this is 
the firs t study to examine the diagnostic utility of the PCL 
in any active-duty population using tbc CAPS, widely con­
sidered the gold standard for PTSD assessment, as the diag­
nostic criterion. As hypothesized. active-duty personnel 
appeared more likely to underrcport PTSD symptoms on 
the PCL. thus making it important ro use lower diagnostic 
cutoff scores. These findings will help guide indicated pre­
ven:ion efforts within the military and assist researchers and 
epidemiologists more accurately estimnte rates of PTSD 
and P-PTSD, particularly when conducting archival analy­
sis of dnta collected from active-duty service members prior 
lo DSM-5. Study findings also have important implications 
for the validation and use of tJ1e PCL-5. namely that it be 
evaluated separate ly in active-duty and Veteran populations 
and that screening cffortS take into account the possibility 
of underreporting by using cutoffs demonstrating high sen­
sitivity. Las1, while beyond tbe scope of this article, these 
findings call attention to the impact of active-duty status on 
the diagnostic utility of self-report assessment more gener­
ally and the extent to which self-report screeners can ade­
quately differentiate service members' ruagnostic status. 
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Further rcseurch is needed to address these concerns and 
generate recommendations for optimizing the efficiency of 
early PTSD and P-PTSO detection. 
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Assessment of Plasma C·Reactive Protein 
as a Biomarker of Posttraumatic Stress Disorder Risk 
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IMPORTANCE Posttraumatic stress disorder (PTSD) has been associated in cross-sectional 
studies with peripheral inflammation. It is not known whether this observed associ;ition is the 
result of PTSD predisposing to inflammation (as sometimes postulated) or to inflammation 
predisposing to PTSD. 

OBJECTIVE To determine whether plasma concentration of the inflammatory marker 
C-reactive protein (CRP) helps predict PTSD symptoms. 

DESIGN, SITTING. ANO PARTICIPANTS The Marine Resiliency Study, a prospective study 
of approximately 2600 war zone-deployed Marines. evaluated PTSD symptoms and various 
physiological and psychological parameters before deployment and at approximately 3 and 6 
months following a 7-month deployment Participants were recruited from 4 all·male infantry 
battalions imminently deploying to a war zone. Participation was requested of2978 
individuals; 2610 people (87.6%) consented and 2SS5 (85.8%) were included in the present 
analysis. Postdeployment data on combat-related trauma were included for 2208 
participants (86.4% of the 2555 included) and on PTSD symptoms at 3 and 6 months after 
deployment for 1861 (72.8%) and 1617 (63.3%) participants, respectively. 

MAIN OUTCOMES AND MEASURES Severity of PTSD symptoms 3 months after deployment 
assessed by the Clinician-Administered PTSD Scale (CAPS). 

RESULTS We determined the effects of baseline plasma CRP concentration on 
postdeployment CAPS using zero-inflated negative binomial regression (ZINBR). a procedure 
designed for distributions, such as CAPS in this study, that have an excess of zeroes in 
addition to being positively skewed. Adjusting for the baseline CAPS score, trauma exposure, 
and other relevant covariates. we found baseline plasma CRP concentration to be a highly 
significant overall predictor of postdeployment CAPS scores (P =- .002): each lO·fofd 
increment in CRP concentration was associated with an odds ratio of nonzero outcome 
(presence vs absence of any PTSD symptoms) of 1.51 (95% Cl, 1.15·1.97; P = .003) and a fold 
increase in outcome with a nonzero value (extent of symptoms when present) of 1.06 (95% 
Cl. 0.99·1.14: P = .09). 

CONCLUSIONS AND RELEVANCE A marker of peripheral inflammation. plasma CRP may be 
prospectively associated with PTSD symptom emergence, suggesting that inflammation may 
predispose to PTSD. 

JAMA Psychiatry. 2014:71(4):423-431. doi;I0 .1001/jamapsychlatry.2013.4374 
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0 bservational studies' largely support an association of 
posttraumatic stress disorder (PTSD) with increased 
peripheral inflammation, as discussed in a recent re­

view of the overall evidence.2 For instance, one large cross· 
sectional community· based study3 found that patients with 
PTSD had approximately twice 1·he odds of those without this 
disorder of elevation in the inflarrunatory marker C·reactive 
protein (CRP). Similarly, although some case-control studies~.s 

have had negat ive or equivocal findings, in most such 
studi~11 PTSD cohorts have had significantly greater plasma 
levels ofCRP or interleukin 6, among other inflammatory mark· 
ers, than did controls. This association is of prognostic signifi· 
cance because low-grade inflammation is likely involved in the 
pathophysiology of the metabolic syndrome,12·1

• a major car­
diovascular risk factor'5 " 6; indeed, PTSD has been found to be 
associated with this syndrome!7·2• 

ltis plausible that the observed association bet ween PTSD 
and inflammation is due to PTSD·relatedstress hormone dys­
reguJation leadi.ng to alterations in immune, and therefore in­
flamma tory, signaling.7 •25-"1 However, given the cross­
sectional nature of the evidence at hand, it remains possible 
that rather than PTSD promoting inflammation, inflamma· 
t:ion places individuals at heightened risk for developing PTSD 
in the setting of trauma. In other words, the direction of cau­
sality runs from inflammation to PTSD rather than from PTSD 
to inflammation. 

Service members serving in the fraq and Afghanistan con­
flicts enduresubsr.rntial combat stress and consequent PTSD.~ 
The Marine Resiliency Study (MRS) is a prospective field study 
ofapproximately 2600 Marines and sailors deployed to Iraq or 
Afghanistan, during which PTSD severity and various physi­
ological and psychological paraineters were determined pre­
deployment and postdeployment, affording an outstanding op· 
port unity to investigate the causal relationship between 
inflammation andJ?TSD. ln the present study, we determined 
whether baseline peripheral inflammation, assessed by plasma 
CRP levels in the MRS, contributes to postdeployment PTSD 
symptoms, assessed by scores on the Clinician· Administered 
PTSD Scale (CAPS), adjusting for trauma exposure and other 
relevant covariates. 

Met hods 

Participants 
The MRS is a prospective longitudinal study of biological and 
neuropsychological modulators of combat stress-related 
PTSD in Marines.29 Approval was received and has been 
maintained since August 2007 from the institutionaJ 1eview 
boards of the University of California, San Diego, Veterans 
Affairs San Diego Research Service, and Naval Health 
Research Center. Participants were recruited from 4 all-male 
infantry battalions that were imminently deploying to a war 
zone. Participation was requested of 2978 individuals, of 
whom 2610 (87.6%) provided written informed consent and 
were enrolled and given financial compensation_ Assessment 
of lhe participants began on July 14, 2008, and continued 
through May 24. 2ou. Fifty-five of the enrollees were ex-
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duded from the present analysis because they did not deploy 
with their cohort or withdrew before completing the prede· 
ployment visit. so that the number of participants included 
was 2555 (85.8%). The demographics of these individuals a.re 
summarized in Table 1 . 

Data were collected approximately l montl1 before a 
7-month deployment (baseline; visit o) and at 1 week,3 months, 
and 6 months fo llowlngthe deployment (visits 1, 2, and 3, re· 
spectively). Among the 2555 included participants, baseline 
plasma CRP concentrations were included from 2484 partici· 
pants (97.2%) and. baseline CAPS scores from 2533 partici­
pants (99.1%). For the other specific baseline variables used in 
the present statistical analyses (antbropometrics, psychomet· 
rics, and demographics; see below), the number ofindividu· 
als with included data ranged from 2482 to 2548 (97.1%· 
99.7%). Data on deployment-related trnuma were obtainedat 
visit 1 aod were included from 2208 participants (86.4%), visit 
2 CAPS scores from 1861participants (72.8%). and visit3 CAPS 
scores from 1617 participants (63.3%). 

Measures 
The CAPS,30 a criterion standard PTSD symptom scale, was the 
primary outcome measure for our analyses because, as a 136-
point numeric scale, il would be expected to yield greater dis­
criminant power than the binary outcome of PTSD diagnosis. 
Trauma exposure occurring during combat was assessed with 
the Deployment Risk andResilieuce Inventory Combat Expo­
sure Scale (CES) (http://www.ptsd.va.gov/professional 
/assessment/te-measures/ces.asp), and exposu[e occurring in 
the aftermath of combat witb the Deployment Risk and Resil­
ience Jnventory Post-battle Experiences (PUE) scale (bttp: 
{/www.ptsd.va.gov/professional/assessment/deployment 
/exposure-aftermath-battle.asp). Baseline high-sensitive CRP 
plasma levels were measured using an enzyme·linkedimmu· 
nosorbent assay (/\LPCO Diagnostics). Measures for variables 
not included in the fina l regression model are described in the 
Supplement (eMethods). 

Statistical Analysis 
The association of our predictors of interest W'l'th CAPS was 
determined usiog zero-inflated negative binomial regression 
(ZINBR). A description of this method and the rationale for its 
choice are in the Supplement (eMethods). Potential con­
founders were selected fo: inclusion in regression modeling 
on the basis of their univariate association at a lenient signifi­
cance threshold (P < .20), with both tl1e outcome (postde· 
ployment CAPS) and the predictor of interest (plasma CRP 
concentration) (determined by analysis of v~riance, linear 
regression, or Z!NBR as appropriate). The values for plasma 
CRP concentrations were skewed and were therefore log 
transformed before analyses. Ordinal and binomial logistic 
regression were used to determine the effects of the same 
predictors as in the final ZINBR model (Table 2) on the cat­
egorical outcomes a t visit 2 offull PTSD (as define.a in the 
DSM-N-R),:t' partial PTSD,12·3•• or no PTSD. Statistical analy· 
ses were perfonned with either SPSS, version 20.0 (IBM) or, 
for ZTNBR. the R statistical package (http://cran.r-project.org). 
All P values reported are Hailed. 
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Table 1. Selected Baseline and Post deployment Charact eristics of Part icipants• 

Characteristic No. Mean (SD) or %0 Median (Range)' 

Demographics 

Age, y 2548 22. 78 (3.51) 

Ethnicity 2534 

Non· Hispanic 1944 76.S 

Hispanic 590 23.2 

Race 2503 

European American 2113 82.7 

African American 119 4.7 

Asian American 69 2.7 

American Indian 35 1.4 
Pacific lst.Jnder 38 1.5 

Mixed 129 5.0 

Highest educational level 2482 

High school 1645 64.3 

At least S-Ome college 825 32.3 

Postgraduate 12 0.5 

Marital status 2538 

Never married 1560 61.1 

Married 889 34.8 

Divorced or separated 89 3.5 

Military characteristics 

Service length. mo 2538 36.29 (24.45) 

Previously deployed 2541 51.3 

Enlisted 2540 97.4 

CRP. mg/l 2484 1.93 {3.31) 

Waist circumference. cm 2533 85.39 (7.62) 

BMI 2533 27.60 (3.24) 

Mean arterial blood pressure, mm Hg 2527 90.38 (7.98) 

AUOIT·C score 2527 5.06 (3.61) 

BAI score 

VisitO 2519 6.79 (7.85) 

Visit2 1850 4.79 (7.36) 

Visil3 1609 4.22 (7.26) 

801 score 

VisitO 2526 6.59 (7.67) 

Visit 2 1854 5.05 (6.80) 

Vislt3 1612 4.79 (6.82) 

CAPS score 

VisitO 2533 14.89 (15.37) 

Visit2 1861 17.40 (18.01) 

Visit 3 1617 15.41 (17.39) 

PTSO" 

VisitO 2533 4.7 

Visit 2 1861 6.3 

Visit3 1617 5.1 

CES 2189 13.57 (11.39) 

PBE 2204 5.65 (4.79) 

Results 

Choice of Outcomes and Model Covariates 
Baseline and postdeployment values of participants for the 
variables included in the statistical models are listed in Table 1 

)a ma psychiatry.com 

21.83 (18-48) 

26.00 {0-324) 

0.79 {0.03-28.53) 

84.46 (65.41-123.52) 

27.42 (18.83-41.41) 

90.00(64.67·148.33) 

5.00 (0·12) 

4.00 (0-53) 

2.00 (0-57) 

1.00 (0-63) 

4.00 (0·51) 

2.00 {0·54) 

2.00 (0·46) 

10.00 (0-101) 

12.00 (0-120) 

10.00 (0·107) 

9.00 (0-64) 

4.00 (0-15) 

Abbreviations; AUDIT·C. Alcohol Use 
Disorders Identification 
Test-consumptiol); BAI. Beck Anxiety 
Inventory: BDI, Beck Depression 
Inventory; BMI. bcx:ly mass index 
(cafrulated as weight in kilograms 
divided by height in meters squared); 
CAPS. Clinician-Administered 
Posttraumatic Stress Disorder {PTSO) 
Scale: CES. Combat Exposure Sc.ale; 
CRP. baseline plasma C· reactive 
protein: PBE, Post·battle 
Experiences; ellipses. not applicable. 

• See the Methods section for 
definition of variables and 
additiona! details concerning 
demographics and military 
characteristics. 

b A small proportion of participants 
did not provide oJta on 
demographic traits; therefore, the 
percent<Jges do not total 100%. 

' Median (range) values were not 
determined for values reported as 
percentages. 

0 Visit 0, baselille; visit 2. 3 months 
postdeployment; vrsit 3. 6 months 
postdeployment. 

along with selected additional characteristics. Posttraumatic 
stress disorder symptoms, assessed by CAPS scores (see the 
Methods section), increased significantly between the base­
line and 3·monthpostdeployment visits used for our analysis 
(visits o and 2), and then trended back toward baseline in line 
with findings in a recent systematic review. 3s In contrast to their 
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Table 2. Zero· Inflated Negative Binomial Regression Model of Postdeployment (Visit 2) CAPS Score in 1719 Part icipants 

Zero Model 

Variable OR (95% Cl}",b PValue 

Intercept~·'' U.5 (0.76-2 .05) .37 

Cohort I 1.92 (L08·3.43) .03 

Cohort 2 0 .57 (0.36-0.90) .02 

Cohort 3 0.63 (0.41·0.97) .04 

Cohorl4 O' 

CAPSOscore 1.10 (1.08-1.12) <.001 

CTSscore 1.03 (1 ,01· 1.05) .02 

PBEscore 1.08 (1 .03-1.13} .003 

Log Cf\P 1.51 (1.15·1.97) .003 

Abbrevli!Uons: CAPSO. Olnlcian·Admfnistered Posmaurnatic: Stress Disorder 
(PTSD} Scale score at visit O (baseline): CES. Combat Exposure Scale: CRP. basenne 
plasma C-1'eactive protein: OR. odds ratio: PBE. Post: battle Experiences. 

• Ratio of approximate odds of nonzero outcome (computed by exponentiating 
the corresponding coefficient in the regression model and adjusted for the 
variables listed in the table). 

bvalue for the intercept indicates approximate odds of nonzero outcome at 
baseline (cohort equals 4 aod all other variables have zero llalues), 

scores on CAPS, participants' scores on Lhe Beck Anxiety In­
ventory and Beck Depression Inventory (Supplement 
[eMet·hods]) dropped markedly after completion of deploy· 
meot (Table 1), potentially re.fie.cling tbe re.lief e.>.'Perienced by 
service personnel on re tu rn from combat. Thus, the ob· 
served posrdeployment increases iu PTSD symptoms were not 
attributable to broad psychopathology or ge.neralpsychologi· 
cal dis.tress. 

We included baseline CAPS scores (CAPSO) as a covariate 
in all statistical analyses of the outcome of visit 2 CAPS (CAPS2) 
so as to adjust for any differences between pa1ticipants in 
CAPS2 that were attributable to preexisting differences in 
CAPSo; this also adjusted for any effects of baseline PTSD symp­
toms on the subsequent trajectory of the disorder. la addi­
tion to CAPSo, CES and PBE scores (determined at visit 1 im· 
mediately following deployment) were included as covariates 
in regression models to adjust for differences between par­
ticipants in traumatic exposrne during and after combat, re· 
spectively (as detailed in the Methods section). Moreover, be­
cause the 4 MRS battalions differed from one another in their 
war zone experiences and in the timing of their training regi­
men relative to the period of data collection. cohort assign· 
ment of each participant was set as a factorin regression analy­
sis. Multiple other potentiaJ confounders were evaluated, 
including several previously associated with both PTSD and 
peripheral inflammation (eg, baseline depression, anxiety, and 
alcohol and tobacco usel6 "52) and various anthropometric and 
demographic variables (Table I); however, none met the cri­
teria for inclusion in the regression models. 

ZINBR of Postdeployment CAPS 
lo accordance with the analyses described above. our ZlNBR 
model (described in Lhe Methods section) of CAPS2 com­
prised plasma CRP concentration, CAPSo, cohort assign­
ment, and CES and PB£scores. C·reactive protein was a highly 
significant overall prectictor of CAPS2 in this model (P = .002 

JAMA Psychiatry April 2014 Volume 71, Number 4 

Count Model overall 
Fold Change (95% Cl)"" PValue PValue~ 

10.57 (9.29-12.0)) <.001 

1.03 (0.90· 1. l 9) .68 <.001 

0.94 (0.83-1.07) .35 <.001 

0.78 (0 .70·0.86} <.001 <.OOl 

1.02 (l.02-1.02.) <.001 <.001 

1 .01 (1.00·1.0l) .001 <.001 

1.04 (1 .03·1 .0S) <.001 <.001 

1.06 (0.99-1 .14) .09 .002 

' Approximate fold change in oulcome.1n the event of a nonzero outcome 
(computed by exponentiating the corresponding coefficient in the regression 
model and adjusted for the variables listed rn the table). 

~ Value for the Intercept indicates approxlmate outcome in the event of a nonzero 
outcome at baseline {cohort eqllals 4 aod all other variables have zero values). 

• By ltle li~elihood ratio test. 
1 This variable was set to zero because it is redundant. 

by likelihood ratio test). as was each of the other predictors 
(Table 2). C·reactive protein was also a highly significant pre· 
dieter in the analogous linear regression mode.I with the same 
covariates (P = .002); however, ZINBR is significantly supe­
rior to linear regression when modeling the outcome of CAPS 
(Supplement [eMeU1ods)). We assessed all 2-way interactions 
with CRP; none was statistically significant. Based on analy· 
sis of the scores on CAPS subscales, the greatest effett of CRP 
appeared to be in the domain of hyperarousal (subscale D of 
CAPS; overall P < .001), with less of an effect on numbing (sub· 
scale CN; P = .03), and even lesser effects on reexperiencing 
(subscale B; P = . 28) and avoidance (subscale CA; P = .57). 

Jn the zero component of lhe ZINBR model, CRP was a posi· 
tive preclictor ofCAPS2: eacb l·U incrernentin Jog10 plasma CRP 
concentration (ie, each JO-fold Increase in CRP concentra· 
tion) wa,s associated wilh a fold change in the approximate odds 
of obtaining a CAPS2 score greater than zero (ie, odds ratio [OR] 
of nonzero CAPS2) of1.51 (95% CI, 1.15·1.97; P = .003) (Table 2). 
Stated in the context of the range ofCRP concentrations in our 
study population, a i-SD increase in log10 CRP(corresponding 
to a 3.57-fold increase in CRP concentration) was associated 
with an ORof1.25 (1.08-i.45) (Figure lA). By comparison, l·SD 
increases in CAPSo, CES, and PBE were associated with ORs 
of 4.15 (95% Cl, 3.06·5.63; P < .001), L39 (1.06·1.83; P = .Ol9), 
and 1.43 (1.13·1.80; P = .003), respectively. Consistent with the 
findings obtallled with CRP lTeated as a continuous predic­
tor, categorization ofCRP revealed a trend toward a greater OR 
of nonzero outcome with increasing CRP category (although 
there. was, as expected, a loss of statistical power) (Figure 1B). 

Likewise, CRP was a positive predictor of CAPS2 scores in 
the count component of the ZlNBR model (which predicts 
approximately the extent of the outcome when it is nonzero, 
as described in the Supplement [eMethods]): each io-fold 
increase in CRP concentration was associated with a 1.06-fold 
increase in CAPS2. However, this effect was statistically sig­
nifi.cant on ly at the t rend level (95% Cl, 0.99·1.14; P = .09 

Jamapsychiatry.com 

Copyright 2014 American Medical Association. All rigtits reserved, 

Downloaded from: http://archp5)'c.jamanetwork.com/ by n Depurtmco1· or Vclerllns Affairs User on I0/09/20J 4 



C·Reactive Protein in PTSO Risk 

Figure 1. Effects of Baselfne Plasma C-Reactlve Protein (CRP) 
Concentration and Other Predictors on Postdeployment 
Posnr.iumatic Stress DisoFder (PTSD) Symptoms 
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Table 3. Binomial Logistic Regression of Postdeployment {Visit 2) 
PTSO Diagnosis in 1719 Participants 

Variable OR(95%Cl)a.• PVatue 
Intercept" 0.01 (0.004·0.02) <.001 

Cohort 1 1.00 (0.41·2 .45) >.99 

Cohort 2 1.13 (0.54· 2.37) .75 

Cohort 3 0.81 (OAS-1.46) .48 

Coho1t4 0' 

CAPSOscore J.06 (1.04· l.07) <.001 

CES scnre 1.03 (l.Ol-1.06) .01 

PBEscore 1.06 (0.99-1.14) .08 

Log CRP 1.50 (l.02-2.22) .04 

Abbreviations: CAPSO. Ofnidan·Administered Posttraumatlc Stress Disorder 
(PTSO) Scale score al visit 0 (baseline); CES, Combat E)(posure Scale: 
CRP. baseline plasma C·reactive protein; OR. odds ratio: PBE, Post-battle 
Experiences. 

• Odds ratio of PTSO (computed by exponentiating the corresponding 
coefficient in the regression model and adjusted for the variables listed in the 
table). 

bValue for Intercept indicates the oddsof PTSO at baseline (cohortequa~4 and 
all other variables have zero values), 

' 111ls variable was set to zero because It is redundant 

[2-tailedl) (Table 2). Accounting for the ranges in values of the 
predictors, a t·SD increase in log10 CRP was associated with 
L03·fold change (95% CI, i.00-1.07) in CAPS2; l·SD increases 
in CAPSo, CES, and PBE were associated with fold changes of 
J.36 (t.31-1.42; P < .001), 1.11 (1.05-1.18; P = .001), and 1.20 
(1.13-J..28; P < .001), respectively (Figure lB). 

LogistTc Regression of Postdeployment PTSD 
In addition to analysis of the continuous outcome of CAPS2, 
we performed logistic regression of the categorical outcome 
of PTSD (DSM·N·R definition 31) at visit 2 using the same co· 
variates as in the ZlNBR model. C-reactive protein was a sig· 
nificant predictor in this analysis as well, albeit not to as great 
a degree as in the ZlNBRmodel: each10-fold increment in CRP 
concentration was associated with a PTSD OR ofl.50 (95% CJ, 
1.02-2.22; P = .04) (Table 3). Taking into account the ranges of 
predictor values, a l·SD increase in log10 CRP was associated 
with aP't'SDORoft.25; by comparison, i-SD increases in CAPSo, 
CES, and PBE were associated with ORs of2.30, 1.43, and 1.35, 
respective! y (Figure 2A). Conversely, adjusted baseline CRP val­
ues for participants with and without PTSD at visit2 were LOO 

and 0.76 mg/L (to convert to nanomoles per liter, multiply by 
9.524), respectively (adjusted for the same covariates as the 
logistic regression model) (Figure 2B). C-reactive protein was 
similarly a significant predictor in ordinal logistic regression 
of the diagnostic categories of PTSD, partial PTSD, 3:t·3• or nei­
ther (P = .03) (Supplement [eResults, eTable, and efigure)). 

We also performed subgroup analyses excluding partici­
pants at various thresholds of the model variables: plasmaCRP, 
baseline CAPS, CES, and PBE. C·reactive protein effects in these 
subsets were generally similar to those obtained when con­
sidering all participants, indicating that the effects are not sub· 
stantially influenced by individuals at the extremes of plasma 
CRP, basellne PTSD symptoms, or combat exposure (data not 
shown). Moreover, CRPwas not significantly associated with 
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Flgure 2. Effects of Baseline Plasma C -Reactive Protein (CRP) Concentration and Other Predictors- i;m Postdeployment Posttraumatk Stress Disorder 
(PTSD) Diagnosis 
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A. Adjusted odds ratios (AORs) of posnraumallcstres-; disorder (PTSD) at visit 2 
associated with l·SD 1ncreases In the indicated variables. Data are from ~ 
binomial loglstk: regresslon model summarized in Table 3. The y-axis uses a log 
scale. B. Baseline plasma CRP concentration of participants v.tjthout or with 
PTSD at visit 2. adjusted for the same covariates as the logistk regression model 
In Table 3. CAPSO indicates Cllnlcian·AdminTstered PTSD Scale at visit 0 

base line CAPS or PTSO diagnosis (P = .52 and .22, respec­
tive.ly). indkatingthat GRP is not a mediator or proxy for the 
effects of one of these other predictors on CAPS2. 

Discussion 

We report a significant effect ofbaseJine CRP on postdeploy­
ment PTSD symptom emergence in Marine and Navy combat­
ants, suggesting that higher levels of this inflammatory marker 
may be prospectively associated with risk for PTSD. C· 
reactive protein predominantly influenced the likelihood of 
participants demonstrating the presence vs absence of PTSO 
symploms rather than the extent of symptoms when present 
(as indicated by its greater statistical significance in the z.ero 
model of the ZINBR vs the count and logistic regression mod­
els) and had a greater effect on the hyperarousal and numb­
ing symptom clusters than on the other clusters. Conceiv­
ably, high CRP levels mark a state of vulnerability to developing 
these symptoms of PTSD, and the influences of other factors 
prevail in determ.i ning the severity of symptoms once they are 
manifested. 

It is sometimes postulated7·l.5·27 that the observed asso­
ciation between PTSD and peripheral inflammation is due to 
the former disorder predisposing to the latter, plausibly due 
to PTSD·induced dysregulation of the stress axis resulting in 
disinhibition of proi nflarnmatory pathways. Our dataralse the 
converse possibility- that individuals with lesser inflamma· 
ti on may be re Jativel y resilient and those with greater i ufl am· 
mation relatively vulnerable to developing PTSO symptoms. 
This supposition is alsd supported by the recent finding that 
the risk for PTSD following medical illness during military de­
ployment is comparable to that following physical injury.s>.s~ 
However, the possibility that higherCRP levels at baseline re· 
sulted from preceding trauma cannot be excluded. 
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The underlying mechanism may involve the actions of in· 
flammatory cytokines, Which, in addition to their well· 
characterized adverse effects on metabolic and therefore car­
diovascular health,'2 '

1 4 have adverse effects on mental 
health.ss-s1 1n particular, depression has long been known to 
be associated with increased peripheral inflammation, 36·• 6 •50 

with some studies37•38 suggesting that baseline int]ammation 
may predict subsequent depression, and inflammatory cyto· 
kines are known to elicit symptoms of depression, ;a-03 as dis­
cussed in reviews.2•56•57·

64 Furthermore, peripheral inflamma· 
tion bas beenassociated65·69 with impairments in memory and 
executive function. Notably, Inflammatory cytokineshave been 
demonstrated to significantly suppress hippocampal neuro­
genesis in animals70 and have been associated with low hip· 
pocampal volume in humans,7' a neuroanatomical trait that 
might mark vulnerability to PTSD-in studies ofidentical twins 
discordant for combat trauma exposure, twin pairs in which 
the combat-exposed member developed PTSO had smaller hip· 
pocampi than tbeothertwi.n pairs.n 71 

Nevertheless, the causal relationships between psychiat· 
ric disorders and inflammation are likely to be complex. For 
instance, in one recent large, prospective, population-based 
study, cumulative episodes of depression predicted subse­
quent CRP levels74 (although this effect was attenuated after 
controlling for body mass index and smoking, suggesting that 
it might be attributable in part to depression-related lifestyle 
changes rather than directly to the neurophysiological char· 
acteristics of depression). Moreover, with respect to PTSD, 
much work in animal models75"" supports the conclusion that 
chronic stress induces immunologic changes that culminate 
in a proinflammatory phenotype. Thus, inflammation may both 
contribute to PTSO and bea consequence of the st1essors that 
Jed to the disorder. 

Strengths of our study include its size", prospective 
design. and adjustment for multiple potential confounders. 
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Moreover, owing to Lhe youth of the study participants (mean 
age, 22.78 years) and 1 heir relative physical fitness (given tbe 
reql.1ireme.nts for combat deployment), it is unlikely that 
chronic physical illness confounded the observed effects of 
baseline CRP on postdeploymen.t PTSD symptoms. However, 
certain limi tat ions meri l discussion. The relative fi tness of 
our cohort also limits the generalizabiJity of our findings, as 
does the absence of women. In addition. whereas CRP con­
centrations fluctuate substantially in response to transient 
inflammatory states (eg, minor infections78), values in our 
participants were determined only once and thus may be 
relatively "noisy.'' Moreover, use of anti-inflammatory medi· 
cations, which might also have contnbuted to variability in 
CRP levels, was not ascertained in our study. However. such 
variability would generally be exJ>ected to bias toward the 
null hypothesis. 

CAPS2 or PTSD diagnosis (the CRP-associated OR or fold 
change) to be generally similar across subsets of participants 
having markedly different mean values for the various covar­
ia tes in our regression models (data not shown). This sug­
gests that even if the inclividuals with missing data were con­
siderably different from the other participants with regard to 
CES, PBE, or baseline CAPS scores, the CRP effect sizes that 
would have been obtained had the data not been rnfasing are 
likely to be similar to those that were in tact observed. Taken 
together, these results suggest that missing data might not 
bave appreciably biased our ~mdings concerning CRP effects 
on PTSD symptoms. 

Conclusions 

Finally, with regard to missing data, 27.2% of the partici· 
pants clid not have determination of CAPS2 scores. However, 
CRP values d.id not differ significantly between individuals 
for whom CAPS2 scores were present vs absent; conversely, 
CAPS2 scores were not significantly different when compar· 
ing participants for whom CRP values were present vs absent 
(not shown). Moreover, we fou nd the effect size of GRP on 

Our results, if validated by future studies, could have impor­
tantdinical irnplications. lfperipheral inflammation contrib­
utes to the development of PTSD, interventions to decrease in­
flammation, such as dietary or lifestyle modifications,79"8 ' 

might ameliorate the severi ty of this disorder. Al minim um, 
our findings are consistent with the adage mens sana in cor­
pore sano: a healthy mind in a healthy body. 
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Susceptibility to PTSD is determined by both genes and envi­

ronment. Similarly, gene-expression levels in peripheral blood 
are influenced by both genes and environment, and expression 
levels of many genes show good correspondence between pe­
ripheral blood and brain. Therefore, our objectives were to test 
the following hypotheses: (1) pre-trauma expression levels of a 
gene subset (particularly immune-system genes) in peripheral 
blood would differ between trauma-exposed Marines who later 
developed PTSD and those who did not; (2) a predictive bio­
marker panel of the eventual emergence of PTSD among high­
risk individuals could be developed based on gene expression in 
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readily assessable peripheral blood ccUs; and (3) a predictive 
panel b ased on expression of individual exons would surpass 
the accuracy of a model based on expression of full-length gene 
transcripts. Gene-expression levels were assayed in peripheraJ 
blood samples from 50 U.S. Marines (25 eventual PTSD cases and 
25 non-PTSD comparison subjects) prior to their deployment 
overseas to war-zones in Iraq or Afghanistan. The panel of 
biomarkers dysregulated in peripheral blood cells of eventual 
PTSD cases prior to deployment was significantly enriched for 
immune gen es, achieved 70% prediction accuracy in an inde­
pendent sample based on the expression of 23 fu U-length tran­
scripts, an d attained 80% accuracy in an independent sample 
based on the expression of one exon from each of five genes. 
lf the observed profiles of pre-deployment mRNA-expression in 
eventual PTSD cases can be further refined and replicated, they 
could suggest avenues for early intervention and prevention 
am ong individuals at high risk for trauma exposure. 21JIJ \\'il<11• 

f>eriadi.:als, Inc. 

Key words: alternative splicing; mRNA; peripheral blood 
mon onuclear cells; transcriptome; t rauma 

'INTRODUCTION 
Previous research on post-traumatic stress disorder ( PTSD) has 
identified numerous facto rs that put individuals at greater risk of 
developing the disorder, svch as famiJy history. childhood or early 
adulthood experiences, personality and cognitive traits. and pre­
existing mental disorders l Koenen etaJ., 2005; Kremen et al., 2007J; 
however, no easily assessed biological markers of PTSD have yet 
been validated. The biologicaJ factors associated witb the r isk for 
tand resilience to) PTSD arc also poorly understood. Although 
susceptibili ty lo PTSD appears to be moderately heritable, 11011-

genetic facto rs (most prominently the type and e.xtent of the 
precipitating trauma, and social support ) and gene-environment 
interactions Likely also contribute to each individual's overall 
susceptibility to the disorder !Troe er al., 1993; Stein et al., 2002; 
Kremen et al., 2012]. 

Given the less-th an-absolute heritabiiiry of PTSD, pursuit of 
genetic markers alone (e.g., single nucleotide polymorphisms 
and copy-number variat ions) will leave much of the variance 
in vulnerability unexplained fYehuda et al., 201 l ; Mehta and 
Binder, 20121. Gene expression (i.e., mRNA) levels, which poten­
tially reflect the effects of both heredity and environment, may be 
better indicators of the aberrant biology underlying PTSD, as well as 
its premorbid risk state. PTSD clearly is a brain disorder. but 
assaying gene-expression levels--either acutely or longitudinally­
in the brains off iving human subjects at risk for PTSD is impossible. 
Yet, as demonstrated by Sullivan et al. 120061 and, more recently, 
Rollins et aJ. [20101 and Kohane and Valtchinov [2012], peripheral 
blood expression levels of many genes are moderately correlated 
with the expression levels of those genes in other tissues, induding 
postmortem brain, suggesting the possibility that peripheral blood 
gene expression can be harnessed to construct useful profiles of 
brain disorders [Woelk et al., 2011 ]. Indeed, we and others have 
capitalized on this pro.x1~ phenomenon to identify promising 
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pcripheraJ blood-based biomarkers for a number of neuropsychi­
at ric disorders, including schizophrenia, bipolar clisorder, and 
autism spectrum djsorders [Glalt et a l,, 2005, 2009, 201la,b, 
2012; Tsuang et al., 2005; Lee ct al., 2012]. 

In the context of PTSD, several prior studies identified differ­
ences in peripheral blood gene-c.xpression levels between individ­
uals wilh PTSD and similarly exposed comparison subjects without 
PTSD. Fi:rst, Segman et al. [2005] described a longitudinal analysis 
of gene expression in peripheral blood mononuclear ceJJs (PBMCs) 
from trauma survivors at the emergency room immediately after 
1beir trauma and again 4 months later when a diagnosis of PTSD 
could be definfrively established. Predictably, this study found that 
the expression of many genes previously implicated in mediating 
the stress response (e.g., genes associated wi th hypothalamic­
pilu itary-adrenal [ RPAJ axis function) were significantly dysregu­
lated in subjects with PTSD relaLive to those who fully recovered 
from their trawna. Tbese changes in gene expression aJso showed a 
linear relationsh ip with the severity of three djfferenL dusters of 
PTSD symptoms. In addition t.o changes in stress-response genes, 
the PBMCs frumsubjectswitb full persistent PTSD were marked by 
significant down-regulation of transcriptional activators, suggest­
ing that subjects with PTSD may experience a global deficiency in 
the production of mRNAs (and, thus, proteins) of key genes al 

critical times. Subsequently, Zicker et al. [2007] replicated dysre­
gulatioo of stress-response genes in whole blood from a sample of 
subjects with long-persistent PTSD resulting from the same envi­
ronmentaJ trigger (the Ramstein ai r show catastrophe, 1989). In 
addition, Zieker et al. , extended earlier work by demonstrating 
changes in several imm une-related genes among PTSD sufferers. T n 
1009, Yehuda el al. [2009] identified a profile of dysreguJated genes 
in peripheral blood of survivors of the World Trade Center attacks 
that also was enriched with genes involved in I IPA ax.is and immune 
cdl functions. Most recently, Neylan ct al. l201 l] found global 
down-regulation of genes in CDJ4 t- monocytes from male PTSD 
sufferers, but some evidence of increased activation of immunc­
system genes in female PTSD patients. 

Consolidating this evidence with the results from epidemiologic. 
genomic, and neurobiological studies of the disorder [e.g., Uddin 
et al., 20 I OJ led us to recently propose a theory of PTSD predicated 
on dysregulation of immune and inflammatory processes in gen­
eraJ, and ce.lluJar immunity in parricular [Baker et al., 2012b ]_ 
However, i1· was not clear from any of this work whether dysregu­
lalion of these processesoccursoaly in response lo trauma e.xposure 
or if, in fact. gene-expression abnormalities in peripheral blood of 
individuals exist "pre-trauma" und signal a heightened susc11ptibility 
LO developing the disorder once trauma is experienced. Recent work 
by van Zuiden et aJ. [2012] supports the assertion that pre-trauma 
disturbances in peripheraJ blood gene expression (at least in the 
realm of glucocorticoid signaling and reguJation of cell-mediated 
immune and inflammatory proc~ses) may predict post-trauma 
onset of PTSD and depressive symptoms. 

We virtually never know about exposure to a traumatic event in 
advance, so the next best alternative in the pursuit of PTSD 
biomarkers has historically been studies of people who have re­
cently experienced a lrauma. But the critic.'\! limitation in such 
studjes is that it is not possible to differentiate pre-existing risk 
faaors from the consequences of trawna exposure or of dewlop-
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ment of PTSD. ln tbe context of this prior work, we report here the 
results of transcriptome-wide expression-ptofiling of peripheral 
blood samples from individuals at uniquely elevated risk of trauma 
exposure and development of PTSD: participants in the Marine 
Resiliency Study (MRS) prior to theirdeploy111e11t to active war zones 
in Traq or Mghanistan, who were then followed Longitudinally 
[Baker et al., 2012a]. The objectives of this pilot study were to 
evaluate the following hypotheses: ( I ) pre-trauma expression levels 
of some genes (particuJarly immune-system genes) in peripheral 
blood cells would differ between trauma-exposed Marines who 
later went on to develop PTSD and those who did not; (2) a readily 
assessable, predictive biomarker panel oftheeventual emergence of 
PTSD among high-risk individuals could be developed based on 
gene C>..1Jression levels in peripheral blood cells; and ( 3) a predictive 
panel based on the expression ofindividual exons would surpass the 
accuracy of a model based on the expression of full -length tran­
scripts of genes. We interpret the results of these analyses in two 
contexts: ( I ) as a means of identi ~1ing biological functions, pTO­
cesses, pathways, and protein domains whose genomic dysregula­
tion may indicate or influence susceptibility to the disorder; and (2) 
the construction of predictive or prognostic classifiers that might 
ultimately find use in assessing individual risk for PTSD and 
implementing preventive strategies in such populations. 

METHODS 
Ascertainment and Clinical Characterizat ion of 
Subjects 
The MRS is a prospective cohort study of factors predictive of PTSD 
among approximately 2,600 Marines in fo ur battalions deployed 
to Iraq or Afghanistan. The research team conducted structured 
clinical interviews on Marine bases <µld collected blood samples 
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and data at four time points: pre-deployment, and "-'l -week, 
- 3-months, and .-v6-months after returning from deployment 
(.i.e., post-deployment). Measures collected, including those used 
in this study, have been described in detail previously lBaker 
et al., 20 12aJ. 

The princiµal exclusion criteria for both affected cases and 
unaffected comparison subjects for the present analyses were: (l ) 
a pre-deployment PTSD Checklist (PCL) score > 44; and/or (2) a 
pre-deployment diagnosis of PTSD based on the Clinician-Admin ­
istered PTSD Scale (CAPS). In other words, no included subjects 
met either clinician- or self-rated thresholds for a diagnosis of PTSD 
at pre-deployment. Cases were identified as those subjects who were 
issued a CAPS-based PTSD diagnosis at ~3- and/or "'6-months 
post-deployment. Unaffected comparison subjects were identified 
as those subjects who. at no time, attained a PCLscore >44 and who 
were not issued a CAPS-based PTSD diagnosis at any post-deploy­
ment interview. Among subjects who were included in the full MRS 
sample and assigned to case or comparison groups based on these 
criteria, we then selected for analysis 25 male PTSD cases and 25 
male comparison subjects based on similar demographics, pre­
deployrnent clinical characteristics, deployment history, and levels 
of exposure to putative traumas as determined from t11e Combat 
and Post-Battle Experiences subscales of the Deployment Risk and 
Resilience lnventory (DRRI}. After perfo rming quality-control 
checks on the microarray data (described below), two subjects 
(one case and one comparison subject) were removed from analy­
ses. The demographic. clinical, and combat-experien1ial character­
istics of rhe remaining 24 case and 24 comparison subjects arc 
shown in Table I. The ~vo groups were comparable on all demo­
graphic and combat-experiential variables. Withjn both the case 
and comparison gToups, 50% of the subjects had been deployed 
previously on at least one occasion, and while some subjects in each 
group had been previously deployed multiple limes (up to Lhree 

TABLE 1- Demographic. Cllnlcal. and EXpetientlal Characteristics o( EventUal PTSD Cases and Non-PTSO Comparison Subjects 

Eventual PTSD cases Comparison subjects P-value 
Sample size: n 24 24 
Age: 21.9 ± 3.2 2LS ± 3.2 0.6S3 
Previously deployed: n [%) 12 [SO.OJ 12 (SO.OJ 1.000 
Ancestry: Caucasian n [%) 17 [70.8] 18 (7S.O) 0.853 
Cohort n [%] 

1 2 (8.3J s [20.8] 0.471 
2 8 (33.3] 7 (29.2] 
3 14 [S8.3J 12 (SO.OJ 

ORRI combat experiences 18.9 ± 13.1 20.2 ± 14.9 0.7S4 
ORR! Post-battle experiences 7.3 ± 4.6 8.7 ± 4.0 0.281 
CAPS pre-deployment 22.6 ± 12.0 lS.4 ± 9.7 0.027 
CAPS 3-months post·deployment 67.2 ± 21.8 40.0 ± 29.4 0.013 
PCL Pr~-Oeployment 24.6 ± 6.4 23.2 ± 3.4 0.346 
PCL 1-Week Post-Deployment 42.7 ± i?.6 23,0 ± 4...9 < 0.001 
PCL 3-months post-deployment 49.3 ± 12.S 21.2 ± ± 4.6 < 0.001 
PCL 6·months post-deployment 40.6 ± 13.8 20.1 ± 2.6 < 0.001 

Nares. ( 1] Oemogroph1t charattcristi<S ol each sample a10 wponed as mcon I SD unless otherwise noted (2) Sample means and p10pon1ons wore compared using rndCjlendent samples Mosts 
and cfli.squore tests. respectively. 
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times), there was no difference between the two groups in the 
proportion of muJtiply deployed individuals or in the average 
number of deployments. Although no subject met diagnostic 
threshold for PTSD at pre-deployment as determined by either 
clinician ratings on the CAPS or self-ratings on the PCL, the 
eventual PTSD cases did have significantly higher clinician ratings 
on th.e CAPS at pre-deployment, whereas no significant difference 
in pre-deployment self-ratings on the PCL were observed. As 
e>..'Pected, the eventual PTSD cases '<l lso had significantly higher 
clinician- and self-rated symptoms of PTSD at all post-deployment 
evaluations. 

mRNA Sample Acquisition, Stabilization, 
Isolation, and Storage 
Close collaboration with the Marine Corps and the Navy, which 
provides health support for the Marine Corps,, enabled compre­
hensive on-site data collection. The clinical interview and sample 
blood draw (IO ml) were both collected within 4 hr of each other on 
the same day. Each blood sample was collected into an EDTA­
coated collection tube and immediately transferred to an RNase­
free laboratory, where all subsequen t procedures took place. The 
blood sample was passed over a LeukoLOCK filter, which was 
nushed wirh PBS and then fully saturated with RNA later rconi.ales 
et al .• 2005j. Each LeukoLOCK filter. containing bound, isolated, 
stabilized, and purified white blood cells, was sealed and stored in a 
sterile box at -2o·c. O nce mRNA samples were acquired from alJ 
subjects, the entire batch of samples was processed to isolate mRNA. 
Eluted mRNA samples were stored at -so·c u11til transferred to the 
SUNY MicroArray Core (SUNYMAC, Syracuse, NY) Facility at 
SUNYUpstate Medical University for quality assurance and micro­
array hybridization. LeukoLOCK filters, RNAlater, and TRJ reagent 
were obtained from Applied Biosystems, Inc. (Foster City, CA), 
while all other reagents and supplies were obtained from VWR 
International, LLC (West Chester, PA) unless otherwise specified. 

mRNA Ouantitation, Quality Control, and 
Hybridization 
The concentration of mRNA in each DNA-free sample was quan­
tified by the absorption of ultraviolet light at two wavelengths (260 
and 280 nm ), which was measured on a NanoDrop ND- I 000 
spectrophotometer (Thermo Fisher Scientific; Wilmington1 DE). 
The quantity of rnRNA in each of the 50 samples far exceeded rhe 
minimally sufficient amount required for mlcroarray hybridiza­
tion. The purity of each mRNA sample was estimated by the 
260:280 nm absorbance ratio, with an acceptable range designated 
a priori as 1.7-2.1. The quality of each mRNA sample was quantified 
bythe RNA Integrity Number (R!N) [Schroeder et al., 2006], which 
was determined on an RNA 6000 Labcbip Kit on an Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc., Santa Oara, CA). Accord­
ing Lo convention [Schroeder et al., 2006], a RJN of6.0 or grealcr 
was deemed to be indicative of acceptable qualjty, and no samples 
were removed based on this criterion. Two batches of 25 samples 
each (balanced with PTSD cases and controls) were then assayed 
on Gene.Chip Human Exon I .0 ST Arrays (Affymet1"ix, Inc., Santa 
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Clara, CA) per the "Whole Transcript Sense Target Labeling Assay" 
protocol IAffymetrix, 20061 using 1 µ.g of total RNA from each 
sample. 

Microarray Data Import. Normalization. 
Transformation. Summarization, 
and Quality Control 
Partek Genomics Suite software, version 6.6 © 2012 (Partek 
Incorporated, St. Louis, MO), was utilized for a ll analytic proce­
dures performed on microarray scan d:na. Interrogating probes 
were imponed, and corrections for background signal were applied 
using the robust multi-array average (RMA) method [Irizarry 
etal., 2003], with additional correctionsripplied for theGC-content 
of probes. The set of GeneCbips was standardiud using quantile 
normalization and expression levels of each probe underwent log-2 
transformation to yield distributions of data that more closely 
approximated normality. As most genes were measured by multiple 
probe sets (typically one probe set per exon, but sometimes more). 
summariY.ation of probes took place at two levels: IU-st, probes 
tugging the same exon were summarized by median poHsh to arrive 
at one expression value per exon; second, exons tagging the same 
gene were summarized by median polish lo arrive at one expression 
value per gene. All pro besets wereex:pressed wiLlia sigoal:noise ratio 
~3; thus, no probesets were excluded from annlyscs of differential 
ex'Pression.A total of257, l06 probesets were <1naJyzed, mapping to 

20,224 whole transcripts and 209,826 exons. 
Unsupervised clustering of subjects revealed no evidence of 

batch effects based on scan date. Pri1icipal components analysis 
(PCA) of the SO pre-deployment data points identified two outliers 
(one case and one comparison subject) whose component values 
were beyond four standard deviations (SD) in each of the firs t three 
dimensions of the PCA plot, suggesting that the fundamental gene­
expression pallern measured in these subjects (as evidenced by 
correlations among expression levels of probes) was inconsistent 
with that of the majority of other subjects. Both outlier samples 
exhibited higb levels of average deviation among redundant probes 
located within a given chip, aswelJ as high levclsofaveragedeviation 
in comparison with the median expression levels across all chips, 
suggesting either physical defects or hybridization problems with 
these chips. Removal of these two samples resuJted in all 48 
remaining subje<.ts' data being well wi thin the four-SD ellipsoid 
on each of tl1e first tl1ree PCA dimensions. 

Microarray Data Analyses 
We performed four independent sets of analyses on the microarray 
data, as described below. 

lde11tificatio11 of d ifferentially expressed gene.~ a11d rheir asso­
ciated biological terms. We utilized analyses of covaria.nce 
(ANCOVAs) to detennine which fuJl- length genetic transcripts 
were differentially expressed at pre~deployment in peripheral blood 
cells between I1TSD cases and comparison subjects. We performed 
ANCOV As of each gene's expression level as a function of 
PTSD status (case or control), deployment cohort (three levels 
corresp011ding to thrt-e platoons deployed al different times), age 
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lconlinuously measured in years), ancestry (dichotomized as Cau­
casian or not, as most subjects were Caucasian), and prior deploy­
ment status (first or subsequent deployment). Prior deployment 
accounted for less global variation in the expression dataset than did 
error, and rrior deployment rates did not differ significantly 
between cases and comparison subjects, so it was removed from 
the model and sub$cqucnt analyses to preserve degrees of freedom. 

To generate a relatively large candidate-gene list for functional 
profiling and construction of classifiers, we set the w1corrected 
type-I-error rate for diagnosis in these analyses at 0.01. We then 
reduced the dimensionality of the resulting list of candidate bio­
rnarkers through analysis of annolatioJ1-enrichment using the 
DA VlD algorithm !Dennis et al., 20031 to determ111e if the gene 
List disproportionately represented any biological "terms." Specifi­
cally, we evaluated whether the list was enriched with genes that 
aggregated in the same fw1ctional categories, represented similar 
ontologies, participated in the same biological pathways, or exhib­
ited common protein domains.The evaluated tem1s included '. (I) 
ontologies from Gene Ontology Consortium (GOC) [Ashburner 
et al., 2000] and Clusters ofOrthologous Groups (COG) [Tatusov 
et al.. 2000]; (2) keywords from the Protein Information Resource 
(PIR) IWu ct al., 2003]; (3) features from the Universa.I Protein 
Resource (UniProt) f Apwei.ler et al., 2004); (4) biological pathways 
from BioCarta and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) I Kanehisa aud Goto, 20001; and (5) protein domains from 
PTR, the Integrative Protein Signature database (lnterPro) [Hunter 
et al., 2009], Lhe Simple Modular An;hitecture Research Tool 
(SMART) f ScbuJtz et al., 1998], and the University of California 
at Santa Cruz's Transcription Factor Binding Site (TFBS) database. 
Bonferroni-correction was applied lo the P-values obtained in the 
enrichment anaJyses of these annotation terms, and we only con­
sidered significant those tests that exceeded a threshold of 
P = (0.05/lhe number of terms evaluated in a particular category). 

Discovery and replication of gene-based diagnostic predic­
tors. We utilized a machine-learning technique (support vector 
machine, SV M) to construct, evaluate, optimize, and cross-validate 
classification algorithms predicting eventual PTSD status based on 
gene-expression levels ac pre-deployment for a subset of our full 
sample. To accomplish this, we generated a large list of differentially 
expressed candidate genes (nominal P < 0.01) in a subset of the 
sample ( 19 cases and 19 comparison subjects) using ANCOV A a.nd 
the same pane] of factors and covariates described above. The 
probes on this list were then supplied as potential predictors in 
an SVM, as various model parameters and predictor combinations 
were evaluated to identify Lhe model with tbe highest accuracy in 
identifying cases and comparison subjects based solely on the 
expression levels of a minimal gene set identified by shrinking 
centroids after two-level nested (i.e., two-level) 10-fold cross­
vaJidation. The top-performing model was then deployed on a 
fully independent test sample (five cases and five comparison 
subjects) to determiue i.ts generafo.ability in accurately predicting 
case status based on gene-expression levels (the I 0 subjects used for 
model validation were not significantly different from those in the 
training set in tenns of demographic, gene-e)..'"j)ression QC, experi­
ential, or clinical fuctors; data not shown). 

Identification of d ifferentially expressed exons and their asso­
ciated biological terms. We examined exon-expression levels 

5 

utilizing ANCOVAs to identify putative alternative splicing differ­
ences between individuals who would go on to develop PTSD and 
those who would not. The same factors evaluated in gene-based 
analyses (PTSD status, cohort, age, and ancest1y) were assessed for 
their main effects aJ1d their interaction with exon ID as predictors of 
exon-expression levels, c.f. !Glatt et al., 2009 j; however, due to the 
stronger effects of diagnosis on exon-specific expression obsc:-rvc<l 
relative to the earlier gene-based analyses, we restricted the candi­
date-gene list to transcripts with P < 0.0001 for the interaction of 
diagnosis and exon ID. This yielded a gene list still sufficiently large 
for the construction of dassillers (see below) and enrichment 
analyses, which we again performed using the DAVID aJgoritlun. 
Enrichments were evaluated against a Bonferroni-corrected 
P-value accounting for the number of terms evaluated. 

DL~col1ery and replication of exon-based diagnostic predic­
tors. As outlined above for full-length transcripts under Methods 
Section, we used SVMs to construct, evaluate, optimize, and cross­
validate classification algorithms predicting eventual PTSD status 
based on exon-expression levels at pre-deployment for the same 
subset of our full sample. We first generated a large candidate list of 
putatively alternatively spliced genes (nominal P < 0.0001 for the 
interaction of PTSD status and exon tD) in a subset of the sample 
( 19 cases and 19 comparison subjects) using ANCOV A and the 
same panel of factors, covariates, and interaction terms described 
above. For each gene on the list, the most significantly dysregulatcd 
exon was identified and supplied asa potential predictor in theSVM 
classifiers. Various model parameters and predictor com bi nations 
then were evaluated to identify the model with the highest accuracy 
in identifying cases and comparison subjects based solely on the 
expression levels of a minimal exon set identified by shrinking 
centroids after two-level nested 10-fold cross-validation. The top­
performing model was then deployed on the fully independent test 
sample (five cases and five comparison subjects) to determine 
its generalizability in accurately predicting case status based on 
exon-expression levels. 

RESULTS 
Identification of Differentially Expressed Genes 
and Their Associated Biological Terms 
No gene's expression level was related to future PTSD status at a 
Bonferroni-corrected level o( significance, which is not surprising 
given the relatively small sample size and large number of tran­
scripts tested. We did, however, identify 67 probes dysregulated 
with a nominally significant P < 0.01 in Marines who were later 
diagnosed with PTSD (Table II). Thirty-nine of these 67 probes 
were down-regulated, whereas 28 were up-regulared. While the 
direct ion of tnis pattern is consistent with prior work identifying 
transcriptional down-regulatioll in PTSD [Segmrul et al., 2005; 
Neylan et al., 2011], the ratio of down-regulated to up-regulated 
probes was not significanLly different from chance expectation 
(one-tailed sign-test, P = 0. I l ). Log 2 fold~change (PC) of these 
probes in eventual PTSD cases ranged from 1.8-fold down­
regulation to 2. l-fold up-regulation. Annotations significantly 
enriched in !he list of 59 genes tagged by the 67 dysrcguJated 
probes-after Bonferroni correction for the number of terms 
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TABLE II. Gents Significantly D1;1sregulated [P 0.01] in Peripheral Blood Mononuclear Celts from the FuU Sample of Ev&Mual PTSD 
Cases at Pre-Oeploym!!nt and Used In Predlttive SVM Classifie-rs 

Diagnostic group main effect 

Transcript Fold-change 
cluster ID Gene symbol Gene product in cases F P-value 
8040080 RSAD2 Radical 5-adenosyl methionine domain containing 2 2_14 8.9 4.6E-03 
7902541 /Fl44L Interferon-induced protein 44-like L77 7.B 7.9E-03 
7958895 OAS3 2',51-oligoadenylate synthetase 3, 100 kOa 1.72 7.5 8,8E- 03 
7971296 EPST/1 Epithelial stromal interaction 1 [breast) 1.68 11.7 1.4E- 03 
8050102 CMPK2 Cytidine rnonophosphate (UMP-CMP) kinase 2, 1.54 9.2 4.lE-03 

mitochondrial 
8071155 USP18 Ubiquitin specific peptidase 18 L49 7.4 9.5E- 03 
7921434 AIM2 Absent in melanoma 2 1.46 B.8 4.9E- 03 
8046124 DHRS9 Oehydrogenase 1.44 8.9 4.7E- 03 
7958884 0AS1 2',5'-oligoadenylate synthetase 1, 40 1.39 10.6 2.2E- 03 
7958913 0AS2 2',S'-oligoadenylate synthetase 2, 69 1.38 8.5 5.7E-03 
8004184 XAF1 XIAP associated factor 1 1.29 8.7 5.2E- 03 
7976443 /Ff2? Interferon, alpha-inducible protein 27 1.26 11.6 1.4E- 03 
7953924 CLEC9A C-type lectin domain family 9, member A 1.22 7.4 9.SE- 03 
8121532 W/SP3 WNTl inducible signaling pathway protein 3 1.22 B.6 5.3E- 03 
8107094 ENSTOD000442824 Cdna:pseudogene chromosome: 1.20 7.9 7.SE- 03 

GRCh37:5:97549106:97549825: 
8043375 TRNK Mitochondrially encoded tRNA lysine 1.19 7.4 9.3E-03 
8060294 PDCD1 Programmed cell death 1 1.18 8.2 6.5E- 03 
8127234 DST Oystonin 1.15 9.0 4.4E-03 
8018315 SUM02 SMT3 suppressor of mif two 3 homolog 2 1.14 9.9 2.9E- 03 

[S. cerevisiae) 
8060997 SPTLC3 Serine palmitoyltransferase, long chain base subunit 3 1.13 8.0 7.2E- 03 
8118345 CFB Complement factor B 1.12 B.1 6.8E- 03 
8162884 ALDOB Aldolase B, fructose-bisphosphate 1.11 10.5 2.3E- 03 
8061847 C20orf7D Chromosome 20 open reading frame 70 1.11 8.5 5.6E-03 
8178115 CFB Complement factor B 1.11 9.9 3.0E- 03 
7963386 KRT82 Keratin 82 1.10 9.2 4.1E- 03 
7990391 CYP1A1 Cytochrome P450, fami ly 1, subfamily A, polypeptide 1 1.09 10.0 2.9E- 03 
8069503 LOC441956 Similar to cONA sequence BC021523 1.09 19.0 8.0E- 05 
8139?21 ENST00000462919 ncrna _pseudogene:miRNA _pseudogene chromosome: 1.07 7,5 9.0E- 03 

GRCh37:7:55713765:55713874 
7993146 ENSTOOOOD4?5032 ncrna _pseudogene:scRNA_pseudog.ene chromosome: -1.05 B.2 6.4E-03 

GRCh37:16:8777112:8777408 
8027824 MAG Myelin associated glycoprotein -1.08 7,6 8.SE-03 
8142685 TMEM229A Transmembrane protein 229A - 1.0B 8.8 4.9E- 03 
8065252 ENSTDDOOD432334 cdna:known chromosome: - 1.08 8.6 5.4E- 03 

GRCh3 7:20:19738352:19780320 
8030002 ZNF114 Zinc finger protein 114 -1.09 9.6 3.4E- 03 
8118455 C4A Complement component 4A (Rodgers blood group ] - 1.09 9.1 4.3E- 03 
7945498 SCT Secretin - 1.09 11.6 1.4E- 03 
8179399 C4A Complement component 4A (Rodgers blood group] -1.09 7.7 8-3E-03 
8100523 SPINK2 Serine peptidase inhibitor, Kazal type 2 [acrosin· -1.10 8.4 5.8E-03 

trypsin inhibitor) 
8152812 FAM848 Family with sequence similarity 84, member 8 -LlO 10.3 2.6E-03 
8024816 F5D1 Fibronectin type Ill and SPRY domain containing 1 -1-11 9.3 4.0E-03 
8137962 LDC10D129484 Hypothetical LOC100129484 -1.11 9.2 4.lE-03 
8060339 NRSN2 Neurensin 2 -L12 9.6 3.SE- 03 
7920264 S100AS 5100 calcium binding protein AS -1.13 7.9 7.3E-03 
8018646 FOXJ1 Forkhead box J 1 -1.14 10.5 2.3E-03 
8051061 UCN Urocortin -L14 9.4 3.8E-03 
8129095 ENSTD000043510D Cdna:pseudogene chromosome: -1.15 7.6 8.7E- 03 

GRCh3?:6:116579656:11658027B 
8122699 RP518P9 Ribosomal protein S18 pseudogene 9 - 1.15 8.9 4.6E- 03 
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T.liBLt: ti. (Continued) 

Diagnostic group main effect 

Transcript Fold-change 
cluster ID Gene si mbol Gene product in cases F P·value 
8012891 ENSTDOOO 412454 Cdna:pseudogene chromosome: -1.15 8.4 5.BE- 03 

GRCh37:17:14608393:14608851 
8071368 TME/vf191A Transmembrane protein 191A -1.15 8.9 4.?E- 03 
8127526 RPL39 Ribosomal protein L39 -1.15 8.0 7.2E-03 
7985192 AGPHDJ Aminoglycoside phosphotransferase domain contain- - 1.16 7.6 8.?E-03 

ing 1 
8072584 ENST0000042 361 Cdna:pseudogene chromosome: - 1.16 9.4 3.?E- 03 

GRCh37:22:32435477:32435883 
7992678 LOC652276 Hypothetical LOC652276 - 1.16 7.4 9.5E-03 
8118974 RPUOA Ribosomal protein LlOa - 1.17 9.3 3.9E-03 
8147112 CA13 Carbonic anhydrase XIII -1.17 8.1 6.?E- 03 
8063410 PARD68 par-6 partitioning defective 6 homolog beta - 1.17 8.5 S.5E - 03 

[C. elegans) 
8148923 LRRC14 Leucine rich repeat containing 14 -1.18 7.8 7.8E- 03 
7953032 LRTM2 Leucine-rich repeats and transmembrane domains 2 - 1.19 7.5 9.0E- 03 
8076260 SLC2SA17 Solute carrier family 25 (mitochondrial carrier; perox· - 1.19 8.3 6.lE- 03 

isomal membrane protein, 34 kOa}, member 17 
7982271 GOLGABIP Golgin AB family, member I (pseudogene) -1.20 8.6 S.SE-03 
7991742 MPG N-methylpurine·DNA glycosylase -1.20 9.2 4.lE- 03 
7905691 RPS2? Ribosomal protein 527 -1.20 7.7 8.DE-03 
7950753 CCDC908 Coiled-coil domain containing 908 - 1.24 10.2 2,6E- 03 
8103622 CBR4 Carbonyl reductase 4 - 1.27 8.1 6.6E-03 
8107520 TN FA I PB Tumor necrosis factor, alpha-induced protein 8 -1.30 8.1 6.?E-03 
7909601 SNORA158 Small nucleolar RNA. H -1.32 8.0 7.0E-03 
8154962 DNAJBS OnaJ [Hsp40) homolog, subfamily B, member 5 -1.35 10.4 2.4E- 03 
7903765 GSTM1 Glutathione S.transrerase mu 1 - 1.83 10.2 2.7E- 03 

·Rows nu: smt~d by d~reasmg rold-ch.1ngP. in ttventual PlSO cases relative to non·PTSD compa11s.on subjects. 

evaluated- included most prominently immune-related prc>cesses 
and protein domains involved in the response 1·0 viraJ infection 
(Table Il l ), most of which were up-regulated in future PTSD cases. 
Exploratory pathway analysis of the di fferentiallyex:pressed genes in 
Table 11 using the Rcactomc database [Matthews et al., 2009] 
revealed that a subset of genes involved in type- I interferon 
i;ignaling represen ted the only significant!}' enriched pathway with­
in our dataset. Six of the 59 genes were differentially expressed 
(!Fl27, OASJ, OAS2, OAS3, X/\Fl, and USPI8), with all probes up­
regulated in future PTSD cases. 

Discovery and Replication of a Gene-Based 
Diagnostic Predictor 
To construct a gene-based classiiier and assess its generalizability, 
we fi rst derived a List of potential classifier transcripts as those 
probes with a d ifference in expression between PTSD case and 
comparison subjectsattainingP < 0.01. inthetraini11gsampleofl9 
cases and 19 comparison subjects while controlling for the same 
factors and covariates as in analysis l. This analysis and filtering left 
61 probes (TableIV) that were then used to buildandoptimizeSVM 
dassi:fiers. The optimal SVM (identified through two-level nested 
LO-fold cross-validation with shrinking centroids, cost = 401, 

tolerance = 0.001, kernel = radial basis function, and gamma 
= 0.001) comprised 23 of the 61 starting probes (Table IV, probes 
in bold font) and attained 85% accuracy in classifying thost: 
individuals in lhe training sample who would or would not go 
on to develop PTSD. We d1en tested the identical 23-gene SVM 
{with the same parameters, but with no shrinkage or cross-valida­
tion) in the remaining independent test coho1t (five cases and five 
comparison subjects), where it yielded a diminished but still 
reasonable 70% accuracy. Among cases, three of five were correctly 
classified, while four of five comparison subjects were classified 
correctly. These values correspond to a sensitivity, specificity, 
positive predictive value, and negative predictive value in the 
test sample of 60%, 80%, 75%, and 67%, respectively. 

Identification of Differentially Expressed Exons 
and Their Associated Biological Terms 
The interaction of diagnosis and exon lD identified putative 
isoform-expression differences (P < 0.0001) in l3 genes, seven 
of which attained Bonferronj-c.orrected significance (Table V). An 
example ofbctween-group differences in e..xon expression for one of 
these five genes (SUV420H 1) is illustrated in Figure 1, where the 
future PTSD cases have sign ificantly lower levels of expression of a 
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TABLE Ill. Annotat ions Enriched at Bonf~rroni-Corrected Significant Levels Among Genes Oysregulated [P 0.01} In Peripheral Blood 
Mononuclear Cells FfOm the Full Sample of Eventual PTSD Cases at Pro-Deployment 

Dysregulated genes 
Fold Bonferroni (direction of dysregulation 

Category Term Count [%) enrichment P-value corrected P in eventual PTSO cases) 
GOTERM_BP_FAT G0:0006955 "' immune response 10 (2.2) 5.6 3.7E- OS l.BE- 02 DAS1 ( 1 j , DAS2( T). 

AIM2(1J. PDCD1[1) 
INTERPRO IPR006117:21

15
1 -oligoadenylate 3 (0.7) 277.7 4.1E- 05 5.7E- 03 DASJ(TJ. OAS1(T). DAS2(T] 

synthetase, conserved site 
INTER PRO IPR018952:21,51-oligoadenylate 3 (0.7) 277.7 4.lE- 05 5.7E- 03 DASJ[TJ. OASl(TJ. 0A52(1 J 

synthetase 1, domain 2/C-terminal 
INTER PRO IPR006116:2',5'-oligoadenylate 3 [0.7) 222.1 6.8E- 05 9.5E- 03 OAS3{TJ. OAS1[TJ. DAS2[l ) 

synthetase, ubiquit in·like region 

·Rows arc saned by inere~smg P-votue ror 11\e enrichment or onnol•toons. 

TABLE IV. G•nes Significantly Oysregulated (P < 0.01) in Peripheral Blood Mononuclear Cells From a Subset of Eventual PTSD 
Cases at Pre-Deployment and Used 1n Predictive SVM Classifiers 

Diagnostic group main effect 

Transcript Gene Fold-change 
cluster ID" symbol Gene product in cases F P-value 
8040080 RSAD.? Radical 5-adenosyl methionine domain containing 2 2.33 9.3 4.6E- 03 
7958895 DAS3 21,51-oligoadenylate synthernse 3, 100 kOa 2.01 11.0 2.3E- 03 
7902541 IF/44L lnterferoo-induced protein 44·1ike 1.99 11.0 2.3E- 03 
8064716 S!GLECJ Si;ilic ;icid binding lg-like lectin 1, sialoadhesin 1.48 10.4 2.9E- 03 
7958913 OAS2 21,S' ·Oligoadenylate synthetase 2, 69 1.45 8.0 8.2E- 03 
8165682 TRNS2 Mitochondrially encoded tRNA serine 2 1.38 8.2 7.5E- 03 
8102127 TACR3 Tachykinin receptor 3 1.35 7.6 9.6E- 03 
7971191 SUGT1P3 Suppressor of G2 allele of SKPl (S. cerevisiae) 1.27 8.4 6.7E- 03 

pseudogene 3 
8043375 TRNK Mitochondrially encoded tRNA lysine 1.25 8.4 6.8E-03 
8165684 TRNL.? Mitochondrially encoded tRNAleucine 2 1.25 8.6 6.2E- 03 
8165667 TRNK Mitochondrially encoded tRNA lysine 1.25 8.1 7.5E- 03 
7896752 TRNK Mitochondrially encoded tRNA lysine 1.25 8.1 7.SE- 03 
8055594 ENSEMBL ncrna _pseudogene:Mt_t RNA yseudogene chromosome: 1.23 8.2 7.3E-03 

GRCh37:2:1 
7903203 SNX? sorting nexin 7 1.21 9.4 4.4E- 03 
7938561 ENSTOOD0048?144 ocrna _pseudogene:rRNA_pseudogene chromosome: 1.16 10.8 2.4E- 03 

GRCh37:11:132 
8087433 NICNl Nicolin 1 1.16 7.9 8.3E- 03 
8060997 SPTLCJ Serine palmitoyltransferase, long chain base subunit 3 1.15 9.0 5.lE- 03 
8031680 ENSTOOD00492903 ncrna _pset.Jdogene:Mt _tRNA _pseudogene chromosome: 1.13 8.3 7.lE- 03 

GRCh37:19: 
7953697 GENSCANDODOOD20682 cdna:Genscan chromosome: 1.07 8.1 7.5E- 03 

GRCh37:12:8090472:8168935:1 
8141423 MIR1068 microRNA 106b - 1.05 9.3 4.5E- 03 
8091099 ENSTOOOOD450495 cdna:known chromosome: - 1.06 8.7 6.0E- 03 

GRCh37:3:141583849:141584121:· 1 gen 
8146643 MIR124·2 microRNA 124-2 - 1.07 8.3 7.0E- 03 
8027824 MAG Myelin associated glycoprotein - 1.08 8.2 7.3E- 03 
7911941 CHDS Chromodomain helicase ONA binding protein 5 -1.08 8.3 6.9E- 03 
7955211 ONAJC.?2 OnaJ [Hsp40] homolog, subfamily C, - 1.08 9.4 4.4E- 03 

member 22 
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TABLE IV (Continued) 

Diagnostic group main effect 

Transcript Gene Fold-change 
cluster IDa symbol Gene product in cases F P-vatue 
8055314 LYPD1 LY6 - 1.09 7.6 9.7E- 03 
8065252 BC004382 Homo sapiens, clone IMAGE:3640982, mRNA, - 1.10 ?.? 9.0E-03 

partial eds 
8100523 SPINKZ Serine peptidase inhibitor. Kaza! type 2 -1.10 11.2 2.tE-03 

( acrosin·trypsin in hi bi 
8030002 ZNF114 Zinc fi nger protein 114 - 1.11 15.2 4.6E- 04 
8060339 NRSNZ Neutensin 2 - 1.11 13.1 9.9E- 04 
8152812 FAMB48 Family with sequence similarity 84, member B - 1.11 7.9 8.3E-03 
81 12072 CCNO Cyclin 0 - 1.11 7.7 9.3E-03 
7945498 SCT Secret in - 1.12 14.8 S.3E-04 
8126450 RPL24 Ribosbmal protein L24 - 1.13 7.S 9.8E-03 
8084478 FAM131A Family with sequence similarity 131, member A -1.13 8.1 7.7E- 03 
8042532 VAXZ Ventral anterior homeobox 2 -1.13 17.S 2.1E- 04 
8 151281 TRAM1 Translocation associated membrane protein 1 - 1.13 8.4 6.7E- 03 
8019687 ANAPC11 Anaphase promoting complex subunit 11 - 1.14 9.4 4.4E- 03 
8074869 RTDR1 Rhabdoid tumor deletion region gene 1 - 1.14 8.1 7.8E-03 
7928107 H2AFY2 H2A histone family, member Y2 - 1.14 8.0 7.9E- 03 
8024816 FSD1 Fibronectin type Ill and SPRY domain containing 1 -1.15 12.2 1.4E- 03 
8038048 CCDC114 Coiled·coil domain containing 114 - 1.15 9.3 4.SE- 03 
8084982 LOC152211 Hypothetical LOC152217 - 1.15 7.6 9.?E-03 
8127526 RPL39 Ribosomal protein L39 - 1.17 8.8 5.6E-03 
8154563 ACER2 Alkaline ceramidase 2 - 1.18 9.9 3.SE-03 
7985192 AGPHD1 Aminoglycoside phosphotransferase domain -1.18 7.9 8.SE-03 

containing 1 
8178090 C6orf48 Chmmosome 6 open reading frame 48 -1.18 i'.9 8.SE-03 
8179326 C6orf48 Chromosome 6 open reading frame 48 - 1.18 i'.9 8.5E- 03 
8018646 FOXJ1 Forkhead box Jl - 1.18 9.8 3.7E- 03 
8072584 ENSTODDDD42361D cdna:pseudogene chromosome: - 1.19 8.7 S.9E- 03 

GRCh37:22:32435477:32435883:1 
8022170 RPL6 Ribosomal protein L6 - 1.20 9.0 S.2E-03 
7932964 ClD ClO nuclear receptor corepressor - 1.21 8.9 5.4E- 03 
8085852 NGLYl Mglycanase 1 - 1.22 9.3 4.6E- 03 
8160308 RP56 Ribosomal protein 56 - 1.22 9.8 3.?E-03 
8038993 ZNF28 Zinc finger protein 28 - L25 '8.4 6.8E-03 
8107520 TN FA I PB Tumor necrosis factor, alpha·induced protein 8 - 1.29 7.9 8.SE- 03 
7911359 NDC2L Nucleolar complex associated 2 homolog - 1.29 7.8 8.9E- 03 

(S. cerevisiae) 
8119357 DAAM2 Dishevelled associated activator of morphogenesis 2 - 1.30 9.8 3.?E-03 
8090256 SNX4 Sorting nexin 4 - 1.37 8.8 S.6E-03 
8155359 CNTNAP3 Concactin associated protein-like 3 -1.42 7.7 9.1E-03 
7903765 GSTM1 Glutathione 5-transferase mu 1 -1.95 9.2 4.8E-03 

'Rows are soned by decoeasing fotd 0chang• in eventual PISO cases rela1ive 10 non·PfSO comparison subjects. 
' Tran,;c1ip1s on bold comprised the opumal Zl·probe SVM classlfm of eventual PTS1J status identified by trn1ning and 1es«ng Jn Independent S<1mples. 

Discovery and Replication of an Exon-Based 
Diagnostic Predictor 
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single probe in the 31 (left} end of the gene suggesting lower 
expression of the b isoform (one of the gene's 12 known isoforms} 
among fut ore PTSD cases. The list of 13 genes was analyzed by the 
DAVID algorithm, but no annotations were found to be signifi­
cantly enriched after Bonferroni correction for the number of terms 
evaluated; this is not surprisi.ng based on Lhe small size of this gene 
list, which did not afford much opponunity for enrichment to be 
detected. 

To construct an exon-based classifier and assess its generalizability 
we first identified potentially differentia lly spliced exons within our 
trainingsampleofl 9 cases and l9 comparison subjects based on the 
diagnosis x exon ID interaction term, using a nominal threshold 
of P < 0.0001, while controlling for the same facto rs and covariates 
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TABLE V Exonli ~1gnlf1r.•nlly ll!:JRrcgulilted in P:lriph ·r51 Olond Mononu&le1H Cells Frurn 'he tul Sample 01 cvt:nt11QI P1S[J C:-1~1 t g\ 

Pre·Deploym ·nt .wd Used in f>ra/Jtctivc SVM Cti\aslf1 r!> 

Transcript Accession Probesets Dysregulated 
cluster ID Gene symbol Gene product number F p Adjusted P q (n) probeset IDs" 
7954810 LRRK2 Leucine·rich repeat kinase 2 NM 198578 3.22 2.0E-13 4.1E-09 4.1E-09 53 7954813, 7954814, 

7954818, 795482D, 
7954832, 7954833, 
7954845, 7954854, 
7954856, 7954863 

8068740 UMODL1 Uromodulin·like 1 NM.001004416 5.28 3.4E - 12 3.4E-08 6.9E-08 20 8068745, 8068747 
8040080 RSAD2 Radical S-adenosyl methionine NM 080657 7.94 8.5E - 10 5.?E-06 1.7E-05 9 8040082, 8040083, 

domain containing 2 8040084, 8040085, 
8040086, 8040087, 

8040088 
7949931 SUV420H1 Suppressor of variegation NM 017635 5.06 1.7E- 08 8.GE-05 3.4E-04 14 7949933 

4-20 homolog 1 [Drosophila) 
8136662 MGA/vl Maltase-glucoamylase NM 004668 2.38 1.0E- 06 4.lE- 03 0.02 46 

( alpha-glucosidase) 
8163535 A/v/BP Alpha-1-microglobulin NM.001633 4.18 6.6E-06 2.2E-02 0.13 12 8163538, 8163541, 

8163547 
?903?65 GSTMJ Glutathione S·transferase mu 1 NM 000561 4,85 LlE- 05 3.3E-02 0.23 9 ?903755, 7903767, 

7903768, 7903769, 
7903771, 7903772, 
7903773, 79037 74 

8128459 S/Ml Single-minded homolog 1 NM.005068 3.87 2.3E- 05 0.06 0.46 12 8128464, 8128465 
[Drosophila) 

8154962 DNAJBS DnaJ [Hsp40) homolog, NM.001135004 4.22 3.2E-05 0.07 0.64 10 8154966, 8154967, 
subfamily B, member 5 8154968, 8154969 > 

3: 
8051061 UCN Urocortin NM.003353 8.46 3.6E- 05 0.07 0.73 4 8051062 m 

::lJ 

8018315 SUM02 SMT3 suppressor of mif two NM 006937 4.80 3.9E-05 0.07 0.79 8 8018318, 8018319 ~ 
3 homolog 2 [S. cerevisiae) z 

'-8107356 DCP2 OCP2 decapping enzyme NM 152624 3.12 6.0E-05 0.10 1.00 16 8107358, 8107359, 0 

homolog [S. cerevisiae) 8107363 
c: 
::lJ 

7958895 DASJ 21,51 ·oligoadenylate synthetase 3 NM 006187 3.00 7.ZE- 05 1.00 1.00 17 7958898, 7958899, 
z 
> ,-

7958901, 7958903, 0 

7958904, 7958905, 
..., 
3: 

7958907, 7958908, m 
E! 

7958910, 7958909, n 
7958911, 7958912 '{!:. 

C'l 

'Rows a1e sorted by inc1easing P-value for the inte1ac1ion or d'1agnosis and exon 10. m 
z 

'E)(on p1obesets in bold were the most significantly dlrfNenually expressed {pe1 gene) between diagnostic g1oups, and we1e used ln SVM classification analyses. ,., 
=:! 
n 
VI 

-u 
)> 
::u 
-< 
CD 
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FIG. 1. Microarray-derived expression levels (ordinate) of individual exon·probes (abscissa) of suppressor of variegation 4-20 homolog 1 of 

Drosophllo (SUV420H!) in peripheral blood mononuclear cells from eventual PTSO cases (n = 24; squares) and comparison subjects [n = 24; 
triangles) . The interaction of diagnosis and exon ID was highly significant (p = 1.7E- 08, Bonferroni-corrected p = 3.4E- 04) owing to the 

selective down-regulation of an extended exon (probeset ID 7949933) in the 31 end of isoform b ( * P = 0.005) in eventual PTSO cases which 
occurs in t he context of comparable expression levels of all other exons and lsoform between groups. 

as in Lhe analyses above. For genes displaying more than one 
dysregula ted probe between diagnostic groups, we selected the 
probe wiLh the most significant between-group difference in ex­
p ression level based on t he P-values from planned comparison$. 
This analysis aod fiJter iug yielded l l exons with expression differ­

ences between PTSD cases and compar ison subjects (Table VI) tha t 
were then used to build and optimize SVM class ifiers. The optimal 
SVM (identified through two-level nested 10-fold cross-validation 

with shrinking centroids, cost = 20l, to lerance = 0.001, kernel = 
radial basis fu nction, and gamma = 0.000 I) comprised five of the 

11 starting probes (T:ible VI, p robes in bold font) and attained 84% 
accuracy in classifying those in d i vi duals in the train ing sample who 
would or would not go on to develop PTSD. We then tested the 

ident ical live-gene SVM (with the same param eters, but with no 
shrinkage or cross-valida tion) in the remaining independent test 

cohort (n = IO; five cases and five comparison subjects) , where it 
yielded a d im inished bu t reasonable 80% accuracy (higher rhan the 

accuracy observed in gene-based analyses). Among PTSb cases, 
three of five were correctly classified while all five comparison 
subjects were dassified correctly. These values correspond to 

TABLE VI. Exons Significantly Oysregulated lo Peripheral 61ood Mononuclear Cells From a Subset of Eventual PTSO Cases at 
Pre-Deployment and Used in Predictive SVM Classifiers 

Transcript 
cluster 10• 
8040080 
8133788 
8136662 
8064716 
7958895 
7954810 
7903765 
8107356 
7949931 
8083282 
8068740 

Gene 
symbol 
RSAD2 
PTPN12 
MGA/vf 

SIGLEC1 
OAS3 

LRRK2 
GST/vfl 
DCP2 

SUV420H1 
HPS3 

UMOOL1 

Gene product 
Radical S-adenosyl methionine domain containing 2 
Protein tyrosine phos phatase, non-receptor t,ype 12 
Maitase-glucoamylase ( alpha·glucosidase) 
Sialic acid binding lg-like lectin 1, sialoadhesin 
21,51 -oligoadenylate synthetase 3 
Leucine·rich repeat kinase 2 
Glutathione S.t rans ferase mu 1 
Decapping enzyme homolog (S. cerevisiae) 
Suppressor of variegation 4-20 homolog 1 
Hermansky-Pudlak syndrome 3 
Uromodulin-like 1 

'Rows are sonod b!l decroasmg fold-change In eventual PTSO cases relative 10 non.PTSO t1:1(!)p3rlson sub}eCI!> 

Interaction 
p 

1.3E-07 
1.8E- 05 
4.8E- 06 
5.9E-06 
2.7E-05 
8.lE- 09 
?.4E- OS 
9.7E- 05 
5.lE- 06 
2.9E- 06 
2.?E- 19 

Exon ID 
8040085 
8133802 
8136700 
8064717 
7958912 
7954820 
7903769 
8107363 
7949933 
8083291 
8068745 

Fold· 
change 

2.46 
2.23 
2.20 
1.80 
1.74 
1.21 

- 1.48 
- 2.04 
- 2.21 
- 2.28 
- 7.13 

·i:~ollS or transcript cluster !Os in bold comprised the op1im•I S·probe SVJ.1 classifier or eventual Pl SO s1a1us 1den1ified by \mining und 1es1ing ln Independent samples.. 

F 
10.42 

7.64 
3.36 

15.42 
5.64 
8.53 
8.31 
8.29 
6.13 
6.18 

16.93 

P-value 
2.9E-03 
9.4E- 03 
7.6E-02 
4.3E-04 
4.2E- 03 
6.3E- 03 
7.0E- 03 
7.1E- 03 
1.9E- 02 
1.8E- 02 
2.SE-04 
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sensitivity, specificity, positive predictive, and negative predictive 
values of 60%, I 00%, l 00%, and 71 %, respectively. 

DISCUSSION 

A fairly consistent picture of PTSD-induced or -associated changes 
in peripheral blood gene e.\:pression is emerging, with irnmunity­
related genes among the most reliably implicated biomarkers. To 
th.is picture we add new and compelJing pilot daca suggesting that 
dysregulation of immunity-related genes not only accompanies the 
emergence of PTSD, but precedes ir. This result strongly suggests 
rbat thisdysregulation is a risk factor and not simply a consequence 
of PTSD. Y ct, immune-gene dysregulation may be only one piece of 
the biological pu'l7.le of PTSD susceptibility, as many genes com­
p rising the best-performing PTSD-predictive classifiers were not 
immune-system genes, and these other genes had highly disparate 
functions. 

Collectively, profiles of dysregulated genes in immune and other 
pathways may serve as potent risk indicators upon which early 
intervention and prevention efforts may uhimately be based. To wit, 
we were able to construct and validate two p<rnels of blood-based 
PTSD risk-predictive biomarkers that ranged in accuracy from 70% 
to 80% in independent (albeit small) replication samples. Despite 
our relatively small sample sii.e and the additional levels of correc­
tion for multiple-testing requfred for ex.on analyses, n number of 
differenliaUy expressed exons surpassed stringent criteria for de­
claring statistical significance. Additionally, the cxon-bascd pre­
dictive classifier appeared to perform better than the gene-based 
predictive classifier. Taken tQgether, these findings suggest that 
ex.on expression may be more reliable and biologically iufom1ative 
than gene ex.'Pression (which reflects the average expression or aU 
transcript isoforms of a particular duster). 

It is important to note that these classifiers employed decision­
rules based solely on mRNA expression levels. Possibly, more 
accurate classification models can be constructed in the future 
by taking into account additional known predictors of PTSD, such 
as family history, personality traits, pre-existing mental disorders 
I Koenen et al., 2003a,b], and other factors nor necessarily related to 
gene expression. Alternatively, risk factors such as childhood 
exposure to trauma [van Zuiden et al., 20 121 might actually be 
associated with or interact with alterations in pre-deployment 
mRNA-expression profiles. The present study was unable to ac­
count for childho0d exposure lo trauma or 01J1er such factors, but 
fulure efforts to construct predictive models should seek to incor­
porate such data. Further precision in measuring the amounts and 
types of mRNA isofom1s present in peripheral blood (e.g., by 
further analyses of exon-leveJ expression, or by quantitaiion of 
distinct alternatively spliced isoforms through RNAseq or c.xon­
ex.on junction-probing microarrays) wi ll undoubtedly also facil i­
tate the construction of mort! accurate classifiers. Nevertheless, a 
single predictive classifier of PTSD (no matter how precisely 
constructed ) may never perform with 100% accuracy, which is 
why it will be essential to pursue (in larger samples) those character­
istics of either the subjects or lhe data that would determine for 
whom such a classifier works. Of equal interest is the possibility that, 
despite similar phenotypicrnanifeslations of PTSD, there are two or 
more unique biomarker profiles that predict the same phenotypic 
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outcome. In fact, etiologic heterogeneity may be a hallmark of 
complex disorders including PTSD, so it may not be possible to 

identify a single "one-size-lits-all" biomarker profile of the suscep­
tibility toward the disorder. Thus, in the future, distinct predictive 
biomarkcr dassifiers may be required to account for disorder 
stratification and correctly classify biologically or phcnotypically 
separate sets of subjects at highest· risk of developing PTSD. Anoe her 
distinct possibility is that for some eventual cases of PTSD there is 
no blood-based pre-trauma biomarker signature of increased 
susceptibility to be foW1d. We are currently investigating each or 
these possibilities further. 

Because of our relatively small sample size and t he severe 
corrections for multiple-testing required when examining 1he 
entire transcriptome, we did not detect individual gene-e.x.-pression 
differences in eventual PTSD cases that surpassed stringent criteria 
for declaring statistical significance. As such, the focus ofou r efforts 
and interpretations bas been on groups of genes, either io regard to 
their biological annotations or their collective ability to identify 
PTSD cases. Nevertheless. one gene identified he1·e as predictive of 
PTSD emergence( RPI24) is notable in that it was also identified as a 
diagnostic biomarker of PTSD In a prior blood-based gene expres­
sion study by Mehta and Binder f 2012]. Interestingly, we found that 
this gene was significantly d()wn-regulate<l at pre-deployment 
among Marines wbo would later go on to develop PTSD, whereas 
Mehta et al., found this gene to be up-regulated io current PTSD 
sufferers. lf1his observation can be confirmed by add.itional work, iL 
suggests that th.e down-regulation of RPL24 at baseline may signal 
heightened susceptibility for the disorder which is then accompa­
nied by a concomitant increase and over-expression of this gene 
after exposure to the precipitating trauma a11d subsequent devel­
opmen1 of PTSD symptoms. The majority of genes that we found to 
be dysregulated at baseline in eventual PTSD cases do not appear in 
other post-trauma studies to be either significantly up- or down­
regulated in established PTSD cases, suggesting that the expression 
levels of these genes simply signify a risk state but do not necessarily 
bear on the presentation o( the disorder once trauma has been 
experienced. Our results must be validated using another more 
sensitive mRNA-quanlilication technic1ue sucb as qRT-PCR, but 
beyond this, replication in otl1er welJ-powered longitudinal studies 
of subjects at high risk for trauma win prove crucial for more 
definitively implicating particular genes as risk indicators. 

The present pilot study broadens thesearcb for pre-deployment 
biomarkers for PTSD vulnerability beyond that of previous work 
I e.g., van Zuiden ct al., 2012] . To our knowledge, this was the first 
study to search transcriptome-wide for patterns of gene- and exon­
expression that distinguished future PTSD cases from non-PTSD 
comparison subjects. The presen t study is also unique because it 
employed a data-driven machine-learning approach for idenrifying 
the transcripts that, collectively, were most predictive of future 
PTSD status, many of which had not previously been associated 
with PTSD. Taken together, these two strategies are useful for 
identifying exons, genes, and pathways that potentially serve as 
biomarkers and play a role in the etiology of.PTSD, but that may 
have been overlooked by other approaches focusing on well-estab­
lished candidate genes. 

This work must be considered in the context of its limitations. 
Foremost among these may be the observation of an increased pre-
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deployment CAPS score among future PTSD cases. A doser exam­
inarion of this finding revealed thatthis difference was d1iven by the 
uD" subscaleoftheCAPS measure, reOcctingan increased reporring 
of symptoms of hyper-arousal among future cases. Because of tliis 
]imitation, it cannot be determined u.nequivocaUy whether the 
present study bas detected true biological vulnerability, pre-clinical 
cha11ges associated with PTSD, or (more likely) some combination 
of these factors. Conclusions about the origins of the blood-based 
biomarker sigoaJs (vulnerability vs. preclinical state) could be 
strengthened in future studies by controlling for tbe severity of 
prior trauma exposure, or better yet, by examining pre-deployment 
gene expression in trauma-naive subjects. Nevertheless, we main­
tain that the design of our study lends itself to the potential 
development of a predictive biomarker with some clinical utility; 
<ine that potentially can be used to determine who is at increased risk 
for emergent' PTSD among a group of real-world service members 
who wifl Wldoubtedly have mixed and incomplete records of 
trauma exposure and may even manifest signs of pre-clinicil 
disorder. 

Regardless of the preliminary stale of our conclusions regardiug 
individual genes, our work makes clear Lhat genes involved in 

cellular immunity are i:eliably and disproportionately represented 
among those that are dysregulated (moslly up-regulated) in our 
sample of eventual PTSD cases. Tbis finding is consistenl with 
evidence for dysfunctional cellular immune processes in individu­
als with PTSD, which we recently reviewed in depth [Baker 
et al., 2012b). Our review of the collective evidence sugge.sls that 
systemic inflammation and deleterious health consequences in 
PTSD are strongly linked. Given this evidence, treatment strategies 
to reduce inOammation that target biobehavioraJ factors may be of 
value to pursue. 

In conclusion, as the development of PTSD following initial 
trauma expo.sure is quite variable and unpredictable, we sought 10 

identify readily assessable biomarkers of ri~kand resilience based on 
evaluations of blood-based gene expression among soon-to-be­
deployed Marines participating in the MRS. Our analyse:; con­
verged on the immune-system as the most reliably dysregulated 
biological process characterizing high-risk individuaJs; however, 
numerous other genes not strictly related to cellular immu11ity also 
appear lo be differentially exyressed at baseline in individuals who 
develop PTSD, and these genes contribute much to our blood­
based prediction models oft he disorder's emergence. Ifbiomarkers 
related lo PTSD risk and rcsilienct (such as the panels of genes and 
exons idenrificd here) can be validated in additional cohons and 
prospective studies, they may help to confidently identify which 
individuaJs are at the highest risk in real-world scenarios. These 
efforts may lead to more effective primary prevenbon protocols, 
which would be particularly important in groups such as these 
Marines for whom it is known in advance that exposure to serious 
trauma is highly likely. This may also prove highly relevant for first­
responders, !>uc.h as police, fire, and emergency medicaJ teams, for 
whom a regular part of their job is also exposure to potentially 
traumatic situalions. Further work correlating pre- and post­
dep.loyment differences in gene expression among PTSD cases 
and unaffected comparison subjects would also constitute a major 
advance in the effort to identify the biological mechanisms of this 
disorder and potentially develop diagnostic biomarkers that can 
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serve as useful adjuncts t.O the prevailing gold-standard behavioral 
diagnostic systems [Brewin et al., 2000; Ozer et al., 2003]. 
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t . Introduction 

ABSTRACT 

Traumatic brain iajury (TBI) is a leading cause of sustained impainnent m military and civilian popula1ions. How­
ever, mildTBI (mTBI) cin l>e difficult to detect using conventional MRI or CT. Injured brain tissues in mTBI patients 
generate abnormal slow-waves ( 1-4 Hz) that can be measured and localized by resting-state magnet:oencephalog­
raphy (MEG). In this study, we develop a voxel-based whole-brain MEG slow-wave imaging appro.'lch for deted­
ing abnonnality in patients wilh mTBI on a singlMubjec1 basis. A nonnative darab.lse of resting-stale MEG source 
magnitude images (1- 4 Hz) from 79 healthy control subjects was established for all brain voxels. The high­
resolution MEG source magnitude images were obtained by our recent Fast-VF.Sr AL method. In 84 mTBI patients 
with persistent post-concussive symptoms (36 from blasts, and 48 from non-blast causes). our method ileLJ?cted 
abnornialities at the positive detection rates of84.5%, 86.1%. and 83.3% for the combined (blast-induced plus 
with non-blast causes). blast. and non-blast mTBI groups. respectively. We found that prefrontal. posterior parietJI. 
inferior temporal, hippocampus, and cerel>ella areas were particularly vulnerable to head trauma. The result also 
showed that MEG slow-wave generation in prefrontal areas positively correlated with personality change. trouble 
concentrating. alTective !ability. and depression symptoms. Discussion is provided regarding the neuronal mecha-
1tisms of MEG slow-wave generation du?. lo deaJferent.Jtion caused by axonal inju1y and/or block.1ges/limitations 
of cholinergic transmission in TBI. This study provides an effective way for using MEG slow-wave source imaging to 
localize affected areas and supporrs MEG as a tool for assisting the.diagnosis or mTBI. 

Published by Elsevier Inc. This is an open access articl!' under the CC BY-NC-ND license 
(http://crealivecommons.org/licenSl:'s/by-nr-nd/3.0/ ), 

Traumatic brain injury (TBI) is a leading cause of sustained physical, 
cognitive. emotional. and behavioral deficits in the civilian population 

(due to motor vehide accidents, sports, fa lls. and assaults) and military 
personnel (with blast injury as an additional cause}. An estimared 
5.3 million Americans live with disabilities associated with a TBI 
(Thurman etal .. 1999). The mJjority ofTBis are in the "mild" range of 
severity. Mild TBl ( mTBf) accounts for 75% of civil ian TBls (Centers for 
Disease Control. Prevention, National Center for Injury Prevention, 
Control. 2003), a11d 89% of active-duty military personnel and Veterans 
wounded in combat in Iraq and Afghanistan with combat-related TBls 
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(MacGregor et al., 2011 ). However, the pathophysiology of mTBI is not 
completely understood and the long- term effects of mTBl are conrrover­
siat Post-concussive symptoms (PCSs) in mTBI often resolve within 
three monrhs after injury in the majoriry of individuals (Levin et al .. 
1987; Rutherford. 1989). However about 20% (varying from 8 ro 33%) 
of mTBI patients show persistent long-term cognitive and/or behavioral 
impairments (Alexander. 1995: Binder. 1986: Binder. 1997; Bohnen 
er al., 1992; Rimel et al .. 1981 ; Rutherford, 1989). At presenL. iris unclear 
why similar acute mTBI events can lead to dramatic neurobehavloral 
decompensation with persistent PCS in some individuals, but not in 
others Ueter et al.. 2013 ). It is also unclear what the optimal rehabilita­
tion treatments are for rnTBls, partially due to the limited or lack of in­
formation about the Joel of the injury. 

Conventional neuroirnaging techniques have limited sensitivity to 
detect physiological alterations caused by rnTBI and are usually 
not used ro assess tl1e efficacy of mTBI treatments. Mild (and some 
moderate) TBI can be difficult to detect because the injuries are often 
not visible on conve11tional acute MRf or CT (Bigler and Orrison. 2004; 
Johnston et al.. 200·1; Kirkwood et al.. 2006). Approximatefy 80% of all 
civilian patients with TBI do not show visible lesions using conventional 
MRI or CT (Alexander. 1995). lntracrania.l leslons in mTBl were detected 
by conventional neuroirnaging techniques in only 4%, 16%. and 28% or ci­
vilian patients with Glasgow Coma Scale (GCS) scores (Teasdale and 
Jennetr.1974) of 15. 14. and 13, respectively (Culotta etal., 1996). The 
diagnosis of combat-related rnTBI is also based primarily on the charac­
teristics of the acute clinical sequelae following the injury; and subtle. 
scattered and varied lesion(s) that usually go undetected by conven­
tional CT (Van Boven et al.. 2009). The absence of abnormalities on con­
ventional neuroirnaging techniques in the majority of mTBI patients, 
even with persistent PCS and cognitive and/or behavioral deficits high­
lights the limited diagnostic and prognostic value of conventional CT 
and MRI. 

Usually. diffuse axonal injury (DAI) is a major contributor to the PCS 
and cognitive deficits in mTBI patients. DAI is commonly induced by 
sudden acceleration-deceleration or by rotational forces. In a rodent 
TBI model, a silver staining technique revealed that axonal injury was 
the most prominent feature following blast exposure (Garman et al., 
2011 ). In humans, the subsequent tissue injury is characterized by axo­
nal stretching. innarnmation. disruption. and separation of nerve fibers 
in white matter (WM), although complete axotomy has been found to 
be relatively rare in even severe TBI (Adams et al.. 1989: Basser and 
Pierpaoli, 1996; Gennarelli er al .. 1982; Niogi er al., 2008.i: Niogi et al., 
2008h; Xu et al, 2007 ). Conventional CT and MRI are primarily sensitive 
to blood from nearby torn capillaries. and less sensitive to axonal dam­
age itself, hence they underestimate the presence of DAI, especially in 
rnTBI cases. 

Magnctoentephalography {MEG) is a non-invasive functional imag­
ing technique dm directly measures the neuronal current in gray mat­
ter (CM) with high remporal resolution ( < 1 ms) and spatial localization 
accuracy (2- 3 mm at cortical level) (Leahy el al.. 1998). MEG studies 
from Lewine et al~ and our laboratory showed that MEG is highly 
sensitive to abnormal slow-wave signals (delta-band 1- 4 Hz. and ex­
tends to theta-band 5-7 Hz) resulting from axonal injuries (Huang 
et al .. 2009: Huang er al.. 2012; Lewine et al.. 1999: Lewfne et al., 
2007). Neurophysiological studies in animals have established a solid 
connection between pathological delta-wave generation in GM and ax­
onal injuries in WM (BaU et al .. 1977; Gloor et al.. 1977), showing tllat 
cortical dealferentatlon caused by axonal injwy In WM is an important 
factor in delta-wave production in CW. We have reported thar abnor­
mal MEG slow-waves in rnTBI are related to diffusion tensor injury 
(DTI) abnormalities i.n underlying WM tracts (Huang et al.. 2009). 
Using a region of interest (ROI) automated approach. we also detected 
abnormal slow-waves in 87% of patients with persistent PCS in dtronic 
and sub-acute phases of mTBJ (Huang et al .. 2012). The main limitations 
of the ROI-based MEG approach were: 1 ) the Ii mired spatial resolution 
defined by the size of the ROls, and 2) tlle volume of the ROI varied 

considerably which caused variable sensitivity in detecting abnormal 
slow-waves in mTBI. 

Voxel-based source imaging approach has d1e potential of overcom­
ing the limitation of the ROI-based approach. In a study by Wienbruch 
(2007). a voxel-based dipole location density function approach with 
Z-score statistics was used for assessing resting-state MEG brain 
rhythms in human. Building upon previous work in this area, the 
present srudy introduces a new automated voxel-based whole-brain 
MEG slow-wave imaging approach for detecting abnormality on a 
single-subject baSis for individuals with mTBI. The voxel-based MEG 
source images are obtained using our recent Fast-VESTAL metl1od ( ie.. 
F:isr VEctor-based Spatio-Temporal Analysis of L 1-minimum) (Huang 
et al.. 2014) for analyzing resting-state MEG data. The goals for the pres­
ent study are to: 1) establish and evaluate a normative database for the 
voxel-based whole-brain MEG slow-wave imaging approach: 2) exam­
ine the positive detection rates of this new Jpproac.h for its ability to de­
tect abnormality in patienrs with mTBI on a single-subject-basis: and 
3) study the spatial distribution of abnormal MEG slow-wave loci in 
both individual patients and on a group basis to identify the brain 
areas that are particularly vulnerable to mTBI. 

2 _ Methods and materials 

2.1 . Rescard1 subjects 

Eighty-four (84) mTBI patients who had a dironic/sub-acute TBI 
( 4 weeks to 5 years. mean 8. 7 ± 7 3 months post-injuJY) with persis­
cenr ongoing PCS participated in thfs srudy.111e rnTBl patients were di­
vided into two groups: the mild blast-induced TBI group consisted of 
36 rnTBl parient:s (active-duty milirary service members and OEF/OIF 
Veterans) wirh injuries caused by blast exposure during combat (age 
283 ± 5.4 years, all males) while the non-blast mTBI group comprised 
48 mTBI civilian patients injured due to non-blasr causes (i.e.. motor ve­
hicle accidents. sports. and falls: age 30.2 ± 10.2 years, 34 males). One 
essential srep in identifying Individual TBI patients with abnormal 
MEG slow-waves is lo first create an age-matched normative database 
(see below). For that purpose. 79 healthy control subjects (68 civilians 
and 11 active-duty rnili1;1ry service members) with no significant histo­
ry of concussion were recruited into the study (age 28.4 ± 8.7 years. 
67 males). There were no statistically significant age differences be­
tween the healthy tonttol group and either of the TBI groups. All partic­
ipants gave written informed consentforsrudy procedures, which were 
reviewed and approved by institutional review boards of the VA San 
Diego Healthcare System and Naval Hea.lth Research Center at San 
Diego. The informed consent followed the ethical guidelines of the Dec­
larations of Helsinki (sixth revision. 2008) and additional research re­
quirements for active-dury military personnel and veterans. 

All rnTBI patlencs were evaluated in a clinical interview to document 
the nature of the injuries and on-going PCS. The diagnosis and classifica­
tion of rnTBI patients were based on standard VA/DOD diagnostic 
criteria. Inclusion in the mTBI patient group required a TB! that met 
dte following criteria: I) a loss of consciousness (LDC) < 30 min or tran­
sient confusion, disorientation. or impaired consciousness immediately 
after the rrauma: 2) post-traumatic amnesia (PTA) < 24 h; 3) an initial 
Glasgow Corna Scale (GCS) (Teasdale and Jennett. 1974) between 13 
and 15 (if available). Since the GCS assessment was often not ;ivailable 
in theater. military personnel (and some civi lians) with missing GCS. 
but who met other inclusion crireria, were also recruited. 

We examined PCS in all mTBI patients (based on a clinical inter­
view). TI1e sympcoms were coded as "1" for the existence ofsymptc,>ms 
and "O" for the absence of symptoms in 21 categories. modified slightly 
from the Head Injury Symptom Checklist (HISC. (McLean et a.L. 1984): 
l) headaches.2) dizziness. 3) fatigue, 4) memory difficulty. 5) initabil­
ity. lack of patience. lose rem per easily. 6) anxiery, 7) trouble with sleep. 
8) hearing difficulties. 9) blurred vision or other visual difficulties, 
10) personality changes (e.g .. social problems). 11) apathy. 12) lack of 
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spontaneity. 13) affective I ability ( quickly·changing emotions), 14 de­
pression, 15) trouble concentrating. 16) bothered by noise. 17) bothered 
by light, 18) coordination and balance problems. 19) motor difficulty. 
20) difficulty with speech, 21) numbness/tingling. 

Tertiary injuries were common in patients with blast- related mTBI. 
The tertiary injuries involved a fall, hitting orher objects (e.g .. hitting 
parts of vehicle when the driving vehicle was hit by an CED), or being 
hit by orher Oying objects following the initial blast (Cemak and 
Noble-Haeusslein. 201 O: Elder et al.. 2010). Among our 36 blast mTBI 
patients, 25 also reported having tertiary injuries; 5 reported no­
tertiary injuries; 6 were unsure. We use the term "blast-induced 
mTBI" or simple "blast mTBI" throughout this study to represent the 
group wirh combined primary blast and tertiary injuries. In the mTBI 
group, 2 patients had positive findings on conventional MRl (nonspecif­
ic mild white-matterT2-prolongation. not definitely related ro trauma) 
and none had evidence ofintracranial hemorrhage/hemosiderin during 
the chronic phase ( i.e.,>6 months post- injury). No healthy control sub­
jects showed positive findings on conventional MRI. Among all mTBI pa­
tients. 27 had multiple TBls (14 from the blast group and 13 from the 
non-blast group). It is not our intention in this study to use MEG to dis­
tinguish new rrom old neuronal injuries due to multiple TBls. Patients 
with multiple TBls were included in the analysis. and a history of the 
most recent and all prior TBls was documented for further exploration. 
It is possible that in patients with multiple ·mis, both the old and new 
injuries contributed to deafferentation. thus generating abnormal MEG 
slow-waves. 

Exclusion criteria for study participation were as follows: 1) other 
neurological, developmental or psychiatric disorders (e.g .. brain 
tvmor. stroke, epilepsy. Alzheimer disease, or schizophrenia. bipolar 
disorder, or history of learning disability). Additionally, participants 
with a diagnosis of post-traumatic stress disorder (PTSD) or mcijor de­
pression disorder (MDD) were excluded based on DSV-5 criteria and 
for Pl'SD, a Clinician Administered PTSD scale score -;::30; 2) substance 
or alcohol abuse according to DSM-V criteria within the six months 
priorto the study; 3) history of metabolic or other diseases known to aJ­
fect the central nervous system (see Dikmen et al., 1995 for similar 
criteria); 4) extensive metal dental hardware (e.g .. braces and large 
metal dentures; filli ngs are OK) or other metal objects in the head, 
neck, or race areas that cause non-removable artifacts in the MEG 
data: 5) participants taking certain medications (e.g .. some sedative 
neuroleptics and hypnotics) known to increase delta-wave power 
(Niedenneyer and Lopes da Silva. 2005) were excluded from participa­
tion; 6) potential subjects were administered the Beck Depression 
Inventory ( BOHi) to evaluate level of depressive symptoms. and suicid­
al ideation: any participant who reports a "2" or "3" on the BDl-11: item 9 
(suicidal thoughts or wishes) were also excluded. However, depression 
symptoms following mTBl are common (Rapoport. 2012); therefore. in 
this study, we included subjects with depression symptoms reported 
after their injury, but nor serious enough to be diagnosed with MDD. 

22 . MEG daca acquisition and signal pre-processing to remove artifacts 

Resting-state MEG data (spontaneous recording for deterring MEG 
slow-wave signals) were collected using the VectorView™ whole­
head MEG system (Elekta-Neuromag, Helsinki, Finland) with 306 MEG 
channels in upright position inside a multi-layer magnetically­
shielded room (!MEDCO-AG) (Cohen eta l.. 2002) at the UCSD MEG Cen­
ter. The recording was divided into three 5-minute blocks with eyes 
closed. alternating with three 5-minute blocks with eyes open. In the 
eyes-closed condition, the subject was instructed to keep the eyes 
closed and empty his/her mind. In d1e eyes-open condition, the subject 
was instructed to fix the eyes on a fixation point and empty his/her 
mind. The order of blocks was counter-balanced between subjects. 
Data were sampled at 1000 Hz and were run through a high-pass filter 
with a 0.1 Hz cue-off. and a low-pass filter with a 330 Hz cut-off. Eye 
blinks. eye movements, and hearrsignals were monitored. Precautions 

were taken to ensure head stability; foam wedges were inserted 
between the subject's head and the inside of the unit, and a Velcro 
strap was placed under the subject's chin and anchored in superior 
and posterior axes. Head movement across different sessions was 
about 2- 3 mm. Since the MEG eyes-open data were contaminated 
with ey!!>-blinks in many subjects, we focused OJl analyzing the eyes­
closed data in the present study. 

To help ensure that subjects were alert during the MEG recordings. 
prior to all of the study sessions. participants completed a questionnaire 
about the number of hours they slept che previous night, how rested 
they felt. and if there was any reason that they might not be attentive 
and perform to the best of their abilities (due to headache. pain. etc.). 
Participants were scheduled early in the day to avoid fatigue from 
performing daily activities. In addition, eyes closed sessions were 
rotated with eyes open sessions to monitor the amount of eye 
blinking and eye movement. which MEG technicians monitor online 
to gage the cognitive state of subjects. MEG technicians also monitored 
on line the amount of alpha band oscillations. which is consistently asso­
ciated with tonic alertness. Participants were viewed on a camera. 
which also allowed for MEG technicians to monitor alertness of each 
subject 

MEG eyes-dosed data were first run through MaxFilter. also known 
as signal space separation, (Song et al.. 2008; Taulu et al.. 2004a: Taulu 
et al.. 2004b) to remove external interferences (magnetic artifacts due 
to metal objects. strong cardiac signa.ls, environment noises. etc.). and 
to co-register rhe MEG data by removing the small head movements 
across. the three 5-mln eyes-closed sessions. Next, residual artifacts 
near the sensor array due to eye movements and residual cardiac signals 
were removed using Independent Component Analysis. The software is 
our customized version of ICAIAB (bsp.brain.riken.jp/ICALAB/). 

2.3 . Strucrural MRJ, MEG-MRJ regisrration, BEM forward calculation 

Structural MRI of the subject's head was collected using a 
General Electric 1.ST Excite MRI scanner. The acquisition contains <t 
standard high-resolution anatomical volume with a resolution of 
0.94x0.94.x1.2 mm3 ustng a Tl -weighted 30-IR-FSPGR pulse sequence. 
To co.register rhe MEG with MRI coordinate systems. three anatomical 
landmarks (i.e., left and right pre-auricular points. and nasion) were 
measured for each subject using the Probe Position Identification sys­
tem (Polhemus. USA). By identifying the same three points on the 
subject's MR images using MRILAB (Elekta/Neuromag), a transforma­
tion matrix involving both rotation and transJation between the MEG 
and MR coordinate systems was generated. To increase the reliability 
of the MEG-MR co-registration. approximately 80 points on the scalp 
were digitized With d1e Polhemus system. in addition to the three land­
marks. and those points were co-registered onto the scalp surface of the 
MR images. The Tl-weighted images were also used to extract the brain 
volume and innermost skull surface (SEGLAB software developed by 
Elekta/Neuromag), Realistic Boundary Element Method (BEM) head 
model was used for MEG forward calculation (Huang et al.. 2007; 
Mosher et al., 1999). The BEM mesh was constructed by tessellating 
the inner skull surface from the Tl-weighted MRI into -6000 triangular 
elements with-5 mm size. A cubic source grid with 5 mm size was used 
for calculating the MEG galn (i.e .• lead-field) matrix. which leads to a 
grid with - 10.000 nodes covering the whole brai.n. Other conventional 
MRI sequences typical for identifying structural lesions in TB! patients 
were also performed: 1) Axial T2' -weighted; 2) axial fast spin-echo 
TI-weighted; and 3) axial FlAIR; These conventional MRlswere careful­
ly reviewed by a Board-certified neuroradiologist (R.R. Lee) to derer­
mine if the subject had visible lesions on MRI. 

2.4 . MEG slow-wave source magnlr:ude imaging using Fast-VESTAL 

The voxel-based MEG source magnitude images were obtained 
using our recent high-resolution Fast-VESTAL MEG source imaging 
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method (Huang et al., 2014). The Fast-VESTALtechniqueconsists of two 
steps. First. LI-minimum-norm MEG source images were obtained for 
d1e dominant spatial (i.e .. eigen-) modes of sensor-waveform covari­
ance matrix. Next, accurate source time-courses were obtained using 
an inverse operator constructed from tJ1e spatial source images of Step 
I. This approach has been successfully used ro obtain comprehensive 
MEG source-magnitude images covering the entire brain for different 
frequency bands of resting-state brain rhythms (Huang et al., 2014 ). 

In the present srudy, each of the artifact-free. 5-minute long. eyes­
closed. resting-state MEG sensor-space data were run through a band­
pass filter with the passing band at 1-4 Hz (delt<1-frequency band), 
After concatenating the three sets of 5-minute band-passed filtered 
MEG signal, the sensor-waveform covariance matrix was calculated. 
Using such a covariance matrix, MEG slow-wave source magnitude im­
ages that cover the whole brain were obtained for each subject follow­
ing the Fast-VESTAL procedure (Huang ec al.. 2014). An Objective Pre­
whitening Method was applied to remove correlated environmental 
noise and objectively select the dominant eigen-modes of sensor­
waveform covariance matrix (Huang et al., 2014). 

2.5. Establis/Jing voxel-based nonnative database for MEG slow-wove 
magnirude imaging 

The MEG data processing stream in healthy control subjects includes 
the Following stl?ps: 1) MEG source magnitude imaging volumes obtain­
ed from Fast-VESTAL that cover the whole brain far the 1-4 Hz. signals 
from each of the 79 healthy control subjecrs were first spatially 
smoothed using a Gaussian kernel wil:h pre-defined full width half max­
imum ( l'WHM). a.nd then co-registered roan MNl-152 brain-atlas tem­
plate with 2 mm voxel size using FLIRT program in FSL software 
package (www.fmrib.ox.ac.uk/fsV). 2) For each voxel in the MNI space. 
the MEG source magnirude data were first run through a logarithm 
transformation and then fit with a linear regression model for age and 
gender. The linear fitting parameters for age and gender were saved for 
each voxel. as parts of tJ1e normative datlbase. 3) After adjusting for 
the age and gender variables, mean values and standard deviations 
(SD} were c.alculated for each voxel to form rhe key features of the nor­
mative database. Kolmogorov-Smimov (K-5) tests were performed for 
each voxel to test for Gaussian distribution in the normative database. 
A "normative mask" containing all voxels thar survived the K-S Gaussian 
distribution tests was created for d1e normative d.itabase. VoxeJs outside 
such a mask were not included for further analysis. 4) The source magni­
tude images were then converted into Z-score images usi.ng the mean 
values and SDs from the normative database. 5) A standard cluster 
analysis was performed for each Z-score imaging volume to control 
for family-wise errors. using "3dl'WHMx" and "3dClustSim" functions 
in AFNl (http: //afni.nimh.nih.gov). A voxel in subject's brain was consid­
ered to have-statistically abnormal slow-waves ifitwas part of a Z-score 
duster (Z > 2 for all voxels in the cluster) wfth the size equal or greater 
than the thresholding clusrer-size (Re) provided by "3dClustSim". The 
cluster-size associated with a. corrected p = 0.01 threshold was used in 
the analysis. 6) For each voxel, a cluster-wise Z·score (Z.,) which was 
the mean value ofZ-score across all neighboring voxelswithin Re was 
calculared. The maximum value of the cluster~wise Z-score (Zcm.,.) 
across the whole brain volume was obtained for ead1 subject. Investiga­
tions were conducted to determine the optimal smoothing factor in the 
pre-defined l'WHM. which affected Re and Z.,.,., •. 

2.6. Detecting single-subjecc-based abnom1al MEG slow-waves in mTBI 
patients 

We developed an approach to identify areas that generate abnormal 
MEG slow-wave on a single-subject basis. For ead1 rnTBI patient (blast 
or non-blast), 1he MEG source-magnitude-imaging volume was proc­
essed following Steps l and 2 in previous section. Then the result was 
run through the normative mask and then processed to adjust for the 

age and gender using the previously saved linear fitting parameters 
from normative d.itabase_ Next, the resulting imaging volume was con­
verted into a Z-score imaging volume using the mean values and SDs 
from the healthy c;oncrol database (Step 4 In previous section). Ousters 
of voxels with abnormal slow-wave generations were identified using 
Steps 5 and 6 in previous section, and l..:inax across the whole brain vol­
ume was obtained for each subject. Since d1e brain areas injured by TB! 
are highly heterogeneous with high variability across individuals. and 
often without global effect Using the Zonrut value (across the whole 
brain) is equivalel\C to examining the hypothesis that at least one area 
shows abnormal slow-waves. 

We assessed the sensitiviry and specificity of MEG using the Zcm•• 
measure and estimated its optimal cutoff. The standard Youden's 
index (i.e .. sensitivity + specificity - 1) (YOUDEN. 1950) was used to 

calculate the optimal cutoff point (threshold of Zema•) for diagnosing 
mTBI using MEG slow-wave measure. The optimal cutoff is usually 
around the peak of a cu1ve i.n which the Youden's index was plorted 
against different cutoff values. 

2.7. Assessing the spatial distJibudon of abnormal MEG slaw-wave 
generariorr to identify the brain areas rhac are vulnerable to mTBI 

In addition to the singlE.'-subject-based analysis. we also performed 
an analysis to identify common brain areas that were likely to generate 
abnormal MEG slow-waves in mTBl. In d1is approach. MEG source im­
aging volume in MNI space from each mTBI patient was converted to 
a binary imaging volume: value "I" was assigned ro 1he voxels showing 
statistically significance based on cluster-analysis in a single-subject­
based analysis. and "O" to the rest of rhe voxels. The binary imaging vol­
umes from all mTBI patients were summed up in the MNI space. and 
then the result was divided by the total number of mTBI patients to cre­
ate a spatial map for the likellhood of the abnormal MEG slow-wave 
generation. 

2.8. Assessing rhe effect of dif!erenr spatial mioothingfactors 

TI1e spatial smoothing with a Gaussian smoothing kernel m.iy also 
play an imponanc role to the positive detection rates of abnormal 
MEG slow-wave source imaging. Due to the nature of high heterogene­
ity for tbe location of the abnormal slow-wave generators in mTBI, over­
ly smoothing the MEG Fast-VESTAL result is expected to decrease the 
sensitivity (i.e .. positive detection rare) of the met]lod. On the other 
hand, under-smoothing or no-smoothing may cause many voxels of 
the brain in the healthy control database to fai l tbe K-S test for Gaussian 
distribution. thus miss some key areas of abnormal slow-wave genera­
don in mTBI patients. The best smoothing factor is the one that can bal­
ance U1e above two factors, i.e~ having the majority of the voxels in the 
healthy control database that pass the K-S rest for Gaussian distribution. 
while maintaining high positive detection rates for abnormal MEG 
slow-waves in patients With mTBL 

2.9 . Correlutional analyses of MEG slow-wave measures and PCS 

Correlation analyses were performed to examine the neuronal cor­
relates of MEG slow-wave generation and PCS scores in patients with 
mTBI. The MEG slow-wave measures include the Zcmax value and 
voxel-based MEG source magnitude Z values in MNl-152 atlas coordi­
nates. after correction for age and gender. The PCS scores were the 
HISCsymptom categories. The voxel-based analysis may provide impor­
tant spatial information of the slow~wave generation related to each 
PCS category. False discovery rare (FDR) controlled family-wise error 
(Benjamini and Hochberg, 1995) wid1 corrected p< .05. To examine po­
tential differences between blast versus non-blast causes, correlational 
analyses were performed separately for the blast m113J and non-blast 
mTBI groups. 
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3. Results 

3. I . Positive detection rates of M£C slow-wave imaging for differencgrouµs 
of mTBI patients 

MEG source magnitude images obtained from Fast-VESTAL in the 79 
healthy control subjects were used to establish the voxeJ-based whole­
brain normative database in MNI space. We examined rhe effects of 
different spatially smoothing factors by applying Gaussian smoothing 
kernels with different FWHMs at 2 mm. 3 mm. and 8 mm respectively. 
Logarithm transformation was performed for the MEG source mag­
nitude images. and the effects of age and gender were regressed 
out when constructing the normative darabase (see Methods and 
materials section). Fig. 1 showed all brain voxels in the nomiative data­
bases with different smoothing factors that survived rhe l<- S rest for 
Gaussia.n distribution with the alpha value of0.05. For a smoothing ker­
nel of 2 mm FWHM, many cortical voxels did nor meet the requirement 
of K-S test for Gaussian distribution, indicating under-smoothing. In 
contrast, for a smoothing kernel of3 mm FWHM, the majority of brain 
areas in the normative database met the requirements of the K- S test. 
Some deep brain areas did not satisfy the requirement of Gaussian dis­
tribution for this smoothing kernel. This smoothing kernel provided the 
best positive detection rates of abnormal MEG slow-waves in mTBI (see 
below). For a smoothing kernel of8 mm FWHM. almost the entire brain 
met the requirement of K-S test for Gaussian distlibution. However, the 
detection rates of MEG abnormal slow-waves decreased using such a 
kernel (see result below). which indicated over-smoothing. 

Fig. 2 shows the Zo-o~x values (see Methods and materials section) 
obtained from MEG source magnitude source imaging. plotted sepa­
rately for 1) healthy control, 2) mild blast-induced TBI, and 3) mild 
non-blastTBl. There was minimal overlap of the Zooax values between 
each TBI group and the hea.lthy control group, with the patients in all 
TBT groups showing markedly higher slow-wave Zcma.x values than the 
healthy control subjects. Such results provide the foundation for 

rig. 1. Brain voxels that survived 1he K-S tt!Sf for Gaussian distribution fn the normative 
MEG slow-wave datab.1se. Top row (ye.I.low) was for 2 mm ~'WHM, middle row (green) 
for 3 mm ~WHM. and bottom row (blue) for 8 mm ~'WHM. Left column (transverse 
plane). middle rolumn (coronal plane). right column (s.lgittaJ plane). 
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Fig. 2. z,,,,,.. values obrainc:d from M~C source imaging for 1-4 Hz are ploned separately 
ro1 1 l healthy control. 2) mild blast-induced TBI. and 3) mild non-blast· induced TBI. 
groups respectively. The embedded ploi:: !he Youden index is plotted as a function of 
the Zema rutof( The solid and dashed lines 111 both plots lndicare curorrvalues of 2.50 
and 2.35. respectively. 

assessing abnormality in mTBI using MEG slow-wave source imaging 
on a single-subject basis. 

The optimal cutoff ( threshold) for Zcm.ix was obtained from the 
Vouden's index curve (embedded plot in Fig. 2) using 79 healthy con­
trols and 84 mTBI patients (blast plus non-blast). The cutoff value asso­
ciated with the peak of the Vouden's index was 2.35 (dashed lines in 
Fig. 2 and e.mbed) which corresponded to specificity (1 - false­
positive rate) of 98.7%. We chose a little more conservative cutoff 
value of2.50 (solid lines in Fig. 2 and embed) which corresponded to 
specificity of 100% (i.e., 0 false positive rate, no healthy control subjects 
showed Zcm.x value above this threshold). With this threshold (solid 
horizontal line in Fig. 2). the positive detection rates ( i.e .. sensitivity 
values) were 86.1%. 83.3%. and 84.5% for blast-induced. non-blast. and 
combined (blast-induced plus non-blast) mIBI groups, respectively. 

With such positive detection rates of the MEG slow-wave source im­
aging approach, the difference between each mTBI group and the healthy 
control group was expected to be highly significant (but nor necessarily 
among different mTBJ groups). Two-tailed t-tests confirmed that in com­
parison to rhe healthy control group, the Zan,,,. values are indeed signifi­
candy higher in the mild blast-induced TB! (t = 9.3, p < 10- 14

), and in 
the mild non-blast TB! ( t = 10.4, p < 10- 17) groups. However, there 
were no significant differences in the Zcmax values berween the two 
mTBI groups. 

3.2. Results from individual mTBI cases using single-subject-based analysis 

AJthough the analysis using Zcmax provides crucial information for 
positive detection rate that may assist in diagnosis. it does not address 
the loci and characteristics of abnormal slow-wave generation in indi­
vidual TBI patients. The vex.el-based framework based on Fast-VESTAL 
MEG source images (see Methods and materials section) provides a vi­
able single-subject-based analysis for identifying the sources of abnor­
mal MEG slow-wave generation in individual mTBI patients. Fig. 3 
shows the results of single-subject-based analysis revealing statistically 
abnormal MEG slow-wave generation from 6 representative mTBI 
cases. TI1e results were shown in MNl space. The abnormal MEG slow­
wave sources were heterogeneous in locations across these mTBl pa­
tients. In Case I. single-subject-based analysis showed abnormal MEG 
slow-waves from rwo right superior fronraJ areas. In Case 2. the abnor­
mal slow-waves were from right dorsaJ-lareral pre-frontal cortex 
( DLPFC) and right ventral temporal pole areas. Jn Case 3. bilateral frontal 
pole. DLPFC, and right occipital areas showed abnormal slow-waves. In 
Case 4, two areas within left DLPFC and one area in ventral posterior 
temporal lobe generated abnormal MEG slow-waves. In C<ise 5, 
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Fig. 3. Sing'e-si..bject·b3.sed an,llysis showing st:adstic.llly abnorn"11 MEG scource-v..ive sources 1:1 represem;itive nTill c.ises. U:ft column !:ra-.sver.e pl<me ), middle column (coronal 
plane), right column (>.lgilral plane). 

posterior parieral lobe, DLPFC. f~ontal pole (FP). and ccrebeDum. c.11 in 
right hemisphere generated abnormal slow-waves. Finally. b.lateral in­
ferior tenpcral lcbe and midlir.e orbital frontal cortex (OFC) shoNed 
abnorma. slc-w-w3ves in Case 6. 

3.3. Percent likelihood maps of cbnorrr.a/ MEG slow-wave generaticn in 
mTBI 

Although the location of slow-wave generation is tighly hereroge­
neous in locations acros~ mTBI pi!tients. analysis was performed to iden­
tify common brain areas that likely generate abnormal l\IEG sl::iw­
waves in ml31. t:y following the procedure described previously in 
Methods and materials ;ection. The percent likelihood map~ of alnor­
mal MEG slow-wave generation shewn in Fig. 4 re·1ealed that d1e 
overall p~rcent li<elihood level from any specific brain are:. was low 
(5%- 15%. set: color scale). Howe11er. the following area~ shov1ed hl:;her 
likelihooj than t:1e rest of tbe brain for generating abnon1al sl:>w­
waves: bllareral DLPFC. bilateral ventral lateral prefron:al cortex 
(VLPFC). bilc.teral FP, right OFC, left inferior- lateral- posterioJr par eta I 
lobe. bila:eral inferior temporal lobes. jght hippocampus. and bilateral 
cerebella. 

3.4 . The effects of over-smoorhing 

In the previous section we observed that the under-smoo:hing 1virh 
a Gaussian a ke:Tiel of2 mm FWMH re~ulted in many vox.els not surviv­
ing the K-S :est fJr Gaussian d:stribution in the normative datatase. 
Here. we ~amine::! the impact o: the over-smoothing to the J>Jsitive de­
tection rates in MEG slow-wa·Je source imaging ap::iroac1. using a 
smoothing kernel of8 mm FWMH. With this smoothing kem~l and cut­
off value :hosen at 100% specificity, the positive detecti:m races ofrAEG 
slow-wave i:nagi1g as measured by Zcmax decreased :o 27.7% for the 

b1ast mTBI gro·_p, 31.3% for the non-blast mTBI groui::. md 29.8% for 
tte comJined mTBI group. These values ae markedly lower than 
tt.ose obtained using rhe 3 mm FWMH Gallssian smocdling kernel re­
ported ir. previ~us section. Neverth ~ less. even with this 8 mm FWMH 
smoothing kernel. both the blast mTBI a:nd non-bla!>t mTBI groups 
still showed sig:iificantly higher 2=.ix. thar. the health:,. control group: 
t = 3.8. p < 10- 3 for blast mTBI p.;,je1ts \·e:-sus control subjects: t = 
5.1, p < 10- 5 for non-blast mTBI p;;tierrt:s versus c:mtrol subjects. 
There was no sisrjftcanr group difference in z,111 ... berween blast and 
non-bias: mTBl 5f0ups with the 8 rr.m smco:hing kernel. 

35 . MEG slow-wave measures correi..:Jred with PCS in mT!JJ 

Correlationa.. analyses of MEG s!ow-w< V?. measure; and PCS were 
performed in t: .e blast as well as n•Jn-bla!.t mTBI gro1~ ps. In the blast 
rrTBI grcup. the Zcmax values positi·1ely correlated wit.1 anxiety (r = 
0.41, p <0.05 un:orrected). and apat:1y (r = 0.37. p< O.C5uncorrected). 
Ir: the no:i-blasr mTBI group. the 2=:.x -ialues positively correlated with 
tr.Jubie with sle?p ( r = 0.29, p < 0.( 5, uncorrected). However. none of 
tte correlations survived FDR corr~"ticn. 

In contrast. ;igniftcanr correlations (F g. 5) were :ound with the 
voxel-based co:relational analysis betwe'!n MEG source magnitude 
(Z values in Ml' 1-1 52 coordinates; ar:d PCS scores. Ir. the blast mTBI 
group. personal cy change symptorrs (e.g .. sxial probl~ms) positively 
correlated with :vfEG slow-wave gen~<.tion in bilateral OFC and ventro· 
rredial prefron:Jl cortex (vmPFC): trouble concentrating and affective 
!ability (quickly-changing emotions) symp:oms both po>itively corre­
lated with slow-wave generation in right OFC: blurred vision or other 
visual difficultie; SYmptoms positively corr;hted with ~low-wave gen­
eration in right fusiform gurus. Fig. 5 also ;t:ows that in the non-blast 
rrTBI group. depression symptom~ pJsitively correlated with slow­
wave generatio:i in anterior cingulate cort:x (ACC). Wh'!n combining 
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Fig. 4. Vo>tel-taserl maps showing :he per:cnr likelihood of abnonnal MEG !low-wave genewion across 1he whole brain. 

the blast anc non-blast mTBI groups. only MEG source magnitude from 
the right OF: was positively correlcted with the symptor.is of trouble 
concentratir.g in the combined pool (not shown). The threshold ofd1e 
voxel-based analyses was at the cor.ected p = 0.05 Jy FD~. 

4. Discussicn 

4.1 . Detectio'I sensitiv ·iy on an individual level 

Using the automated voxel-based MEG source :magi1g api:roach 
(Fig. 2), we 'cund abnormal delta-waves in 86.1 % of blast mTBI. 83.3% 
the non-bla!t mTBI. and 84.5% for all mild TB! patieJts (blast-induced 
plus non-blast causes 1. All mTBI patients were symptomatic with ongo­
ing PCS at the time cf the MEG exam. These positi •e de:ectior rates 
were markedly higher than the <10% rate using the convenjonal neuro­
imagiog apr:roach (i.e .. MRI) in the same mTBI patients. furthermore. 
dle positive MRI find ngs in our mTBI patients could not be attr:buted 
to the head :rauma alone because s:milar MRI abnormalit es were also 
s:iown in subjects without a historf ofTBI. Our resJlts a~e comistent 
with findini;;s from previous MEG studies in mTBI us ing dipole fit to 
hand-select~d slow-wave epochs (Lewine et al .. 1999; Lewine et al., 
2007). The resting-state MEG recording procedure is spontaneous. 

requires minimal effort frJm TBI patients, and is thus insensitive to pa­
tients' performance and effort. We contro lled for any odler factors dlat 
may i.ncrease slow-wave power such as neuroleptic, sedative, or hyp­
notic medications, sleep deprivation. as well as other neurological disor­
ders ( stro:<e. epilepsy, bra.n tumor, e:c.). These results orroborate well­
documented EEG finding; reporting that focal delta-waves signify the 
presence of brain injury in alert, awake adults (Fisc\ 1999; Rowan 
and ":'o lunsky. 2003 ). Thus. our findings underscore the diagnostic util­
ity of our automated and voxel-based MEG slow-wave source imaging. 
based on Fast-VESTAL, particularly for rnTBI. 

42 . MEG slow-wave actiV:ty associated with PCS 

It is also interesting that the voxel-based correlationaJ analyses 
(Fig. 5) showed dlat slow-wave ger:eration in areas that are part of 
dle ventral prefrontal cortex (i.e .. OFC and vmPFC) positively correlated 
with personality change. trouble concentrating. and affective !ability 
symptoms in the blast mTBl group. In addition. slow-wave generation 
from the ACC positively correlated with depression in dle non-blast 
mTBl group. Many of these symptoms are psychiatric-based risk factors. 
Present findjngs are consistent with studies showing that mTBI in­
creases the likelihood or developing psychiatric-based symptoms, or 

Fig. 5. ME·~ slow-wave source magnitude significamly correlated wrh PCS in blasl mllll group '.firsr 4 panels) anci non-bast mTBI group (last panel ). FOR corrected p < 0.05. 
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in some patients. is associated with the development of psychiaLric dis­
orders (for reviews. see Bryant er al., 2010; Schw,lrzbold et JI., 2008). 

Present findings are also consistenr with knowledge that damage co 
the prefrontal areas may affect executive functions, emotion. mood, as 
well social behavior regulation (Carlson, 2013; J<andel er ,11.. 2000). 
This may be because these areas have rich connections co many cortical 
and subcortical areas. For example, che vmPFC is connected to imd re­
ceives input from the ventral tegmental area. amygdala, temporal 
lobe, olfactory sysrem. and dorsomedial Lhalamus. In turn, the vmPFC 
sends signals rn amygifala. re.mporaJ lobe. lateral hypothalamus. hippo­
campal formation. cingulate cortex, and other regions of rhe prefrontal 
cortex (Carlson. 2013). On the other hand. the OFC shares extensive re­
ciprocal connections wit.h primary and associated somacosensory, audi­
tory, and visual cortices. as well as areas in the limbic system (e.g .. 
hippoc.impus, amygdala, thalamus, hypothalamus. and cingulate 
gyrus). and projects to rhe motor areas refiecting integration for execu­
tive motor comrol (Carlson. 2013). The abnonnal s low-wave generation 
from the OFC that was associated with trouble concentrating may sug­
gest a deficirorsensory integration due ro mTBl. ln addition. the associ­
ation berween slow-wave generation from d1e right fusiFonn gyrus ;md 
the symptoms of blurred vis ion or other visual difficulties in the blast 
mTBl group is consistent with studies showing that the fusiform gyrus 
is important in face. object, and body recognition and processing 
(Downing er al., 2001; Kanwisher ec al., 1997: Sergent er al., 1992; 
Weiner and Gr111-Spector, 2010). A meta-analysts showing that faci,11 af­
fect recognitfon difficulty is cornmon aJterTBl (Babbage et al .. 2011) i> 
also consistent With present findings. 

Using the dipole loc:ation density merhod. Wienbruch (2007) exam­
ined healthy subjects and reported that male subjects had significanrl.Y 
higher frontal-central MEG slow-wave generation near ACC than female 
subjects. The present study corrected for both age and gender when cal­
culating the Fast-VESTAL source-magnitude Z scores. As such, our find­
ing of ACC MEG slow-wave activity positively correlation with 
depression in rhe non-blast mTBI group was controlled for gender and 
age. Nevertheless. there were more males than females (67 versus 12) 
in ourhealrhy control group (same fur the rwo mTBI groups) when con­
structing our normative database. This was because we needed to bal­
ance our blast mTBI group which contained all males by using the 
same normative database for assessing patients in both the blast and 
non-blast mTBl groups. Future study with symmetrical design (more fe­
males) in all three groups will be needed to thoroughly address if and 
how gender modulates these findings. 

Using the same dipole location density method, Rockstroh and col­
leagues examined MEG slow-waves ln inpatients witl1 schizophrenia 
and affective disorders (Rockstroh et al .. 2007). They found that inpa~ 
tients with schizophrenia had more s low-wave generators with max:i­
ma in frontal and central areas. whereas inpatients with affective 
disorder had fewer slow-wave generators in similar frontal and central 
regions. In the present study, MEG slow-wave activity in ACC positively 
correlated with depression symptoms in the non-blast mTBI patients. 
Although depression is a common symptom across schizophrenia, affec­
tive disorders, and mTBl, direct comparison between findings from the 
scudy by Rocksrroh and colleagues and the present study is difficult 
due to the following two facrors: 1) these are three different brain dis­
orders; 2) all subjects with schizophrenia and affective disorder in the 
study by Rockstroh and colleagues were inpatients treated by a variety 
of medications 'including the neuroleptics. whereas all of our mTBI out­
patients were free of sedative, neuroleptic, and hypnotic medications 
(see exdusfon criteria ). Future studies in whJch the effects of medica­
tions are· controlled will be needed to address rhe correlation between 
abnormal slow-wave generation and common symptomology (such as 
depression) across different disorders. 

It is not clear what accounts for the different correlation partems be­
tween MEG slow-wave source imaging and TB! symptomatology in the 
blast versus non-blast ml'Bl groups (Fig. 5 ). In particular, it is not clear 
why more brain areas showed a significant correlation between MEG 

and mTBl symptoms in the blast mTBl group than in the non-blast 
mTBI group. We speculate that as a common cause in the former 
group. blast may contribute l'o our findings. However. furure study is 
needed to confirm or disprove this hypothesis. 

4.3 . Diffused narure and "vulnerable" regions for mTBI 

The present study also revealed the diffuse nature of the neuronal in­
juries in TB! patients (Figs. 3 and 4). Such findings are consistent with 
the mechanism oJ diffuse axonal injury in TBI due to a combination of 
linear and rot<Jtional acceleration and deceleration (Adams et al.. 
1989: Arfanakis et al.. 2002; Basser. 1995: Huisman er aL 2004; Niogi 
and Mukherjee, 201 O; Niogi et al., 2008a: Xu et al.. 2007). 'The results 
are also consistent wit~ our previous findings that abnonnaJ MEG 
slow-waves are generated from cortical gray-matter areas that connect 
lo wh ite·m<itter fibers with reduced DTI fractional anisotropy due to ax­
onal injury in patients with mTBl (Huang eta I., 2009). The diffuse nature 
of MEG slow-wave generation is ,1fso consistent with a DTI study in blast 
mTBI subjecrs which showed reduced FA in a diffuse. widespread, and 
spatially vdriable pattern (Davenport el al.. 2012 ). 

Although the location of slow-wave generation is highly variable 
across mTlll patients (see Fig. 3), in che present scudy am1lysis was per­
fom1ed to identify common brain areas that likely generate abnormal 
MEG slow-waves in mTBI (see Fig. 4). Multiple regions in the frontal 
lobes (i.e .. DLPFC. VLPFC, FP, and OFC) were more likely than otller 
brain regions to generate abnonnal MEG slow-waves., which suggested 
rhar the frontal lobe is probably the most vulnerable lobe to head ttau­
ma. ln addition, the posterior parietal lobe, inferior temporal lobes, hip­
pocampus. and cerebella also have a relatively higher ITkellhood for 
generatif'\g abnormal MEG slow-waves than other brain areas. indicat­
ing that these regions are also particularly vulnerable to head trauma. 
A forthcoming s~udy that correlates the MEG slow-wave with cognitive 
functions in mTBl will examine the connection of slow-wave generation 
and abnormal brain function (Robb et al. in preparation). 

4.4 . Neuronal median isms of obnonnal slow-waves 

Neurophysiologkal studies in animals have shown that cortical deaf­
ferenration caused by axonal lesions in WM is an important factor in 
pathological delta-wave production in CW (Ball et al .. 1977: Gloor 
et al., 1977). We believe that the cortical dealferentation caused by ax­
onal injury is the ma.in mechanism for abnormal MEG slow-wave gener­
ation in mTBI. However. pathological delta-wave production can also be 
induced by dealferent.ltion following the administration of atropine in 
WM in animals (Schaul et al.. 1978). ft ts known that atropine is a com­
petitive antagonist of acetylc:holine receptors and can block and/or limir 
the cholinergic pathway. So the electrophysiological similarity oflesion­
induced and atropine-induced slow waves raises the possibility that a 
defect in cholinergic pathways plays a role in pathological slow-wave 
generation (Schaul. 1998). It is possible that the abnom1al MEG slow­
waves in mTBI from the present scudy were partially due to blockage 
and/or Limitation of cholinergic transmission after TBl, in adclition to ax­
onal injury in WM. In the human brain, the projections ofcholinergic 
pathways highly overlap with the WM fiber tracts (Selden et al.. 
1998.). which make the cholinergic pathways similarly susceptible as 
WM trad:s to rotational forces during head trauma. Like axonal injury, 
blockage and/or limitation of cholinergic transmission may result in 
cortical dealferentation and pathological slow waves that are expected 
to affect human brain function in mTBt pacfents. 

Abnormal slow waves dre not the only abnormal findings in TBI. A 
recent MEG sllldy in a group With mixing mild. moderare, and severe 
TB! patients showed reduced functional connectiVicy primarily in bilat­
eral frontal and left greater than right pariero-cemporo-ocdpital regions 
as well as the right thalamus (Tarapore et al., 2013 ). Another recent 
MEG srudy in sensor space also showed a reduced level of complexity 
in mild TBlpatients (Luo etal., 2013). In a future study, we will examine 
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the relationships between MEG slow-wave generation and functioll<ll 
connectivity in different frequency bands in mTBI. 

45 . Voxel-lw:sed versus ROI uppruac/1es 

l11e MEG resulcs \•sing rhe new voxel-based Fast-VESTAL approarh 
were similan o our previous ROI-approach frequency-domain VESTAi. 
which showed positive detection rare of 87% (Huang er al.. 201 2). how­
ever larger groups of mTBI patienlS were examined in the present study. 
Furthennore. rhe voxel-based Fast-VESTAL approach overcomes Lhe 
main limitations of variable sensitivity associared with our previous 
ROI-based approach using frequency-domain VESTAL (Huang et al .. 
2012). The spatial-sensitivity of the voxel-based approach is more uni­
formly dlstribured across the brain volume whereas the sizes of96 cor­
tical ROls in previous ROI-based approach varied substanrially from one 
ROl to another. Second. as shown in Fig. 3, the voxel-based MEG source 
images cao be infom1;itive, with good spatial resolution, in assessing the 
abnormal slow-waves on a single-subject-basis. Jn mTBI patients. it was 
common that multiple regions generated abnormal slow-waves. It has 
been shown that VESTAL and Fast-VESTAL approaches can localize 
neuronal sources with a variety of spatial profiles (e.g., focal, multi­
focal, dipolar. and distributed) and a variety of temporal profiles \e.g .. 
uncon-elated. partially-con-elated, and 100% correlated source time­
courses) (Huang et al.. 2006; Huang et al .. 2014). Generators of abnor­
mal slow-waves in mTBI patients can be in one or more of rhe above 
spatial-and-cemporal profiles (Huang et al., 2009), and Fast-VESTAL 
hased MEG source imaging is ideal to handle such variability. Third. 
the voxel-based framework of MEG source imaging using Fast-VESTAL 
(Huang et al., 2014) allows us to implement many imaging-processing 
and statistical-analysis tools From existing software packages (FSL. 
AFNI, 1-'reesurfer, etc.) thar were previuusly·designed for otherfonction­
al (e.g., fMRl.and PET) or strur;tural neuroimaging techniques. 

4.6 _ Ejfecr of spuliol-smuot/1i11gfactor 

In the present study we have shown that the spatial smoothing fac­
tor in MEG source imaging plays an important role in the positive detec­
tion rate of abnormal slow waves. Although group differences were 
preserved. high spatial smoothing using 8 mm FWHM kernel markedly 
reduced rhe positive detection rate of abnormal slow waves compared 
with the result using the 3 mm smoothing kernel. This finding suggests 
that the abnom1al MEG slow-wave generation may b~ more ofa local 
effect. and MEG source analysis methods with high spatial resolution 
may be essential in detecting abnonnaJ slow waves in mTBI. In the pres­
ent study. a MEG source imaging method with high spatial resolution 
(Le.., Fast-VESTAL) was used to analyze resting-state MEG data in 
mTBI. Previous MEG studies by Lewlne and colleagues used dipole 
modeling (another MEG source analysis wid1 focal source modeling) 
and ~ound abnormal slow waves in 65%-86% ofmTBI patients (Lewine 
er al,, 1999: Lewine et a I .. 2007 ). Despite the robust group differences 
in scalp EEG. the positive detection rare of abnormal slow-waves using 
scalp EEG was substantially lower than that with MEG (Lewine et al., 
1999). Differences in positive detection races may be due to the 
smearing effect of the skull tissue. which with its poor conductivity sub­
stantially distorted the electric fields and reduced the spatial resolution 
of the EEG signal during scalp recording; whereas. head tissues are es­
sentially transparent to MEG signals. 

4.7 . MEG source imaging with Fast-VESTAL versus other approad1es 

In the present study, Fast-VESTAL method plays an essentTal role in 
assessing the source magnitude differences in mTBL It Was shown that 
Fast-VESTAL can: I ) provide high resolution source images for multiple 
correlated sources; 2) faithfully recover source cime-courses: 3) per­
form robustly in poor SNR conditions; 4) handle correlated brajn 
noise; and 5) effectively create resting-state MEG source images that 

.ire highly consistent with known neurophysiology findings (Huang 
et a l .. 2014). We have also shown that for resting-state MEG signals. 
the source magnitude images obtained wirh beamformer technique (a 
popular MEG source analysis method) were not as cons1stent with neu­
rophysiology findings as d1ose from Fast-VESTAL (Huang et al .. 2014). 
This is likely due to beamformer's intrinsic l.imitiltion which clSsumes 
that Lhe neuronal sources are uncorrelated (Robinson and Vrba, 1999: 
Sekihara et al.. 200J; Van Veen et al.. l 997). a questionable assumption 
when dealing With resting-state MEG signals. 

Wienbruch inLroduced a different voxel-based resting-state MEG 
source analysis approach. in which a sequential single dipole model 
was used Lo fit MEG signal for each time point (i.e .. single equivalent 
current dipoles were fitted for each time point). The dipoles with 
goodness-or-fit (GoF) > 0.9 were kept l11en, voxel-based dipole loca­
tion density measure was used to establish a normative database, and 
a Z-score statistics was used to assess abnormalities. Our Fast-VESTAL 
source imaging approach improves upon rhe seminal work in this area 
by Wienbruch (2007) in two ways. First the approach by Wienbruch 
is less able to handle time poin!'S where multiple sources contribute si­
multaneously to the MEG measures. For example, in many such cases. 
the GoF with a single sequential dipole model would be less than the 
0.9 threshold. and such that those time points would be discarded 
from further Jnalysis in Wienbruch's approach. With the Fast-VESTAL 
approach, all rime poincs free of artifacts are used in the analysis since 
Fast-VESTAL is designed to model multiple highly correlaced sources si­
multaneously. Second, the dipole location density measure from 
Wienbruch's approach does not directly take into consideration of the 
strength differences in the sequential dipoles. For example, two dipoles 
with different strengths (e.g., one is twice as strong as the other) that 
both meet the GoF threshold would contribute equally to the dipole lo­
cation density meaStJre. Ln contrast, Fast-VESTAL directly assesses the 
source magnitude differences ar all grid locations. which is also a key 
feature chat differentiates Che MEG signals from one subject to another. 

In the dlpole-fitting approach. the basic assumption is that the neu­
ronal generators of MEG signals are focal and can be modeled by one or 
a few dipoles. The dipole location and dipole moment parameters are 
determined by an over-determined non-linear optimization procedure. 
In fact. an automated multi-dipole approach "multi·-start spatio­
temporal" method was developed in our lab in the past to model multi­
ple dipoles without the requirements of the initial guess of tbe dipole 
locations (Huang et al., 1998; Huang et al.. 2005). However, all 
dipole modeling techniques require the number of dipoles to be pre­
estimated, and the non-linear optimization pr-0cedure becomes ex­
tremely high in computational cost and may be trapped into local min­
ima when the number of dipoles inneases. Usually, 8- 10 dipoles are rhe 
upper limit that the dipole-fitting methods can handle (Huang et al.. 
2005). 

In the Fast-VEST AL approach. the brain volume. or just the cortex is 
pre-divided into a source grid with several thousand nodes. and a dipole 
is assigned to each grid node. Fast-VESTAL fits the MEG sensor wave­
forms whjle minimizing the total current across all grid nodes to reduce 
die ambiguity of the multiple plausible solutions. F::ist-VFSrAL identifies 
the grid nodes with neuronal activity with high resolution. and sup­
presses the magnitude at the grid nodes without neuronal activity to es­
sentially zero (Huang et al.. 2014). The fast-VESTAL procedure is 
efficient in computational cost. can handle many con-elated as well as 
uncorrelated dipolar sources. and is not trapped in the "local minima". 
Robust control mechanisms were built into the Fast-VESTAL algorithm 
to fit the brain signal aud to prevent the algorithm from fitting correlat­
ed and/or uncorrelated noise (Huang e.t al., 2014 ). 

In the MEG responses that are known to contain 11 few focal neuronal 
generators (e.g .. in the case of human somatosensory responses evoked 
by median-nerve stimuli). both Fast-VESTAL and multiple-dipole fitting 
approaches produced sparse solutions rhat are very similar in location 
and source time-course. and both solutions are consistent with previous 
neurophysiological findings (Huang et al.. 2005; Huang et al .. 2014). In a 
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sense. Fast-VESTAL is a more effective and improved way in finding a 
sparse solution over the multiple-dipole fiL. However. systematic com­
parisons of Fast-VESTAL dipole-fitting methods including the singlc­
sequential-dipole fit (Wienbruch, 2007) and multiple-dipole fir 
(Huang er al .. l998; Huang et .ll.. 2005). and physiology approaches 
are an interesting research topic for the future, but are currently beyond 
the scope of the present srudy. 

In summary, the present study examined the sensitivity of our new 
automated voxel-based whole-brain MEG slow-wave imaging ap­
proach based on Fast-VESTAL for detecting abnormality in patients 
with mild TBI on a single-subject basis. The results show that this 
MEG slow-wave source imaging method achieves a positive tlerection 
rate of 84.5% for the rnTBl group (blast-induced plus non-blast} With 
the threshold chosen at a zero false positive rate. The results showed 
that although abnormal MEG slow-wave generations in individual 
mTBI pa ti en ts were highly variable in space with a diffuse characteristic. 
the prefrontal lobe. posterior parietal lobe, inferior temporal lobe, hip­
pocampus. and cerebella were 1Jarticularly vulnerable ro head trauma. 
The result also showed that Ml!G slow-wave generation in prefrontal 
areas positively correlated with personality change. trouble concentrat­
ing. affective lability, and depression symptoms. In addition, we found 
chat a high spatial smoothing facror can reduce the positive detection 
rate of abnormal MEG slow-waves in mTBI. which suggests that MEG 
source analysis methods with high spatial resolution may be essential 
for mTBI study. We believe the potential neuronal mechdnisms uf 
MEG slow-wave generation were the deafferent.itions caused by axonal 
injury and/or blockages/limit,1tions of cholinergic transmission in TBI. 
TI1is study provides support for using MEG slow-wave source imaging 
co localize affected areas and highlights the potential use of this meth­
odology for the clinical diagnosis of mTBJ. 
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1. lntroductioo 

ABSTRACT 

Post-lraumatic stress disorder (PTSDJ is a leading cause of sustained impairment. distress. anrt poor qualiLy oflife 
in military personnel, veter.1ns, and civilians. Indirect funrtional neuroimaging studies using PET or IMRI wilh 
fear-related stimuli support a PTSD neurodro.1itry model that includes amygdala, hippocampus. and vent:rome­
dial prefrontal conex (vmPFC). However. it is nor clear if this model can fully account for PTSD abnormalities de­
tected directly by electronlJgnetk-based source imaging techniques in resting-stale. The present study 
examined resling-state magne1oencephal11graphy (MEG) signals in 25 active-duty seivice members and vet­
erallS with PTSD and 30 healthy volunteers. In contrast to the healthy volunteers. individuals with PTSD showed: 
1) hyperactivity from amygdala, hippocampus, posterolateral orbirofrontal cortex {OFC), dorsomedial prefromal 
cortex (dmPFC). and insular cortex in high-frequency (i.e .. beta. gamma. and high·gamma) band!>: 2) 
hypoactivity frorn vmPFC. Frontal Pole (FP), and dorsoJateral prefromal cortex (dlPFC) in high-frequency 
bands: 3) extensive hypoactivity from dlPFC, l'P, .1nierior temporal lobes, precuncous cortex, and sensorimotor 
cortex in alpha and low-frequency bands: and 4 ) in individuals with PTSD. MEG activity in the left amygdal.~ 
and posterolateral OFC correlated positively with PTSD symptom scores. whereas MEG activlty in vmPFC and 
precuneous correlated negatively with symptom score. The present study showed that MEG source imaging tech­
nique revealed new abnormalities in the resring-state electromagnetic signals from the PTSD neurocircuitry. Par­
ticularly. posterolateral OFC and precuneous may play important roles in the PTSD neuTOcircuitTY model. 

Published by Elsevier Inc. This is an open access artide under the CC BY-NC-ND license 
(hnp://a·e,1tivecommons.org/licenses11iy-nc-ndt3.0/}. 

Individuals exposed to a traumatic event may develop post-traumatic 
stress disorder (PTSD) with debilitating post-traumatic stress symproms, 
including intrusive memories, avoidance behavior. emotional numbing, 
a nd hYPerarousal (American Psychiatric Association, 2004). PTSD is a 
major heal th concern that affects approximately 7.7% of Americans 
(Kessler er al.. 1995, 2005) and is panicularly prevalent among mil­
itary service members who have served in combat (Dohrenwend 

ec al.. 2006: Magruder and Yeager. 2009). The recent conllicts in 
Iraq and Arghanist:an have been no exception. with combat veterans 
returning with elevated rates of PTSD (Hoge et at. 2004: Smith et al .. 
2008; Tanielian and Jaycox. 2008). 

In light of these findings, much etfort has been focused on determin­
ing symptom etiology and the associated neural mechanisms of PTSD. 
The development of neurocircuitry models of PTSD has relied strongly 
on findings from pre-clinical studies of fear conditioning. Evidence 
from lesion studies. pharmacological manipulations. and e lectrophysi­
ology in animals and humans suggest that interactions between the 
amygdala, ventromedial prefrontal cortex ( vmPFC), and hippocarnpus 
control different aspects of fear processing (Hartley and Phelps, 2010; 
Rosen and Ulienfeld, 2008). The amygdala is involved in acquisition of 

• Corresponding author at: Radiology Imaging Laborarocy. University of California at 
San Diego, 3510 DunhlU Srreet San Diego, CA 92121, US,A. 

t..mait address: mxhudng@m'Sd.edu (M.-X. Huang). 

http!//rlx.doi.org1l0.1016/j.nid.20141lS.004 
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fear conditioning and extinction learning. whereas the vmPFC is thought 
to mediate memory storcige and retrieval during extinction learning. Hip­
pocampal connections to the amygdala and vmPfC may support process­
ing contextual information of tlu-eat-related stimuli. 

Amygdala. vmPFC, and hippocampal regions implicated in pre­
clinical fear processing are thought to be dysfunctional in PTSD (Rauch 
er al.. 1998, 2006). Functional neuroimaging findings using positron 
emission topography (PET) and runctional magnetic resonance imaging 
(fMRI ) suggest that individuals with PTSD exhibit hyperresponsive 
amygdala activity to trauma or fear-related stimuli (Shin and Llberzon. 
2010), during emotionally neutral tasks (Bryanr et al .. 2005; Shin 
er al., 2004b), and even at rest (Chung er al., 2006; Semple et al .. 
2000). A )lyperresponsive amygdala contributes to the exaggerated 
fear response characteristic of PTSD (Anderson et al.. 2003 ). Conversely. 
PTSD has been associated with a hyporesponsive vmPFC (Hughes and 
Shin, 2011 ). A hyporesponsive PFC. as well as reduced connectlvity to 
lhe amygdala Uin er at. 2013: Shin et al., 2004a) may indicate insuffi­
cient inhibitory control over exaggerated fear responses. Lasrly. abnor­
mal hippocampal function (Corcoran and Ma.ren, 2001 ) ancJ reduced 
connectivity to the amygdala (Dolcos et al .. 2004: McGaugh. 2004) 
may be associated impairments in contextual memory processing and 
the ability to inhibit intrusive memories (Shm et al.. 2004a}, although 
findjngs have been mixed (Hughes and Shin. 2011 ). A recent resting­
state fMRJ study showed increased activity in amygdala and reduced 
spontaneous neural activity In the dlPFC. but no abnormal decrease of 
resting-state !MRI activity in the vmPFC (Yan et ..ii .. 2013). 

Neuroimaging studies using PET and fMRl have contributed greatly 
to under.;tanding PTSD neurocircuitry in hwnans: however. these tech­
niques measure metabolic and hemodynamic changes which reflect 
neuronal activity indirectly (Logothetis. 2003). In addition. PET and 
fMRI techniques have limited temporal resolution (min-utes to seconds) 
and consequently limited coverage and resolution in rhe frequency do­
main. Since neurons communicate to each other via exchanging electric 
current signals. direct eJectrophysiologital measures are required to 
study neurophysiological processes that are associated with these he­
modynamfc signals (Scholvinck et al.. 2013). PET and fMRJ studies also 
have implicated different neural pathways that may be hyporesponsive 
in PTSD; thus. there is some remaining discrepancy whether J.YfSD is as­
sociated wit11 reduced activity in the vmPFC or di PFC pathways. Further­
more, alrhol.lgh the orbicofrontal cortex (OFC) is usually considered to 
be part of the extended limbic system. the contribution of OFC to PTSD 
has not been fully elucidated. 

Elecrromagnetic measures such as magneroencephalography (MEG) 
provide direct measurements of neuronal activity with millisecond 
temporal resolution. Using a single dipole model. Kolassa and colleagues 
reported elevated production of focally generated slow waves ( 1-4 Hz) 
in PTSD, particularly in le~ temporal brain regions, with peak activities 
in the region of the insula. Using a MEG sensor-space synchronous neu­
ral interactions analysis. Georgopoulos. Engdahl, and their colleagues 
correctly classified individuals with PTSD and healthy control subjects 
with ::.9o% overall accuracy of dassific.uion {Georgopoulos et al., 2010). 
They also found differences in MEG communication measu.res between 
temporal and parietal and/or pariero-occipital right hemispheric areas 
with ocher brain areas in PTSD (Engdahl et al., 2010). However in sensor 
space. it is difficult to derennine whether the structures identified by PET 
and !MRI in PTSD neurocircuitry generate abnormal electromagnetic ac­
ti\lity. Namely, whether electromagnetic-based source imaging tech­
niques will lead to similar or different findings from those obtained in 
PETand IMRJ in PTSD neurocircuitry has largely been unexplored. 

In the current study, we examined neural activity associated with 
PTSD using resting-scare MEG. MEG is a non-invasive functional im<1ging 
technique that directly measures magnetic signals generated by neuro­
nal current in gray matter with high temporal resolurion (<l ms) and 
spatial localization accuracy (2- 3 mm at cortical level) (Leahy er al., 
1998). MEG"s high temporal resolution directly translates into a wide 
range or coverage for the neuronal magnetic signals In the frequency 

domain. whid1 is usually divided into different frequency bands. MEG"s 
insensitivity to the elccrric conductivity profile of rhe head tissue 
makes it a better technique than electroencephalography (EEG) in Io~ 
calizing neuronal -sources. Our newly developed high-resolution MEG 
source imaging method called Fast-VESTAL .allowed us ro perfonn 
voxel-wise whole-brain source imaging of human brain rhythms in 
healthy volunteers (Huang et al., 2014a). and makes MEG source imag­
ing a good candidate for localizing abnormal eJecrromagneticsignals in 
disorders such as J.YfSD. The primary goal for this study was to examine 
if tile existing PTSD neurocirtuitry model including die amygdala. 
vmPFC, and hippocampus can accounr ror abnormalities detected di­
recdy by electromagnetic-based source imaging rechniques in resting­
stare. To achieve this goal, we used high-resolution MEG source imaging 
technique ford1recrexam1natlon of neuronal activity in PTSD. especially 
in the areas that we chink to be abnormal, i.e. amygdala, vmPFC, OFC. 
hippocampus, dlPFC, dmPFC including dorsal anterior dngulate cortex 
(dACC), insular cortex. and precuneous. In addition, using MEG. we 
are able co explore potenlial MEG abnormalities in different rrequency 
bands which are associated with different neuronal med1anisms (see 
Discussion), ;md compare MEG findings with previously published re­
sults from other functional imaging techniques rhar have been used to 
study 171'SD. 

2. Materials and methods 

2.1. /?esearch participants 

Twenty-flve participants (24 rnales. I female: mean [SDI age: 31.0 
[55]) with PTSD took part in this study. Among these participants, 10 
were active-duty Marines and Sailors from Camp Pendleton and Naval 
Medical Center in San Diego. and 15 were adult outpatient OEF/OlPVet­
erans recruited rrom VA San Diego Healthcare System. Mean [SDI years 
of education for the participants with PTSD were 132 [I .41. All partici­
pants gave wrirren informed consent for study procedures. which 
were reviewed and approved by institutional review boards of the VA 
San Diego Healthcare System and Naval Hei! lth Research Center at San 
Diego. The informed consent fol lowed the ethical guidelines ofthe Dec­
laralions of Helsinki (1975) and additional research requirements for 
active-duty military personnel and veterans. 

Symptoms of PTSD were assessed using rhe Clinician Administered 
PTSD Scale (CAPS) (Blake et al., 1995) or the Post-traumatic Stress Dis­
order Checklist (PCL) (Weathers et al., 1999) in accordance with the 
criteria from the Diagnostic and Statistical Manual of Mental Disorders 
IV-TR (American Psychiatric Association, 2000). A total of 18 partici­
pants met the criteria for PTSD and 7 met the criteria for partial PTSD. 
Participants who completed rhe CAPS rnet rhe criteria for PTSD (n = 
14) if they reported at least 1 re-experiencing symptom. 3 avoidance 
symptoms. and 2 hyperarousal symptoms: patients met the criteria 
for partial PTSD (n = S) if they reported at least 1 re-e>1periencing 
symptom and either 3 avoidance symptoms or 2. hyperarousal symp­
toms (Blanchard er al.. 1995). Symptoms must have occtJrred at least 
once within the past montJ1 ( frequency ~ 1) and have caused a moder­
ate amounrof distress ( intensity~ 2) (Weathers et al., 1999,2001 ). Par­
ticipants who completed the PCL questionna.ire and had a minimum 
total score of 50 met rhe criteria for PTSD ( n = 3 ). and those with scores 
from 39 to 49 met the criteria for partial PTSD (n = 2) (Hoge et al.. 2008: 
Iversen et al .. 2008; Renshaw. 2011: Weathers et al., 1993 ). Study par­
ticipants with partial PTSD and PTSD were analyzed together (n = 25) 
to mainrain statistical power and to examine broad group differences 
in PTSD neurocircuirry. The PTSD patients were not on medications at 
the time of the MEG exam. All had discontinued any psychotropic; med­
ications prior to the scan, and at least at 5-day wash-our. 

We recruited thirty healthy volunteers (29 male, 1 female: mean 
(SDI age: 29.S [6.4)) with no history of neurologkal or psychiatric disor­
ders assessed by Structured Clinical Interview for DSM-IV. Among these 
healthy volunteers. 12 were active--duty military personnel and 18 were 
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civilians. Mean [SD) years of education Were 13.4 p .7]. There were no 
statistically significant differences in age or education berween the 
healthy volunteer and PlSD groups. 

Exclusion criteria for study participation were as follows: 1) other 
neurological. developmental or psychiatric disorders {e.g .. brain 
tumor, srroke, epilepsy, Alzheimer's disease, or schizophrenia, bipolar 
disorder. history oflearning disability, or lesions visible in structural 
MRI): 2) substance or alcohol abuse according to DSM-JV criteria within 
the 6 months prior to the study: 3) history of metabolic or other diseases 
known to affectrJiecentral nervous system (Dikmen etal., 1995); and 4) 
extensive metal dental hardware (e.g., braces and large metal denrures: 
fillings are permitted) or od1er metal objects in the head, neck. or face 
areas that cause non-removable MEG artifacts. 

22. MEG data acquisition and signal pre-processing fO remove artifacts 

Resting-state MEG data (spontaneous recording for detecting MEG 
slow-wave signals) were collectec.I at Lhe UCSD MEG Center using Lhe 
VectorView™ whole-head MEG system (Elekta-Neuromag, Helsinki, 
Finland) with 306 MEG channels. Participants sat inside a muJti-Jayer 
magnetically-shielded room (!MEDCO-AG) (Cohen er al.. 2002). Precau­
tions were taken ro ensure head srability; fo;im wedges were inserted 
between die participant's head and the inside of die unit. and a Velcro 
strap w;is placed under the participant's chin and anchored in superior 
and posterior axes. Head movement across different sessions was about 
2- 3 mm. MEG recording was divided into two 5-minute blocks with 
eyes closed al ternating with rwo 5-minute blocks with eyes open. In 
the eyes-closed condition, the participant was insrructed to keep his/ 
her eyes dosed and empty his/her mind. In the eyes-open condition. 
U1e participant was instructed to fix his/ her eyes on a fixation point 
and empty bis/her mind. The order of blocks was counter-balanced 
between participants. Data were sampled ar 1000 Hz and were run 
through a high-pass turer with a O. l Hz cut-off, and a low-pass filter 
with a 300 Hz cut-off. The tilter associated with MEG data acquisition 
Is a first-order time-domain filter with 3 dB around the cut-olT points. 
Eye blinks. eye movements. and heart signals were monitored. Since 
the MEG eyes-open data were contaminated with eye-blinks in many 
participants. we focused on an<ilyzing the eyes-dosed data in die present 
study. 

Substantial efforts were taken to help ensure that participants were 
alert during die MEG recordings. Participants were scheduled early in 
the day to avoid fatigue from performing daily activities. Prior to all of 
the study sessions. p;irticipants completed a questionnaire about the 
number of hours rhey slept the previous night, how rested they felt. 
and if there was any reason that they might not be attentive and per­
form to the besroftheir abilities (due to headache. pain, etc.). Sessions 
alternated berween eyes-closed and eyes-open conditions. and eye 
blinking and movement were monitored. During MEG recording, partic­
ipants were viewed on camera while technicians also monitored alpha 
band oscillations, which are consistently associated with tonic alertness 
{Oken er al .. 2006). 

Eyes-dosed MEG data were first run through MaxFilter. also known 
as signal space separation (Song et al.. 2008: Taulu et al.. 2004a.b) to re­
move external sources of interference (e.g .. magnetic artifacts due to 
metal objects. strong cardiac signals, environmenr noises), and to co­
register the MEG data by removing the small head movements across 
the two 5-minure eyes-closed sessions. Next. residual artifacts due to 
eye movementS and residual cardiac signals were removed using Inde­
pendent Component Analysis using our cusromized version of !CAI.AB 
software (www.bsp.\min.riken.jp/lCALAB/). 

2.3. Structural MRI. MEG-MRI registration. BEM foiward calculation 

Structural MRI of the parricipan(s head was collected using a 
General Electric 1.5 T Excite MRI scanner. The acquisition contains 
a standard high-resolution anatomical volume with a resolution of 

0.94 x 0.94 x. 1.2 mm3 using a Tl-weighted 3D-IR-FSPGR pulse se­
quence. To co-register the MEG with MRI coordinate systems, three 
anatomical landmarks (i.e., lefr and right pre-auricular points, and 
nasion) were measured for each participant using the Probe Position 
Identification system {Polhemus. USA). By using MRI.LAB (Elekta/ 
Neuromag) to identify the same three points on the participanl°s 
MR images, a transformation 1natrix involving both rotation and 
transl;ition between the MEG and MR coordinate systems was generated. 
To increase the reliability of the MEG-MR co-registration. approximately 
80 points on the scalp were digitized with the Polhemus system, in addi­
tion to the three landmarks. and those points were co-registered onto the 
scalp surface of the MR images. The Tl-weighted images were also used 
to extract rhe brain volume and innermost skull surface (SEGLAl3 software 
developed by Elekta/Neuromag). Realistic Boundary Element Medwd 
(BEM) head model was used for MEG forward calculation (Huong et al., 
2007; Mosher et al.. 1999). TI1e BEM mesh was constructed by tessellating 
the inner skull surface from the Tl-weighted MRI into -6000 triangular 
elements with -5 mm size. A cul)ic source grid with 5 mm size was 
used for calcula[ing die MEG gain (Le .. lead-field) matrix, which leads ro 
a grid with -10,000 nodes covering the whole brain. Other conventional 
MRJ sequences typicaJ for idenrifying structura l lesions were also 
perfonned: I) Axial 'f2•-weighted; 2) Axial fast spin-echo T2-weighted; 
and 3) Axial AAIR. These conventional MRls were carefully reviewed by 
a Board-certified neuroradiologist (R.R.. Lee) to detennine if rhe partici­
pant had visible lesions on MRI. Subjects with lesions visible in Mf~I 
were excluded from the srudy (see exclusion criteria). 

2.4. MEG slow-wave source magnirude imaging using fast-VESTAL 

The voxel-wise MEG source magnitude images were obtained using 
our recent high-resolution Fast-VESTAL MEG source imaging method 
(Huang ec<il., 2014a). This approach requires the sensor waveform co­
variance matrix. Here. the second 5-minure resting-state MEG sensor­
waveform dataset was registered to the lirsr 5-minute resting-srate 
dataset using MaxFilter. The artifact-free, eyes-dosed. resting-stare 
MEG sensor-waveform datasets were divided into 2.5 s epochs. TI1e 
data in each epoch were first DC-corrected and then run through 
band-pass filters for the following frequency bands: alpha band 
(8- 12 Hz), beta band ( 15- 30 Hz), gamma band (30- 80 Hz), high­
gamma band (80-150 Hz). and low-frequency band (1-7 Hz) that 
combined delta ( 1-4 Hz) and theta bands (4-7 Hz). Notch filters at 
60 Hz and 120 Hz were applied ro remove the power line signals and 
their second harmonics. Frequency-domain band-pass filrer with zero 
phase-shift via discrete Fourier transform was used. At each end of the 
band-pass filter. the transition of the Hanning window in the filter 
was selected robe at 10% of the associated cut-off frequency. 

Waveforms from all 306 sensors including 204 planar-gradfometers 
and I 02 magnetometers were used in die analysis. For ead1 frequency 
band. sensor-waveform covariance matrices were calculated for individ­
ual epochs after me band-pass filtering, then, the final sensor-waveform 
covariance matrix was obtained by averaging the covariance matrices 
across individual epochs for the 10-minute resting-state data. Using 
such a covariance matrix. MEG slow-wave source magnitude images 
that cover the whole brain were obtained for each participant following 
the F;ist-VESfAL proceduse (Huang et al., 2014a) for a given frequency 
band. 

The brain volume is pre-divided into a grid of dipoles with P nodes. 
Let R be the M x M sensor-waveform MEG covarian<;e matrix where 
Mis the number of MEG sensors for a given frequency band (e.g., beta 
band) and time-window (e.g .. length of an epoch): and G be the 
M >< 2Pgain (lead-field) matrixcalcuJated from MEG forward modeling 
for the pre,defined source grid with Pdipole locations, with each dipole 
location having two orthogonal orientations (i.e .. A and <ti). In die spherical 
MEG forward head model, 0 and 4> represent the two tangential orienta­
tions for each dipole location, whereas in a realistic MEG forward model 
using the Boundary Element Method (BEM), the 6 and 41-orientations 
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,ue obtained as the two dominant orientations from the singular-value 
decomposition {SVD) of Lhe M x 3 lead-field matrix for each dipole. as 
previously dorumented (Huang er at 2006). 

Eigen-value decomposition is performed for the sensor-waveform 
covariance matrix: 

(1) 

where the diagonal elemenrs in 58 are simply the square root (SQRT) 
oftJ1e corresponding eigenvalues ofR which are the diagonal elements 
in ! 11• Next SVD is performed for the gain matrix G: 

(2) 

The dimensions for Uc. s,, and v. are M x M. M x 2P. and 2P x. 2P. re­
spectively. Following the procedure in (Huang et a I., 2014a), a distribut­
ed source solution for Eq. 2 can be expressed as: 

(3 ) 

The 2P x M matrix H is called the distributed source spatial map 
matrix. The goal of MEG inverse source imaging is to obtain H for 
given R in Eq. 3. However, Eq. 3 is under-detenn.ined. with the number 
of unknown variables in each column of H = (h 1.h2 ... ., h ~ ..... hMl 
(i.e .. 2P) much larger than the number of measurements in each col­
umn of UaSa = [s1u 1,s2u2 .... ,s~u, ..... s.,u ... J (i.e., M ). so adclitional 
consrraint{s) are needed to obtain a unique solution for Eq. 3. Here, 
(he number of signal (dominant) spatial modes k is usually much 
smaller than the number of MEG sensor measurements M. Afrer mul­
tiplying frorn che left side with UGT. for individual dominanl spatial 
modes of Eq. 3, Eq. 3 can be written as: 

(4) 

where i = 12 ..... k are the indices or spatial modes in sensor space. 
By introducing addirional minimum Ll -norm consrraints (Huang 

er al~ 2014<1) to Eq. 4. one can obtain the Fast-VESTAL solution for h1: 

where the 2P x I ved·or h1 is the source imaging map as.sodated with 
rhe dominant spatial mode vector "i (dimension M x 1) of the sensor-

domain. In Eq. 5, w = J diag(V c;V~) is a 2P x 1 weigllting vector chosen 
to remove potential bias towards grid nodes ar the superficlal layer 
(Huang et al., 2014a ). After solving for h, and hence H using Eq. 5, the 
Fast-VESTAL source imaging result can be obtained on rhe source grid 
as: 

wl1ich is the 2P x l source magnitude value across grid nodes. The 
main feature of A, the Fast-VESfAL-based distributed source solution. 
is that it is highly sparse, wlth many of its elemenrs being either zero 
or close to zero. as a direct consequence of Ll -norm minimization. An 
Objective Pre-whitening Method was applied to remove correlated en­
vironmental noise and objectively select the dominant eigen-modes 
(i.e .. k) or sensor-waveform covariance matrix (Huang er al.. 2014a). 

2.5. Sratist.ical analysis of MEG source magnitude images 

SLatisti<.:al analysis was performed separately for each frequency 
band. MEG source magnltude imaging volumes obtained from Fast­
VESfAL that cover the whole brain from all healthy conrrol and PTSD 
participants were first spatially smoothed using a Gaussian kernel 
with 3 mm full width half maximum ( FWHM ), and then co-registered 

to an MNl-152 brain-atlas template using FLIRT program in FSLsoflware 
pac((age (http: //www.fmrib.ox.ac.uk/fsl/). For each voxel in rhe MNI 
space. the MEG source magnitude data were run through a logarirhm 
transformation. A two-tailed t- test was performed to assess the group 
difference for each voxel of the brain volumejn the MNI space. False dis­
covery rate (FDR) was used to control the family-wise error (Benjamfnl 
and Hochberg. 1995) with q < .05. The above procedure was performed 
for each of the frequenty bands separately. 

2.6. Corretat:ion wid1 symptom scores In P1SD 

For brain areas that showed group differences wltl1in a specific fre­
quency band, regions ofinterest (ROls) were obtained by grouping the 
voxels together. We were specific.illy interested In the RO ls rhatcovered 
amygdala. vmPFC, OFC. precuneous, and dlPFC. Within each ROI, we 
performed a correlational analysis between MEG source magnltude 
and PTSD symptom score. The analyses were performed In the 20 par­
ticipants with PTSD or partial PTSD as measured by CAPS Tora I score. 
The remaining 5 participants with PTSD or partial PTSD as measured 
by PCL were not induded in this correlational analysis. 

3. Results 

3. l. Beta-band MEG source magnitude imaging results 

Fig. I shows group differences between participants with PTSD and 
healthy volunteers in resLing-state MEG source magnitude for the 
bet;i-band ( 15- 30 Hz). Increased beta-band activity in PTSD (hyperac­
tivity. PTSD > controls) was generated from bilateral amygdala and 
left anterior hippocampus (white arrows). left and right posterolateraJ 
OFC (magenta arrows). several regions within the right insular cortex, 
bilateral middle temporal gyri, right posterior cingulate cortex (PCC, 
brown arrow). bilateral junctions of PCC and lingual gyri, and left 
occipito-temporal- parietal junction. In addition. Fig. I shows decreased 
bera-band activity in PTSD (hypoactivity, PTSD < controls) from vmPFC 
(green arrows) inducting rostral ancerior cingulate cortex (rACC) and 
medial OFC. bilateral FPs (more R than L). bilateral caudate. bilateral 
dlPFC (more R than L). right superior frontal gyrus. mid-lfne supple­
mentary motor areas (SMA). right anterior aspect of superior remporal 
gyrus. bilateral precuneous cortices, and bilateral sensorimotor cortices 
(more R than L). For a region. an asymmetry is reported when one 
hemisphere has twice or more voxels being significant than the equiva­
lent region in the opposite hemisphere. 

32. Gamma and high-gamma.f)ands MEG source magnitvde imaging 
resulrs 

The upper panel of Fig. 2 shows increased gamma-band (30-80 Hz) 
activity in PTSD compared to the healthy control group that was gener­
ated from left and right posterolareral OFC (magenta arrows. more L 
than R). bilateral dmPFC including the dorsal paracingulate cortices 
and dorsal anreriorcingulace cortex (dACC) (more L than R), several re­
gions within rhe bilateral insular cortices. bilateral occipico-temporal­
paJietaljunctions (more L than R). bilateral temporal-occipital fusiform 
cortices (more R than L), leftocdpital fusifonn gyrus and right lingual 
gyrus. and right dorsomedial occipital correx. The upper panel or Fig. 2 
also shows decreased gamma-band activity in PTSD ,compared to the 
control group !Tom vmPFC (green arrows) induding rACC and medial 
OFC. bilateral FPs (more R than L). right dlPFC. mid- llne SMA, and 
right sensorimotor cortices. 

The lower panel of Fig. 2 shows increased high-gamma-band 
( 80- 150 Hz) activity in PTSD from left amygdala and hippocampus 
(white arrows), left posrerolareral OPC (magenta arrows). right dACC 
left FP, several regions within the bilateral insular cortices. bilateral 
occipito-temporal- parietal junctions (more L than R). and right 
dorsomedial occipital cortex. The lower panel of Fig. 2 also s hows 
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Fig. 1. Abnorm.il bera band ( 15-30 HZ) MEG ac-jvity in PTSO. led-yellow cc0lor scale indicates increased (hyper-) activity in PTSO over health conrols, whereas blue-cyan color scale in­
dicates decreased (hypo-) activity In l'TSD over health conrrols. White arro.Ns: amygdala and hippoc.lmpus •lctivi1y. Green arrows: vmPFC activity. Magenta arrows: posrerolatcral OFC 
aetivity. Brown arrow: PCC activity. The t-threshold of2.9 is asi:ociatcd witb FDR corrected p < .05. 

fig. 2. Top panel: abnof!Tl.ll g.unma band {30-~0 Hz) MEG activity in PTSO: botrom panel: abnomial high-gamma band (80-150 Hz) MEG accivity in l'TSD. Red-yellow color scale indicates 
increased (hyper- ) activity in PTSO over healu controls. whe:eas blue-cym color scale indicates decreased (hypo- ) ~ctivity in PTSD over health controls. White arrows: amygdala and 
bippoc.Jmpus activity. Green arrows: vmPFC a:tivity. Magent< arrows: po:.tcrolateral OFC activity. Tm? t-threshold of2.9 is associated with FDR corrected p < .05. 
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decreased high-gamma-band activity in PTSD from mid-line vmPFC 
(green arrows) induding rACC and medial OFC, right dlPFc. and right 
sensorimotor cortices. 

3.3. Alpha and /ow-frequency bands MEG source magnitude imaging 
results 

Although PTSD was associated with both hyper- and hypoaccivity in 
the beta, gamma, and high~gamma bands, alpha band MEG activity was 
largely hypoactive in PTSD when compared with the healthy volunteers. 
The upper panel of Fig. 3 shows significantly decreased alpha-band ac­
tivity in PTSD generated from bilateral FPs. bilateral dlPFC (more R 
than L). right superior frontal gyrus, bila.reral anterior aspects of superi­
or temporal gyri (more R than L). bilateral precuneous cortices, and bi­
lateral sensorimotor cortices (more R than l). In contrast, only rhe left 
occipito-temporal-parietal junction showed increased alpha-band ac­
tivity in PTSD. 

PTSD was also strongly associated with hypoactivity in the low­
frequency band compared w the healthy volunteers. The lower panel 
of Fig. 3 shows significantly decreased alpha-band activity in PTSD 
generated from bilateral FPs. bilateral dlPFC (more R than L). bilateral 
anterior aspects of superior temporal gyri (more R than L), bilateral 
precuneous cortices, and bilateral sensorimotor cortices (more R than 

l). Similar to the patterns observed in the alpha band, only the left 
occipito-temporal-parietal junction showed increased low-frequency­
band activity in PTSD. 

3.4. Results of MEG sourre magnirude correlating with PTSD symptoms 

Positive correlations between resting-state MEG activity and CAPS 
Total symptom scores were found in left amygdala (beta band, r = 
+ 0.51. p < .05) and left posterolateral OFC (also in beta band. r = 
+0.55, p < .05), indicating the stronger the resting-state MEG activity 
in these areas. the more severe the PTSD symptoms. In addition. nega­
tive correlations between resting-state MEG activity and total CAPS 
symptom scores were fow1d in midline vmPFC (beta band, r = - 0.58, 
p < .01; gamma band, r = - 0.63, p < .01; and high-gamma band, 
r = - 0.60. p < .01 ). and midline precuneous (alpha band. r = - 0.48. 
p < .OS), indicating the weaker the resting-state MEG activity in these 
areas, the more severe the PTSD symptoms. 

4. Discussion 

For the first time to our knowledge. the present study shows that in­
dividuals with PTSD have abnormal electromagnetic activity that can be 
directly imaged by resting-state MEG source imaging technique for all 

Fig. 3. Top panel: abnonnal alpha band (8- 12 Hz) MEG activity in PTSD: bottom panel: abnormal low-frequerx-y band {1 - 7 Hz) MEG activity in PTSD. The t-threshold or2.9 is associated 
with FDR corrected p < .OS. 
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frequency bands. PTSD was associated wilh; l) MEG hyperactivity from 
amygdala, hippocampus, posterolateral OFC, dmPf'C, insular cortex. and 
PCC in high frequency bands (i.e .. beta. gamma. and high gamma 
bands): 2) MEG hypoactivity from vmPFC. FP. and dlPFC in the high 
fTcquency bands; 3) extensive MEG hypoactivity from dlPFC. FP, an­
terior temporal lobes. precuneous cortex, and sensorimotor cortex in 
alpha and low-frequency bands, with di PFC and sensorimotor cortex. 
hypoactivity more prominent In right versus lcfr hemispheres; and 
4) res.ting·srare MEG activity i11 left amygdala and poste.rolateral 
OFC positively correl;ited wlth PTSD symptom scores. whereas MEG 
activity ln vmPFC and precuneous correlated negatively with the 
PTSD symptoms. 

Neuronal activity from differenr frequency bands is considered to re­
flect different neuronal mechanisms. TI1illamo-cortical interactions are 
essential for alpha rhythms .• md normal alpha-band activity is associat­
ed wfrh functional inhibition: specifically. increased alpha-band power 
in a brain area was linked to reduced functiona l connectivity with 
other brain areas (De Munck et al.. 2009; Hindriks and Van Pullen, 
2·013; Scheennga er al., 2012). Activity in the bera band is associared 
wfth communication between remote brain structures, whereas gamma 
synchrony promoc.es local computations (l<opell et al., 2000: Singer. 
1999). Although the gamma band electromagnetic signals are generated 
locally, non-local brain areas can still show significant functional connec­
tivity as measured by coherence related to the gamma band signals. Using 
combined electrophysiological and !MRI mea~-urements, studies in both 
human and animals showed that gamma-band power exhibits spatial co­
herence over Jong timescales with i:he strongest coherence between func­
tionally related areas rhac are nor necessarily local (He et al., 2008: Nir 
eral.. 2008;Scholvinckeral.. 2010.2013; Shmuel and Leopold, 2008). Un­
like alpha-bantl activity, beta and gamma-band activity does not neces­
sarily have to involve thalamus. Theta-band signals have been reported 
in previous EEG studies. although these signals were predominantly 
task-activated (e.g., problem solving) (Mizuki et al., 1980, 1984. 1992; 
Niedermeyer and I.opes da Silva. 2005; Taka l1ashi et al., 1997). !ncrtt.1setl 
low-frequency brain rhythms in delra band were often seen in individuals 
with neurological disorders. e.g. epilepsy and traumatic brain injury 
(Baayen et al.. 2003; de jongh et al.. 2003; Decker and Knott, 19n; 
Huang er al., 2009, 2012, 2014b: Lewlne er al.. 1999; Lewine and 
Orrison. 1995: Nagata et al.. 1985; Vieth et al.. '1996). When examin­
ing rhe mechanism of abnormal delta rhythms. electrophysiological 
studies in animals show that abnormal delta activity is from gray 
matter neurons that have experienced deafferentation due ro neuro­
logical injuries in underlying whire matter, re.suiting from axonal in­
jury or blockage/ limitation in the cholinergic pathways (Ball et a l.. 
1977: Gloor et al .. 1977: Schaul et al., 1978: Schaul. 1998). 

4.1. MEC findi11gs in amygdala and flippocamµus 

Individuals with PTSD showed amygdala hyperactivity. Our MEG 
findings are consistent with previous PET and fMRI findings of hy­
perresponsive amygdala activity in PTSD (Raurh et al.. 1998, 2006), 
which is one of the most robust functional neuroimaging findings 
in PTSO (Hughes and Shin, 20 11 ). The amygdala is involved in process­
ing threat-related stimuli (Davis and Whalen. 2001; Monis et al., 1998: 
Whalen et al .. 1998, 2001) and is necessary for fear conditioning (Davis 
and Whalen. 2001: lcDoux. 2000: Shin et al.. 2006). Moreover. the 
amygdala is a key component in the neurocircuitry model of PTSD 
(Rauch et al .. 2006). The present MEG study shows that the amygdala 
hyperactivity in PTSD can also be detected using electromagnetic source 
imaging measures. which increases the confidence in our MEG tech­
nique for deretting new abnormalities in Prso. Furthermore. we dem­
onstrate d1ar amygdala hyperactivity was only observable in the high 
frequency bands (i.e., beta and high-gamma bands). In addition, the 
MEG hyperactivity in PTSD from left hippocampus in bera and high­
gamma bands is also consrsrenc with the current f'TSD neurocircultry 

model (Rauch et al .. 2006), although the findings from previous PET 
and !MRI in this region have been mixed (Hughes and Shin, 20 11 ). 

42. MEG findings m dmPFC and insulli 

TI1e MEG gamma-band hyperactivity from dmPFC. including the 
dACC, in PTSD was also consistent with prior PET and !MRI findings 
(Bremner et al., 1999: felmingham et al., 2009; Pannu et al.. 2009; 
Shin eral., 2001, 2007, 201 1 ),TI1e dmPFC, includingthed.ACC, is thought 
to play an important role in a variety of cognitive processes such as per­
formance monitoring, response selection, error detection, and decision 
making (Shin et al.. 2011 ). ln addition. PTSD was associated with in­
creased MEG insular activity. Our findings are consistent with studies 
th.-it used trauma-event-script-driven imagery with SPECT (Lindauer 
et al.. 2008) and tM.RI (Lanius et al. 2007), as well as wid1 studies that 
used emotional and trauma-unrelated stimuli wlth PET and fMRI 
(Hughes and Shin, 201 I). Painful stimuli have also been shown ro in­
crease insular activity in PTSD ( Geuze et al., 2007; Strigo et al.. 2010). 
The insular cortex. processes information about the body"s internal state 
and conrributes to the autonomic component of the overall pain re­
sponse. ft has been suggested chat the insular cortex integra.res the 
sensory, affective. and cognitive components necessary for normal re­
sponses to pain (Kandel et al.. 2000). Abnormal insular activ1ry In 
PTSD may renect a deficit in integrating these components. thereby 
contributing to an abnormal pain response (Nagaf et al .. 2007). 

4.3. MEG findings in vmPFC 

MEG hypoactivity from vmPFC in PTSD was consistent with findings 
from PET and !MRI studies (Hughes and Shin. 201 1; Rauth et di., 1998. 
2006). Hyporesponsive vmPl'C ls another key component in the current 
neurocirtuitry model of PTSD (Rauch et al.. 2006). which suggests that 
hyporesponsive vmPFC fails to suppress the amygdala (Rauch er al, 
2006; Shin et al, 2006). The vmPFC is connected to and receives input 
from the ventral 'tegmenral area. amygdala, temporal lobe, olfactory sys­
tem, and dorsomedial thalamus. In tum. vmPFC sends signals to amyg­
dala, temporal lobe. lateral hypothalamus, hippocampal formation. 
cingulace conex, and certain other regions of the prefrontal cortex 
(Carlson. :2013). ln the present study. hypoactivity in vmPFC associated 
with JTTSD was evident in beta, gamma, and high-gamma bands, but not 
the lower frequency bands. Tllese findi.ngs suggest that the beta- and 
gamma-band interactions between vmPFC and amygdala may nor in­
volve thalamus. as evidenced by the lack of group differences in vmPFC 
in thalamus-dependent alpha band activity (Hindriks and van Put:ten. 
2013). 

4.4. Resting-state MEG versus Tl?sring-state}MRI 

We used a resting-state protocol that is insensitive to stimulus fea­
tures and participanr performance. Furthermore. we focused on examin­
ing MEG source-magnitude images rather than functional connectivity 
Uin et al., 2013). Our protocol was similar to a recent resting-state IMRJ 
study of combat-related PTSD that used a magnitude imaging approach 
(Yan et al .. 2013). Our finding.s are consistent with Yan and colleagues. 
who also found that individuals with PTSD showed increased activity in 
amygdala, insular cortex. and OK, as well as decreased activity in dlPFC. 
superior frontal gyrus. and precuneous cortex. Despite these similarities. 
participants with PTSD in the pre.sent study showed decreased MEG activ­
ity in vmPFC (beta. gamma. and high-gamma bands. see Figs. I and 2) and 
bilateral FP areas (Figs. t-3), whereas Yan and colleagues, in their IMRJ 
study showed increased activity in a similar region (Yan er al., 2013). 
Although it is known that the fMRI measurements in ventral frontal 
lobe areas are challenging co obtain due ro signill loss. imaging distoltion. 
and susceptibility artifacts (0..ervionke er al.. 1988; Domsch et al., 2013), 
the exact reason of the decreased MEG versus increased fMRI resting­
state activity ln vrnPfC is unknown. 
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Overall. the beta-band MEG source imaging maps are s imilar to the 
fMR I maps of Van and colleagues. except for the activity in vmPFC 
Such a degree or similarity across two different imaging modaliries 
(i.e .. electromagnetic measures from MEG and hemodynamic measures 
from fMRJ) is likely due to beta-band synchronization over long conduc­
tion delays, which corresponds to signals traveling a significant distance 
across brain regions. Electruphysiological studies of the rat hippocam­
pus have shown that the beta rhythm allows neuronal synchrony at 
large time delays, while rhe gamma band allows such synchrony at 
shorr delays. Thus. bera synchrony promotes communication between 
remote structures, whereas gamma synchrony promotes local compu­
tations (l<opell et al., 2000! Singer, 1999). Interestingly. more recenr 
work in identifying MEG correlates of fMRl resLing-sraLe networks has 
found that power nuctuations in the beta band produce spatial net­
works very similar to fMRI resting-state networks (Brookes et al., 
201 I b). Our findings suggesrthat Jbnonnal beta-band neuronal activity 
in PTSD is likely a candidate for the abnormal fMRI signal observed by 
Yan and colleagues (Yan et al .. 2013). 

The consistent finding of decreases of resting-state activity in 
precuneous and dlPFC associated with PTSD in the present MEG study 
(in beta, alpha. and low-frequency bands) and in the fMRI study by 
Yan et al. (Ya11 et al .. 2013) highlight rhe contribution of these regions 
in PTSD neurocircuirry. The precuneous is a key region of the "default­
mode networl( (DMN)" in resting brain which has been detected by 
fMRI (Pransson ancl Marrelec. 2008) and MEG (Brookes et al., 2011 b). 
Furthermore. the precuneous pl<l)'s a pivotal role In how intrinsic activ­
ity is mediated threughout the DMN, and helps susrain a sense of self­
consciousness in self-referential mental d1oughts during rest (Cavanna 
and Trimble, 2006; Franssen and Marrelec, 2008). Non-trauma related 
words elicit decreased precuneous fMRJ activity in PTSD. and the de­
crease in precuneous activity is correlated with CAPS scores (Geoze 
er al .. 2008). Dissociative symptoms of patfents with PTSD may play a 
role in the decreased activatio11 of precuneous (Geuzc el al., 2008). 
The dlPFC is a key region for a 11dfiety uf t::Xel.'\Jtive brain functions 
such as working memory. attention, and other executive functions. It l'a­
cilitates goal-directed behavior through indirect modulation of the 
amygdala response to threat. possibly through connections with the 
temporal cortex (Bishop, 2008; Gold et al., 2014; MltcheU, 2011 ). In 
lhe present study, MEG hyperactivity in both right di PFC and anterior 
temporal lobe in alpha, beta, gamma. and Jow-1Teque11cy (Figs. 1-3) is 
conslscenc with the modulation deficit of the dlPFC-amerior temporal­
amygdala pathway in PTSD. Using a task involving cognitive regulatio11 
of negative affect via reappraisal, Rabinak and colleagues found rhat 
PTSD patients engaged the dlPFC during cognitive reappraisal. albeit to 
a lesser extent rhan the control participants (Rabinak el al.. 2014). In a 
longitudinal cortical tJ1ickness study, individuals wilh PTSD showed 
greater di PFC thickness in a follow-up exam about 1 year after the trau­
ma than in the acute exam, and greater di PFC thickness was associated 
with greater PTSD symptom reductions and becter recovery ( Lyoo et al .. 
201 l ). On the other hand. healthy volunteers showed greater di PFC ac­
tivation and increased amygdala connectivity ro threats compared to 
non-threat condition (Gold e l al.. 2014). Elevated accivity in dlPFC was 
also observed in PTSD during a maintenance period of working memory 
in an fMRJ test (Moores et al .. 2008). Future functiona l imaging studies 
of PTSD are needed to e1tamine the association between resting-state 
di PFC activity and di PFC responses to different t;ypes of working memo­
ry and/or attention stimuli. 

In an event related potential (ERP) study of combat vererans with 
PTSD after mild TBI by Shu and colleagues. PCC and precuneous areas 
exhibit greater ERPs evoked by emotional facial stimuli {Shu et al., 
2014). In the present study, PCC also showed hyperactivity in the 
beta-band resting-state MEG source image (brown arrow in Fig. 1 ), a 
fi.nding consistent with the above ERP study. However. the hypoactive 
precuneous is seen in our resting-state MEG source image across 
many frequency bands. also observed in resting-state fMRI by Yan and 
colleagues l Yan et al., 2013). seems to be different from rhe greater 

ERPs in precuneous found by Shu and colleagues using emotional stim­
uli. Additional studies are needed to directly examine the association 
between resting-stare electromagnetic signal and evoked responses. 
as well as the impact of mild TBI on PTSD. 

4.5. MEG finding5 in OFC 

Another interesting fincling from the present study is the increased 
activity from the posterolateral OFC areas in beta. gamma. and high 
gamma bands. Our finding is consistent with fMRI findings ofincreased 
resting-state activity in PTSD (Yan er al. 2013). TI1e OFC is closely con­
n<~cted to the limbic system, especially the amygdala, and is sometimes 
regarded as part of the expanded limbic system (Naura. 1979), While 
regions known co be part of the existing neurocircuitry model of PTSD 
( i.e~ amygdala, vmPFC and insular cortex) have been studied extensive­
ly (R.iuc:h et al .. 1998, 2006; Shin el al., 2006), che role of the posterolac­
eral OFC in (TfSD is unclear and should be examined rurrher. Based on 
our MEG findings, posterolateral OFC activity increased with PTSD 
symptom severity. tbus ore and its interactions with the amygdala 
may be added to the existing neurocircuitry model of PTSD. This idea 
is supported by studies that show that OFC has direct anatomical projec­
tions to the amygdala and hippoc:ampus via Lhe uncinate fasciculus in 
humans (Bach et al., 20 11 ; Talairach and Toumoux. 1988) as well as 
in non-human primates (Carmichael and Price. 1995). It was also 
shown that such projections were abnormal in some psychiatTic disor­
ders sud1 d S conduct disorder (Passamonti et al.. 2012). bipolar disorder 
(Benedetti eta I., 2011 ). ancl schizophrenia (Jackowski et al .. 2012). Fur­
ther studies are needed ro confirm whether disrupted Interactions be­
tween OFC-amygdala may be implicated in PTSD. 

4.6. Decreased M£C alp/Ja-band activity in PTSD 

Individuals with PTSD showed extensive MEG alpha-band 
hypoactiviry from dlPFC. FP. anterlor temporal lobes. precuoeous cor­
tex. and sensorimotor cortex. Neuronal modeling studies showed that 
thalamo-cortical interactions are essential to the generation of alpha 
rhythms (Freyer et al.. 2011: Hindrlks and van Pntten. 2013: Lopes da 
Silva et JI .. 1997). Combined EEG and fMRI studies have also shown 
that increased alpha-band power ln a brain area is associated with re­
duced functional connectivity with other brain areas, suggesting that 
alpha-band activity is associated with functional inhibition (De Munck 
ct al., 2009; Sd1eeringa el al., 2012). The observed MEG alpha-band 
hypoactiviry may suggest a deficit in thalamo-cortical interactions. 
which possibly leads to reduced functional inhibition in the above cor~ 
ti cal areas in PTSD. In general, a normal amount of alpha activity is pre­
ferred in the resting-state, and reduced alpha-band power has also been 
observed in individuals with Alzheimer's disease (Babiloni er al., 2013; 
TartJglione er al., 2012), and schizophrenia (Hinkley et al., 2011; 
Sponheim er al., 2000). 

4.7. MEG source imagingwit/Jfasr-VESTAL 

Our method plays an essential role in obtaining the source magni­
tude images for the neurodrcuitry in PTSD (Figs. 1-3). It was shown 
that Fast-VESTAL can effectively create resting-state MEG source images 
that are highly consistent with known neurophysiology findings (Huang 
et al.. 2014a). We have shown that for resting-state MEG signal. the 
source magnitude images obtained using a beamformer technique 
(a popular MEG source analysis method ) are Jess consistent witb 
neurophysiology findings (Huang et al., 2014a). This is likely due to 
beamformer's intrinsic limitation which assumes the neuronal sources 
are uncorrelated (Robinson and Vrba, 1999; Sekihara et al., 2001; Van 
Veen et al.. 1997). a questionable assumption when dealing with 
resting-state MEG signals. 

In the present study. we focus on MEG source magnitude images in 
I' l~D. No results were presented regarding the MEG-based connecov1ty 
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analyses. This is because we are in the process of finalizing the 
Fast-VESTAL based voxel-w1se MEG connectivlry method [lluang 
et al.. in preparation). Although MEG-based connectivity study is 
a hot topic in literature. with most published approaches used 
Beamformer or minimum L2-norm based techniques to obtain the 
source time-courses (Brookes et al., 2011 a,b. 2012; Ghuman et al., 
2011; Grarnforr el al., 2014). It was known that source time-courses ob­
tain by Beamformer are distorced when multiple correlated neuronal 
sources contnbute to the sensor-waveforms even at noiseless cases 
(Hua11g et al., 20l4a), and across-talk between source time-courses 
from minimum L2-norm approaches can also be a serious issue. 
However, even though many researchers were aware of the issues 
associated with distorted source rime-courses, the impact on a vari­
ety of connectivity measures using the clistortecl source time-courses 
has not been examined thoroughly in resting-state data. at least to 
our knowledge. Before we publish our method for Fast-VESTAL 
based connectivity analysis. we believe thal il would be beyond the 
scope of the presenr study to include MEG connectivity resulLs for 
tl1e PTSD population. 

There are several limirations of the present scudy that warrant con­
siderarion. First, the spatial resolution and localization accuracy of MEG 
are expected to be limited for amygdala, hippocampus. and vmPFC. 
whid1 may explain some minor location discrepancies between our 
findings and chose of previous fMRI or PET studies. Second. although 
we acquired resring-state MEG signal in the eyes-closed condition, 
eye-movements and micro-eye-bl1nks may be conlbund1ng factors. Al­
though we pre-processed the MEG data through both Maxfilter and 
fCA ro remove the eye-movement and micro-eye-blinks, the impacc of 
residual eye-activity~related artifacts may not be totally negligible. 
Thircl, despite subs-tantial efforts to ensure and monitor alertness during 
the eyes-closed condition (see Materials and merhods ). drowsiness may 
still have had an impact on the MEG recording. Fourth. since the active­
duty and veteran PTSD patients are mostly males. the present study is 
dominated by male subjects, with just one woman in each of rhe two 
groups. 

Despite these limltatlons. the present study showed that our MEG 
source imaging technique revealed new abnormalities rn the resting­
state electromagnecic signals from PTSD neurocircuitry. Abnormal 
resting-state electromagnetic signals in PTSD neurocircuitry can beef­
fectively imaged by MEG source imaging technique for different fre­
quency bands. In high frequency bands (i.e., beta, gamma. and high 
gamma bands ). PTSD was associated with l ) MEG hyperactivity from 
amygdala. hippocarnpus. posterolateral OFC. dmPFC. and insular cortex: 
and 2) MEG hypoactivity from vmf'FC, FP, and ell PFC. In alpha and low­
frequency bands. PTSD was associaced with extensive MEG hypoactiviry 
from di PFC. FP. anterior temporal lobes, precuneous cortex. and sensori­
motor conex. Lastly. PTSD symptom scores correlated positively wid1 
resting-stale MEG activity in left amygdala and post.erolateral OFC and 
negatively with MEG activi ty in vmPFC and precuneous. Particul~rly, 
posterolateral OFC and precuneous may play important roles in lhe 
PTSD neurocircuitry model. 
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Abstract 

Object ive-Heart rate variabili ty 0-IR V), thought to reflect autonom ic nervous system function, 

is lowered in conditions such as posttraumatic stress disorder (PTSD). The potential confounding 

effects of traumatic brain injury (TBT) and depression in the relat ionship between ITRV and PTSD 

have not been elucidated in a large cohort of mi litary service members. I Jere we describe 1 IRV 

associations with stress disorder symptoms in a large study of Marines, while accounting for well­

known covariates ofHRY and PTSD including TB I and depression . 

Metho ds-Four battalions of male active-duty Marines (N=2430) were assessed l-2 months 

prior ro a combat deployment. !:IRV was measured during 5 minutes of rest. Depression and PTSD 

were assessed using Lhe Beck Depression Inventory and Clinician Adminjstered PTSD scale 

respectively. 

Results-After accounting for covariates including TBl, a regression indicated that lower levels 

of high frequency (HF) HRV were associated with a diagnosis of PTSD (beta= -.20, p=.035). 

Depression and PTSD severity were correlated (r- .49, p <.001 ), however participants w ilh PTSD 

but relatively low depression scores exhibited reduced HF compared to controls (p=.O 12). Marines 

with deployment experience (o=l 254) bad lower HRV than t:h.:ise with no experience (p = .033). 

Conclus io ns-This cross-sectional analysis of a large cohort supports associations between 

PTSD and reduced I IRV when accounting for TBT and depression symptoms. Future post­

deploymenl assessments wiU be used to determine whether pre-deployment HRV can predict 

vulnerability and resilience to the serious psychological and physiological consequences of 

combat exposure. 

Conflic1 ofln1eres1 and Source of Punding 
TI1e author., have no conllict of inierest to declare. 
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Keywords 

sympathetic aervous system; PTSD: vagal Lone; combat; depression; parasympathetic 

Introduction 

J feart rate variability (HRV). the quantitative assessment of variation io heartbeat intervals. 

can be used to detect alterations in autonomic nervous system (ANS) function (I). Heart rate 

is in part detennined by i11tluences on the sinoatrial node (SA) pacemaker. which is 

modulated by both the parasympathetic and sympathetic branches of the ANS (2). Spectral 

analysis of inter-beat intervals is used to derive lhe high-frequency (HF) peak ofHRV, 

which is thought to reflect parasympathetic or vagal tone, though controversy exists about 

the sensitivity and specificity of widely-used HRV measures (3, 4). 

I IRY and regulation of the autonomic nervous system have been suggested lo be useful in 

understanding cardiovascular and other health risks (4, 5). Decreased HRV has been 

associated with pathophysiology, psychopathology, and increased mortality (2, 6). Previous 

studies have reported lower 1 lR V in psychiatric disorders such as schizophrenia. depress ton, 

bipolar disorder, panic disorder (7-10), and postlraumatic stress disorder (PTSD) ( 1.1-13). 

Accurate assessment of HRY can be done in a rapid (5-minute) period of lime (14) using 

relatively non-obtrusive instrumentation; Ums this physiological index has been used to 

study populations that may be at hjgh risk for disrupted ANS Funct'ioning and the associated 

health complications. 

One such high-risk group is represented by United States military service members who are 

deployed lo combat situations such as Operation Enduring Freedom (Afghanistan post 

2001 ), Operation Iraqi Freedom, or Operation New Dawn (OEF/OlF/OND). Since the onset 

of these connicts, the prevalence of PTSD in retuming veterans bas been reported at 13-15% 

(15, 16). Prior studies have shown an association between PTSD and lowerllRV (8, 11-13). 

PTSD is strongly associated with the occurrence of a traumatic brain injury (TB!) in 

OEF/OJF war veterans (17); furthennore TBl in and of itself has been related to lowerllRV 

( 18). Thus an unanswered question is whether I !RV is associated with PTSD even when TB! 

is accounted for, in a population at elevated risk for both TBI and PTSD. Depression is also 

an important factor in understanding the relationship between trauma and HRV as illustrated 

by several studies on civilian trauma survivors ( 19, 20). Unknown, however, is the potential 

role of depressive symptoms in influencu1g the relationship between UR V and PTSD in 

military service members who are at high risk for both psychjatric coodi1ions. Military 

personnel may constitute a unique population with respect to trauma and autonomic function 

due 10 a number of faciors including prevalence ofTBJ, physical fitness, repeated exposure 

to severe combat-related trauma, and other features distinct to military service members. 

TI1e current srudy's objective was two-fold: l) Assess lbe relationship between PTSD and 

HR V in a large group of active-<luty Marines wbiJe accounting for important covariates of 

PTSD and HRV such as TBI and depression; and 2) Tutroduce the methodology used to 

assess 1-lRV in this large participant group and assess the influence of potential covariates 

such as age (21 , 22), ancestry (23), and use ofnicotine (24) and caffeine (25, 26). This latter 

Psj'chosom Med. AuLbor ma11uscrip1: available in PMC 2015 May 01. 



z 
I 
I 

-u 
)> 

)> 
c -:=!" 
0 ..... 

z 
I 

I 

-u 
)> 
)> 
c -:=!" 
0 ..... 
$.: 
OJ 
:::I 
c 
CJJ 
() 
::!.. 
"O -

z 
I 

I 

""O 
)> 

)> 
c ...... 
::J 
0 ..., 
$.: 
OJ 
:::I 
c 
Ul 
0 
::!. 

"O 
.-+ 

Mi11uss1nn et al. 

Methods 

Participants 

Procedure 

Page 3 

goal is in the service of studying HRV changes in the longitudinal portion of this study, i.e .. 

after these service members return from deployment. The quantification of ancestry using 

genetic markers versus relying on participant self-report is a novel approach to replicatitJg 

previous associations between HR V and ethnicity (23). 

We hypothes ized that lower I LRV as quantified by the HF component would be associated 

with a PTSD diagnosis even when TBl was accounted for. We further hypothesized. based 

upon previous findings in c ivilian trauma survivors (20), that the co-occurrence of 

depressive symptoms and PTSD would resul t in lower fIRV than PTSD alone. 

Participants were act·ive-duty Marines who were tested approximately one month prior to 

deployment to OEF, OIF. or OND as part of the Marine Resiliency Study (MRS), a 

prospective longitudinal study whose objective is to examine markers of risk and resilience 

to effects of combat stress in active-duty Marines. Four unique Infantry battalions (cohorts) 

ofMarines were tested between July 2008 and August 20 10 al one of two bases: Marine 

Corps Air Ground Combat Center (MCAGCC) In Twenty-nine Palms, CA (Cohorts l, 2, 

and 3) and Camp Pendleton. CA (Cohort 4). See Table I for individual cohort sizes. This 

study was approved by the institutional review boards of the Veteran's Administration San 

Diego Health System IR.B, the University of California San Diego, and the Naval Healt11 

Research Center. 

All active-duty Marines who were planning lo deploy with their units were considered for 

inclusion into the study. females were not included, since female Marines are not currently 

part oflnfantry battalions. Since the US Marine Corps maintains speci"fic guidelines that 

prohibit the severely mentally ill (i.e., Schizophrenia, Psychotic Disorder, Bipolar Disorder) 

from active-duty service, Marines with these pre-existing mental illness conditions were not 

included in the study. 

The overall demographic composition of Marines in the MRS has been previously reported 

(27). Age, ancestry. and other covariate data for the participants are found in Table 2. 64.8% 

of participants reported graduating high school or receiving a GED, 32.1 % reported some 

college or a college degree, and 0.4% reported a masters or doctoral-level degree. 6 .1.8% of 

participants reported their marital status as never married, 36. 1 % reported being married, 

and 2.1 % reported being separated or divorced. 68.3% had a junior enlisted rank (El -£3), 

28.9% were non-commissioned officers (E4-E9), and 2.6% were conunissioned or warrant 

officers. Participants reported an average of 36.2 months (standard deviation= 34.6) of 

military service. 48.2% reported at least one prior deployment. 

All participating Marines provided voluntary wriiten infom1ed consent. Marines were 

infonned about confidentiality relating to research data, and research records were 

rigorously protected. The entire MRS test battery was approximately four hours in duration 

and included a comprehensive evaluation of demographic information, history, and current 

Psyc/10$0111 Med. Author manuscript.: avai.lablc in PMC 2015 May Ot . 
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symptoms with respect to military service, drug. alcohol aad tobacco use, psychiatric 

cooditioos, head injuries, and psychological trauma (27). 1 Jcight and weight were measured 

and bl.ood samples were taken for genetic association studies. 

For the assessment ofITRV, participants were seated in quie1 rooms. A ringer 

pholoplethysmograpb (PPG, Pasco Scientific, Roseville, CA) was placed on the n:iil of the 

right fifth finger which rested on a desk. PPG is ao optical technique used to detect beat-to­

beat blood volume changes, for example as a result of pulse, in microvascular tissue. 

Fluctuations i11 the blood volume oftbe finger are directly related to the activity oftJ1e heart, 

thus the interval between peaks io the PPG signal, known as the PP interval, is considered a 

reasonably accurate reflection of the RR interval (28). PPG has been shown to be a sensitive 

and reliable peripheral instrument for the capture of cardiac activity (29), for example it is 

highly correlated with wavefonns from simul taneous ECG recordings (30, 3 1). Frequency 

and time-domain measures of HR V derived from PPG were not s ignificantly different from 

those derived by a simultaneous two-lead ECG recording (28). PPG was sampled al the rate 

of I 000 Uz. Using an oscilloscope display and amplification of the PPG signal (San Diego 

Lnstruments), the examiner ensured that 01c PPG was adequately capturing the heart beat 

wavefomlS without cutling off the peak of the R wave. The position of the PPG was adjusted 

until a visually clear heart-beat s ignal was obtained and each Marioe was asked to keep his 

ha11d relatively motionless during the 5 min recording. Participants were asked to sit 

comfortably and direct their attention lo a computer monitor where they were entertained 

with simple visual puzzles (e.g. locating hidden images io a photograph). The images were 

selected to be neutral and minimally affectively arousing or sLress-inducing (e.g., dolphins, 

frogs). They were told that they did not oeed lo memorize anything and that they would not 

be tested on the images afterward. The purpose of the hidden image task was to maximize 

the likelihood iliat participants remained stationary, awake, and alert for lhe duration of the 

recording. The images changed every 60 seconds (thus outside of the bandwidth for bo1b Lf 
and IIF frequency ranges-see below) and the order of presentation of d1e images was the 

same for all participants. The 5-minute HRV recording session was simultaneous with U1e 5-

minute acclimation period which is standardly used immediately prior to a session of 

eyeblink startle and prepulse inhibition measurement (32, 33). Thus, during the 5-minute 

PPG recording session participarus wore headphones which delivered continuous broad­

band noise at a decibel level of 70 dB, which is a standard level for an acclimation period 

prior to an eyeblink startle session. Participants were also prepared for electromyography 

(EMG) of the orbicularis oculi muscle recordings via the placement of two ski11 electrodes 

near the left eye for the purpose of subsequently assessing the eyeblink startle response and 

sensorimotor inhibi1fon after the heart rate recordings presented here were completed (EMG 

data wi!J be reported elsewhere). Only the constant 70 dB background noise was delivered 

during the 5-minure I LR V recording . 

Data Processing 

Data files (one file per 5-minute session) from the PPG were extracted and processed 

tJirough a multi-step procedure to generate 1IRV variables: 

f'syd1osom Med. Author manuscrip1; available in PMC '.!O 15 May 0 I 
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J. The systolic peaks of the PPG signal were identified and a tachogram representing 

intervals between heartbeats (the PP interval) was generated by measuring tJ1e time 

z difference between successive peaks. 
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2. Tachograms were processed by the I-IRV analysis module ofVivoSense J .0 

( Vivonoetics, 20 l l ), which can process multiple files in an automated "batch 

process" format. See Supplemental Digital Content I for details of processing and 
derivation of l-IRV measures. 

3. Following the batch process. trained scorers (VR. AM) visually inspected each fi le 

in accordance with the Task Force's recommendations that automated I IRV 

analyses should be followed by visual inspection and manual correction. Additional 

corrections were required in approximately 8%-10% of files and each corrected file 

was re-processed to generate HRV variables. 

4. Files for which the software detennined that there was insufficient artifact-free data 

to accurately calculate frequency-domain variables were excluded from further 

HRV analysis. Typically this occurred when there was prominent motion artifact 

throughout the 5-rninute session. Table I displays the percentages of sufficient 

artifact-free llR V data in each cohort. 

I 1R V measures were generated per the recommendations of the Task Force of the European 

Society of Cardiology and the North American Society of Pacing and Electrophysiology 

( 14) and included [definitions and physiol.ogical correlates can be found in (3, 14) and 

specified citations]: 

1. I JR: lleart rate in beats/minute over the 5-minute session; a time-domain measure; 

1. SDNN: standard deviation of the R-R intervals in ms; a time-domain measure 

influenced by both sympatJ1etic and parasympathetic activity; 

3. RMSSD: root mean square successive differe11ces between R-R intervals; a time­

domaio measure primarily influenced by parasympathetic activity; 

4. VLF: absolute power of the very low frequency(< 0.04 llz) band io ms2; a 

frequency-domain measure whose physiological correlates are not well-understood; 

5. LF: absolute power of the low frequency (0.04-0.15 Hz) band in rns2; a frequency­

domain measure thought to reflect sympathetic activity and some parasympathetic 

activity (34, 35); 

6. HF: absolute power of the high frequency (0.15-0.4 llz) band in ms2; a frequency­

domain measure thought to reflect primarily parasympathetic activity (34, 35); 

7. LFnonn: LF power in normalized units calculated by LF/(total power-VLF); a 

frequency-domain measure. LFnonn reflects the percentage of total power d1at is 

accounted for by LF which reflects both sympathetic and parasympathetic activity; 

8. TfFnorrn: HF power io normalized units calculated by 11 F/(total power-VLF); a 

frequency-domaiJJ measure. HFnorm is thought to reflect percentage of total power 

that is accounted for by HF whkb reflects primarily parasympathetic activity; 

Psyd11.1Su111 Med. Autbor manuscript; available in PMC 20J .5 May 0 I. 



z 
I 
I 

-a 
)> 

)> 
c:: ..... 
::r 
0 ..., 

z 
I 

I 

-a 
)> 

)> 
c: 
.-+ 
::r 
0 ..., 
s: 
ll) 
:l 
c 
(/) 
(") ..., 
-a· 
.-+ 

z 
I 
I 

-a 
)> 

)> 
c:: 
St 
0 -, 

MiJJassmn e1 al. l'age 6 

9. Lf/ILF ralio: ratio of LF over I IF; a frequency-domain measure. Jligher ratios have 

been proposed to reflect more sympathetic relative to parasympathetic activity (36). 

It is important to note. however, that use of the LF/HF ratio as a robust measure of 

sympathetic to parasympathetic balance has come under substantial scrutiny. 

Eckberg provides a review of the evidence that parasympathetic contributions to LF 

are significant and that lIF may not reflect parasympathetic function when 

respiration is not controlled (4) . 

Of these nine variables, the LF/HF ratio and the transfonned values for SDNN. RMSSD . 

LF. and llF were used in further analysis. l IR was not used because. in relation to the other 

measures, is not a direct index of l I RV. The LF/l LF ralio is a widely used index that is the 

ratio of LFnom1 and Hfnonn, thus these latter variables were not further analyzed. 

Guidelines on lhe selection of appropriate epochs for assessing I TRY suggest that a 5-minute 

recording window is sufficient to derive LF and l lf as well as time-domain indices such as 

SDNN and RMSSD, but accurate ussessmeat of VLF likely requires at least a 50-minute 

recording window (3. 14). Thus, VLF was not included in subsequent analyses. 

Variables studied in relatioosbip lo URV were as fullows: age in years, ancestry, hours since 

last nicotine use (for participants who reported using nicotine wit·hin 24 hours), hours since 

last caffeine use (for participants who reported using caffeine within 24 hours), body mass 

index (BM!) in k_g/m2• his tory of traumatic brain injury (TBI) as defi11ed by a self-report of 

head injury that was accompaDied by either a loss of consciousness or altered mental status, 

and current use of psychotropic medications (Table 2). This latter category was defined 

broadly as lbe current use of one or more of the following classes of medications: 

antidepressants, benzodiazepines, sleep aids, mood stabilizers, prescription stimulants, or 

anlipsychotic rnedicatiODs. Beck Depression Inventory-IT (BDI) (37) scores and tl1e 

Clinician-Administered PTSD Sca le (CAPS) (38) scores were also assessed in relation lo 

HRV. The CAPS is a cli11ician-administered structured interview and is considered the ·'gold 

standard" for assessment of PTSD symptoms and ascertainment of a PTSD diagnosis usiug 

DSM-1 V criteria (see below). 

Aucestry was determined using genetic information as described i11 (39). lo brief, genotypes 

of I, 783 ancestry-informative markers (AIMs) were used to determine a participant's 

ancestry at the continental level for the 7 geographic regions Africa, Middle Eas~ Europe, 

Central/South Asia, East Asia, Americas, and Oceania. Ancestry estimates were determined 

using STRUCTURE v2.3.2.L (40) at K=7, iucluding prior population information of the 

HGDP reference set ( 4 1 ). Based on these ancestry estimates, MRS participants with J-ffi V 

daca were placed into 4 groups: participants with >95% European ancestry were grouped 

with European-Americans (N= l503); participants with >5% African ancestry and <5% each 

Native American, Central Asian, East Asian, a11d Oceanic ancestry as African-American 

(N= 145), pa1iicipants with >5% Native American and <10% Africao, and <5% each Central 

Asian, East Asian aud Oceanic ancestry as Hispanic and Native Americans (N=434), and all 

others, including 43 East Asians with >95% Bast Asian ancestry as Others (N=348). 

Psyd111som Med. Aulht>r 111a11uscrip1; ~vailablc in PMC 2015 Mu)' 01 . 
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Statistical Analysis 

Frequency and descriptive statistics were generated for each HRV measure (Table 3). ln 

cases where a variable showed significm1l skew. transformations were applied per lbe 

recommendations ofTabachnick and Fidel (42). Natural log transformations of frequeocy­

dornain measmes such as LF, llF. and tJ1e LF/llF ratio are widely used (11, 13. 21, 43-45). 

Following transfom1ation of the appropriate variables, outliers defined as greater than 3 

standard deviations from ilie mean were excluded from subsequent data analyses (Table 3) . 

SDNN and RMSSD showed a moderate positive skew and square root lra1lsfonnatio115 of 

these variables were generated (42). LF, HF, and the LF/1-IF ratio showed a substantial 

positive skew and nal11ral log transfom1alions were generated. After the log transfonnations. 

distributions were inspected and skew was assessed. The log-transfom1ed HRV values were 

normally distributed. Distributions of HRV were relatively similar across the four cohorts 

(though differences in mean l-IRV measures were observed between cohorts; see Table 4 and 

below). 

A high proportion of Marines had BDI and CAPS scores of zero (22.3% for BDl. 15.7% for 

CAJ>S): hence categorical variables were created for BDl and CAPS scores. For the 801, 

three categories were generated: BDl scores of 0, 801 scores between J and 19 suggesting 

minimal/mild depression, and BDI scores of20 or greater suggesting moderate/severe 

depression. For ilie CAPS, Marines were categorized as having no symptoms of PTSD, 

meeting partial criteria for PTSD, or meeting full criteria for PTSD. Full criteria are derived 

from the DSM-IV diagnosis for PTSD and require the following: al least I "ff' symptom 

(the traumatic event is persistently re-experienced), 3 "C' symptoms (persistent avoidance 

of stimuli associated with tbe trauma and numbing of general responsiveness). and 2 '"D" 

symptoms (persistent symptoms of increased arousal). Participants were deemed to have met 

partial criteria for PTSD if they did not meet full criteria but did endorse: l) al least I "B" 
symptom, 2 "C'. symptoms, and 2 "o·· symptoms; or endorsed 2) at least I "B" symptom. 3 

"C" symptoms, QL 2 "D" symptoms. 

In order to assess the relationship between !IRV and PTSD after accounting for important 

covariates, a single multinomial logistic regression was conducted w,ilh PTSD category 

(comparing no PTSD to partial PTSD and full PTSD) as the outcome variable and .1 IRY and 

TBI history as predictors as well as age, cohort, and ancestry, because these variables were 

shown to have significant and consistent associations with IIRY (see Table 4). A regression 

approach was chosen in order to account for multiple covariates while preserving power, 

and PTSD category was chosen as the outcome with the hope that this approach could most 

sensitively detect potential l fRV changes associated with different severity levels of PTSD. 

Cases with no PTSD were used as the reference category. As above, a large proportion of 

zero CAPS scores precluded the use of CAPS scores as a continuous measure of PTSD 

severity. In order to mjniroize multicolioearity among the highly intercorrelated HRV 

variables, one HR V index, log-transformed HF, was entered as a predictor. The assumptions 

oflbe model were tested with goodness-of-fit Pearson and Deviance Chi-Squares. 

Significance values were both p > . I 00, indicating that the data were consistent with model 

assumptions. 

Psycho.~0111 Med. Author manuscript: avnilablc in PMC 2015 Mny (ll. 
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To assess whetl1er there was a PTSD-by-depression interaction on HRV, a two-way analysis 

or variance ( /\NOVA) was conducted with PTSD category (no PTSD versus full or partial 

PTSD) and BDI category (no or minimal/mild depression vs. moderate/severe depression) as 

the independent variables aod log-transformed HF as the dependent variable. 

To provide simple descriptive statistics across diagnostic groups, HRV differences with 

re.c;pect to presence or absence of a DSM-IV diagnosis of PTSD as defined by the CAPS 

were assessed using an independent samples t-test, and HR V differences between the three 

1301 categories (no depression. minimal/mild, and moderate/severe) were assessed using a 

Univariate ANOY /\. 

Relationships between llRV and symptoms scores as well as U1e continuous variables of 

age, BMl, hours since nicotine use, bours since caffeine use, and scores on the Al.coho! Use 

Disorders Identification Test (AUDlT) (46) were assessed with Pearson R correlation 

coefficients. HR V differences with respect to presence or absence of a TBJ, history and 

presence or absence of psychotropic medication usage were analyzed using Independent 

sample t-tests. l 1 RV differences between cohorts and ancestry categori.es were analyzed 

using Analyses of Variance (A NOVA). HRV differences between those with a history ofa 

prior deployment and those without a deployment hi~tory were analyzed using Analysis of 

Covariance (ANCOVA) with age as a covariate and PTSD group as a factor. It should be 

noted that cohort ( 1-4) bad significant associations with both HRV variables and outcome 

measures of interest (SDI, CAPS); hence our descriptive statistics are presented by cohort. 

The four cohorts were tested during four different periods and uncontrolled factors such as 

season, differences in training, and differences in specific deployment destination may have 

occurred. To account for this potential variance, cohort was consistently kept as a factor in 

our statistical models. 

Significance levels wen: set alp < 0.050 and Cohen's d and partial Eta squared (11p2) effect 

sizes were calculated when relevant. Statistical analyses were conducted with PASW/SPSS 

18. 

Description of HRV 

The range of the HRY measures (Table 3) were generally consistent with JJRV values 

reported in a recent review or 44 short-recording HRY st11dies (47), with the exception of 

values of VLF, LP and l£F, which are substantially higher in the current population than 

what bas been previously reported. 

Relationship of HRV to depression and PTSD 

Across all four cohorts, 1678 (69%) participants were categorized as having minimal to mild 

depression while 189 (7.8%) participants were categorized as baviog moderate to severe 

depression. The AN OVA yielded no significant differences or treods among the tllreeBDl 

categories on :my of the HR V measures. 

Psychusnm Med. Author mamlscript: available in PMC 20 l 5 May 0 I. 
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Across all four cohorts, I 20 Marines (4.9%) were categorized as meeting the foll criteria for 

PTSD while 195 Marines (8.0%) were categorized as meeting partial PTSO criteria. The 

multinomial logistic regression with PTSD category as the outcome and HRV, TBI group 

and other covariates as predictors was statistically significant (Chi-Square = 77.7, p < .00 I. 
pseudo-R2=.03). IJRV reached statistical significance in its association with partial PTSD 

and full PTSD (Table 5) such that log-lrausfonned Uf values were lower in individuals with 

partial and full PTSD compared to individuals without PTSD. As a confinnatory post-hoc 

analysis, an ordlrlal regression was conducted witJ1 PTSD category (no PTSD. partial PTSD, 

fu ll PTSD) as the ordinal outcome. The proportional odds assumption was met (Test of 

Parallel lines Chi-Square = l 1.8, p < . I 00). The model was statistically sigoi ficant (Cbi­

Square = 65.5, p < .00 I), and again BF was statistically significant in its association with 

PTSD (ordered Jog-odds estimate = -.18. p = .004) When other covariates were also in the 

model. 

The two-way ANO YA with PTSO group and depression group as independent variables and 

log-transformed IJF as the dependent variable indicated no significant PTSD-by-depression 

interaction L F( J ,2387)=. J 8, ns, Tlr 2<.00 I)] nor a main effect of depression group 

[F(J.2397)=.05, ns, i1/ < .001 ). Figure IA displays back-transformed HF means comparing 

subjects with no PTSD and no depression. subjects with depression but no PTSD, subjects 

with full or partial PTSD and depression, and subjects with Ii.Ill or partial PTSD but no 

depression. fhe main effect of PTSD group did not reach statistical signi!ica11ce 

[F( 1.2397)=2.55, p=.J 11, 111?"" .001 ), but post-hoc comparisons of the four groups indicated 

that the PTSD-only group had significantly lower l IF than the group without PTSD and 

depression (p = .012). 

Follow-up Pearson correlations within full and partial PTSD cases indicated 1hal UF was not 

significantly associated wrth any specific symptom CAPS symptom domains (re­

experiencing r = -.02, ns, avoidance r = -.001. ns, or arousal r= .02, ns). A Pearson 

correlation also indicated that total CAPS scores were significantly positively correlated 

with BDJ scores (r= .54, p < .001), even when subjects with BDJ and CAPS scores of zero 

were excluded from the correlation (n= 1655, r = .49, p < .001). 

The 120 participants across all four cohorts who met fu ll diagnostic criteria for PTSD were 

compared to participants without fu ll or partial PTSD (n=2L15) on the selected !TRY 

measures using independent samples t-tests. Levene's tests for Equality of Variances were 

non-significant for all five HRV measures. Marines witb PTSD had significantly lower 

RMSSD [t(2210)=2.2, p = .027. d = .21], lower LF [t(2207)=2.6, p = .010, d = .24], and 

lower llF [t(2213)=2.5, p = .013, d = .23) than study participants without full or partial 

PTSD. The Lf/l IF ratio did not significantly differ among the two groups [t(22 I 7)=.82, ns. 

d = .08), nor did SDNN (t(2218)= 1.7, p = .087. d = .16). 

Relationship of HRV variables to covariates 

The relationship between at least one of the selected HRY measures and the fo fl owi11g 

variables reached statistical significance: cohort. age, ancestry, hours since nicotine use, 

BMJ, history ofTBf, psychotropic medication use, and history of prior deployments (Table 

4). Because cohort bad significant associations with many HRV variables, we consistently 

Psyc/1ol'l1m Med. AuU1or manm;cript: available in PMC 2015 Muy 01 . 
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kept iL in as a factor in our subsequent regression models. Variables associated with lower 

I fR V iocluded older age. non-Caucasian ancestry. BMl, recency of nicotine use, and TBI 

history. Figure IB displays back-Lransformed HF means of no PTSD versus partial or full 

PTSD subjects with and without a TB[ history. There were small effect sizes forHRV 

differences between participants who were taking psychotn:>pic medications and those who 

were not such that psychotropic medication users had, on average, higher URV. Finally, 

when age was used as a covariate, Marines with a history of prior deployment had 

significantly lower HF Iba.a lhose wilhout a deployment history. Although the deployment 

history-by-PTSD-group interaction was not statistica lly significant [F(2,2402=.72, ns], 

planned comparisons indicated that HF was significantly lower io previously deployed 

participants without PTSD versus participants witJ1out PTSD who did not have a previous 

deployment (p= .033). This difference did not reach statistical significance in those with 

partial PTSD or full PTSD (figure 2) . .It is detailed in Figure 2 that the sample sizes for Lhe 

comparisons io tl1e partial and Full PTSD groups were S11bstantially smaller than those for 

t11e no PTSD comparisons. Figure 2 displays back-transfom1e<l HF means for Marines with 

and without a deployment history delineated by PTSD groups and adjusted for age. 

Discussion 

We have described a relatively non-obtrusive and rapid methodology to assess, process, and 

analyze flRV in a large population of military service members who, because of their 

eventual deployment to combat zones, are at risk of developing stress-related conditions. 

Furilienuore, we have tested the relationship between llR Y and PTSD while accounting for 

a history of traumatic brain iojury and depression symptoms. TBl is high ly prevalent in 

military service members of the recent conJlicts in the Middle East, and tJ1e presence ofTBl 

and PTSD togetl1er have been identified as the "signature injury" of these wars (48). The 

overlap between TBl and PTSD in military service members is furtl1er exemplified by the 

recent observation ilial deploymeut·-related TBI is a strong predictor of deployment-related 

PTSD (49). Further, there are known effects of head injuries on ILR V (albeit not strongly 

observed in our study, see below). Despite this knowledge. nt> study oo PTSD and LIRV in a 

military population har; controlled for TBl history. The current results suggest tbat, even 

when a TB! history is accounted for, lower I fRY is significantly associated with PTSD. 

Depressive symptoms, however, were11ot related to llRV in this sample, and contrary to our 

hypoiliesis, the co-occurrence uf PTSD aad depressive symptoms was not associated with 

lower IIRV than either coodition alone even tJ1ougb PTSD symptom severity and depressive 

syu1ptom severity were highly related. Rather, tbe group with PTSD in the absence of 

moderate or severe depressive symptoms had the lowest HRV. This finding is in contrast lo 

what has been previously observed. Studies in non-military trauma survivors suggest that a 

trattma history and depression interact in their influence on autonomic arousal; tbr example 

the presence of depression with a trauma history was associated with lower respiratory :;in us 

arrhytJm1ia than either condition alone in females witJ1 a history of trauma related io crime, 

natural disaster, or assault ( 19). Jn a study of survivors of I lurricane Katrina, depressioo was 

more strongly associated with lower llRV than was PTSD (20), a finding ill notable contras t 

to the current results. While depression was not related to lower IJRV in tJ1e current study, a 

prior history of deployment was, even in Marines without a PTSD diagnosis, reminiscent of 

Psyi:hosom Med. Aulhor manui.crlpt. available i11 PMC 2015 Moy 0 I. 
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a receol report of an association between combat exposure and decreased llRV ( 13). Thus, 

the relationships among.depressive symptoms. trauma symptoms, and autonomic nervous 

system function may vary depending on the population of trauma survivors and is highly 

dependent on U1e nature and context of tile traumatic event. 

Several factors could explain lhe absence of a relationship between depressive symptoms 

and llRV, one ofwhicb is the inherent limitation of a self-report instrument. Fu1thermore, 

our classification of BDl scores into just three categories, while necessary to achfove 

adequate sizes of groups, may have been too coarse to detect more sublle I !RV differences. 

Lastly but importantly. the BDl is sensitive in capturing the severity of acute depressive 

symptoms but is less infomrntive about the chro11icity of depression. Most findings relating 

depression to HRV have been conducted oo individuals with a chronic depression condition 

(7, 19). Nevertheless, the current findings suggest that there remains a high co-occiUTence of 

symptoms of depression with post-traumatic symptoms, which is an immediate public healU1 

concem in active-duty military personnel. The causal directions of these relationships have 

not been well-elucidated. 

Marines with a history ofTBl wltJ1 associated altered mental s tatus or loss of consciousness 

demonstrated lower 11RV, but tbe effect size forthis finding was very small. The proportion 

of Marines reporting a previous TBl was relatively high (55.5%) but was consistent with the 

published characteristics of this cohort of Marines \27). Many of these cac;es are likely 

"mild" head injuries given that either altered mental status or loss of consciousness was 

sufficient to identify a TBI. It is also important to note that participants were asked about a 

history of any head injury, not solely those related to prior military deployments, which 

likely accounted for the high percentage of TB ls in this sample as compared to other studies 

(17). Head injury has been associated with alterations in the regulation of the cardiac system 

and lower IJRV ( 18, 50, 51 ). Interestingly and potentially relevant to the current findings, 

llRV abnormalities in athletes with a recent concussion were only observed during an 

exercise session, but not at rest (52). The severity of a TBI as well as time e lapsed since the 

injury are also likely to be important factors in the normalization of I IRV (51 ). 

Other factors that were associated wiU1 HRV and are rel.evant to consider in future analyses 

wi th these cohorts included age, ancestry, body mass index, and nicotine use. The 

relationship between age and llRV bas been widely observed. The genetic detenuination of 

ancestry underscores previous observations that genetic factors are thought to contribute to a 

substantial proportion of the variance (13-23%) in !1RV, albeit less so than the combined 

influence of noo-genetii- variables sucl1 as age, sex, and environmental factors (53). BMJ 

was only weakly related to one HRV measure, the high-frequency index. BMl is known 1·0 

he a relatively less reliable index of fat accumulation in athletes with high nruscle mass (54). 

Active-duty Marines readying for deployment to a combat zone fall into this category. The 

high fitness levels and relative youth of these participants may also account for the higher 

values ofHRV observed in tl1is study compared to other published reports. Recent use of 

nicotlne was related to lower I !RV, supporti ng previous work that nicotine use may alter 

autonomic functioning (24). 

Ps1:dtoso111 Med.Author manuscript; available in l'MC 2015 May 01 , 
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Mechanisms underlying lower I IRV in PTSD has been postulated to reflect reduced vaga l or 

parasympathetic tone (l 4). Diminished parasympathetic tone may accompany changes in 

amygdala and medial prefrontal cortex activation. brain regions that have been implicated in 

PTSD and are thought to underlie fear a11d threat responses (55, 56). Changes in LF and HF 

have been associated with altered connectivity between the aforementioned brain regions 

and structures such as the anterior dngulate and insula that are implicated in orienting 

attention and vigilance (56, 57). lo any interpretation of findings related to LF, HF. and the 

LF/LlF ratio, however, it is important to consider the following caveat. There has 

l'raditionalfy bee11 an overreliance on l'hese indices as being direct reflections of sympatbetic/ 

vagal balance. As Eckberg (4) reviews, parasympathetic contributions ro LF are significant, 

changes in llF may not always be explained by changes in parasympathetic activity, and 

under certain conditions sympathetic a11d parasympathetic changes occur in parallel to one 

another and not reciprocally. Thus caution should be used in making fim1 conclusions about 

the physiological underpinnings of sympathetic versus parasympathetic functioning in the 

absence of rigorous experimental controls. 

Other limitations of this s tudy include a restricted age range and a lack of female 

participants, limiting the generalizability of our findings to a relatively young, athletic group 

of males. This sample is, we would argue, highly representat ive of US service members 

currently at greatest risk for combat- related PTSD. Another limitation is that there were 

small but significant differences ('l/ = .003-.054) between cohorts in HR V and other 

demographic variables that may have been due to chance or may have been attributable to 11 

number of random factors such as differences in season oft'esting, individual battalion 

demographics, and physical training courses leading up to or prior 10 the data collection. The 

relationship between l IRV measures and PTSD caseness, however, was robust enough to be 

significant even when controlling for cohort. Several potential experimental factors which 

can affect HRV are relevant to mention. fin;t, participants were asked to attend to video 

images of hidden pictures. Previous studies have reported cardiac deceleration during 

reaction time and response inhibition tests [see (58) for a summaryJ. Whereas participants in 

this study were told ibat they would not be required to respond to the visual images, the 

paradigm could arguably represent a cognitive challenge tbal affected HRV. We canr'IOC 

entirely rule out that cognitive activity way have affected URV, which would be a coosisten1 

phenomenon across all participants in the study. Second, no measure of respiration was 

obtained during HRV assessment., whicb is a notable limitation sioce changes in breathing 

rates are directly related to respiratory sinus arrhythmia (3) and can also be associated with 

different mood slates, e.g., higher respiratory rates in anxious patiet1ts (59). The collection of 

large sample sizes ofMari11es io short time frames rendered PPG a practical rapid method as 

opposed to use of ECG Holter moajtors plus respiratory band application and recordings . 

Thus we were not able to assess to what extent breathing rates in participants wilh PTSD 

may have moderated !!RV. A final limita1ioa is that this study is cross-sectiona~ however 

prospective analysis of tbese cohorts upon retum from deployment and after onset of PTSD 

symptoms is ongoing. 

In conclusion, we have described our methodology for the coUectiou and analysis of sbort­

term HRV in a large population of Marines readying for deployment. Lower !JRV was 

observed in participants with a full or partial PTSD cliagnoses at U1e pre-deployment MRS 

Psyd1oso111 Med. Author manuscript: available io PMC 20 15 May01 
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time frame even when TBI history was accounted for. Previous deployments were 

associated with lower llRV while depression was nol, but depression was more strongly 

related to PTSD than it was to lJRV. Future longitudinal analyses of these military service 

members will include the consideration of lbe HRV factors and covariates e lucidated here. 

The ultimate aim of this research is to uncover whether ANS functions can predict who is 

vulnerable and wbo is resilient, or whether ANS functions emerge in landem with mental 

health effects of combat exposure. 

Supplementary Material 

Refer to Web version on PubMcd Central for supplementary material. 
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Clinician-Administered PTSD scale 

electromyography 

high frequency index 

heart rate 

bean rate variability 

low frequency index 

Marine Resiliency Study 

Operation Enduring Freedom 

Operation Iraqi Preedom 

Operation New Dawn 

Psychnsom Mud. Author mnnuscript; available in PMC 2015 Ma.y 01 



z 
I 

t 

~ 
)> 
)> 
c 
~ 
0 .., 

z 
I 
I 

~ 
> 
)> 
c -3" 
0 
""' 

z 
I 

I 

~ 
)> 
)> 
c: -::l'" 
0 .., 
s 
Q) 
::J 
c: 
(/) 
(") .., 
-o· -

Minnssiun cl al. 

PPG 

PTSD 

SA 

SSRI 

TBI 

VLF 

pbotopletbysmograph 

posttraumatic stress disorder 

sinoatrial node 

selective serotonin reuptake inhibitor 

traumatic brain injury 

very low frequency index 
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B. - No PTSD 
r===J PTSD* 

T 

No TBI history TBI history 

Meau ::i igh frequeocy index (IJF) ill Marines with alld without P':"SD and depression or TBJ, 

a ll coJ-.orts combined. 

Note: Error bars are standard errors of the mean. Values ill figure are back-transformed 

absolute HF means. Left Panel (A): * p < .050, PTSD only versl!S oo PTSD/oo depression in 

post-hoc comparison with transformed I-IF vaJues as the dependent variable. Sample s izes 

are as fo llows: no PTSD and no depression u = 1965, PTSD on !~ n = 248, depression only n 

= 124, PTSD and depression n = 64. "PTSD" refers to partial or fu ll PTSD cases as 

determined by the CAPS. "Depression" refers to moderate/severe depression as deterroind 

by the BDl. Right Paoel (B): * p < .050, main effect of PTSD versus no PTSD in ANO\' A 

with t-ansfonned HF values as the dependent variable. Sample sizes are as follows: no 

PTSD and no TBI history n = 981, PTSD and no TBI history = 11 = 87, no PTSD and TBI 

history, n=l 113, PTSD and TBI h istory n= 228. "PTSD" refers :o partial or fu ll PTSD cases 

as determined by the CAPS. History of TB!= self-reported history ofa head injury 

accompanied by either loss of consciousness or altered mental s:atus. 
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Mean high frequency index (I IF) for no history of prior deployments versus prior 

deployment history in Marines with no PTSD. partial PTSD, and foll PTSD. all cohorts 

combined. 

Note: Errors bars are standard errors of tile mean. Values in figure are back-transformed 

absolute HF means. *p < .050 vs. No PTSD/No Prior Deployment group using ANCOVA 

with transfom1ed HF vaJues as the dependent variable and age as a covariate. Sample s izes 

are as follows: no PTSD and no prior deployment n = 1031 , no PTSD and prior deployment 

n = I 063, partial PTSD and no prior deployment o = 80, partial PTSD and prior deployment 

n = 116, full PTSD and no prior deployment n = 5 1. fuli PTSD and prior deployment n = 68. 

See results for details. 

Psy<:hosom Med. Author m:inuS<.'ripl: available in PMC 2015 May 0 I. 



JdµosnuefAI J04Jnv V'd'"HfN 

Table 1 

Cohort sizes for heart rate variability (HRV) data collected in active duty Marines before deployment to OIF/OEF/OND. 

N eligible partklpanu In cohort N (%) participants with nfficlcnt artifact-free HRV data 

Cohort 1 315 298 (94.6%) 

Cobort2 721 699 (96.9%) 

Coborl3 670 603 (90.1%) 

Cobort4 886 830 (93.7%) 

Total 2592 2430 (93.8%) 
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Table 2 

Demographic an<l descriptive info1mation for pa1ticipants in each coho11. 

Coho rt I (Ns298) Cohorl 2 (Na 699) Cohort 3 (N~603) 

Age (years) ~1.9 (3.t) 22.4 (3.4J 23.2 (3.1) 

Ances1·11· 02.8% European -American 
3.7% African-A merican 

66.5% European-American 
4.7% African-American 

60.7% Enropenn-Amencan 
6.5% African-Am erican 

19.1% Native-American/ 15.5'1'0 Nativc-Americaru 17 .2% Native-Am~ricanl 
Mexican Mexican Mexican 
14.4% Asian/Other 13.2% Asian/Other 15.6!o Asian/Other 

Body Mass lnder (kg/m2) 2(\.IS (3.4) 27.J (J.0) 28. 1 (3.-1) 

N umhr.r (%) with a his tory of n= l 88 (63. 1 %) n:-422 (60.3%) n=326 (54.1 ~.l) 
TBJ 

II ours since nicotine use
0 n~l33 n = 37 1 n =284 

4.0 {4.5) 3.3 (4.2) 2.7 (3. l) 

Hours since caffeine use 
(I n .. 189 n = 46() n = 293 

7 .6 (6.7) 6.6 (6.JJ 6.J (2.7) 

AUDIT (alcohol use) tota l 8.2 (6.3) 8.417.4) 7.6 (6.7) 
score 

N umber (%) using n~7(2.3%) n-12(1.7% ) n"'7(1.2%) 
psych otropic med ications 

801 (depress ion) toial score 1.5 (8.3) 8.5 (8.8) 6.2(7 .3) 

CAPS (PTSD) total scor e 16.9 ( 16.8) 16.8 (15.6) 14.6 (15.8) 

Number (%) with PTSD tF l4 (4.7%) n=tl {~.9%) n~J6 (6.0~o) 

Num ber (% ) with a prior n.,,161 (54%) n=386 (55. 2%) o= 28 l (~ 6.5%) 
de.pl oy rncnt 

1dposnuew Jo1.nn\1' 'v'd-H IN 

Coh orl 4 (N-830) Tot·al (N° 2430) 

23. 1 (3.7) 22.8 (3.5) 

58.4% European-Ame rican 6 1,9% Enropcnn-American 
7.5% A frican· American 6.0o/o African-American 
19.8% Native-American/ 17.9% Nalive-Amcrican/ 
Mexican Mexican 
14.3% Asian/Other 14.3%Asian/01her 

27.R (3.3) 27.6 (3.2) 

tr-413 (49.8%) n=l 349 (55.5%) 

n = 390 n= 1178 
2.6 (3.3) 3.0 (3 .7) 

n = 419 n ~ 1361 
5.0(5 .6) 6. 1 (6.1 ) 

(\.9 (6.3) 7.7 (6.8) 

n-"4 {0.5%) 11: 30( 1.2%) 

5.2 (6.S) 6.7 (7.8) 

13.2 (14.6) 15.0 (15.5) 

n= 29 (3.5%) n= l20 (5.0%) 

a~426 (51.3%) n=\254 (51.7%) 

c Note: Hfs1ory o f 1'131= sc lf-reponcd hf story of a head injury accompanied by either loss of consciousness or a lter~d m~n1ul s tams. AUDIT= A lcohol Use Disorders lden1ftication Tcsl. BDI= Beck 

Depre-<sion lnvc11lory, CAPS=C linician-Administcred PTSD Scale. PTSD dingnnsis was dcterminc<l by meeting full DSM- IV cri1eria a.~ assessed by the C APS. Values in the mble are mennsnnd {stmidnrd 

devln1ions) un less spccfticd otherwise . 

0 
oalculntod only in subjcNs who self -reported use of this substance wi1hin 2 -1 hours. 

~ 
~· 
:a. .. 
:: 



Table 3 

Descriptive infoml.ation for heart rate variability variables in the entire sample (N=2430). 

Heart Rat r I SDNN I RMSSD VLF LF I HF LFnorm I HFnorm I LF/HI' Ratio 

Mean (SD) 67.1 c10.21 I 64.1 c26.9) I ss.9 (34.5) 238Q.2 (2470.9) 5144. I (5467.4) I 4153.8(5074.4) .56(. 17) I .41 (.16) I 1.9 ( l.7) 

Nole: Heart rn1e is in be:11s/min. SDNN =swmlard deviation of1he R·R intervals in ms. RMSSD =root mean square successive differences between R-R in1ervals. VLF= absolute power of the very low 

frequency(< 0.04 Hz) band in ms2. LF = absolu1c power of 1he low frequency (0.0+-0.15 Hz) band in ms2. HF= absolu1e power of the high frequency (0.15-0.4 Hz) band in ms2. LFnonn~ LF power in 
nom1alized units calculated by LF/(lot:il power· VLF). HFnonn= HF power in nominlized uniLS calculated by HF/(tota l power· VLF). LF/HF ratio= ratio of LF o·~er HF. For a given variable in a given a cobon. n. range of0·9 subjects were moved due to ou1licr scores. for an average CU4% removed due to ou11ier scores. 
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Table 4 

Relationship ofhea11 rate variability variables to demographic and other factors. 

S DNN RMSSD LF AF J.F/HF ratio 

Cohor1 O• u . 
11? = ··~ 

.,.. 
F(J,2419}=2.06, 11,2 = .003 F(3.24 I 9P!5.68 'T)p!=. F(3.24 l l }=34.65 • p F(J,240!!)=25.59 .q/=. F(3,2414}=15.56 ,11/=.019 
Cob mt I >Cohort 3

11
· 054 041. Cohort l>Cohon 3,4 > 03 1 Cohort !>Cohort J.4 > Cohort 2 

Cohort !>Cohort 3,4 > Cohort 2 Cohorl I >Cohort J, 4 > 
Cohon 2 Cohort 2 

Age (yenrs) ... ... .. .. . .. ... 
Pearson r c -. l I Pearson r = -. 12 Pearson r = -.11 Pearson r = - .16 Pearson r = .09 

Anceslry F(3,24 I 9}=2.54 •. n/ = .003 F(J.241 1 1~.J1, 11/ ~.ooo . .,. 
.n/=. F(J,24 14}=1.74, 11/ =.002 ••• 

.11p2 =.009 F(3,2408)=8.48 P(3.2419)-7. 10 
Caucasian> A frioan- 010 Caucasinn>Asian/Otherb• Caucasian>Afrkan-Amcrican, 
American. Asinn/01her Caucasian> African- Na1ive-American/Mcxican, 

American, Nnlivc-Amerlcnnl Asion/01her 
Mexican, Aslnn/Olher 

Body Mass Index Pearson r = -.04 Pearson r = .0 I •• Pearson r = - .0 I ••• 
(kg/m1) 

Pearson r = -.07 Penrson r = - .08 

History ofTBI 1(2413 )=.03, d = .00 I 1(2405)=.44. d =.02 t(2402)=. 17. d=.01 t(2408)=1.91. d = .08 . 
1(2413)=2.44 . d = . 10 
·rn1 his1ory> no TB I 

Mours since nicotine ... .. •• . Pearson r = - .0 I 
(( 

J>earsoo r = .10 J>enrson r "' .09 Pearson r = . 09 Pearson r = .07 
use 

Hours since caffeine Pearson r ~ .05 Pearson r = .03 Pearson r = .02 Pearson r = .02 Pears~n r =.OJ 
u 

us~ 

Al101T total score Pearson r = .01 Pearson T = .02 Pearsan r = -.0 I Pearson r = .0 I Pearson r"' - .0 I 

Use of psychotropic t(2422)=1.50, d=.2R 1(2412)=1.28. d;.24 . t{24 15)=1.47. d~. 27 1(2420)=. 17, d=.03 
medications med users> non-users tncd users>non-users 1(2409)"2.(13 • d=.38 med users> non-users med users> non-users 

l:ilstor·y of 11 prior F( 1,2407}=2.52, 1lp2 = .001 F'(l ,2399)=2.95. 11p2 = .001 F( 1.2396)=2.02. ni,1 = .001 • F( 1,2407)=0.45, 11/ <.00 I F(l ,2402)=5.13 • '1?1 =.002, prior 
deploymcntc < no prior 

Note: SDNN and RMSSD were square rooHransfonncd. VLF, LF. HF. and 1hc LF/HF rallo were natural log-lrnnsfomted. Direc1ion offindings is reported ifstatis1ical significance is reached in either lhc 
overall le.st or planned comparisons. or nl least a small effect siie is achieved History of TBI= self-reported history of a head injury accompanied by either loss of consciousness or altered menial s1at1JS. 
AUDITe Alcohol Use Disorders lden1ifica1ion Test. SDNN =standard dcvia1ion of1he R-R intervals in ms. RMSSD =root mean square successive differences between R-R intervals. LF = absolute power 

of the low frequency (0.04-0.15 Hz) band in ms2. l{f =absolute power of the higb frequency (0.15·0.4 Hz) band in ms2. LFiHF ratio= ratio of LP over HP. 

•lp2 = parlial Ela squared. d; Cohen's d effect size. 

0
caloulatcd on ly in subjee1s whoself-repor1ed use of1hissubs1ance within 24 hours. 

b overall ANOV A dld not achieve siatistieaJ significance but 1his planned companson was sigmfic.i111 at p <. us. 
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Table 5 

Parameter estimates for tbe high frequency index (HF) in the multinomial logistic regression predicting no PTSD diagnosis (n=2 l l S) versus partial PTSD 

diagnosis (n= 195) versus full PTSD diagnosis (n= l20). 

PTSD grou p 8 Std. Er ror WnldX2 df SignHicnnce Exp (8) Odds Rallo 95% C l lower for Exp (8) 95% Ct upper for Exp (B) 

PanialPTSD -.16 .08 4.44 I 0.035 .!15 .94 1.02 

Full PTSD - .20 .09 4.44 I O.o35 .82 .67 .99 

Note: The following covariates were first entered into the model: age, ancestry, cohort, and history of TB!. HF values were log-transfonned. PTSD groups were detennined by the CAPS. Paninl PTSD~ did 
not meet full criteria and had one of two CAPS profiles: I) at least l "B" symptom, 2 "C' symptoms, !!!1Jl2 .. D .. symptoms; or 2) at least I "B" symptom, 3 "C" symptoms, ru:2 "D" symptoms. Full PTSD 

=at least I "B" symptom, 3 "C" symptoms, and 2 "D" symptoms . .,.2 = Wald Chi-Square 
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Dopamine beta-hydroxy lase (DBH) is the biosyntheticenzyme catalyzing formation of norepinephrine. Changes 
in DBH expression or activity have been implicated in the pathogenesis of cardiovascular and neuropsychiatric 
disorders. Genetic determination of DBH enzymatic activity and its secretion are only incompletely understood. 
We began with a genome-wide association search for loci contributing to DBH activity in human plasma. Initially, 
in a population sample of European ancestry, we identified the proximal DBH promoter as a region harboring 
three common trait-determining variants (top hit rs1611115, P = 7.2 x 10- 51

). We confirmed their effects on 
transcription and showed that the three variants each acted additively on gene expression. Results were repli­
cated in a population sample of Native American descent (top hit rs1611115, P = 4.1 x 10-15

) . Jointly, DBH 
variants accounted for 57% of DBH trait variation. We further identified a genome-wide significant SNP at the 
LOC338797 locus on chromosome 12 as trans-quantitative trait locus (QTL) (rs4255618, P = 4.62 x 1 o-8

) . 

Conditional analyses on DBH identified a third genomic region contributing to DBH variation: a likely cis--QTL 
adjacent to DBH in SARDH (rs7040170, P = 1.31 x 10- 14) on chromosome 9q. We conclude that three 
common SNPs in the DBHpromoteractadditivelyto control phenotypic variation in DBH levels, and that two add­
itional novel loci (SAR DH and LOC338797) may also contribute to the expression of this catecholamine biosyn­
thetic t rait. Identification of DBHvariants with strong effects makes it possible to take advantage of Mendelian 
randomization approaches to test causal effects of this intermediate trait on disease. 

INTRODUCTION 

Dopaminl! 13-hydroxylase (DBH) is the final enzyme in nore­
pinephrine biosynthesis, catalyzing the oxidative hydroxylation 
of dopamine to norepinephrine in die noradrenergic nerve endings 
of the central and peripheral nervous systems (1 ). In the blood­
stream, DBH enzymatic activity is abundant, emerging from 
both the sympathetic tenninals and the adrenal medullary chro· 
maffin cells ( I). As a result of exocytosis, DBI-I is co-released 
wii.h norepinephrine from synaptic vesicles into extracellular 
space and thus can be found in plasma and cerebrospinal fluid 

(CSF)(2.3). The enzymatic activi ty ofplasmaor CSF DBI I corre­
sponds ro the level of DBI-I protein, with plasma and CSF DBil 
correlating highly in humans (4,5). As such, DBJI is of high inter­
est to both the neuropsychiatric and cardiovascular field. Changes 
in DBI-I activity and/or genetic variants in the DBH gene have 
been implicated in the pathophysiology of major depression (6), 
ADHD (7,8), Parkinson (9) and Alzheimer's disease (10,l l ) 
and PTSD (12,13), potentially through changes in central cat­
echolamine levels, whereas altered sympathoadrenal activity is 
thought to be implicated in rhe pathogenesis of hypertension 
and cardiovascular disease ( 14, 15). 

'To wh<lm corre~-pondence should be addrnssed a t: Department or Psychiatry, University ('If Calif1\mia , Sun Diego, 9500 Gilman Drive, La J(llla. 
CA 92093-0737. Tel:+ I 8582461895; Email: cnicvergdt.@ucsd.edu 

© The Aulhor 2014. Published by O:i.:(ord Un iversiry Press. All rig/11s reserved. 
For Permissions. please email: }011rnals.permi.~sions@o11p.com 
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Ln family and twin studies plasma DBl l (pOBJJ) a\:tivity is 
highly heritable, relatively stable over time in the same person, 
and only minimally susceptible to environmental factors such as 
physical stress or drugs ( 16). Furthermore DBH activity shows 
highly variable inter-individual differences which are likely 
the result of genetic factors (5, L 7), with heritability estimates 
accounting for ~80-90% of t he variatjon. 

Linkage analysis with non-DNA markers has identified a 
single quantitative trail locus (QTL) for DBH activity in a 
region on chromosome 9 (9q34) (LS, I 9) and the DBH gene 
was later mapped to U1at region (20.21 ). Sequencing analyses 
by Zabetiru1 et al. (22,23) further characterized t.he molecular 
structure of DBH and identified a SNP in the promoter region 
(rsl6l l l 15/C-970T/formerly C-J021T), which explained a 
large -35- 52% inter-mdividual variatfon irl pDBH activity, 
while functional polymorphisms (A I 97T in exon 3, A304S in 
cxon 5 and R535C in exon 11) in the gene did only show a 
modest putative effect for R535C in these studies (see review 
iu 16). Extended sequencing in the promoter regLon identified 
six common SNPs in the proximal promoter and showed func­
tional properties in in vitro and in vivo experiments for 
rs 1611 J 15 and rsJ 989787 (C-2073T). A newer linkage sl1,1dy 
in families confirmed DBH as a major contributor of pDBH 
activity, but also sugges ted two additional loci, one in close prox­
imity to DBH and the second 011 chromosome 20p l 2 t24). 

Analysis ofDBJ l levels in clinical populations reported racial 
differences in pDBII activities, with Blacks having lower levels 
than Whites (25). Genetic studies on the DBJllocus, initiaJJy per­
fonned in populations of European ancestry, have then been 
extended to include subjects of Afrlca11 and As ian desce11t and 
confimlCd rsl 611 l IS as the polymorphism with the strongest 
effect (22,26). 

Here, we performed the first genome-wide association study 
(GW AS), with goals to: (1) replicate and extend previous findings 
on DBI/locus variation and its effect on p013H activity. (2) extend 
the search lo identify additional. frans-QTLs for pDBff activity 
levels and (3) expand ancestry studies to include subjects of 
Native American descent and l lispanic ethnicity. Jn addition, we 
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further examined functional properties of genetic markers in the 
DBH promoter region displaying peak-associ::ition with plasma 
DBH activity, in transfected chromaffin cells as well as in vivo. 
We show that DBf/varianls with strong effects may be used in a 
Mendelian randomization (MR) approach to test causal effects 
of this intern1ediate trait on disease, such as cardiovascular and 
neuropsychiatric symptoms and disorders. 

RESULTS 

Genome-wide association sl"udy in subjects or European 
ancestry 

An initial GWAS for plasma DBl l activity was perfom1ed with 
genotypes of 341 subjects of European ancestry (European 
Americans, EAs). The mean pDBl-J level in the 341 EAs was 
11.44 fU/L [standard deviation (SD)= 6.95] (Supplementary 
Material, Fig_ SI). Genotypes underwent rigorous quality 
control and included a final set of 7 871 575 markers obtained 
by genotyping and imputation. Linear regression w1der an addi­
tive genetic model, incorporating appropriate covariates, 
resu'lted Lil a low genomic control inflation factor of Ace = 
f ,002. A quantile- quantile (QQ) plot is shown in Supplemen­
tary Material, Figure S2A. A table with all GW AS results is 
available in the Supplementary Material, Table SI. 

Our analyses identified the DBH locus as genome-wide sig­
nificant with the top b.it for a directly genotyped SNP rsl61I I1 5 
at P = 7 2 x l 0- 5 (Fig. lA and Tabler). A regional associatio11 
plot of the DBH locus showed 34 genome-wide significant DBH 
SNPs within the same linkage disequilibrium (LO) block 
(Fig. I 8). Oflhese, one SNP was found iu an exon (synonymous 
SNP exm793933, P = 1.023 x 10-27). 22 were intronic and 11 
were located upstream of DBH, including 3 co1mnon SNPs 
within a 3 kb region of the promoter (rs I 076 LSO, rs! 989787 and 
rs! 611115, shown in detail in Table l. lop part). Two of these pro­
moter SNPs (rsl989787 and rs l611 115) were known to be func­
tional (see 14 and 15) and the functionality of rsl076150 was 
investigated below. The proportion of variability explained (R2

) 
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Figure l. Results of the GW AS of plasma DBH activity in 34] subjcci:s ofEuropeanorigio. (A) Manhattan plot showing the - log10 (P-valth:s) forSNP nssociations 
with plasma DBH activicy across the genome. 'lbe red horizontal liue represents the genome-wide significance threshold at P < 5 x I o-8 ruid rhe dashed line repre­
senis suggastivc evidence for association atP < 5 x J o-6

. (B) Regional association plot, showingsignificaat regions in D/J/J on chromosome 9. Directly g.enorypcd 
SNPs are indicated by aa asterisk c• )~ 'l1te SN l's arc coloreodcd based on the linkag~ discquitlhrium with the most significant SNP rs 161 1115. 
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Table I. Most ~ign ifieant hits in the genome-wide association study 

Allele EAGWAS NA descent GW AS Meta-analysis' 
SNP CHR. BP Gene Location t/2b A Hele I freq. E!Tecl size SE p Allele I freq , Effect size SE p Q Effect size p 

rsl076150c 9 13649876! DBH lJpstren111 TIC 0.512 -0.947 0.072 2.74E - 32 0.710 - (1.779 0.163 7.67E-06 0.35 -0.920 l.38E-44 
rsl989787 9 136499412 OBH Upstream TIC 0.312 0.924 0.079 2.13E-26 0.196 0.747 0. 19 1 1.92E-04 0.39 0.898 1.501~-34 

rsl6llll5° 9 136500515 DBH Upstfeam TIC 0.24!! -1.2(\S 0.070 7.20E-Sl (l.317 -1 .\95 0. 125 4.IOE-IS Q.63 -1.248 4.60E-92 
rs7540659 I 100196119 PRRSI lntron TIA 0.34 1 -0.024 0.095 0.801 0.462 -().793 0. 160 3.64E-06 o.oo -0.398 0.301 
rs6067-l788 2 35027196 CR.617033 Downstream CIG 0.257 -0.403 0.101 8. l IE-05 0.354 -0.536 0. 179 0.004 0.52 -0.-135 7.64E-07 
rs4459781 2 134204665 NCK.APS lntron err 0.281 - 0.499 0.094 2.ISE-07 0.215 -0.098 0.209 0.641 0.08 -0.431 S.U E-07 
rs775 I 8496 2 143629286 KYNU Upstream GIA 0.032 -0.012 0.232 0.959 0.115 1.252 0.253 3.88E-06 0.00 0.616 0.330 
rs2351772 2 204079313 NBEALI lntron err 0.418 0.346 0.091 t.7 1E-04 0.527 0.441 0.149 0.004 0.58 0.372 1.61£ -06 
rs I 12239800 2 232517876 OC069004 Downstream GIA 0.102 0.509 0.149 7.38E-04 0.115 1.079 0.268 l.33E-04 0.06 0.645 7.67E-07 
rs 13095328 3 15226050 DIVA lntron CIT 0.100 -0.669 0.143 3.97E-06 0.059 0.634 0.354 0.077 o.oo -0.058 0.929 
rs3774729c 3 1\3982082 ATX"N7 Exon NG 0.323 o.ooo 0.081\ 0.996 0.290 0.Sl\9 0.164 9.60E-07 0.00 0.424 0.329 
rs56030924 3 (13995563 AK023371 lntron AJG 0.286 Q.() 17 0.()90 0.848 0.269 0.885 0.164 6.39E-07 0.00 0.440 0.310 
rs831692 3 64003983 PSMD6 lntron NG 0.310 0.03 1 0.089 0.73 1 0.288 0.893 0. 166 6.6SE- 07 0.00 0.4Sl 0.296 
n;56237630 3 64049375 PRICKLE2 Downstream AIC 0.145 -0.002 0,119 0.98S 0.214 0.94 1 O. lS2 l.S2E- 06 0.00 0.460 0.32Q 
rsl2639432e 3 134770520 EPHBI lntron TIC 0.302 0.339 o.091 2.44E-04 0.462 0.546 0.150 4.71E-04 0.24 0.395 4.16E -07 
rs7779937 7 10971712 NDUFA4 Downstream A/G 0.048 -0.922 0.198 4.74E-06 0.016 0.643 D.660 0.333 0.02 -0.266 0.73 1 
rsl3242648 7 35777951 CRS95224 Downstream TIA 0.196 0.554 1).107 3.92E-07 0,136 -0,456 0.23 1 0.051 0.00 0.070 0.890 
rsl2701456 7 35827802 SEPT? Upstream err Q,196 0.547 0.107 S.03E -07 0.132 - 0.389 0.23 1 0.096 0.00 0.101 0.82S 
rs 13255006 8 1989315 MYOM2 Upstream CIG 0.319 o. ~oo 0.093 l.52E-07 1).172 -0.034 0.216 0.876 0.02 0.268 0.3 10 
rsl338730 9 103520981 MURC Downstream CIT 0.402 -0.419 0.085 l.J SE-06 0.253 - 0.404 0.193 0.039 0.94 -0.417 7.40E-08 
rsl\23919 Q 104662606 GRIN3A Upstream AIG 0.124 0.582 0.127 6.56E-06 ().172 O.lSJ 0.215 0.191 0.23 0.505 3.98£-06 
rs7857468 9 136585380 SARDH lntron A/C 0.195 0544 0.099 8.09E -08 0.170 0.142 0.236 0.549 0.12 0.484 1.19E-07 
rsl0795764 10 10238394 BC0329l4 Downstream CIT 0.434 O.Q93 0.083 0.265 0.559 0.750 0.IJ3 2.JJE-07 o.oo 0.413 0.208 
rs$70553 10 133970542 JAKMIP3 lntron GIA 0.010 -1.2 10 0.4 17 0.004 0.059 -1.262 0.332 2.75E-04 0.92 -1.242 l.77E-06 
rs I 12825992 10 13400$571 DPYSL4 lntron TIC Q.009 ~ 1.252 0.450 0.006 0.055 - l.201J (J,320 2.92E-04 0.94 -1.223 2.65E-06 
rs4255618 12 131837477 LOC338797 lntr0n CIA 0.353 0,388 0.088 l.26E-05 0.322 0.502 0.154 0.002 0.52 0.416 4.61E-08 
rs8013529< 14 23649792 SLC7A8 lntron GIA 0.139 -0.566 0.118 2.37E-06 0,059 0.320 0.328 0.332 (}.(JI -0.176 0.689 
rsl 259568\1 15 86009293 AK.J\P 13 lntron CIG 0.085 0.0 10 0.158 0.952 0.102 - 1.198 0.222 S.88E-07 0.00 -0.584 0.333 
rsll7711052 17 74305308 QRICH2 Upstream CIG 0.024 1.155 ().278 4..12E-05 0.016 l.567 0.627 0.014 0.55 l.223 l.48E.- 06 -rsl 15172145 17 74310984 PRPSAPI lntron CIT 0.024 1.144 {).278 4.77E-05 0,016 1.567 0.627 0.014 0.54 1.213 1.74£-06 ;:-. 
rs7228140 18 45907244 ZBTB7C lotron err 0.046 -0.94 1 0.194 l.88E-06 0.071 0.439 0.3 13 0.165 0.00 -0.273 0.692 ::: 

Co11di1ional analysisd § 
rs7857468 IJ 136585380 SARDH llnroo NC 0.195 0.500 M65 2.38E -13 0.170 0.4S9 0. 155 0.002 0.946 0.4<JS l.I SE- 16 ~ rs7040170° 9 136586367 SARDH lo1ron GIA 0.221 0.439 0.062 7.82£-12 0.177 0.456 0. 153 0.004 0.918 0.442 t.31E- t4 .._ 

11) 
C) 

"Rahdom-effccts models were used for SNPs with significant heterogeneity Q values {bold), otherwise fixed-clTeC'ts mndels. E:.. 
b Allele I is the coding allele. ~ 
<olrcctly gcnotypcd SNP. 

C) 
11) 

~Kcgrcs.~ion analyses including DBTT S°t'-'Ps rsl 076150, rs.198'1787 nnrl rsl611115 us cnvnrintc{;. ::? 
~ 

P-vnluos in bold meet suggestive (P < 5.0E-Oti) or genome-wide significance (P < 5.0J;::-081. ~· 
~ .... 
<::> .._ 
.... 

...... 

"TOZ '6 Jaqn1:io uo oifR!O uus 'll!LUOJ!JP.J Jtl A11sJM.!OC1 m 1ilJ0·~1muml!)>.11;Ju1 ;JtlllJJl.<lrl<t '"u.y 1w11•utui"vlJ 
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by the DBH gene, based on five highly significant D8H SNPs in 
low LD with each olher plus t·he three(putalive) functional pro­
moter SNPs, was 0.569. 

No other chromosomal region reached genome-wide signifi­
cance. llowever, I here were 10 regions which showed suggestive 
evidence (P < 5 :x 10-6) in EAs. For each of these, the SNP 
with \he lowest ?-value is presented in Table l (middle part) 
and Supplementary Material, Figure S3A. 

Replication of the GWAS in subjects of Native American 
ancestry 

To replicate our findings we performed a second GW AS on sub­
jects ofNative American descent (NAs), including subjects with 
va1ying degrees of NA admixtures as typically seen in I lispanic 
subjects (11 = 91 ). The mean pDBJJ level in 93 NAs was 10.2 IU/l 
(SD = 6.94) and was not significantly different from pDBll 
levels in EAs (P > 0.29). The genomic control inflation Ace 
was 1.009 (a QQ-plot is shown in Supplementary Material, 
Fig. S2B). A table with all GWAS results is available in lhe Sup­
plementary Material, Table S2. Replicating our results in EAs, 
we confirmed the DBH locus Lo be highly significant with the 
same top hit rs 1611J15 at P = 4.J 0 x I 0- 15 (Tableland Sup­
plementary Materfal, Fig. S4A). A regional association plot of 
the DB ff locus showed an additional five intronic genome-wide 
significant SNPs within the same LO-block (Supplementary 
Material, Fig. S4B). The proportion of variability explained 
(Rl) by the DBI riocus, based on four independent (LD < 0.5), 
highly significant DBI/ SNPs (including the three promoter 
SNPs). was 0.57. 

We did not identify other genome-wide significant Tegions in 
this small NA population. Eight other loc.i showed suggestive 
evidence for association with pDBIT activity (P < 5 x: I o-6). 

Foreachofthese regions the SNP with the lowest P-value is pre­
sented in Table I (middle part) and Supplementary Material, 
Figure S3B. 

Meta-analysis of EA and NA GWAS 

An inverse variance weighted meta-analysis of the EA and NA 
GWAS resuJts indicated no significant heterogeneity (Q) at 
the DBI! locus and resulted in highly significant associations 
for the promoter re!i}on of this locus with the top hit rs I 61 I 115 
at P = 4.60 x Io- -2, as well as rs I 076150 (T-2734C) and 
rsl989787,atP= 1.38 x 10- "'1 andP = l..50 x 10-34, respect­
ively (Table I, right side and Supplementary Material, Fig. SSA). 
A complementary pooled analysis (mega-analysis) of the EA and 
NA subjects for the three promoter SNPs showed comparable 
results (Supplementary Material. Fig. SSB). A C to T transition 
progressively diminished pDBH activity for rsl076150 and 
rsl611115, whi le increasing pDBII activity for rsl989787. In 
each case, SNP allele effects on trail seemed to be additive, with 
intennediate etTects for SNP heterozygotes, confirmed by the 
fact that recessive and dominant geoetic models were less sig­
nificant than the additive model for these three SNPs (data not 
shown). 

In addition lo the DBH locus, the meta-analysis showed a 
genome-wide sigoificanl association for intronic SNP rs42556 I 8 
in LOC338797 oa chromosome 12 (P = 4.62 x 10- 8). 

A BLAST search (on BLASTN_ 2.2.28+ at NCBl) of the 

RNA-codiJ1g region ( - 20 kb) of this uncharacterized locus 
showed no homology to DBH lo addition, seven new loci 
reached suggestive evidence for association in the mera-ana lysis 
(top hits for these loci are sh.own in Table 1 ). The proportion of 
variability explained (R2

) by the DB/I locus, based on seven 
highly significant DBI 1 SNPs in low LD with each other(inc1ud­
ing the three promoter SNPs), was 0_57. Adding rs4255618 
in lOC338797 to the DBH model significantly increased R2 ro 
0.59 (LR test P = 6.09 x 10- 5

) in a joint analysis of EA and 
NA subjects. 

Conditional analysis on the DBH locus 

Because of the strong effect oft he DBH locus on pDBll activity, 
we repeated the GW AS conditioned on the lbreeDBH peak fw1c­
tional promoter SNPs rsl076J50, rs1989787, and rs161II15 
in EAs, NAs and !he meta-analysis to test for additional, 
DBJl-independent loci (Supplementary Material, Fig. S6). The 
SARD!l locus, adjacent toDBH and previously showingsuggest­
iveevidencefor association, became genome-wide significant in 
EAs with an imputed top hit for rs7857468 (P = 2.38 x J o- n). 
Rs7857468 replicated in NAs with a nominally signHicant 
P = 0.002, resulting in a meta-analysis ?-value = Ll5 x 10-16 

(Table I, bottom part). Results for the most significant directly 
genotyped SNP in SA RDH (rs7040 L 70, P = J.31 x I0- 14

) are 
also shown. Regional association plots of the conditioned 
GWAS results in EAs and NAs for the DBH and neighboring 
SA RD/f loci are shown in Supplementary Material, Figure S6B 
and D. Adding the SARDI/ SNP to the LOC338797 and DBi/ 
modd sig11ificanlly increased R1 to 0.648 (LR test P = 8.13 x 
I 0- 16

) inajointanalysisofEAandNA subjects. The conditional 
analysis did not result in stronger results for the loci showing 
suggestive evidence in the primary analyses (Supplementary 
Material, Fig. S6A and C). 

Functional analysis of variant C-2734T and four naturally 
occurring haplotypes in t he DBH promoter 

Functional analyses of the promoter variants rs 1611115 and 
rs 1989787 have previously been published by our group 
( 14, 15). Here we extend these analyses to the third promoter 
variant rs 1076150, identified in the GW AS with a highly sig­
nificant effect. Using the same six common promoter SNPs 
(minor allele frequency MAF > 0.05) as in previous work, we 
constructed luciferase promoter plasmids for four common, nat­
urally occurring s ix-SNP haplotypes from the BAC promoter 
insert. The promoter activity of these four natural haplotypes 
(I lAPs 1- 4), measured as a function of lucifcrase expression 
in chromaffin cells is shown i11 Supplementary Material, 
Figure S7. We found thatgenotypicvariations showed a signifi­
cant overa II effect (f' = 33.8, P < 0.00 J ), with haplotypes 
showing different· DBH promoter/Iuci ferase reporter activities 
(expressed as Pirefly/Renrna ratio). To evaluate the individual 
effect of the rsl 076150 SNP we constructed mutant variants on 
balanced backgrounds for two of the four haplotypes (HAP2 and 
HAP4), differing only at the desired - 2734 position. When com­
pared with the T allele, lbe C aUele ilisplayed higher expression 
on two different backgrounds (HAP2: P = 0.0047 and llAP4: 
P = 0.0098) (Fig. 2). 



Bioinformatics of variant promoter motifs 

In order to fm1her investigate the functiona l propetiies of the 
DBH promoter variant rs 10761 SO, we used bioinformatics 
tools (CONSlTE and MotilLab) for the analysis of regulatory 
sequences. 1:3oth tools predicted that at position - 2734 (upstream 
from the translation start site), SNP rs1076 l 50 disrupted a binding 
motif fo.r tbe transcription factor Snai 1. As indicated in Supple­
mentary Material, Figure SS, the matcb and binding score for the 
Callele were predicted to be higher than for tbe T allele, possibly 
resulting in different expression levels of tbe DBH protein. For a 
complete characterization of the DBI-I promoter region, the com­
putational molecular predictions aod proposed mechanistic 
consequences of disrupted transcription factor binding motifs 
for the other two functional promoter variants rs 161 l I 15 and 
rs 1989787 were added in Supplementary Mate.rial. Fig_ure S8. 

p~0. 0098 

p=0.0047 

1 2 3 4 

ANOVA 

6-SNP haplotype 
(With -2734 In bold): 

1: GCTCCC 
2: GCCCCC (HAP2l 
3: GCTCCT (HAP4) 
4: GCCCCT 

-l-2734) 
(rs 1 076 150) 

Human DBH promoter 6-SNP haplotype 

Fig1trc Z. /111·i/ro effects of human DBHpromoter variant C-2734T (rsl 076150): 
Balance<l mutants on two haplotype background~ ( HA Pl, HA 1'4) yield consistent 
(C > T) effi:cts on transcription in chromaflin cells. Strength ofthe promoter var­
ianlli is i;hown a.s luciforase activity in PC J 2 cell type (mean ± SEM) . P-valuc,~ 
are rt.'1;U]L of C versus T variant comrarison for each haplotypc background by 
ANOVA. 

A 25 B 
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20 
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In 11iv" effects of functi onal DBH promoter haplotypes on 
human pDBH activity 

We furtherevalualed the directional etTects oft be three function· 
al SNPs (rs I 0761 SO -+ rs 1989787 ~ rsl 61111 5) in the DBH 
promoler region (which showed the highest associations witb 
pDBI I acl'ivity in !he GWAS) in a haplotype analysis iu the com· 
bined 434 EA and NA subjecls. First, we considered haplotype 
ho.mozygotes for the four naturally occurring diploid haplotypes 
(Fig. 3A), and noted significant differences in pDBH activity 
with a plasma activity rank order of: CTC >CCC> TCC> TCT 
(P = 1.84 x 10-2~). Fina Uy we analyzed the effects ofhaplotype 
copy number on pDBlI activity for the four haplotypes (Fig. 38 ). 
The results were internally consistent with those for haplotype 
homozygotes, showing that increasing ere copy numberprogres­
sively elevaled pDBl l activity (P = 7.49 x I o-32), with recipro­
cal effects for liaplotype TCT copy number (P = 2.96 x 1()- 66) . 

Corresponding individual SNP effects are also shown in Supple­
mentary Material. Figure SSA. 

Application of the MR test using genetic variants in DBH 

PTSD re-experiencing symptoms were assessed post-deployment 
in 402 subjecl's with available pDBH levels and ranged from O to 
29 (mean= 5.87). Re-experiencing symptoms were significantly 
associated wi1b pDBll (beta = 0.13, P = 0.0 l2), making a MR 
analysis applicable. Tbe MR estimate of the association of 
pDBH and re-experiencing symptoms was significant (bela = 
0.21 , P = 0.002), indicating that pDBH is a causal component 
in the development ofre-experiencing symptoms. 

DISCUSSION 

Dopamine 13-hydroxylase as an essential part of tbe catechol­
amine biosynthetic pathway, converts dopamine to norepineph­
rine. DBI l is encoded by a single gene located on chromosome 
9q34 and its enzymalic activity is expressed both in plasma 

Haptotype copy number 
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Vigure3. /n vivo cffc~1s or DBH promoter functional variants T -2734C (rsl 076150), C-2073T (rsl 989787) and C-970T (rs 1611115) on plaSma DBH activity (I UJI). 
{A) DBI/ promoter d1plo1d haplot:ype (rs l076150 -+ rsl 989787 -+ rsl6 Ill 15) effect oo pDBH activity (fU/ I). Only subjects homozygous for a given haplotype 
(rs l?76150-+ rsl989787 -. rsl~l .111_5) are s~own . ( B) Elfoct of DBI! promoter h~plotypc (rs l076150 ~ rsl989787- rsl61 I ll5) copy number (0. t, or 2 
copies pcrgeoome) oo p013H activity {IU/ I. adjusted mean ± SEM). 
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and CSF. The eftects of this cis-QTL on plasma, serum and/or 
CSFDBll activity have been previously investigated in isolation 
(. l 4,22,24 ). but to date no genome-wide association studies have 
been reported on DBll activity. Here, we present the first GWAS 
of plasma DBJI levels and ful.1her characterize transcriptionnl 
control of the DBH gene. 

Our GWAS was first perfom1ed in subjects of EA ancestry. 
We replicated the DB!l locus as· major contributor to pDBl l 
activity, explaining ...... 5 7% of the variability in EAs. As found 
by others. rsl 61I115 was tbe most significant polymorphism 
in this gene (22), with a P < 7.2 x 10-~•, by far exceeding the 
genome-wide significance threshold of P < 5 x I o-s. and 
another 33 SNPs (some of them wit11 independent effects) al this 
locus met genome-wide significance. No other loci were found to 
be genome-wide si1:,rni!icant in tllis relatively small sample of341 
EAs, but 10 loci reached suggestive evi<lence of association with 
pDBH at P < 5 x 10- 11 and await ftu1her replication in larger 
datasets. However. none of these locl were located on 20p'l2. a 
trrms-QTLsuggesred in a linkage study by (24). The often poor cor­
respondence between the susceptibility loci identified in genetic 
linkage and i enome-wide association studies may be dut! in 
part lo allelic helerogeneity, which reduces power in GWAS 
compared to linkage analyses (27). 

Generic association studies on the DBI I locus haw compared 
tbe three main anceslly groups from Europe, Africa and Asia. 
E.As were reported to have higher mean pDBll levels as com­
pared to Japanese (22) and Africans from Nigeria ( 14,25). The 
promoter SNP rs I G 111I 5 was consistently reported as the 
most significant candidate SN Pin DB!i across studies and ances­
tral groups (14,22.2328). I Jere. we extend this work to include 
subjects of genetically detem1ined Native American <lesccnt, 
typically self·idenrifying as either Native American or l Cispanic 
in our study. We found no difference in pDBI I activity levels 
between our EA and NA subjects. Tbe GWAS replicated lhi.:: 
DAii iocus with the same top hit (rs161I l1 5 at P = 4.1 x 10- 1s) 
and consistent effect size estimates (R2 = 0.59 and 0.51 in EAs, 
respectively) in this even smaller sample of9J subjects. 

lncreasing our power to detect additional loci by combining 
the relatively small number of EA and NA subjects in a 
meta-analysis, we identified LOC33R797 (rs42556 I 8) on 
chromosome 12q at P = 4.62 x JO-~, meeting the traditional 
genome-wide significance threshold of 5 x l 0- 8

_ However. 
genotype imputations based on I 000 Genomes Project reference 
data are increasing the effective 11mnberofindepende11l tests and 
more stringent thresholds have recently been suggested (e.g. I x 
10- 11 for all conm1on SNPs) (29). Irrespective of the specific 
threshold selected, the relevance of LOC33879 7 and al I findings 
showing suggestive evidence of association have to be con­
firmed through independent replication of these results. 
LOC338797 seems to encode a 4-exon, previously uncharacter­
ized 1794-base lncRNA, but the RNA-coding region bears no 
homology to DBH itself, and its role in DBI I remains to be deter­
mined. llowever, adding LOC338797 fo our genetic modd of 
DBII only marginally increased the percent trait variability 
explained (from 57 to 59% in the combined analysis). 

An additional analysis conditioned on the DBH locus pro­
moter SNPs, to maskitsstrong effect on trait, identified sarcosine 
debydrogenase SARDH, a gene adjacent to DBH. as an apparently 
independent. genome-wide significant bit in EAs. !ls top hit 
rs7857468 was nominally replicated in NAs, leading to an 

overall f'-value of LI 5 x 10- 16, nnd further improving our 
model lo explain 65% of overall variability In pDBll activity. 
SARDH encodes ao enzyme localized to lhe mitochondrial 
matrix that catalyzes the oxi<lalive demethylation of sarcosine. 
Rven though adjacent to (and within 86.6 kb of) DBH. the con­
ditional peak SARD!-l markers displayed little LD with U1e 
DBI! promo1er. as ji1dged by marker-on-marker LD (R2 < 
0.2) as wel I as a cM/Mb recombination boundary peak (Supple­
mentary Material, Fig. S6B and D). I lowever, analysis of the 
local chromosomal region by Chromatin confonnation capture 
(or lli-C, (30)) in human ES cells as well IMR-90 fibroblasts 
revealed that both DBI-/ and SA RON inhabit the same topological 
domain, bounded by insulator/ban·ier (CTCF motif) elemenls. 
Thus, it· is conceivable !hat the SARDH region harbors a 31 tran­
scriptional enhancer for DBH expression. 

Mechanisms underlying DBH expression and secrelion into 
plasma and CSF have invoked continuing interest among a 
broad range of investigators. One ge11etic variant in particular 
(rsl 61 1115) has been \Videly investigated and ultimately docu­
mented ( 14) as a functional variant in the DBJ-1 promoter 
( 14 ,22). We previously conducted systematic polymorphism 
discovery across the human DBH locus. and probed the func­
tional consequences or two promoter variants (rsl 989787 and 
rs 16 l l l 15 ). We showed that rs l 6 111 15 disrnpted consensus 
lrnnscriptional motifs for n-MYC nod /11/EF-2 (14) and 
rsl 989787 for c-FOS ( 15), and that trans-activation of these var­
iants by ihe corresponding transcription factors resulted in 
changes in DBH expression. The effects of variant rs I 076150 
on transcription reported here are novel~ und ullowcd us to 
evaluate the effects upon gene expression of all three functional 
vuriants simultaneously. I !ere, we present an overview of prop­
erties ofall three major functional variants in the proximal DBI I 
promoler(Supplementary Material, Fig. S8). We found additive 
t::ffects of each functional SNP upon 0811 secretion into plasma 
(Supplementary Material, Fig. SS), and noted that the activity of 
contributory SNP alleles summared lo give rise lo a spectrum of 
promoter harlotype activities (Fig. 3A and B). 

Gene6c variants in DBI] and/or pDBH activily have been 
directly implicated in mechanisms leading to increased suscep­
tibility to disease. As the final enzyme in aorepinephrine biosyn­
thesis, DBH plays a role in differential availability of dopamine 
and norepinephrine_ Consequently, DBH is involved in mechan­
isms· underlying disorders associated with changes in the nora­
drenergic system (31 - 35). For example, our most significant 
DBJl variant (rs 16 111 I 5) is influencing heritable 'intermediate 
phenotypes' (e.g. autonomic and renal traits) as physiological 
risk traits in later development of hypertension (e.g. the T allele 
was found to decrease urine epinephrine excretion and basal 
blood pressure) ( 14, 15) and progressive renal disease (36). In 
addition, biological and genetic studies suggest associations of 
low DBH levels with psychotic symptoms, and with mental dis­
orders such as schizophrenia, depression, attention deficit hyper­
activity disorder and alcoholism (see review 16).1 fowever, large 
GWAS on cardiovascular and psychiatric disorders (e.g. as 
reported by Ricopili) did not replicate strong effects for genetic 
variants in DBH_ 

The large proportion ofDBH heritability that can be explained 
by a small number of genetic markers, in combination with the 
potentially important role of this intermediate phenotype for 
both psychiatric and cardiovascular disorders is unique and 



may represent a useful methodological tool to °:evelop and test 
genetic epidemiological methods (37,38). To this end, we have 
applied genetic rnarkt:rs in DBI/ to the MR approach to inve!>"1i­
g3te a potential causal effect oft he pDBH and PTSD association 
previously reported (12. 13). Ourpreliminaryresullsoo the effect 
of pDBI I on PTSO re-experiencing symptoms indeed support 
this causal relation, but these findings will need to be confinned 
in larger studies. 

In ~onc lusion, a first GWAS on pDBll activity identified the 
DBI/ gene as the principal locus detennining pDBH levels in 
both EA and NA populat10ns. explaining 57% of the variability. 
Two add1tionHI novel loci. SAR{)f I and LOC338797, explaining 
combined an additional lS% of overall variability, were identified 
here nnd wi ll bnve 10 be replicated in independent studies. Com­
pared with other UWAS studies, tJ1c effects reported here were 
detected in relatively small datasets. Future studies on larger data­
sets may discover additional loci or smaller effects. Further, wc 
demonstrated the potential application of strong genetic predic­
tors ofintcnncdiatc phencitypes such as OBJ-I to the investigation 
of the disease etiology m the context of PTSD. 

In perspective. the characterization of DBll activity and its 
underlying genetic rcgulntion bas positioned us uniquely lbr 
future studies of 'intcnncdiat¢ phenotypes·, potentially leading 
to discovery of causal variants in complex genetic traits and dis­
orders such as found in the psychiatric and cardiovascular fields. 

MATERIALS AND METHODS 

Subjects :111d hiological s:11ople collectioo 

Participants were recruited from the Marine Resiliency Study 
(MRS). a large, prospective study of post-traumatic stress dis­
order {PTSD) involving active-duty United Stales Marines 
bound for deployment to Iraq or Afghanistan (39). The protocols 
forthcse studies were approved by the University ofCalifomia­
San Diego Just itutional Review Board (IRB Protocols #070533. 
# I I 0770X), and a II subjects provided written infonned consent 
t() panicipate. Here we evaluated a subgroup of t11e MRS wilh 
available genotype and pDBI I activity phcJJotype data. includ­
ing 532 healt hy, unrelated males from four different battalions 
(cohorts) assessed al pre-deployment. Following a 7-month 
deployment to a combut zone, post-traumatic stress symptoms 
were evaluated using a structured diagnostic interview, the Cl in­
ician Administered rTSD Scale (CAPS: (40-43)J. Toter-rater 
reliability 111 MRS for the CA PS total score was high (Intraclass 
correlation coefficient = 0.99). Re-experiencing symptoms 
(CAPS-B symptom clu ·ter) were used here. Initially, ethnicity 
and race were established by self-report, including information 
on geographic origin or both parents. The cohort studied here 
included 86% Caucasian and 22% Hispanic subjects. with a 
mean ( ± SD) age of 22.4 1 ±3.23 years (range 18- 41). 
typic:il for the overall MRS participants. 

Blood was snmplcd from an antecubital vein for prepara· 
tion of heparinizcd plasma (for assay of pDBH activi ty) and 
EDT A-anticoagulated blood (for preparation of genomic 
DNA). 1 leparinized blood from lithium heparin rubes was kept 
on ice prior to centrifugation and plasma was stored at -70' C 
prior to thawing for assays in batch. Genomic DNA was prepared 
from 1- 2 ml blood leukocytes and diluted to a standard concen­
tration of 50 ng/µ.I for genotyping. 
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Gcnotyplng, quality control procedures and genotype 
imputation'i 

Genotyping of 2585 DNA samples (532 with pDBH activi ty 
mcasun:s) \vas carried out by lllumina (http://www.illumtna. 
com/) using the llumanOrnniExpressExome array (llOEe 
Sv l_A) with 951 11 7 loci. Initial allele calljng was perfonucd 
by llh11ni11a in (icnomeStudio (V201 l.J) and resulted in a 
sample success rate of99.65%, a locus success rate of99.86%. 
a genotype call rate or 99.88%. with reproducibility including 
28 replic:1tc ONA !l.'lmplc pairs of >99.99%. Additional data 
clenning wus pcrf'omled in PLfNK v 1.07 ( 44) usingstandard pro­
ccduNs. SNPs were excluded if the call rate was <95%, if they 
violated I J:irdy- Wciribcrg Equilibrium (P < I x Io- "). or if 
they ~howcu plate effects (P-value < 1 x Io-~ for any one 
plate or < I x 10- 4 for two or more plates). Sample ID was 
confirmed by evalunting concordance between 31 overlapping 
genotypes fro111 the I IOEE array and those from an initial ' finger­
printing' panel i11cluding 4 1 ancestry-in forma tive markers 
(Al Ms) {45), resulting in the exclusion of one sample (overall 
concordancc rate > 0.99). Unexpected famil ial relationships 
were identified using miirwise identical-by-descent estimation 
and two !Subjects from sib-pairs were removed. Sample heterozy­
gosity was between 0.21 J and0.302 and no excessive high or low 
samples were identified. The final dataset included 85 1 54 1 
01arke1'8 gcnlllypcd in 2548 individuals with a genotyping mte 
of > () 99lt 

lrnputatwns were perfonned withstandardprotocoJsusing the 
default p;H"Jfflctcrs in TMPtITE2 v2.2.2, us ing IOOO Genomes 
Phase I i11tcgr;11ed vnriant set haplotypes for the autosomes 
and the intcri111 set for the X chromosome. Prior ro imputation. 
genetic markers that h;1d exceedingly rare alternative alleles 
(minor allele frequency MAF < 0.0002) were excluded. Next. 
genomes were divided into -5 Mb segments, and phasing and 
imputed ~1.:notypcs wore calculated for each. Imputed markers 
with low imputation quality values (Info value ~0.5) were 
excluded. GTOOL vO. 7.0 was used to convert genotype prob­
abili ties into c:ills for markers wi th probabilities > 90% (geno­
types were callccl missing if the posterior probability of any 
gcnoly]1e was· ~ 90%>), resulting in a total of24 068 3 19 success­
fully imputed polymorphic markers, and a total of 24 919 860 
genotype('! and imputed markers for association analyses. 

Ancestry assessment and control for genetic background 
hcterogeneit)' 

Ancestry w:is de1em1ined using genetic infom10tion as described 
in (45 ). In brief. genotypes of 1783 A IMs were used to detennine 
a subJCCl's ancestry at the continental level for the seven geo­
gr.iphic regions Africa, Middle East, Europe, Central/South 
Asia. 6ast Asia, Americas and Oceania. Ancestry estimates 
were detennincd using STRUCTURE v2.3..2.1. { 46} at K = 7, 
including prior populatio11 infonnation of the HGDP referenc~ 
set (47). Based on these ancestry estimates. MRS subjecLS 
included here were placed inro two main ancestral groups: sub­
jects with > 95% European ancestry were grouped with EAs 
(N = 341 ); and subjects with > 5% Native American ancestry 
(and < I 0% African, and < 5% each Central Asian. East Asian 
and Oceanic ancestry) as Native American descendants (NAs) 
(N = 'J3). /\ very wide range of Native American ancestry 
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pmportions is r.ypicaJ for subjects of self-reported l lispanic and 
Native American etlmicity/race (e.g. (48,49). Subjects with 
other ancestral backgrounds were nol analyzed here (N = 98). 

GWAS was performed separately in 341 EAs and 93 NAs. To 
control for additional genetic background heterogeneity within 
the two ancestral groups, and varying degrees of EA admixture 
within theNAs, principal component analyses(PCA) Implemen­
ted in the EIGENSTRATsoftware(50) based on 10 OOOrandom, 
autosomal SNPs were performed. The first 3 Eigenstrat-derived 
PCAs were included each as covariates in the association 
analyses. 

Functional effects of trait-associated DBH promol"er 
variants (rs1076150, rsl989787, r.sl 611115): promoter/ 
luciferase reporter activity assays 

l luman DBH promoter/reporter plasmids were constructed from 
BAC genomic clone (RPI 1-317810) obtained from CllORI 
(http://bacpac.chori.org) as described before. The DBH pro­
moter region (extending distally from - 3000 to +51 bp) 
containing six common polymorphic sites was excised From 
the B/\C cJone and inserted into the upstream/polylinker region 
of firefly luciferase reporter plasmid pGL3-Basic (Promega: 
Madison. WI. USA}. Common naturally occurring haplotypes 
and additional variants were made by site-directed mutagenesis 
(QuikChange. Stratagene (Agilent), Santa Clara, CA, USA), 
verilied by dideoxy sequencing, and co-trnnsfected with 
Renilla luciferase expression plasmid pRL-TK (He111es 
simplex virus thymidine kinase pmmoter driving Renilla lud­
ferase, Prornega) as a rransfection efficiency control, into PC'J2 
pheochromocytoma cells (at - 50- 60% confluence. I day afler 
I :4 splitting) as previously described ( 14). Firefly and Ren ilia 
luciferase activities in cell lysates were measured 16 h post­
transfection. :md results were presented as Firefly/Renilla 
luciferase activity ratio ('Stop & Glo': Promega, Madison, Wl. 
USA). 

Biochemical properties of plasma DBH 

Plasma OBH activity was measured in 25 p.I of heparinized 
plasma by a modified Nagatsu/Udenfriend spectrophotometric 
method (51); and reported as JU/1 (TU/l=µmol/min/ I plasma at 
37°C, protocol available online at http://hypertension.ucsd. 
edu/). This method is based on a conversion of tl1e synthetic 
OBH substrate tyramine by OBH (in the presence of Cui+, 
N-ethylmaleimide and fumarate) to octopamine, which is then 
OJ<idized to parahydroxybenzaldehyde by sodium periodate. 
The oxidation is tem:tinated by sodium metabisulfite, and the 
end product parahydroxybenzaldehydc is quantified by its 
absorbance at 330 nm in tbe ultraviolet spectrum. The mean 
plasma DBH activity incer-assay coefficient of variation was 
12.8%. The mean plasma DBI-I level io 532 subjects was 
l0.86 TU/I (SO= 6.77)and ranged from 0.01 ~037.41 TU/J (Sup­
plementary Material, Fig.SI). 

Bioinformatic analyses 

Computational prediction and motif discovery for transcrip­
tion factors in the promoter region of DBH where candidate 
SNPs were positioned was made using web interface tools 

CONSITE (52) and graphical interface MotifLab (53 ). available 
at(http://asp.ii.uib.no:8090/cgi-bin/CONSITE/consite/) and (hHp:// 
tare.medisin.ntm1.no/morillab/), respectively. For both tools. 
predictions were based on position weight matrices for binding 
sites unnotated in JASl>AR and TRANSf-t\C databases. Motifs 
from consensus sequences, whose score was higher than 80% 
for binding to a motif containing a target SNP, were considered 
ca11didates. 

Statistical analyses 

Plasma DBH levels were square-root transformed to confonn to 
normality (P > 0.74, Kolmogorov- Smimov test). GWAS of 
transformed plasma DBH levels was performed in EA (N = 
34 1) and NAs (N = 93) separately using linear regression 
under an additive genetic model wilh covariates age, cohort 
(three dummy coded variables), and three PCAs as implemented 
in PLINK.. SNPs were pruned to a minor allele frequency (MAF) 
;::0.0 I in the combined dataset, which resulted in Lhe inclusion of 
7 871 575 SNPs. Genome-wide significance was set to P < 5 x 
Jo-s and sug~estive evidence for ai;sociation was considered at 
P < 5 x 10- '. Meta-analyses on the EA and NA results were 
perfom1ed in PLINK.. using a fixed-effects model for SNPs 
with no significant heterogeneity (I) and a random-effects 
model when heterogeneity was significant (Cochranc·s Q sta­
tistic). Conditional analyses on the DBH locus were performed 
to identify additional genetic associations by including the 
three DBZI peak promoter SNPs rs I 076 150, rs 1989787 and 
rsl 611115 as additive covariates. Percent· variability explained 
(R~) by a SNP or multiple SNPs in a gene were calculated 
using a linear regression in R 3.0.0, using the-clump function 
in PUNK to generate a list of highly significant SNPs in low 
LD for each gene with genome-wide significant SNPs. QQ 
plots and Manhattan plots were made using R 3.0.0. Loc-usZoom 
1.2 (54) was used lo construct regional association plots, includ­
ing recombination information from IIapMap phase H CEU. 
SO-ADVISER (http://genomics.scripps.edu/ADVlSER/) was 
used for SNP annotations. 

Analysis of variance (ANOV A) was used to compare lucifer­
ase reporter activity between different DBH haplotypes in vitro, 
and linear regression models and A NOVA based on an additive 
genetic model. with age. cohort and three PCAs as covariates 
were used for in vivo experiments to test for associations ofbap­
lotypes with DBH enzymatic activity in plasma using IBM SPSS 
Statistics, v.20. 

Associations between pOBI I levels, CAPS total score and 
symptom cluster B wen:: tested in the combined EA (N = 341) 
and NA (N = 93) sample. To account for the non-nom1al dis­
tribution of CAPS scores, a zero-inflated negative binomial 
distribution (ZJNB) regression was used (55), with aJditional 
covariates age, cohort (three dummy coded variables), and tlm~e 
PCAs based on continental ancestry. Associations between 
DBH SNPs and CAPS scores were tested under an additive 
genetic model. 

Tostrumenlal vanable analysis. To demonstrate the utility of 
strong gen~tic effects on intermediate phenotypes for applica­
tion to a MR approach, an association of pDBI I wHh post­
deployment PTSD re-experiencing symptoms was tested, 
using a ZfNB regression (55), with additional covariates age, 
cohort and PCs. Following the detennination of a significant 
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association. the DBI l SNP with the strongest effoct (rs 161 1115) 
on pDBH was used as an instrument to test if pDBI I is in the 
causal pathway to disease development (i.e. PTSD). MR esti­
mates for the effect of pDBll on CAPS were then derived 
using a control function approach (56) an ordinary leasl 
squares regression ofpDBll levels on rsl 61 J 1J5 was perfo rmed, 
including covariates age, cohort and PCs, followed by a ZrNB 
regression of the CAPS score on pDBH, including the residuals 
from the first regression and age, cohort and PCs as covaria tes. 

SUPPLEMENT ARY MATERIAL 

Supplementary Material is avai lable at llMG online. 
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There is considerable del)ale alloUL the 111os1 efficient way to interrogate rare coding variants in association stud­
ies. The options include direct geno1ypmg or specific known coding variants in genes or. altematively. sequencing 
across the entire exome to capture known as well as novel variants. Each strategy has advantages and disadvan­
tages. but the availability of cosr-efficiem exome arrays has made the former appealing. Here we consider the 
utility of a direct genolyping cbip, the lllumina HwnanExorne array (HE). by evaluating its content based on: 
l . functionality; and 2. amenability to imputation. We explored these issues l.>y genotyping a large. ethnically 
diverse cohort on the HumanOmniExpressExorne array (HOEE) which combines the HE with content from the 
GWAS .may (HOE). We find 1hat the use of the HE is likely to be a co!;t-effective way or expanding GWAS. but 
does have some drawbacks that deserve consideration when planning studies. 

1. Introduction 

Methods to extend genome-wide association studies (GWAS) have 
recendy become a ropic of high interest. Despite a large number of no­
table successes in the discovery of generic variants associated with 

Ahbreviarions: HE, HumanExome arr.iy; HOEE, M11manOmniExpressExome array: 
HOE. MumanOmniExpressGWAS array: CWAS. genom~wide association studies; SNl's. 
single nudeotide polymorphisms: MKS. Lhe Marine Resiliency Study: f'TSD. post­
traumatic stress disorde1•; OEl'/OIF. Operation Enduring l'reedom/Operation lraql 
Freedom; IRB. lnstlturional Review Board; HGDP, Human Genome !tiversil)I Project : 
MAf. minor allele frequency: SNVs. single-nucleotide variants. 
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various traits. including disease via CWAS. the variants identified co 
dace collectively only explain a small fraction of the estimated heritabil­
Tly of most common, chronic diseases (Manolio er al.. 2009). Unknown 
genetic factors. induding polymorphisms that have yet to be identified 
through GWAS studies, likely account for the 'missing heritability' asso­
ciated with complex traits (Visscheret al.. 2012: Yang et al., 2011 ). One 
explanation for this missing heritability is that widely-used geaotyping 
plarforms for GWAS are designed ro directly interrogate only common 
single nucleotide polymorphisms (SNPs). 1l1erefore. rare coding 
variants. which have been shown co play a role in the etiology of 
many diseases. tend to be eritirely omitted by most genoryping 
platforms used in GWAS as they are not ia linkage disequilibrium 
(hence not imputable) with SNPs interrogated on these arrays (Evans 
et al .. 2008; Sun et al., 2011 ). Thus, the examination of rare coding 
variants requires either sequencing technology or the direct genotyping 
of variants which have previously been identified. While the former 
may lead to a more comprehensive assessment of all forms of variation 
in coding regions, including the discovery of extremely rare and/or de 
novo variants. the latter provides an efficfent. cost-effective alternative 
for inCerrogating a subset of known variants in coding regions 
(Elannick et al.. 2012: Pasaniuc et al .. 2012). 

The value of direct genotyping of previously identified coding vari­
ants, as opposed to de novo sequencing of coding regions, is dependent 
on a few key issues. First if one can identify known functionally relevanr 
variants in coding regions it might be more expedient to focus on rhem 
in cost-effective direct genotyping studies than pursuing more costly 
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sequencing s~udies rhat may identify many likely nel,ltrcll variants. Sec­
ond, if coding variants identified via sequencing are easily imputable 
from variants genotyped on standard GWAS platfonns. then the need 
for directly genoryping these coding regions would be minimized and 
greater arrenrion could be given to more reliable imputation strategies. 
Third. many coding variants, whether they are functional or amenable 
to imputation or not, are very rare and hence likely to be. absent in 
many global populations. Thus. direct genotyping certain coding 
variants may only be useful for specific populations. 

Here we assessed the potential benefits of directly genotyping rare 
coding variants on the lllumina Human Exome (HE) array by addressing 
these issues. As such. our assessmenc includes an examination of the 
functional content of variants included on the array. We also evaluated 
the amenability of the HE markers to imputation from the lllumina 
Human Omni Express (HOE). And lastly, we evaluated the allele 
frequency spectrum of che variants inc.luded on the HE chip. We find 
that, overall, the HE chip does not suffer severe drawbacks In the 
context of these issues. but of course is limlted to assessments of 
known (i.e., previously identified) variants. Our analyses and resulcs 
have Important implicarions for furure studies seeking to identify 
associations with coding variant'S. 

2. Material and methods 

2.1. Subjects and ganotyping 

Participants were recruited from two southern Callforni,rn mllirary 
personnel cohorts: 1. the Marine Resiliency Study (MRS). a prospective 
sl'Udy of posL-traumatic stress disorder ( PTSD) involving United Srares 
Marines bound for deployment to Iraq or Afghanistan (Baker et a l.. 
2012); and 2. a cross-sectional study of active duty service members 
and veteran~ of Operation Enduring Freedom/Operation Iraqi Freedom 
(OEP/OIF) (Pittman et al .. 2012). The protocols for rhese studies were 
approved by the Universicy of California-San Diego Institutional Review 
Board t IRB Protocols #-110770, #070533, and-#080851 ). and all subjects 
provided written informed consent ro participate. 

DNA samples from 2585 study participants were acquired. and 
genotyping was carried our by lllumina (htcp://Www.illumina.com/) 
using the HOEE version I 2vl .0. lnidal allele calling was performed by 
lllumina in Genome Studio (http://www.illumina.com) and the overall 
data quality was high: sample success rate was 99.95% (9 samples 
failed). locus success rate was 99.86%, and genotype call rare was 
99.88%. Twenty-eight replicate pairs of samples undergoing genotyping 
were assessed for consistency and ultimately reproducibility of the 
assay and agreement of genotyping calls was achieved for >99.99% 
over all genotypes across these 28 pairs. Additional data cleaning was 
performed in PUNK v1.07 (Purcell er al .. . 2007) and induded the remov­
al of224 m~rkers with heterozygous haploid genotypes on the X, Y, or 
mitochondrial chromosome. The final dataset induded 949,469 
markers genotyped in 2548 individuals (2538 males and 10 femaJes) 
with a genotyping rate greater than 99.8%. 

22. Ancesny detenninarion 

We estimated each individual's degree of European. African. Native 
American, Central Asian. East Asian and Oceanic admixture by compar­
ing the individual's genotypes to allele frequencies of 10,079 SNPs in 
common with a large set of reference individuals ( Libiger and Schork. 
2013). In short. the reference sample consisted of genotype daca for 
2513 individuals of known ancestry who originated from 83 popula­
tions from .1round the world. These data were assembled from publicly 
avai lable sources including the Human Genome Diversity Project 
(HGOP) (Cann er al.. 2002), the Population Reference (POPRES) 
(Nelson et al., 2008), HapMap3 (Altshuler e1 al, 2010). and the 
University of Utah daraset (Xing et al .. 2009). Admixture estimates 
were obtained in two steps usfng a supervised analysis implemented 

in the ADMIXTURE software (Alex.anderet al., 2009). Jn die first step, 
we computed Initial admixture estimates for all individuals associaLed 
with ead1 world population using the entire set of reference individuals 
and detem1ined the estimates' standard errors via bootstrapping. A 
subset of reference individuals from populations that exhibited 
evidence of contributing to an individual's ancestry based on 95% 
confidence intervals was then used to refine the initial admixture 
estimates ina subsequent supervised ADMlXlURE.an<ilysis. 

Final ancestry calling was based first on self-reported race and eth­
nicity information and second within edch of these main population 
groups. Essentially. subjects were placed into S groups: European 
Americans (subjects with >95% European ancesrry; N = 1476), Asian 
Americans (>95% East Asian ancestry; N = 43); African-American (sub­
jects with >5%African ancestry and <5% Native American, Central Asian. 
East Asian and Oceanic ancestry; N = I 09). Hispanic Americans (sub­
jects with >5% Native American and <10% African, Central Asian. East 
Asian and Oceanic ancestry; N = 321 ). and Other (all others; N = 
599). Thus, our ancestry assignments provide initial assignments con­
sistent with the often-used admixture program except thar they have 
been refined by removing noise and leveraging comparisons to self­
reported ancestries. 

2.3. Genotype imputations 

lmputalions were conducted using markers available on lhe HOE 
platform. Prior to imputation, mitochondrial and unmapped SNPs were 
removed from each set Marlcers that were individually rare (minor allele 
frequency MAF < 0.0002), showed a large number of missi11g genotypes 
(>5%), or failed Hardy- Weinberg equilibrium (p < 1 x 10- 6

) were also 
removed (Supplemental Table l ). lmpurntions were performed using 
rhe default paramerers in IMPUfE2 v2.2.2, using 1000 Genomes Phase 
1 integrated variant set haplotypes for the Jutosomes and the interim 
set for the X chromosome (Howie et al., 2009). IMPlffE2 is well suited 
for imputarions on genetically diverse and admixed populations such 
as that of the present study as the algorithm is robust to ancestral genelic 
variation within the reference panel and study datasets (Howie et al tt 
2011 ). Genomes were divided into approximately 5 Mb segments (min­
imum 2.5 Mb. maximum 75 Mb to avoid chromosome and centromere 
boundaries). and phasing and imputed genotypes were calculated for 
each. Imputed markers with low imputation quaUry values (Info :$ 0.5) 
were dropped_ CfOOL v0.7.0 was used to convert genotype probabilities 
into calls. Individual genotype probabilities exceeding 90'.t were assigned 
genotype calls and probabilities :$90% were treated as missing geno­
Lypes. Agreement between rhe imputation results and markers exdusive 
ro HOEE (i.e.. HE markers) was examined by calculating the correlation 
coefficient, r2, between calls on a per marker level. Missing genotypes 
were assigned an allelic dosage representing the mean genotype at 
that particular locus for all calculations. Imputation was also perfonned 
based on genotype data from the HOEE platform. A comparison of the 
agreement between the HOE and HOEE ro impute markers that were 
nor genocyped on either platfonn was. likewise. conducted. 

2.4. Variant fimceional annotations 

We mapped all v~riants ro the closest gene from the UCSC Genome 
Browser known gene database (Fujita etal.. 201 I). Full details ofour an­
notation pipeline are destribed iii a previous publication (Torkamani 
et al.. 201 2) and the Supplemental Methods. In brief. variants were asso­
ciated with all transcripts of the neares[gene.(~). with functional impact 
predictions made independently for each transcript IF the variant fell 
within a known gene. its position within gene elements (e.g. exons, 
introns. untranslated regions, etc.) was recorded for functional impact 
predicrions depending on the impacted gene element. All variants 
falling within an exon were analyzed for their impact on rhe amino 
acid sequence ( e.,g, synonymous. nonsynonymous. nonsense. frame.­
shift, in-frame. intercodon etc. ). 
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3. Results 

3.1. C/wracterizntion of the cohort 

Table 1 provides a description of the cohort based on self-reported 
race and ethnicity information and includes the number of subjects, 
gender, and age of the subjects and the number of individuals removed 
from the study because of failed genotyping quality control (see 
Methods). Individual ancestry and admixture proportions were 
assessed within these self-reported race and ethnicity groups using ge­
notype infom1ation (see also Methods) and a graphical representation 
of the ancestry/admixture among the subjects in the srudy is provided 
in Fig. I. We ult1matcly identified 1476 individuals with predominantly 
European ancestry, I 09 African-American individuals, 43 with predom­
inantly East Asian ancestry, 321 with predominantly Hispanic American 
ancestry (i.e., With significant Native American admixture), and 599 
with predominant ancestry from any ocher geoethnic population. We 
used these combined self-reported and gencticaJly-determined 
ancestries in subsequent analyses. 

32. lmputability of the HE markers 

We explored the possibility that the markers which were exclusive 
to the HOEE array (i.e., the HE conrent) could be lmpuced from markers 
on the HOE array. If lhese markers are amenable to imputation. it would 
call into question the utilir:y of the additional content on the HOEE chip. 
Only a modest proportion of the markers exclusive ro the HOEE array 
were imputable from the HOE cdntentand passed impurarion qualiry 
control thresholds (N = 80.205: 32.9%). Among these. markers with 
common variants (MAF> 0.05; N = 27,250) were imputed accurately 
across all ethnicities: 76.4% of rnmmon markers had r2 > 0.95 and 
90.6% had r2 > 0.80. However, markers with moderately common 
(O.o1 .s MAF ::::;; 0.05; N = 9777) and rare (MAF < 0.01 : N = 43.178) 
variants were imputed more poorly: 46.8% and 22.9% with r2 > 0.80, re­
spectively. Overall, only 50.6% (N = 40.620} or all imputable markers 
were accurately imputed across ethnicities (Fig. 2A). Considering the 
HE included 158,878 non-monomorphic markers in rhis sample 
(among 243,783 total genotype.d markers), only approximately 
one-quarter of variable HE content - and one-sixth of the total HE 
content - could be recapitulated from imputation via the HOE contenL 
Note that we did not consider the small number or Y-chromosome 
(N = 180) and mrDNA markers (N = 245) available on the HE chip. 

Imputation accurat)' was also assessed separately for European 
Americans (N = 1476, rig. 28). We found a trend towards decreasing 
imputation accuracy with decreasing minor allele frequency. The 
proportion of markers Which could be imputed accurately (r2 > 0.80) 
was 65%. The small numbers of subjects in the other ancestry groups 
precluded statistical comparisons. 

Table 1 
Descripnve sradstics for the cohorlS studied based on self-reporred race and ethnioty. 

Measure Number of sub;ecrs 

se1r-reported r.JCe: 
Black/African American 128 
Ameriran lndtan/Alaska 35 
Asian 80 
Pacific Island/Hawaiian 39 
Whit<: 2 104 
Mulllple races 125 
Unlcnown 46 

seir-n:parted ethnicity: 
Non-Hispanic 1951 
Hispanic 601 
Unknown 5 

·row: 2557 

Finally, the total number of markers that could be imputed based on 
the HOE and HOEE. but not present on either platform. were considered. 
A large number of markers were successfully imputed at an acceptable 
quality (i.e .. information threshold greaterthan 05) on bol'h platforms 
(SupplemencaJ Table 2). The total counts and overl..ip between 1-tOE 
and HOEE were very similar. Only slightly more markers were imputed 
accurately using HOEE compared to HOE (22,961.598 and 22.898.511, 
respectively). Markers with rare variants (MAF < 0.01) accounted for 
roughly 54% of the approximately 23 million accurately imputed 
markers. while markers With common variants (MAF > 0.05) accounted 
for30%. ln genera.I, there was high concordance of imputed genotypes 
between the HOE and HOEE (Supplement<il Fig. Sl ). Approximately 
17 million markers had r2 > 0.8. Thus, the perfonnance of the HOE and 
HOEE to impute markers not present on either platform was deter­
mined to be roughly equivalent. 

33. Funcdonal content for markers interrogated by che HE array 

Of the 949.469 markers that passed genotyping QC (see Methods), 
the known or likely functional significance of 931,570 markers could 
be assessed using a suite of bioinformatics and computational proce­
dures as described in (Torkamani et aL. 2012) (see Methods). Of the 
237.627 markers interrogated on the HE chip, there were 237,489 
single-nudeotide variants (SNYs). 43 insertions, and 95 deletions. The 
classification of these markers into 9 functional groups is shown in 
Table 2 ( left columns). Overall. 117.678 variants (49.5%) on the HE 
were pre<licted to be functional. When compared to the content cm 
d1e more comprehensive HOEE array, we found that of the 122,668 
HOEE functional variants, 117,678 (95.9%) were conrributed by the 
HE. We also compared the contribution of functional content of the HE 
to the HOEE array after imputation (HOEEi; N = 22.961.598 markers 
amenable to impurarion ). We found that only approximately 0. 7% of 
all variants capable of interrogation were likely to be functional (right 
columns of Table 2), suggesting that the HE chip is indeed substantially 
adding to the functional content available when using tbe HOE array. 
even after imputation. We note that some variants ( N = 11 43 or 
0.12%) that were either interrogated on the HOEE chip or amenable to 
imputation were not amenable to functional prediction based on our 
computational procedures due ro, for example, location inconsistencies 
in relevant databases. 

3.4. Overall and funclional variant frequencies 

·n1e majority of markers interrogated on the HE platform have very 
low minor allele frequencies. For example. 85% of markers exhibited 
minor allele frequency or 0.01 or less in our multi-ethnic cohort and 
similar trends were observed within each population. This observation 
has obvious implications on the utiliry of the HE in GWAS initiatives 

Malcs/rem.ites Avcr~geage #l'oor genotype QC 

12!1/0 2538 1 
35/0 22.66 0 
79/1 24.94 l 
3811 22.96 0 
2096/8 23.25 7 
125/0 22,50 0 
46}0 23.19 0 

i946/S 23.42 8 
596!5 23.18 1 
5/t) 22.00 0 
2547/ 10 23,35 9 
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Fig. 1. Admixture proportion of individuals included i11 the study, Eac:r hd vidual is represemed by a vertial bar divided Into colored segmeni:s. The size of each rolored segment reOects 
i:he proportion of admixture from one of six major rnntinental JOpd.iri• ns (red - European; Yellow -~frican; green - Native l\meri~an; tllrquoise - Ease Asian; blue - Oceanic, 
magenta - Central Asian). Individuals in each ancestral caregcry arrc ~cne::I by the degree of European adnixture (i.e., size of red st\gments). 

which focus on single marker tests. Assuming a sn:al o: 1.Jojerate effect 
of variants on disease, most of the markers on the HE ;: rray will only 
provide sufficient power to detect associations between .m allele and 
a disease using single marker tests ifinfom1ation on a v:!' 1<.rge number 
of case and control individuals is collected. 

The mean (± s.d.) number of polymorphic marker:; pu individual 
interrogated on the HE array was 15,746 (± 215). ar:c nduded 2454 
( ± 59) functional markers. 14.3 (± 6.4) private markers, and 7.9 
(± 3.S) functional and private markers. Similar r:urnbeG were seen in 
the European American subgroup (total: 15,523 ± 112: functional: 
2420 ± 38; private: 10.1 ± 3.8, functional & private. 5.7 ± 2.6). 

4. Discussion 

As the genetics community learns about the lirr:i tatiom of contem­
porary approaches to discovering variants that in1uence phenotypic 
expression. newer approaches will undoubted .yen~~~. It is quite 
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dear tha: despite the spectacular and numerous successes in identifying 
associate-d variants via GWAS initiatives focusing on common variants 
and linkage disequilibrium phenomena. there is a large fraction of the 
genetic tasis of most diseases and traits that has yet to be characterized. 
This cou:d be due to one or n:ore of the following factors: ( I ) rarity or 
relative!/ small effect sizes of the remaining variants contributing to 
those conditions: (2) forms of variation not hitherto explored in as 
comprere nsive a manner as S!'."Ps and small indels in GWAS initiatives 
(e.g.. copy number of variants and large structural variations); (3) compli­
cated gene x environment interactions; (4) epigenetic factors: and. 
( 5) othe- phenomena (Frazer et al., 2009: Manolio er al., 2009; Schork 
et al.. 2009). 

The contribution of rare variants to phenotypic expression is getting 
more ard more attention given the availability of cost-efficient se­
quencin.~ technologies (Bansal et al., 2010; Bodmer and Bonilla, 2008; 
Frazer e: al., 2009; Gibson. 201 1; Malhotra and Sebar:. 2012; Pasaniuc 
et al.. 2012: Schvrk et al., 2009). However. sequencing technologies 
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f'ig. 2. The proportion of imputable markers {N = 80.205) exclusiv ~ :o :he HOEE (i.e. HE content) cove-ed by imputation. based on the HOE and 1000 Genomes reference haplocypes 
across: A) all subjeccs (N = 2548); B) European American; (N = 1473). Marker frequencies: blue - <0mmon (MAF > 0.05); green - moderately common (O.ot s MAf s 0.05); 
red - rare (MAF < O.Ol ); and black dashed - all. 
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Table2 
FuactJonal content of1he vananlS on the Human Exome array (I I~) and rhe Hl1mi\r1 Omni 
f.xpressExome phi~ Imputable m.irker array ( llOJ:Ei) ind it•ating the number or varim11s 
and rate in each .,r nine funaional cldsses (seeMethoru). 

Fundional group ME val'ianis R.ir~ HOEEI Rate 

Splicing ch,mge v.iriants 372 0.030 625 O.QI S 
Prob.1llly dan.iging 1\scSNPs 54,970 0.267 67.328 02 72 
Possibly damaging nscSNl's 39.144 0.100 46.290 0.187 
Pro~ein moilfdamagJng varianis 23.304 0292 27.283 O.i9J 
TFBS disrnpllng variant< 0 0.000 IO 0.004 
pre-rniRN/\ disrupting vari,11115 6 0.000 201 0.000 
miRNl\-BS disrnp1ing 11arian1S 23ti 0.062 1931 0.055 
ESE-BS disrupring variants 17.S(JO 0. 117 27.058 ll.117 

ESS-BS disniptlng variants G439 0,114 9869 0.116 
Total likely fiJncttonal variants 117.678 0.495 tS0,035 0.007 

may still be cost-prohibitive for large-scale associarion srudies. 
111erefore. the generics research community has considered the use of 
genotyping platforms that can interrogate previously identified variants 
that are not easily captured via linkage djsequilibrium on standard 
genotyping platforms used in GWAS initiatives. Choosing rhe markers 
ro be used on such arrays is crucial, but a focus on coding variants 
(i.e .. the exome) is a logical starting point (despite the fact that codjng 
variants rend to be rare) sfnce it has been shown that they are likely 
to be functional and have been implitared in a number of diseases and 
phenorypes ( Botstein and Risch. 2003: Gorlov et al.. Wt I ~ Jordan 
et al.. 20 IO: Sunyaev, 20 12). However. designing a genotyping array 
that would complement existing genoryping plarfonns is not necessar­
ily trivial. For example. imput.irion slrategies are gaining sophistication 
making it possible to avoid the use of newer assays by computalionally 
assigning variants to indlviduals based on linkage disequilibrium pat­
terns in the genome and available dara sets (Flannick er al .. 201 2; 
Marchini and Howie. 2010). Thus markers interrogated on newer 
platfom1s should optimally contain those nor amenable co impuration. 
In addition, if markers are to be chosen for direct genotyping, rhen it 
makes sense to bias them towards tho.se likely to indude functional 
variants. Finally, many rare variants are likely to be population­
specific, including those likely to be funcrional (Kidd et al., 2012; 
Torkamani et al., 2012). making the choice or whic:h variants to include 
on a genoryping array complicated. For example. a researcher may nor 
wish ro invest in a genotyping platform if many of the markers being 
interrogated are not likety robe found in the populations oFinterest 

We explored these issues with a newly available genotyping array 
( the lllumina HE) designed to capture coding variancs that are comple­
mentary to markers currently interrogated by other genoryping arrays. 
We find that as much as 49.5% or the markers interrogated by rhe array 
are likely to impact the function of genes .. Jn addition. as only a small 
proportion of the HE con rent was amenable ro imputation. we feel the 
addition of these markers provides an improvement over the previous 
GWAS array design - although ir is possible that larger imputation 
reference panels may close this gap. 

A limitation of our dataset is rhe unequaJ representation of different 
racial/ethnic groups with a relatively small numberofHispanics.African 
Americans. and subjects of other race. which precluded a derailed 
comparison of population-specific variants. In addition, our cohort 
was almost exclusively male, which effectively reduced rhe number of 
X chromosomes by half and did not allow for a comparison between 
genders. However. since analyses were based on the combined genomic 
content of the array, this should not impact our conclusions. 

Obviously, the chojce of a genotyping platform will have to be based 
on the goals of a study. For example, if a study requires the accommoda­
tion of de novo, very rare. or likely population-specific variants. then the 
use of an array designed to interrogate variants that have been 
previously identified Is inappropriate. However, if die goal of a study is 
to efficiently expand the search for likely causative variants that ~re 
'beneath the radar' of standard GWAS genotyping platforms, then 

genulyping arrays focusing on rare variants d1at are likely to be function­
al, such as coding variants. makes sense. The design of those arrays in 
terms of the variants they interrogate, however. is crucial for their 
success. 

Supplementary dara to this article can be found online at htrp://dx. 
doi.org/ 10.1016/j.gene.2014.01.069. 
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Susceptibility to PTSD is determined by both genes and euvi­
ronment. Similarly, gene-e>..'Pression levels in peripheral blood 
are influenced by both genes and environmen t, and expression 
levels of many genes show good correspondence between pe­
ripheraJ blood and brain. Therefore, our objectives were Lo test 
the following hypotheses: (I) p re-trauma expression Levels ofa 
gene subset {particularly immune-system genes) in peripheral 
blood woul d differ between trauma-exposed Marines who later 
developed PTSD and those who did not; (2) a predictive bio­
marker panel of the eventual emergence of PTSD among high­
risk individuals could be developed based on gene expression in 
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readily assessable peripheral blood cells; and (3) a predictive 
panel based on expression of individual cxons would smpass 
the accuracy of a model based on expression of full-Jengt.h gene 
transcripts. Gene-expression levels were assayed in peripheral 
blood samples from 50 U.S. Marines (25 eventual PTSD cases and 
25 non-PTSD comparison subjects) prior lo their deployment 
overseas Lo war-zones in Iraq or Afghanistan. The panel of 
biomarkers dysregulated in peripheral blood cells of eventual 
PTSD cases pl'ior to deployment was significantly enriched for 
immune genes, achieved 70% prediction accuracy in an inde­
pendent sample based on the expression of23 full-length tran­
scripts, and attained 80% accuracy in a n independent sample 
based on the expression of one exon from each of five genes. 
lfthe observed profiles of pre-deployment mRNA-expression in 
eventual PTSD cases can be further refined a nd replicated, they 
could suggest avenues for early intervention and preventfon 
among iJJdividuals at h igh risk for trauma exposure. 
© 2013 Wiley Periodicals, tnc. 

Key word s : alterpative splicing; mRNA; peripheral blood 
mononuclear cells; transcriptome; trauma 

1 INTROOUCTION 
Previous research on post- traumatic .stres!; disorder ( PTSD) has 
identified numerous factors LhaL put individuals al greater risk of 
developing the disorder, such as family history, childhood or early 
adulthood ex:periences, personality and cognitive traits, and pre­
existing mental disorders [Koenen etal., 2005; Kremen et al. , 20071; 
however, no easily assessed biological markers of PTSD have yet 
been validated. Tbe biological factors associated with tJ1c risk for 
(and resilience to) PTSD are also poorly understood. Although 
susceptibility to PTSD appears to be moderately heritable, non­
genetic factors (most prominently the type and extent or the 
precipitating trauma, and social support) and gene-environment 
interactions likely also contribute to each individual's overall 
susceptibility 10 the disorder [True ct al., l 993i Stein et al., 2002; 
Kremen et al, 2012]. 

Given the less-than-absolute heritability of PTSD, pursuit of 
genetic markers alone (e.g., single nucleotide polymorphisms 
and copy-number variations) will le<<1ve much of the varia11ce 
in vulnerabili ty unexplained IYehuda et uJ., 2011; Mehta and 
Binder, 2012). Gene expression (i.e., mRN/\) levels, which poten­
tially reflect t.he effects of both heredity anJ environment, may be 
better indicators of the aberrant biology underlyingPTSD, as well as 
its premorbid risk state. PTSD clearly is a brain disorder, but 
assaying gene-expression levels-either acutely or longitudinally­
in the brains ofliving humru1 subjects al risk for PTSD is impossible. 
Yet, as demonstrated by Sullivan el al. l2006l and, more recently, 
Rollins et al. [2010) and Kohane and Valtchinov [2012), peripheral 
blood expression levels of many genes are moderately correlated 
wirh the expression levels of those genes in other tissues, including 
postmorreni brain, suggesting the possibility that peripheral blood 
gene expression can be harnessed to construct useful profiles of 
braio disorders [Woelk et al., 2011 j. Indeed, we and ot.hers h ave 
capitalized on this prox.y phenomenon Lo ident.ify promising 
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peripheral blood-based biomarkers for a number of neuropsychi­
atric disorders, including schizophrenia, bipolur djsorder, and 
autism spect.rum disorders I Glatt et aJ., 2005, 2009, 20 I la,b, 
2012; Tsuang et al., 2005; Lee et aL 2012]. 

In the context of PTSD, several prior studies identified differ­
ences in peripheral blood gene-expression levels benveen individ­
uals with PTSD and simi larly exposed comparison subjects without 
PTSD. First, Segman et al. [2005] described a longitudinal analysis 
ofgenel'.irprcssion in peripheral blood mononuclearceJls (PBMCs) 
from trauma survivors :it the emergency room immediately after 
their trauma and again 4 months later when a diagnosis of PTSD 
cou ld be definitively established. Predictably, this study found tba t 
lhe expression of many genes previously implicated in mediating 
the stress response (e.g., genes associated with hypolhalnmic­
pituitary-adrenal [H PA] axis function) were significantly dysregu­
lated in subjects wi1h PTSD rela1·ive to those who fully recovered 
from their trauma. These changes in geDe expression also showed a 
fa1ear relationship with the severity of three different clust·ers of 
PTSD symptoms. 1n add ition to changes in stress-response genes, 
Lhe PBMCs from subjects with full persistent PTSD were marked by 
significant down-regulation of Lranscripl'ional ac1ivntors. suggest­
ing that subjects with PTSD may experience a global deficiency in 
lhe production of mRNAs (and, thus, proteim) of key genes at 
critical times. Subsequently, Zieker et al. [2007] replicated dysre­
gulation of stress-response genes in whole blood from a sample of 
subjects with long-persistent PTSD resulting from the same envi­
ronmental trigger (the Ramstein air show catastTOphe, 1989). In 
addit.ion, Zieker et al., extended earlier work by demonstrating 
changes in severaJ immune-related genes among PTSD sufferers. ln 
2009, Yehuda et al. r 2009 I identified a profile of dysregulated genes 
in peripheral blood of survivors of the World Trade Center attacks 
that also was enriched with genes involved in HP A axis and immune 
cell functions. Most rece11Uy, Neylan et al. [2011] found global 
down-regulation of genes in CD14+ monocytes from male PTSD 
sufferers, but some evidence of increased activation of immuoe­
system genes in female PTSD patients. 

Consolidating this evidence with the results from epidemiologic, 
genomic, and neurobiological studies of the disorder [e.g., Uddin 
et al., 20101 Jed us to recently propose a lheoryofPTSD predicated 
on dysregulation of immune and inflammatory processes in gen­
eral, and cellular immunity in particuJar !Baker et al., 2012b]. 
However, it was not clear from any of thjs work whether dysregu· 
lation of these processes occurs only io response to trauma exposure 
or if, in fa1-i, gene-expression abnormalities in peripheral blood of 
individuals exist "pre-trm111111" and signal a /1eig]1tened susceptibility 
to developing thedisorderoncetrauma is experienced. Recent work 
by van Zuiden et al. f20J 2] supports the assertion that pre-trauma 
disturbances in peripheraJ blood gene expression (at least i.n the 
realm of glucocorticoid signaling and regulation of cell-mediated 
immune and inflammatory processes) muy predict post- trauma 
onsel of PTSD and depressive symptoms. 

We virtu11lly never know about exposure Lo a traumatic event io 
advance, .so the ne>.'1 best alternative in the pursuit of PTSD 
biomarkers has historically been studies of people who have re­
cently experienced a trauma. But the critical limitation in such 
studjes is that it is not possible to differentiate pre-existing risk 
factors from the consequences of trauma exposure or of develop· 



GLATT ET AL. 

ment of PTSD. lo the context of this prior work, we report here the 
results of transcriptome-widc expression-profiling of peripheral 
blood samples from individuals at uniquely elevated risk of trauma 
exposure and development of PTSD: participants in the Marine 
Resiliency Study(MRS) prior to 1heirdeploy111c111 to activewa rzones 
in Iraq or Afghanistan, who were then foll-0wed longitud inally 
I Baker et al , 2012a). The objectives of this pilot study were to 
evaluate the following hypotheses: ( I) pre-trauma expression levels 
of some genes (particularly immune-system genes) in periphera l 
blood celJs would differ between trauma-exposed Marines who 
later wen t on to develop PTSD and those who did not; (2) a readily 
assessable, predictive biomarker panel of the eventual emergence of 
PTSD among high-risk individuals could be developed based on 
gene expression levels in peripheral blood cells; a1Jd (3) a predictive 
panel based on the expression ofindivid uaJ exons would surpass the 
accu racy of a niodeJ based on the e..xpression of full-length tran­
scripts of genes. We interpret the results of these analyses in two 
con texts: (l) as a means of identifying biological functions, pro­
cesses, pathways, and protein domains whose genomic dysregula­
tion may indicate or inOuence susceptibility ro the disorder; and (2) 

the construction of predictive or prognostic classifiers that might 
ullimately find use in assessing individual risk for PTSD and 
implementing preventive strategies in such populations. 

METHODS 
Ascertainment and Clinical Characterization of 
Subjects 
The MRS is a prospective cohort study of facto rs predictive of PTSD 
amoug approximately 2,600 Marines in fo ur battalions deployed 
lo Iraq or Afghanistan. The research team conducted structured 
clinical interviews on Marine bases and collected blood samples 
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and data al fo ur time points: pre-deployment, and ~l -weck, 

rv3-months, and .-...6-months after returning from deployment 
(i.e., post-deployment). Measures collected, including those used 
in this study, have been described in detail previously I Baker 
el aJ. , 20 1 2a] . 

The principal exclusion criteria for both affected cases and 
unaffected comparison subjects fo r the present analyses were: (l) 
a pre-deployment PTSD Checklist (PCL) score >44; andlor (2) a 
pre-deployment diagnosis of PTSD based on the Clinician-Admin­
istered PTSD Scale (CAPS) . !11 other words, no included subjects 
meteithercli nician- or self-rated thresholds fo r a diagnosis of PTSD 
at pre-deployment. Cases were identified as those subjects who were 
issued a CAPS-based PTSD diagnosis at --...3- and/or .....,6-months 
post-deployment. UnaffecLed compaiison subjects were identified 
as those subjects who. at no time, attajned aPCLscore>44 and who 
were not issued a CAPS-based PTSD diagnosis at any post-deploy­
ment interview. Among sub.iects who wereinduded in the full MRS 
sample and assigned to case o r comparison groups based on these 
criteria, we then selected for analysis 25 male PTSD cases and 25 
male comparison subjects based on simiJar demographics, pre­
deploymcnt clinical characteristics, deployment history, and levels 
o f e~-posure to putative traumas <lS determined from the Combnt 
and Post-Bau le Experiences subscaJes of the Deployment Risk and 
Resilience lnventory (DRRI)_ Arter performing quality-control 
checks on the microarray data (described below), two subjects 
(one case and one comparison subject) were removed from analy­
ses. The demographic, cli.nicaJ, and combat-experiential d1aracter­
istics of the remaining 24 case and 24 comparison subjects are 
shown in Table I. The two groups were comparable on all demo­
graphic and combat-experiential variables. Within both the case 
and comparison groups, 50% of the subjects had been deployed 
previously on at least one occasion, and while some subjects in each 
group had been previously deployed multiple times (up to three 

TABLE I. Demographic, Clinical, and Experiential Characteristics of Eventual PTSD Cases and Non·PTSO Comparison Subjects 

Eventual PTSD cases Comparison subjects P-value 
Sample size: n 24 24 
Age: 21.9 ± 3.2 21.S ± 3.2 0.6S3 
Previously deployed: n (%) 12 (SO.OJ 12 (SO.OJ 1.000 
Ancestry: Caucasian n (%) 17 (70.8J 18 (75.0) 0.8S3 
Cohort n (%] 

1 2 (8.3) s (20.8) 0.471 
2 8 (33.3) 7 (29.2) 
3 14 (58.3) 12 (SO.OJ 

ORRI combat experiences 18.9 ± 13.1 20.2 ± 14.9 0.754 
DRRI Post-batt le experiences 7.3 ± 4.6 8.7 ± 4.0 0.281 
CAPS pre-deployment 22.6 ± 12.0 15.4 ± 9.7 0.027 
CAPS 3·rnomhs post-deployment 67.2 ± 21.8 40.0 ± 29.4 0.013 
PCL Pre·Deployment 24.6 ± 6.4 23.2 ± 3.4 0.346 
PCL 1-Week Post-Deployment 42.7 ± 17.6 23.0 ± 4.9 < 0.001 
PCL 3·months post-deployment 49.3 ± 12.5 21.2 ± ± 4.6 < 0.001 
PCL 6-months poSt-deployment 40.6 ± 13.8 20.1 ± 2.6 < 0.001 

Notes. ( 1) Demogt<1phoc charnctensucs of each sample are reported as mean I SD unless 01herw1St! no1ed. l<!J Sample means and propon1ons were compared using fndependen1 samples Mests 
and cht·square tests, respecttvc-ly. 
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rimes), there was no difference between the two groups in the 
proportion of mult·iply deployed individuals or in the average 
number of deployments. Although no subject met diagnostic 
threshold for PTSD at pre-deployment as determined by either 
clinician ratings on the CAPS or self- ratings on the PCL, the 
eventual PTSD cases did have significantly higher clinician ratfogs 
on the CAPS al pre-deployment, wl1ereas no significant difference 
in pre-deployment self-ratings on the PCL were observed. As 
expected, the eventual PTSD cases also bad significantly higher 
clinician- and self- rated symptoms of PTSD at all post-deployment 
evaluations. 

mRNA Sample Acquisition, Stabilization, 
Isolation, and Storage 
Close collaboration with the Marine Corps and the Navy, which 
provides health support for the Marine Corps, enabled compre­
hensive on-site data collection. The diniqi.J interview and sample 
blooddraw ( 10 ml) were both collectedwithin4 hrofeachotheron 
the same day. Each blood sample was cc>llected into an EDTA­
coated collection tube and immediately lransferred to 411 RNase­
free laboratory, where all subsequent procedure.s took place. The 
blood sample was passed over a LeukoLOCK filter, which was 
Oushed with PBS and then fully saturated with RNA later [Gonzales 
et al., 2005]. Each LeukoLOCK filter, containing bound, isolated, 
stabilized, and purified white blood celJs, was sealed and stored in a 
sterile box at - 2o·c. Once mRNA samples were acquired from all 
subjects, the entire batch of samples was processed to isolate mRNA. 
Eluted mRNA samples were stored at -so·c until transferred to the 
SUNY MicroArray Core (SUNYMAC, Syracuse, NY) Facility at 
SUNYUpstate Medical University for quality assurance and micro­
array hybridiwtion. LeukoLOCK filters, RNAlater, and TRI reagent 
were obtained from Applied Biosystems, Inc. (Foster City, CA), 
while all other reagents and supplies were obtained from VWR 
International, LLC (West Chester, PA ) unless otherwise specified. 

mRNA Ouant itation, Ouality Control, and 
Hybridization 
The concentration of mRNA in each DNA-free sample was quan­
tified by the absorption of ultraviolet light at two wavelengths (260 
and 280 nm), which was measured on a NanoDrop .ND-1000 
spectrophotometer (Thermo Fisher Scientific; Wilmington, DE). 
The quanlity of mRNA in each of the 50 samples fa r exceeded the 
minimally sufficient amount required for microarray hybridiza­
tion. The purity of each mRNA sample was estimated by th.e 
260:280 nm absorbance ratio, with an acceptable range designated 
a priori as l.7-2.1. The quality of each mRNAsamplewasquantified 
by the RNA Integrity Number (RIN) [Schroederetal.,20061. which 
was determined on an RNA 6000 Labchip Kit on an Agilent 2 LOO 
Bioaualyzer (Agilent Technologies, Inc., Santa Clara, CA). Accord­
ing to convention [Schroeder et al., 2006), a lUN of 6.0 or greater 
was deemed to be indicative of acceptabJe quality, and oo samples 
were removed based on this criterion. Two batches of 25 samples 
each (balanced with PTSD cases and controls ) were Lben assayed 
on GeneChip Human Exon 1.0 ST Arrays (Affymetrix, lnc., Santa 
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Clara, CA ) per lhc "Whole Transcript Sense Target labeling Assa)!" 
protocol IAffymetrix, 2006] using 1 µ,g of total RNA from each 
sample. 

Microarray Data Import, Normalization, 
Transformation, Summarization, 
and Quality Control 
Partek Genomics Suite software, versioo 6.6 © 20 l2 (Partek 
Incorporated, SL Louis, MO), was ut-ili~ed fo r all analytic proce­
dures performed on micwanay scan data. lnterrogating probes 
were i mporte<l, and correct-ions for background signa.I were applied 
using the robust multi-array average (RMA) method [Irizarry 
et al., 2003], with additional corrections applied for the CC-content 
of probes. The set of GeneChips was standardized using quantile 
nonnali1..ation and expressinn 1.evels of each probe underwent log-2 
transfom1ation to yield distribu tions of data that more dosely 
approxin;iated normality. As most genes were measured by multiple 
probe sets (typically one probe set per exon. but sometimes more), 
summari7..ation of probes took place at tw() levels: first, probes 
tagging the s~me e.xon were immmariz.ed by median polish to arrive 
at one expression vaJue per e..xon; second, exons tagging the same 
gene were summarized by median polish 10 arrive at one expression 
value per gene. Aii pro besets were expressed with a signal:noise ratio 
~3; thus, no probeset's were excluded from analyses of differential 
expression. A total of257, 106 probesets were analyzed, mapping to 
20,224 whole transcripts and 209,826 exons. 

Unsupervised clustering of subjects revealed no evidence of 
batch effects based on scan date. Principal component~ analysis 
(PCA) of the 50 pre-deployment data points identified two outliers 
(one case and one comparison subject) whose component values 
were beyond fo ur standard deviations (SD) in each of the first three 
dimensions of the PCA plot , suggesting tJ1at the fundamental gene­
expression pattern measured io these subjects (as evidenced by 
correlations among expression levels of probes) was inconsistent 
with that of the majority of other subjects. Both outlier samples 
exhibited higb levels of average deviation among redundant probes 
located within a given chip, as well as high levelsofaveragedeviation 
in comparison with the median expression levels across all chips, 
suggesting either physical defects or hybridization problems with 
these chips. Removal of these two samples resulted in all 48 
remai.niog subjects' data being we!J within the four-SD ellipsoid 
on each of the fast three PCA dimensions. 

Microarray Data Analyses 
We performed four independent sets of analyses on the microarray 
data, as described beluw. 

Identification of differentially expressed genes and tl1eir asso­
ciated biological tenns. We utilized analyses of covariance 
(ANCOV As) to determine wltich fulJ-lengtJ1 genetic Lranscripts 
were dilTerenlially expressed at pre-deployment in peripheral blood 
cells between PTSD cases and comparison subjects. We performed 
ANCOV As of each gene's expression level as a function of 
PTSD status {case or control), deployment cohort {three levels 
corresponding to three platoons dep.loyed at different times), age 



GLATT ET AL 

(continuously measured in years), ancestry (dichotomi~ed as Cau­
casian or not, as most subjects were Caucasian), and prior deplO}'­
ment status (first or subsequent deployment). Prior deployment 
accounted forlessglobal variation in the expression dataset than did 
error. and prior deployment rates Jid not differ significantly 
between cases and comparison subject.,c;, so it was removed from 
the model and subsequent analyses to preserve degrees of freedom. 

To generate a relatively large candidate-gene list for funct.ional 
profiling and construction of classifiers, we set the uncorrected 
type-I-erro r rate for diagnosis in these analyses at 0.01. We then 
reduced the dimensionality of the resulting list of candidate bio­
markers through analysis of annotation-enrkhment using the 
DA VTD algorithm [ Dennjs et al. , 2003 J to determine if the gene 
list disproportionately represented any biological "terms." Specifi­
cally, we evaluated whether the list was enriched with genes that 
aggregated in the same functional categories, represented similar 
ontologies, participated in the same biological pathways, or exhib­
ited common protein domains.The evaluated Lerms included: ( 1) 
onlologies from Gene Ontology Consortiwn (GOC) [Ashburner 
el al., 2000] and Clusters ofOrthologous Groups (COG) fTaLusov 
el al. , 2000J; (2) keywords from lhe Protein TnfonnatiM Resource 
(PIR) [Wu el al., 2003]; (3) features from the Unjversal Protein 
Resource (Uni.Prot) lApweiler et al., 2004J; (4) biological pathways 
from BioCarta and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [ Kanehisa aod Goto, 2000]; and (5) protein domains from 
PlR, the Integrative Protein Signature database (Inter Pro) [Hunter 
el al. , 2009], the Simple Modular Architecture Research Tool 
(SMART) [Schul tz et al., 1998], and the University of California 
at Santa Cruz's Transcription Factor Binding Site (TFBS) database. 
Bonferroni-correction was applied to the P-values obtained in the 
enrichment anaJyses of these annotation terms, and we only con­
sidered significant those tests that exceeded a Llueshold of 
P = (0.05/Lhe number oftcm1s evaluated in a particular category). 

Discovery a11d replicatio11 of gene-based diagnostic predic­
tors. We utilized a machine-learning technique (support vector 
machine, SVM) Lo construct, evaluate, optin1ize, and crnss-valldate 
classification algorithms predicti11g eventual PTSD status based on 
gene-expression levels at pre-deployment fur a subset of our full 
sample. To accomplish this, we generated a large list of differentially 
expressed candidate genes (nominal P < 0.01 ) in a subset of the 
sample ( 19 cases and 19 comparison subjects) using ANCOVA anti 
the saroe panel of factors and covariates described above. The 
probes on this list were then supplied as potential predictors in 
an SVM, as various model parameters and predictor combinations 
were evaluated to identify the model with the highest accuracy in 
identifying cases and comparison subjects based solely on the 
e>.'Pression levels of a minimal gene set identified by shrinking 
centroids after two-level nested (i.e., two-level) l 0-fold cross­
validation. The top-performing model was then deployed on a 
fully independent test sample (five cases and five comparison 
subjects) to determine its generalizability in accurately predicting 
case status based on gene-expression levels (the l 0 subjects used fo r 
model validation were not significantly different from those in the 
training set in terms of demographic, gene-expression QC, experi­
ential, or clinical factors; data not shown). 

Jde11tificario11 of differentially expressed exons and tl1eir asso­
ciated biological tenns. We examined exon-expression levels 
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utilizing ANCOV /\s to identify putative alternative splici11g difter­
ences between individuals who would go on to develop PTSD and 
those who would not. The same fact(HS evaluated in gene-based 
analyses (PTSD status, cohort, age, aod ancestry) were assessed fo r 
I heir main effects and their interaction with exon 10 ;is predictors of 
exon-expression levels, c.f. [Glatt el al., 20091 ; however, due to the 
stronger effects or diagnosis on e:xon-specinc expression ob$ervecl 
relatjve to the earlier gene-based analyses, we restricted the candi­
date-gene list to tr;mscripts with P < 0.0001 for the interactilin of 
diagnosis and exon ID. This yielded a gene list sti ll sufficiently large 
fo r the construction of classifiers (see below) and enrichment 
analyses, which we again performed using the DA Vl D algorithm. 
Enrichments were evaluated against a Bonferroni-corrected 
P-value accounting for the number of terms evaluated. 

Discovery a11d replicatio11 of exo11-based diagnostic predic­
tors. As outlined above for full- length transcripts under Metbods 
Section, we used SVMs to construct, evaluate, optimize, and cross­
validate classification algorithms predicting eventual PTSD slatus 
based on exon-expression levels a1· pre-deployment for the same 
subset of our full sample. We first genern ted a large candidate list of 
putatively alternatively spliced genes (nominal P < 0.000 l for the 
interaction of PTSD status and exon ID) in a subset of the sample 
( 19 cases and 19 comparison subjects) using ANCOVA and ~he 
same panel of factors, covariates, and interaction terms described 
above. For each gene oo the list, the most signific;in tJ y dysregulated 
exon was identifiedandsuppliedasa potential predictor in theSVM 
clussHiers. Various model parameters and predictor combinations 
then were evaluated Lo identify the model with the highest accuracy 
in identifying cases and comparison subjects based solely on the 
expression levels of a minimal exon set identified by shrinking 
centroids after two-level nested 10-fold cross-validatLon. The top­
performing model was then deployed o n the fully Independent test 
sample (five cases and five comparison subjects) to determine 
its generali:tability in accurately predicting case status based on 
exon-expression levels. 

RESULTS 
Identification of Differentially Expressed Genes 
and Their Associated Blologlcal Terms 
No gene's expre:;sion level was related lo future PTSD status at a 
Bonfcrroni-corrected level of significance, which is not surprising 
given the relatively small sample size and large number of tra.n­
scripts tested. We rud. however, identify 67 probes dysregLtlaled 
with a nominally significanl P < 0.01 in Marines who were later 
diagnosed with PTSD (Table 11 ). Thirty-nine of these 67 probes 
were down-regulated, whereas 28 were up-regulated. While the 
di rection of this pattern is consistent with prior work identifying 
transcriptional down-regulation in PTSD lSegman et al., 2005; 
Neylan et al., 20 I I], the ratio of clown-regulated to up-regulated 
probes was not significantly different from chance expectation 
(one-ta iled sign-test, P = O.l I). log 2 fold-change (FC) of these 
probes in eventual PTSD cases ranged from 1.8-fold down­
regulation to 2.1-fold up-reguJation. Annotations significantly 
enriched in t he list of 59 genes tagged by the 67 dysregulated 
probes-after Bonferroni correction for the number of terms 
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TABLE II. Genes Significantly Dysregulated [P 0.01] In Peripheral Blood Mononuc:lear Cells from the Full Sample of Eve11tual PTSD 
Cases at P1e-Oeploytnen1 and Used in Predictive SVM Classiflet!; 

Diagnost ic group main effect 

Transcript Fold-change 
clust er ID Gene symbol Gene product in cases F P-value 
8040080 RSAD2 Radical 5-adenosyl methionine domain containing 2 2.14 8,9 4.6E - 03 
7902541 IF/44L Interferon-induced protein 44-like 1.77 7.8 7.9E- 03 
7958895 OAS3 2',51-oligoadenylate symhetase 3, 100 kDa 1.72 7.5 8.8E- 03 
7971296 EPST/1 Epithelial stromal interaction 1 (breast] 1.68 11.7 1.4E- 03 
8050102 CMPK2 Cytidine monophosphate (UMP-OAP) kinase 2, 1.54 9.2 4.lE- 03 

mitochondrial 
8071155 USPJB Ubiquitin specific peptidase 18 1.49 7.4 9.5E- 03 
7921434 AIM2 Absent in melanoma 2 1.46 8.8 4.9E- 03 
8046124 DHRS9 Oehydrogenase 1.44 8.9 4.7E- 03 
7958884 DAS1 2',S'-oligoadenylate synthetase 1, 40 1.39 10.6 2.2E- 03 
7958913 DAS2 21,S'-oligoadenylate synthetase 2. 69 1.38 8.5 5.7E- 03 
8004184 XAF1 XIAP associated factor 1 1.29 8.7 S.2E- 03 
7976443 Jf/2? Interferon, alpha-inducible protein 27 1.26 11.G L4E-03 
7953924 CLEC9A C-type lectin domain family 9, member A 1.22 7.4 9.5E- 03 
8121532 WISP3 WNT1 inducible signaling pathw<ly protein 3 1.22 8.6 5.3E- 03 
8107094 ENSTDODDD442824 Cdna:pseudogene chromosome: 1.20 7,9 7.SE-03 

GRCh37:5:97549106:975A9825: 
8043375 TRNK Mitochondrially encoded tRNA lysine 1.19 7.4 9.3E- 03 
8060294 PDCD1 Programmed cell death 1 1.18 8.2 6.5E- 03 
8127234 DST Oystonin 1.15 9.0 4.4E- 03 
8018315 SUMD2 SMl3 suppressor of mi( two 3 homolog 2 1.14 9.9 2.9E- 03 

(5. cerevisiae) 
8060997 SPTLC3 Serine palmitoyltransferase, long chain base subunit 3 1.13 8.0 7.2E- 03 
8118345 CFB Complement factor B 1.12 8.1 6.8E- 03 
8162884 ALDDB Aldolase B, fructose-bisphosphate 1.11 10.5 2.3E-03 
806184? C2Dorf70 Chromosome 20 open reading frame 70 1.11 8.5 5.6E- 03 
8178115 CFB Complement factor B 1.11 9.9 3.0E- 03 
7963386 KRTB2 Keratin 82 1.10 9.2 4.lE- 03 
7990391 CYP1A1 Cyiochrome P450, family 1, subfamily A, polypepti de 1 L09 10.0 2.9E- 03 
8069503 LOC44l956 Similar to cONA sequence BC021523 1.09 19.0 8.0E- 05 
8139721 ENSTODODD462919 ncrna _pseudogene:miRNA _pseudogene chromosome: 1.07 7.5 9.0E- 03 

GRCh37:7:55713765:55713874 
7993146 ENSTDDDOD4?5D32 ncrna_pseudogene:scRNA_pseudogene chromosome: - 1.05 8.2 6.4E- 03 

GRCh37:16:87 77112:87 7 7 408 
8027824 MAG Myelin associated glycoprotein - 1.08 7.6 8.5E- 03 
8142685 TMEM229A Transmembrane protein 229A - LOB 8.8 4.9E- 03 
8065252 ENSTODDDD432334 cdna:known chromosome: - 1.08 8.6 5.4E-03 

GRCh37:20:197383S2:19780320 
8030002 ZNF114 Zinc finger protein 114 - 1.09 9.6 3.4E- 03 
8118455 C4A Complement component 4A (Rodgers blood group) - 1.09 9.1 4.3E- 03 
7945498 SCT Secretin - 1.09 11.6 l.4E-03 
8179399 C4A Complement component 4A [Rodgers blood group) -L09 7.7 8.3E- 03 
8100523 SP!NK2 Serine peptidase inhibitor, Kaza! type 2 [acrosin- - LlO 8.4 5,8E- 03 

trypsin inhibitor] 
8152812 FAM848 Family with sequence similarity 84, member B -1.10 10.3 2.6E-03 
8024816 FS01 Flbronectin type Ill and SPRY domain containing 1 - 1.11 9.3 4.0E-03 
8137962 LDC100129484 Hypothetical LOC100129484 - 1.11 9.2 4.lE-03 
8060339 NRSN2 Neurensin 2 - 1.l2 9.6 3.5E- 03 
7920264 51DOA5 S100 calcium binding protein AS -1.13 7.9 7.3E- 03 
8018646 FDXJ1 Forkhead box Jl - 1.14 10.5 2.3E- 03 
8051061 UCN Urocortin - 1.14 9.4 3.8E- 03 
8129095 ENSTDDDDD435100 Cdna:pseudogene chromosome: 1.15 7.6 8.?E- 03 

GRCh37:6: 116579656:116580278 
8122699 RPS18P9 Ribosomal protein S18 pseudogene 9 - 1.15 8.9 4.GE-03 
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li\BLf ll. [Continued) 

Diagnostic group main effect 

Transcript Fold-change 
cluster ID Gene s~mbol Gene product in cases F P-value 
8012891 ENSTDOOO 412454 Cdna:pseudogene chromosome: - L15 8.4 5.8E- 03 

GRCh3?:17:14608393:14608851 
8071368 TMEM191A Transmembrane protein 191A - 1.15 8.9 4.7E- 03 
8127526 RPL39 Ribosomal protein L39 - 1.15 8.0 7.2E- 03 
7985192 AGPHDl Aminoglycoside phosphotransferase domain contilin· - 1.16 7.6 8.7E- 03 

ing 1 
8072584 ENSTOOOD042361 Cdna:pseudogene chromosome: - 1.16 9.4 3.7E- 03 

GRCh37:22:32435477:32435883 
7992678 LDC6522?6 Hypothetical LOC652276 - 1.16 7.4 9.SE- 03 
8118974 RPUOA Ribosomal protein UOa - 1.17 9.3 3.9E- 03 
8147112 CA13 Carbonic anhydrase XIII - 1.17 8.1 6.7E- 03 
8063410 PARD68 par-6 partitioning defective 6 homolog beta - 1.17 8.5 S.5E - 03 

(C. elegans) 
8148923 LRRC14 Leucine rich repeat containing 14 - 1.18 7.8 7.8E- 03 
7953032 LRTM2 Leucine-rich repeats and transmembrane domains 2 - 1.19 7.5 9.0E- 03 
8076260 SLC25A1? Solute carrier family 25 (mitochondrial carrier; perm<- - 1.19 8.3 6.lE- 03 

isomal membrane protein, 34 kOa), member 17 
7982271 GOLGABIP Golgin AB family, member I [pseudogene) -1.20 8.6 5.SE-03 
7991742 MPG N·methylpurine-ONA glycosylase - 1.20 9.2 4.1E- 03 
7905691 RPS2? Ribosomal protein 52 7 - 1.20 7.7 8.0E- 03 
7950753 CCDC908 Coiled-coil domain containing 908 - 1.24 10.2 2.6E- 03 
8103622 CBR4 Carbonyl reductase 4 - 1.27 8.1 6.6E- 03 
8107520 TNFAIPB Tumor necrosis factor, alpha-induced protein 8 - 1.30 8.1 6.7E- 03 
7909601 SNORA168 Small nucleolar RNA, H - 1.32 8.0 7.0E- 03 
8154962 DNAJBS OnaJ [Hsp40] homolog, subfamily B, member 5 - 1.35 10.4 2.4E- 03 
7903765 GSTM1 Glutathione S-transferase mu 1 - 1.83 10.2 VE- 03 

· Rows -are sotted by de'-reOJsin.g fold ch;)nge m evem u<>I PlSO cos.es reJ;uive to non -PTSO comp;::ni?;on sub}&ls. 

evaluated-included most prominently immune-related processes 
and protein domains involved in the response lo viral infection 
(Table ill ) , most of which were up-regulated i.n future PTSD cases. 
ExploratorypathwayanaJysis ofthedifferenLially expressed genes in 
Table IT using the Reactome database [Matthews et al., 2009) 
revealed that a subset of genes involved in type- I interferon 
signaling represented the only significantly enriched pathway with­
in our dataseL Six of the 59 genes were differentially expressed 
(lF/27, OASJ, OAS2, OASJ, XAFl, and USPl8), with all probes up­
regulated in future PTSD cases. 

Discovery and Replication of a Gene-Based 
Diagnostic Predictor 
To construct a gene-based classifier and assess its gcneraliwbil ity, 
we first derived a list of potential classifier transcripts as those 
probes with a difference in expression between PTSD case and 
comparisonsubjectsattainingP < 0.01 in thetrainingsampleofl9 
cases and 19 comparison subjects while controlling for the same 
factors and covariates as in analysis 1. This analysis and fi ltering left 
61 probes {Table TV) that were then used to build and optimize SYM 
classifiers. T he optimal SVM (identified through two-level nested 
10-fold cross-validation witb shrinking centroids, cost = 401, 

tolerance = 0.00 l. kernel = radial basis function, and gamma 
= 0.00 I) comprised 23 of the 61 starling probes (Tnble IV, p(Obes 
in bold font) and attained 85% accuracy u1 classifying Lhose 
individuals in the training sample who would or would not go 
on to develop PTSD. We then tested the identical 23-gene SVM 
(with the same pa rameters, but with no sh rinkage or cross-valida­
tion) in the remainiJ1g independe;it test cohort (five cases and five 
comparison subjects), where it yielded a diminished but still 
reasonable 70% accuracy. Among cases, rhree offive were correctly 
classified, while four of five compari .Jon subjects were classified 
correctly. These values correspond to a sensitivity, specificity, 
positive predictive value, and negative predictive value in the 
test sample of 60°/o, 80%, 75%, and 67%, respectively. 

Identification of Differentially Expressed Exons 
and Their Associated Biological Terms 
The interaction of diagnosis and exon fD identified putative 
isoform-expression differences (P < 0.000 I ) i.n 13 genes, seven 
of which attained Bonferroni-corrected significance (Table V). An 
exampleofbetween-groupdifferences in exon expression for one of 
these five genes (SU\/420f:IJ) is illustrated in Figure I, where the 
futu re PTSD cases have significantly lower levels of expression of a 
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TABLE Ill. Annotations Enriched a:l Bonferronl-C:orrected Signlflcent Levels Among Genes Dysregutated (P 0.01} In Perlpnetal Blood 
Mononuclear C.ills From the Full Sample of Eventual PTSO Cases at Pr&-Oep!oyment 

Dysregulated genes 
Fold Bonferroni [dire~ion of dysregulation 

Category lerm Count (%) enrichment P-value corrected P in eventual PTSO cases) 
GOTERM BP FAT GO:OOOG955 "' immune response 10 (2.2) 5.6 3.?E- 05 1.SE- 02 DAsm), DA52(T). 

INTERPRO IPR006117:21,5' -ollgoadenylate 3 (0.7) 277.7 
AIMZ(TJ. PDCDt[ [) 

4.lE- 05 5.7E- 03 OAS3[j]. DA51[1 ), DAS2[TJ 

INTERPRO 
synthetase, conserved site 

IPR018952:21,5' -oligoadenylate 3 (0.7 ) 277.7 4.lE- 05 5.7E- 03 OAS3(1 ), OASl[TJ. DAS2(T) 
synthetase 1, domain ZIC-terminal 

INTER PRO IPR006116:21,5' -oligoadenylate 3 [0.7) 222.1 6.8E- 05 9.5E-03 OAS3( T). DA51 ( TJ, DAS2( TJ 
synthetase, ubiquitin-like region 

'Rows ate soned b~ increasing P.v,ilue 101 the •nnchmeni of annotation~. 

TABLE 1\1. Genes Significantly Oysregulated (P <- 0.01} in Peripheral Blood Mononuclear Cells From a Subset of Eventual PTSO 
Cases ~ Pre-Deployment and US1!d in Predictive SVM Classlflers 

Diagnostic group main effect 

Transcript Gene Fold-change 
cluster IDa symbol Gene product in cases F P-value 
8040080 RSADZ Radical S-adenosyl methionine domain containing 2 2.33 9.3 4.6E- 03 
7958895 DASJ 21,5'-oligoadenylate synthetase 3, 100 kDa 2.01 11,0 2.3E- 03 
7902541 IFl44L Interferon-induced protein 44-like 1.99 11.0 2.3E- 03 
8064716 SIGLEC1 Sialic acid binding lg-like lect in 1, sialoadhesin 1.48 10.4 2.9E- 03 
7958913 OAS2 2',5'-0ligoadenylate synthetase 2, 69 1.45 8.0 8.ZE- 03 
8165682 TRNS2 Mitochondrially encoded tRNA serine 2 1.38 8.2 7.5E- 03 
8102127 TACR3 Tachykinin receptor 3 1.35 7.6 9.6E- 03 
7971191 SUGT1P3 Suppressor of G2 allele of SKPl [S. cerevisiae] 1.27 8.4 6.?E- 03 

pseudogene 3 
8043375 TRNK Mitochondrially encoded tRNA lysine 1.25 8.4 G.8E- 03 
8165684 TRNL2 Mitochondrially encoded tRNAleucine 2 1.25 8.6 6.2E- 03 
8165667 TRNK Mitochondrially encoded tRNA lysine 1.25 8.1 7.5E-03 
7896752 TRNK Mitochondrially encoded tRNA lysine 1.25 8.1 7.5E- 03 
8055594 ENS EM BL ncrna _pseudogene:Mt_tRNA_pseudogene chromosome: 1.23 8.2 7.3E- 03 

GRCh37:2:1 
7903203 SNX? sorting nexin 7 1.21 9.4 4.4E- 03 
7938561 ENSTDDDD048?144 ncrna _pseudogene:rRNA_pseudogene chromosome: 1.16 10.8 2.4E- 03 

GRCh37:11:132 
8087433 NICN1 Nicolin 1 1.16 7.9 8.3E- 03 
8060997 SPTLC3 Serine pafmitoyltransferase, long chain base subunit 3 1.15 9.0 5.lE- 03 
8031680 ENSTDDDDD492903 ncrna_pseudogene:Mt.tRNAyseudogene chromosome: 1.13 8.3 7.lE- 03 

GRCh37:19: 
7953697 GENSCANDOOOODZD682 cdna:Genscan chromosome: 1.07 8.1 7.5E- 03 

GRCh37:12:8090472:.8168935:1 
8141423 MIR106B microRNA 106b -l.05 9.3 4.5E- 03 
8091099 ENSTDDDDD450495 cdna:known chromosome: -1.06 8.7 6.0E- 03 

GRCh37:3:141583849:141584121:·1 gen 
8146643 MIR124-2 microRNA 124-2 -1.07 8.3 7.0E - 03 
8027824 MAG Myelin associated glycoprotein -l.08 8.2 7.3E- 03 
7911941 CHDS Chromodomain helicase ONA binding protein 5 -1.08 8.3 6.9E- 03 
7955211 DNAJC22 OnaJ (Hsp40} homolog, subfamily C, - 1.08 9.4 4.4E- 03 

member 22 
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TABLE IV. [Continued) 

Diagnostic group main effect 

Transcript Gene Fold-change 
cluster 10• symbol Gene product in cases F P-value 
8055314 LYPD1 LY6 - 1.09 7.6 9.7E- 03 
8065252 BCDD4382 Homo sapiens, clone IMAGE:3640982. mRNA, - 1.10 7.7 9.0E- 03 

part ial eds 
8100523 SPINK2 Serine peptidase inhibitor, Kazal type 2 -LlO 11.2 2.lE-03 

[ acrosin-trypsin inhibi 
8030002 ZNF114 Zinc finger protein 114 - Ll l 15.2 4.GE- 04 
8060339 NRSN2 Neurensin 2 - 1.11 13.1 9.9E-04 
8152812 FAM84B Family with sequence s imilarity 84, member 8 -1.11 7.9 8.3E- 03 
8112072 CCND Cyclin 0 -1.11 7.7 9.3E- 03 
7945498 SU Secretin - 1.12 14.8 5.3E - 04 
8126450 RPL24 Ribosomal protein L24 - 1.13 7.5 9.8E- 03 
80844 78 FAM131A Family wi th sequence s imilarity 131, member A - 1.13 8.1 7.7E- 03 
8042532 VAX2 Ventral anterior horneobox 2 - 1.13 17.5 2.1E- 04 
8151281 TRAM1 Translocation associated membrane protein 1 - 1.13 8.4 6.7E- 03 
8019687 ANAPC11 Anaphase promoting complex subunit 11 - 1.14 9.4 4.4E- 03 
8074869 RTDR1 Rhabdoid tumor deletion region gene 1 - 1.14 8.1 7.8E-03 
7928107 H2AFY2 H2A histone fami ly, member Y2 - 1.14 8.0 7.9E-03 
8024816 FSD1 Fibronectin type Ill and SPRY domain containing 1 -1.15 12.2 1.4E- 03 
8038048 CCDC114 Coiled-coil domain containing 114 - 1.lS 9.3 4.5E- 03 
8084982 LDC15221? Hypothetical LDC! 52217 - 1.15 7.6 9.?E- 03 
8127526 RPL39 Ribosomal protein L39 - 1.17 8.8 5.6E- 03 
8154563 ACER2 Alkaline cerarnidase 2 - 1.18 9.9 3.5E- 03 
7985192 AGPHD1 Aminoglycoside phosphotransferase domain -1.18 7.9 8.5E- 03 

containing 1 
8178090 C6orf48 Chromosome 6 open reading frame 48 -1.18 ?.9 8.5E-03 
8179326 C6orf48 Chromosome 6 open reading frame 48 - 1.18 ?.9 8.5E- 03 
8018646 FDXJ1 Forkhead box J l - 1.18 9.8 3.7E- 03 
8072584 ENSTDDDDD42361 D cdna:pseudogene chromosome: - 1.19 8.7 5.9E- 03 

GRCh37:22:32435477:32435883:1 
8022170 RPL6 Ribosomal protein LG - 1.20 9.0 5.2E- 03 
7932964 C1D C 10 nuclear receptor corepressor -1.21 8.9 5.4E- 03 
8085852 NGLY1 N-glycanase 1 - 1.22 9.3 4.6E- 03 
8160308 RPS6 Ribosomal protein 56 - 1.22 9.8 3.7E- 03 
8038993 ZNFZB Zinc fin ger protein 28 - 1.25 8.4 6.8E- 03 
8107520 TN FA/PB Tumor necrosis factor, alpha-induced protein 8 - 1.29 7.9 8.5E- 03 
7911359 NOC2L Nucleolar complex associated 2 homolog - 1.29 7.8 8.9E- 03 

[S. cerevisiae] 
8119357 DMMZ Dishevelled associated activator of morphogenesis 2 - 1.30 9.8 3.7E-03 
8090256 SNX4 Sorting nexin 4 - 1.37 8.8 5.6E-03 
8155359 CNTNAP3 Contactin associated protein-like 3 -1.42 7.7 9.lE- 03 
7903765 GSTM1 Glutathione S.transferase mu 1 - 1.95 9.2 4.8E- 03 

•Rows are sorted by decreasing fold -change in eventuttl P'rSO cases telative to non·Pl SO compa1ison subjects. 
"rronscrip1s in bold comprised the optimal 23-probe SVM tl•sslfier of eventual 17TSO Sla<us identified by <raining and 1es1ing 1n independent somples. 

single probe in the 3' (left) end of the gene suggesting lower 
expression of tbe b isoform (one of the gene' s 12 known isoforms) 
among future PTSD cases. The list of 13 genes was analyzed by the 
DAVID algorithm, but no annotations were found to be signifi­
cantly enriched after Bonferroni correction fo r the numberof terms 
evaluated; this is not surprising based on the small size of this gene 
list, which did not afford much opportunity fo r enrichment to be 
detected. 

Discovery and Replication of an Exon-Based 
Diagnostic Predictor 

To construct an e.xon-bascd classifier an d assess its generalizabili ty 
we first identified potentially differentially spliced e,xons within our 
trainingsample of 19 cases and 19 comparison subjects based on the 
diagnosis x cxon ID interaction tenn, usi.ng a nomi11a1 threshold 
of P < 0.000 I., while controlling for the same factors and covariates 
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Prc-·11 plol)ll'ent ~Ml Ullf'cl In f'r clletl~ 'S\'M l:IB!i&Ult'.TS 

Transcript Accession Probesets Dysregulated 
cluster ID Gene symbol Gene product number F p Adjusted P q (n) probeset 1Ds0 

7954810 LRRKZ Leucine-rich repeat kinase 2 NM 198578 3.22 2.0E- 13 4.lE- 09 4.lE- 09 53 7954813, 7954814, 
7954818, 7954820, 
7954832, ?954833, 
7954845, 7954854, 
7954856, 7954863 

8068740 UMODU Uromodulin-like 1 NM 001004416 5.28 3.4E- 12 3.4E- 08 6.9E- 08 20 8068745, 8068747 
8040080 RSAD2 Radical 5-adenosyl methionine NM_08.0657 7.94 8.5E- 10 5.7E-06 1.7E- 05 9 8040082, 8040083, 

domain containing 2 8040084, 8040085, 
8040086, 8040087, 

8040088 
7949931 SUV420H1 Suppressor of variegation NM 017635 5.06 1.?E- 08 8.6E-05 3.4E-04 14 7949933 

4-20 homolog 1 {Drosophila) 
8136662 MGAM Mahase-glucoamylase NM_004668 2.38 1.0E-06 4.lE-03 0.02 46 

( alpha-glucosidase) 
8163535 AMBP Alpha-1-microglobulin NM 001633 4.18 6.6E-06 2.2E-02 0.13 12 8163538, 8163541, 

8163547 
7903?65 GSTM1 Glutathione 5-transferase mu 1 NM.000561 4.85 1.lE- 05 3.3E- 02 0.23 9 7903755, 7903767, 

7903?68, 7903769, 
79037?1, 7903772, 
7903773, 79037?4 

8128459 SIM1 Single-minded homolog 1 NM_005068 3.8? 2.3E-05 0.06 0.46 12 8128464, 8128465 
(Drosophila) 

8154962 DNAJBS DnaJ (Hsp40) homolog, NM.001135004 4.22 3.2E-05 0.07 0.64 10 8154966, 8154967, 
subfamily B, member 5 8154968, 8154969 )> 

3: 
8051061 UCN Urocortin NM 003353 8.46 3.6E-05 0.07 0.73 4 8051062 m 

;o 
8018315 SUM02 SMT3 suppressor of mif two NM 006937 4.80 3.9E- 05 0.07 0.79 8 8018318, 8018319 ~ 

3 homolog 2 (S. cerevisiae) z 
I... 

8107356 DCPZ DCP2 decapplng enzyme NM 152624 3.12 6.0E - 05 0.10 1.00 16 8107358, 8107359, 0 

homolog (5. cerevisiae) 8107363 
c:: 
;o 

7958895 OAS3 21,5' -oligoadel)ylate synthetase 3 NM 006187 3.00 7.2E - 05 LOO 1.00 17 ?958898, ?958899, 
z 
)> 
r 

?958901, 7958903, 0 

7958904, 7958905, "" 3: 
?958907, ?958908, m 

c 
?958910, 7958909, ~ 
7958911. 7958912 r 

C1 

"Rows a1e se>rted by Increasing P.vatue (01 the inte1action of diagnosis •nd exon 10. m 
z 

•Exon pre>bcSels In bold were the most significantly dirfe1cntially expr<>ssed (per gene) between dlagne>stic groups. and we1e used In SVM classification analyses. !!1 
n 
Vl 

" )> 
;:o .... 
ID 
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FIG. 1. Microarray-derived expression levels (ordinate) of individual exon-probes (abscissa] of suppressor of variegation 4-20 homolog 1 of 
Drosophila (SUV420H1) in peripheral blood mononuclear cells from eventual PTSO cases (n = 24; squares) and comparison subjects {n = 24; 

triangles) . The interaction of diagnosis and exon ID was highly significant ( p = 1.7E- 08, 8onferroni-.corrected p = 3.4E- 04) owing to the 
selective down-regulat ion of an extended exon (probeset ID 7949933) in the 3' end of isoform b ( * P = 0.005) in eventual PTSD cases which 
occurs in t he context of comparable expression levels of all other exons and isoform between groups. 

as in the analyses above. For genes displaying more than one 
dysregulaled probe between d iagnostic groups, we selected l he 
probe with the most significant between -group difference in ex­
pression level based on the P-values from planned comparisons. 
T l1is analysfa and filtering yielded I I e.xons with expression differ­
ences between PTSD cases and comparison subjects (Table VI) that 
were then used to build and oplimiie SVM classifiers. The optimal 
SVM (identified through two-level neste<l 10-fold cross-validation 
with shrinking centroids, cost = 20 I. tolerance = 0.00 I, kernel = 
rndial basis func tion, and gamma = 0.0001 ) comprised five of the 

I l sta rting probes (Table YI, probes in bold font ) and attained 84% 
accuracy in classifying 1·hose individuaJs in the training sample who 
would or would not go on to develop PTSD. We then tested Lhe 
identical five-gene SVM (with the same parameters, but with no 
shrinkage or cross-vaJjdatio11) in the remaining independent test 
cohort (n = 10; five cases and five comparison subjects), where it 
yielded a diminished but reasonable 80% accuracy (higher than the 
accuracy observed in gene-based analyses). Among PTSD cases, 
three of five were correctly classified while al l five comparison 
subjects were classified correct ly. These values correspond to 

TABLE VI. Exons Significantly Oysregutated in Peripheral Blood Mononuclear Cells From a Sobset of Eventual PTSO Cases at 
Pre-Deployment and Used in Predictive SVM ClassifieN; 

Transcript 
cluster IDa 
8040080 
8133788 
8136662 
8064716 
7958895 
7954810 
7903765 
8107356 
7949931 
8083282 
8068740 

Gene 
S!Jmbol 
RSAD2 

PTPN12 
MGAM 

SIGLEC1 
OAS3 

l-RRK2 
GSTM1 
DCP2 

SUV420H1 
HPSJ 

UMOOLl 

Gene product 
Radical 5-adenosyl methionine domain containing 2 
Protein tyrosine phosphatase, non-receptor type 12 
Maltase-glucoarnylase ( alpha-glucosidase) 
Sialic acid binding lg-like lectin 1. sialoadhesin 
2',5'-oligoadenylate synthetase 3 
Leucine-rich repeat kinase 2 
Glutathione 5-transferase mu 1 
Oecapping enzyme homolog (S. cerevisiae) 
Suppressor of variegation 4-20 homolog 1 
Hermansky-Pudlak syndrome 3 
Uromodulin-like 1 

"Rows are soried by decreasing fold·d1onge rn eventual PTSO coses 1elot1ve 10 non·PTSO comparison subjects. 

Interaction 
p 

1.3E- 07 
1.8E- 05 
4.8E-06 
5.9E- 06 
2.7E- 05 
8.lE- 09 
?.4E- 05 
9.7E- 05 
5.lE- 06 
2.9E- 06 
2.7E- 19 

Exon ID 
8040085 
8133802 
8136700 
8064717 
7958912 
7954820 
7903769 
8107363 
7949933 
8083291 
8068745 

Fold-
change 

2.46 
2.23 
2.20 
1.80 
1.74 
1.21 

- 1.48 
- 2.04 
- 2.2 1 
- 2.28 
- 7.13 

'E:xons of ttanscript duster IDs in bold comprised lhe oplim.ll S·probe SVM cfossiiier of eventual PTSO sl•nus iden1ified by 1ra1nlng and 1es1ing rn Independent samples. 

F 
10.42 
7.64 
3.36 

15.42 
5.64 
8.53 
8.31 
8.29 
6.13 
6.18 

16.93 

P-value 
2.9E- 03 
9.4E- 03 
7.6E-02 
4.3E- 04 
4.2E- 03 
6.3E- 03 
?.OE- 03 
7.l E- 03 
1.9E- 02 
1.8E- 02 
2.5E- 04 
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sensitivily, specificity, positive predictive, and negative predictive 
values of 601%, 100%, I 00%, and 71 l)li1, respectively. 

DISCUSSION 

A fairly consistent picture of PTSD-induced or -associated changes 
in peripheral blood gene expression is emerging, with irnmu11iLy­
relaLed genes among the most reliably implicated biomarkers. To 
this p.icrure we add new and compelling pilot data suggesling that 
dysregtl.lation of immunity-related genes not only accompanies the 
emergence of PTSD, but precedes it. Th.is resu.IL strongly suggests 
that this dysregulaLion is a risk fac tor and not simply a consequence 
oFPTSD. Yet, immune-gene dysrcguJation may be only one piece of 
the biological puzzle of PTSD susceptibili ty. as many genes com­
prising Lhe best-performing PTSD-predicti,re classifiers were not 
imrnu11e-system genes, and these other genes had highly disparate 
functions. 

Collectively, profile.rnf dysregulated genes in immune and other 
pathways may serve as potent risk indicators upon which earl y 
intervention and prevention efforts may ultimately be based. Ta wit, 
we were able lo co nstruct and validate two panels of blood-based 
PTSD risk-predictive biomarkers thal ranged in accuracy from 70% 
Lo 80% in independent (albeit small) replication samples. Despite 
o ur relatively small sample size and the additional levels of correc­
tion fo r multiple- testing required for exon anaJyses, a number of 
differentially expressed e.xons surpassed stringent c riteria for de­
cla ring slatisticaJ significance. Additionally, lhe e."wn-based pre­
dictive classifier appeared Lo perform bener Lhan Lhe gene-based 
predictive classifier. Taken together, these findings suggest that 
exon expression may be more reliable a11d biologically informative 
than gene expression (which reOects lhe average expression of all 
transcript isoforms of a particular cluster). 

Tt is important Lo note that these classifiers employed decision­
ruJes based solely on mRNA expression levels. Possibly, more 
accurate classificalion models can be consu·ucted i11 the future 
by taking into account additional known predictors of PTSD, such 
as fam ily history, personality 1 rails, pre-existing mental disorders 
[Koenen et al, 2003a,b], and other facto rs not necessa rily rd a red to 
gene expression. Alternatively, risk factors such as childhood 
exposure to trauma Ivan Zuiden el a l., 2012] might actually be 
associated with or interact with alterations in pre-deployment 
mRNA-expression profiles. Tbe present study was unable lo ac­
count for childbood exposure to trauma or other such fuctors, but 
future efforts to construct predict ive models should seek to incor­
porate such data. Fu.rt her precision in measuring the amounts and 
types of mRNA lsoforms present in peripheral blood (e.g., by 
further anaJyses of exon- level ex.-pression, or by quaotitation of 
distinct alternatively spliced isoforms through RN./\seq or exon­
exon junction-probing microarrays) win undo ubtedly aJso facili­
tate the constructio n of more accurate classifiers. Nevertheless, a 
single predictive classifie r of PTSD (no matter how precisely 
constructed ) may never perform with 100% accuracy, which is 
why it will be essential to pursue (in larger samples) tbosecbaracter­
isLics of e ither the subjects or the data that would determine fo r 
whom such a classifier works. or equal interest is the possibility that, 
despite similar phenot)rpic manifestations ofFTSD, Lb ere are two or 
more unique b iomarker profiles that predict the same phcmotypic 
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outcom e. rn fact, etiofogic heterogeneity may be a hallmark of 
complex disorders including PTSD, so it may not be possible to 
identify a s ingle "one-size-fits-all" biomarker profile of t he suscep~ 

tibilitytoward the disorder. Thus, in the future, distinct predictive 
biomarker classifiers may be required to account for disorder 
stratification and correctly classify biologically or· phenotypically 
separate sets of subjects at highest r isk of devclopingPTSD.Another 
dist inct possibility is that for some ewntual cases of PTSD there is 
no blood-based pre-Lrauroa biomarker signature of increased 
susceptibility to be found. We are currently investigating each of 
these possibilities further. 

Because of our relati vely small sample size and the severe 
corrections for mul tip le~testing required when e.xami.ning the 
enti[e transcriptome, we did not detect iJ1dividual gene-expression 
d ifferences iu eventual PTSD cases that surpassed stringent criteria 
for declaring slatistical significance. As such, t'he focus of our efforts 
and interpretations has been on groups of genes, either in regard to 
their biological annotations or their collective ability to iden tify 
PTSD cases. Nevertheless, one gene identified here as prediclive of 
PTSD emergence ( RPL24) is notable in I hat it was aJso-identified as a 
diagnostic biomarker of PTSD in a prior b lood-based gene expres­
sion study by Mehta and Binder [2012] . 111te restingly, we found that 
this gene was signi.licant)y down-regulated at pre-deployment 
among Marines who would later go on to develop PTSD, whereas 
Mehta el al., fo und this gene to be up-regulated in current PTSD 
sufferers. If this observation can be confinned by additional work, ii 
suggests that the down-regu lation or RPt24 a t b0sdi1Je rnay signal 
heightened susceptibility for the disorder which is then accompa­
nied by a concomitant increase and over-e.xpression of this gene 
after exposure to the precipitating trauma and subsequent devel­
opment of PTSD symptoms. The majority of genestbat we found to 
bedysreguJate<l at baseline in eveJllual PTSD cases do not appear in 
otl1er posHrauma studies to be either significantly up- or down­
regulated in establis hed PTSD cases, suggesting t11at the expression 
levels of these genes s imply signify a r isk state but do not necessarily 
bear on the presentation of the disorder once trauma has been 
experienced. Our resuJts must be validated using ai1other more 
sensitive mRNA-quantification techni'que such as qRT-PCR, but 
beyond this, replication in other well-powered longitudinal studies 
of subjects at high risk for trauma will prove crucial for more 
definitively implicating parricular genes as risk indicators. 

The present pilot study broadens the search for pre-deployment 
biomarkers for PTSD vulnerability beyond that of previous work 
[e.g., van Zui<len et al., 2012j . To our knowledge, this was the fi rst 
study to search transcriptome-wide for patterns of gene- and exon­
e.x,pression that distinguished fu ture PTSD cases froin non-PTSD 
comparison subjects. The present study is also unique becanse it 
employed a da ta-driven machine-learning approach fo r identifying 
the transcripts that, collectively, were most predictive of future 
PTSD status, many of which had not previously been associated 
with PTSD. Taken together, these two strategies are usefuJ for 
identifying exons, genes, and pathways tbat potentially serve as 
biomarkers and play a role in the etiology of PTSD, but that may 
have been overlooked by other approaches focusing on well-estab­
lished candidate genes. 

This work must be considered in the context of its limitations. 
Foremost among these may be the observation of an increased pre-
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deployment CAPS score among future PTSD cases. A closer exam­
ination of this finding revealed that this difference was driven by the 
"D'' subscaleofthe CAPS measure, reflectinga11 increased reporting 
o f symptoms of hyper-arousal among future cases. 13ecause oflhis 
limitation, it cannot be determined unequivocally whether the 
present study has detected true biological vLLlnerability, pre-cli nicaJ 
changes associated with PTSD, or (more likel y) some com bi nation 
of these factofs. Conclusions about t·h.e origins of t.he blood-based 
biomarker signals (vulnerability vs. preclinical state) could be 
strengthened in future studies by controlling for the severity of 
prior trauma exposure, or better yet, by examining pre-deployment 
gene expression in traurna-na"ive subjects. Nevertheless, we main­
tain that th e design of our study lends itself to th.e potential 
development of a predictive bi.omarker with some clinical utility; 
one that potentially can be used to determine who is at increased risk 
for emergent PTSD among a group of real-wo rld service members 
who will undoubtedly have mixed and incomplete records of 
trauma exposure and may even manifest s igns of pre-clinical 
disorder. 

Regardless of the preliminary state of our conclusions regarding 
individual genes, our work makes dear that genes involved in 
cellular immunity are reliably and disproportionately represented 
among those that are dysregulated (mostly up- regulated) in o ur 
sample of eventual PTSD cases. This finding is consistent· with 
evidence fo r dysfunctional cetlLLlar immune processes in individu­
als witb PTSD, which we recently reviewed in depth I Baker 
et a l. , 2012b l. Our review of the collective ev·idence suggests that 
systemic inflammation and deleterious health consequences in 
PTSD are strongly linked. Given this evidence, treatment strategies 
to reduce inllammation that target biobehavioral factors may be of 
val ue to pursue. 

In conclusion , as the development of PTSD foUowing initial 
trauma exposure is quite variable and unpredictable, we sought l'O 

identify readilyassessablebiomarkersof risk and resilience based on 
evaluations of blood-based gene expressio n among soon-to-be-­
deployed Marines p articipat ing in the MRS. Our analyses con­
verged on the immune-system as the most reljably dysregulated 
biological process characterizing high-risk individuals; however, 
nu mcro us other genes not strictly related to ceU War immunity also 
appear to be differentially expressed at baseline in individuals who 
develop PTSD, and these genes contribute much to our blood­
based prediction models of tbe disorder's emergence. Jfbiorn.arkers 
related to PTSD risk and resilience (such as the panels of genes and 
exons ideJ1tified here) can be vali.dated in additional cohorts and 
prospective studies, they may help to confidently identify which 
individuaJs are at the h.ighest risk in real-world scenarios. These 
efforts may lead to more effective primary prevention protocols, 
wh.ich would be particularly import<ml in groups such as these 
Marines for whom it is known in advance that exposure to serious 
trauma is highly likely. This may also prove highly relevant for first­
responders, such as police, fire, and emergency medical teams, for 
whom a regular part of their job is also exposure to potentially 
traumatic situations. Further work correlating pre- and post­
dcployment differences in gene CAlJression among PTSD cases 
and unaffected comparison subjects would also constitute a major 
advance in the effort to identify the biological mechanisms of this 
d isorder and potentially develop diagnostic biomarkers that can 
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serve as useful adjuncts to the prevailing gold-s tandard behavioral 
diagnostic systems [ 13rewin et al. , 2000; Ozer et al., 2003] . 
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Association Between Traumatic Brain Injury and Risk 
of Posttraumatic Stress Disorder in Active-Duty Marines 
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for the Marine Resiliency Study Team 

IMPORTANCE Whether traumatic brain injury (TBI) is a risk factor for posttraumatic stress 
disorder (PTSD) has been difficult to determine because of the prevalence of comorbid 
conditions. overlapping symptoms. and cross-sectional samples. 

OBJECTIVE To examine the extent to which self-reported predeployment and 
deployment-related TB! confers increased risk of PTSD when accounting for combat intensity 
and predeployment mental health symptoms. 

DESIGN. SETI ING. ANO PARTICIPANTS As part of the prospective. longitudinal Marine 
Resiliency Study (June 2008 to May 2012). structured clinical interviews and self-report 
assessments were administered approximately 1 month before a 7-month deployment to Iraq 
or Afghanistan and again 3 to 6 months after deployment. The study was conducted at 
training areas on a Marine Corps base in southern California or at Veterans Affairs San Diego 
Medical Center. Participants for the final analytic sample were 1648 active·duty Marine and 
Navy servicemen who completed predeployment and postdeployment assessments. 
Reasons for exclusions were nondeployment (n = 34), missing data (n = 181), and ranl< of 
noncommissioned and commissioned officers (n = 66). 

MAIN OUTCOMES AND MEASURES The primary outcome was the total score on the 
Clinician-Administered PTSD Scale (CAPS) 3 months after deployment. 

RESULTS At the predeployment assessment. 56.8% of the participants reported prior TBI: at 
postdeployment assessment, 19.8% reported sustaining TBI between predeployment and 
postdeployment assessments (ie, deployment-related TBI). Approximately 87.2% of 
deployment-related TBls were mild: 250 of287particlpants (87.1%) who reported 
posttraumatic amnesia reported less than 24 hours of posttraumatic amnesia (37 reported 
2 24 hours). and 111of117 of those who lost consciousness (94.9%) reported less than 30 
minutes of unconsciousness. Predeployment CAPS score and combat intensity score raised 
predicted 3-month postdeployment CAPS scores by factors of 1.02 (P < .001: 95% Cl. 
1.02-1.02) and 1.02 (P < .001; 95% Cl. l.01-1.02) per unit increase. respectively. 
Deployment·related mild TBI raised predicted CAPS scores by a factor of 1.23 (P < .001: 95% 
er. 1.11-1.36). and moderate/severe TBI raised predicted scores by a factor of 1.71 (P < .001: 
95% Cl, 1.37-2.12). Probability of PTSD was highest for participants with severe 
predepioyment symptoms, high combat intensity. and deployment-related TBI. Traumatic 
brain injury doubled or nearly doubled the PTSD rates for participants with less severe 
predeployment PTSD symptoms. 

CONCLUSIONS AND RELEVANCE Even when accounting for predeployment symptoms, prior 
TBI. and combat intensity. TBl during the most recent deployment is the strongest predictor 
of postdeployment PTSD symptoms. 

JAMA Psychiatry. dol: 10,1001/]amapsychiatry.2013.3080 
Plblished onlfne DecMJber 11. 2013. 

Copyright 2013 A moricon Med ico! Association. A ll rights reserved . 

Downloaded From: http://archpsyc.jamaoctwork.com/ by a University or Culiforuia - San Oi~u lJSl'r on 12/13/20l3 

O Supplemental content at 
jamapsychiatry.con 

Author Affiliations: Author 
affiliations are listed at the end of 1his 
article. 

Group Information: The Marine 
Resiliency Study Team members are 
listed at 1he end of this article. 

Corresponding Author: Oewleen G. 
Baker. MD. Veterans Affairs Cen1er of 
E;xcellence for Stress and Mental 
Health (116A). VA San Diego 
HealthcareSyste1rr. 3350 La Jolla 
Village Dr. San Diego. CA 92161 
(dgbake!@ucsd.edu). 

El 



E2 

Research Original 1rwas1igaOon 

T
raumatic brain injury (TBO is common. According to a 
2010 Centers for Disease Control and Prevention report,' 
at least 1.7 million Americans annually sustain TBT. A 

significant number of injury survivors join more than 5 mil­
lion (approximately 2%) Americans aJready living with TBl­
related disabilities, which comprise a wide range of medical, 
cognitive, emotional, and behavioral impairments. 2,j The es­
timated economic burden ofTBl in Lhe Uni ted States in 2000. 
pdor to initiation of the Iraq and Afghanistan conflicts, was ap­
proximately $60 billion annually.4 

Pervasive use of improvised explosive devices (fEDs). 
rocket-propelled grenades, and land mines in the fraq and Af­
ghanistan theaters has brought TB! and its effect on health out­
comes in.to public awareness.Vi Blast injuries have been 
deemed signature wounds of these conflicts. with an esti­
mated 52% of deploymenHelated TBI cases caused by TEDs. s.ij 
Of Operations Enduring Freedom, Iraqi Freedom, and New 
Dawn service members, approximately IO% to 20% reported 
mild TBl or concussion, a nd nearly 60% of those reported ex­
posure to more than 1 blast.9-n 

War-related TBT is not new, having become prevalem dur· 
ing World War land remaining medically relevant ln World War 
fl and beyond.12

•13 Medicine's past attempts to disentangle the 
patbophysiology of war-related TBI parallels current lfnes of1 n­
quiry aod highlights limitations in methods and attribution of 
the cause of symptoms, be it organic, psychological, or 
behavioral.'4 Thus far, cross-sectional data from the Opera­
tions .Enduring Freedom, Iraqi Freedom, and New Dawn con­
flicts reveal significantly higher rates of psychiatric symp­
toms, induding postLTaumatic stress disorder (PTSD), in 
deployed than in nondeployed setvice members.10

-
1s·16 More· 

over, self-reported TBl and PTSD symptoms show consider­
able overlap. '7 Symptoms of PTSD are reported at approxi­
mately double the rate by service members who show positive 
results on screening for mild TB! in comparison with those who 
report no TBJ.9,•t< These cross-sectional studies limit causal in­
ference and stress the need for longitudinal data to define fur­
therthe contribution of war-related TBI to PTSD. Using data from 
the Marine Resiliency Study, a prospective, longitudinal study 
of infantry Marines, 19 we examined whether deployment­
related TBI predicts PTSD symptom severity when accounting 
for combat intensity and predeployment characteristics. 

Methods 

Study Design and Participants 
We extracted data from a longitudinal study of2600 active· 
duty Marine and Navy servicemen from 4 infantry battalions 
of the Fiist Marine Division stationed in southern California. As­
sessments were conducted between July 14, 2008, and May 24, 
2012, and were centered on the deployments of each battalion. 
Servicemen were evaluated approximately 1 month before a 
7-month deployment to Iraq or Afghanistan. 1 week after de­
ployment, and 3 and 6 months after deployment. For this study, 
we used data collected at predeployment, as well as I week and 
3 months after deployment. Data from the 6-month postde­
ployment evaluation were not analyzed because of reduced fol-
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low· up rates. This st11dy was approved by the institutional re· 
view boards of the Univers ity of California, San Diego; the 
Veterans Affairs San Diego Research Service; and the Naval 
Health Research Center(University of California, San Diego, and 

Vetecans Affaics San Diego Research Service approval 070533), 
and written informed consent was obta ined From a ll 
participants. •9 Participants received financial compensation for 
each study visit in which a blood draw occuned (ie, predeploy­
ment, 3-months, and 6·months postdeployment). 

The Figure shows the sampling composition and exdu­
sions. Of the 2600 servicemen assessed at predeployment, 34 

did not deploy and were exduded a priori as well as 66 offi­
cers whoweresignilicantly older(p < .001)and had lower Com­
bat ExperienceScaJe (CES)scores (P < .OOlllhan enlisted par­
tictpants. Forty-five of the 66 officers (68%) were missing 
cogn.itive ability scores on a mmtary enlistment test <Armed 
Forces Qualification Test f AFQT]), an important variahle as­
sociated with resilience.2" The 32% of officers with available 
APQTscores scored significantly higher than current enlisted 
participants(P < .001). Of the remaining2soo individuals, 1829 

completed the 3-month postdeploymentassessmenl. Of these. 
181 were excluded for mjssing data on measures used in U1e 
present analysis. The final analytic sample included 1648 
partic.ipants. 

Measures 
Complete Marine Resiliency Study me"thods are described 
e lsewhere.19 Measures re:levant to the present study a.re de­
scribed here. Posttraumatic stress symptoms were assessed 
using the Clinician-Administered PTSD Scale (CAPS).21 a 17-

item criterion standard. structured diagnostic interview de­
veloped by the National Center for PTSD,22-2• administered be­
fore deployment and 3 months after deployment. We captured 

Figure. Flowchart 

2600 Actl\/e•duly participants al 
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' 
1

1829 Deployed enlisted men at 
posldeployment assessmenl 1 FJ ISl IAl~ing <lalA I 

11648 :nalyzed j 
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the worst lifetime event in 2351 of the 2600 servicemen (90-4%) 
assessed at predeployment. Interrater reliability for the CAPS 
Loral score was high (intraclass correlation coefficient, 0.99).2~ 
Our outcome variable was 3-month postdeployment CAPS total 
sc.ore (possible range, 0-136), with higher scores indicating 
greater symptom severity. Postlraumatic stress disorder \!\las 
defined as a score of 65 or greater,"·' partial PTSD as scores of 
40 to 64, healthy/minimally symptomatic as scores oft to 19, 
and no symptoms as a score of o.~ 

We inquired via face-to-face interview aboutany lifetime 
h~ad injuries sustained before the index deployment and in­
juries sustained between the predeploymentand3-month post­
deployment assessments. Participants were asked whether 
they sustained a head injury from a blast or explosion, vehicu­
lar accident, fragment or bullet wound above the shou Ider, fall, 
blunt ~bject, being rendered unconscious by another person, 
or by any other means. Probable TBI was any head injury re­
sultingin self-reported loss of consciousness (LOC) or altered 
mental status (ie, dazed, confused, "seeing stars;• and/or post­
traumatic amnesia fPTAl) immediately afterward or upon re· 
gaining consciousness.-i6 •28 The time between predeploy­
ment and post deployment assessments was broader than the 
deployment; thus, nondeploymentTBis sustaioed bet ween as­
sessment dates were included In analyses to account for po­
tential effects on PTSD symptoms.'9 For parsimony, we la­
beled all TBls experienced between predeployment and 
postdeployment assessments as deployment-related TBI, re­
alizing that few were experienced outside of deployment and 
that some TBls experienced before the study's predeploy­
mentassessment were acquired during a prior deployment. 

Combat intensity was measured using a modified 16-
item, S·point Li.kert version of the Deployment Risk and Re­
silience Inventoryio.3 • CES. The CES was administered during 
a brief session conducted 1 week after deployment. Response 
items ranged from o (never) to 4 (daily or almost daily) and were 
summed to yield a total score. Possible total CES scores range 
from o to 64, with higher total scores indicating more intense 
combat. 

The AFQT,w a military enlistment aptitude test of gen­
eral cognitive ability, bas been negatively associated with PTSD 
outcomes. Y The AFQT scores were obtained from the Career 
History Archival Medical and Personnel System database main­
tained by the Naval Healrh Resea1ch Center and were in­
duded asa covariate along with battalion, age, and rank. Self­
reported race and ethnicity have been shown ro vary with P'T'SD 
and were also entered as covariates:n.34 

Statistical Analysis 
All continuous predictors, except predeployment CAPS scores, 
were centered before analysis. A priori x• tests showed battal­
ion differences in deployment and TBI characteristics (Supple­
ment [eTable 1)). We corrected for these and other unknown 
battalion differences, such as trainingschedules, timing ofas­
sessments, group leadership, and cohesion, byincluding bat­
talion as a covariate. Battalion, TB!, race, and ethnicity were 
dummy-coded with the following reference groups: battal­
ion 1, no TBI, white, and non-Hispanic. Analyses were con­
ducted using statistical software package R, version 2.15.3. 35 

Jamapsychiatry.rom 

Original Investigation Researd1 

Predeploymentdifferences between participants in the fi­
nal sample and nonparticipants (ie, servicemen assessed atpre­
deployment only or excluded otherwise) were tested using a 
paired,2-taiJed ttest, exact conditional test of proportions, or 
x.', as appropriate. Differences in predeploymentCAPS scores 
were analyzed using zero-inflated negative binomial regres­
sion (ZINBR) because of overdispersion. 

The CAPS outcome scores were positively sl\ewed, over­
disperscd, and bad an excess of zero scores (Supplement [ eFig­
ure]). Zero·inflatetl negative binomial regression was the best· 
fitting modeP6 for our data (Supplement feAppendix and 
eTable 2)) and was used to test eifects of predeployment PTSD 
symptoms, combat intensity, and prior and deployment· 
related TB! on 3-month postdeployment PTSD symptoms. The 
ZfNBR model accounts for a positively skewed integer­
valued distribution with a high proportion ofzeroscores.37This 
model assumes that our sample contains a mixture of partici­
pants whose CAPS outcome scores are generated by the stan­
dard negative binomial distribution and those who have zero 
probability ofaCAPS outcome score greater than zero (eg, re­
sul ting from nontraumatic CAPS event and possible genetic or 
biological resilience). An observed CAPS score of zero could 
come from either group. Zero-inflated negative binomial re· 
gression uses maximum likelihood to model outcomes via. 2 
component models: logistic regression (tbezero model) pre­
dicts the probability ofa CAPS outcome score of zero, and nega­
tive binomial regression (tbe count model) predicts change in 
CAPS score. Tbroughoutthis article we refer lo predicting the 
odds ofa zero vs non?.ero outcome as the zero model anti pre· 
dieting nonzero outcomes as the count model 

Model estimates and predeployment symptom severity, 
combat intensity, and TB.I were used to predict p-0stdeploy­
ment symptom severity. Additional ZfNBR models assessed the 
effectsofTBJ-related attributes, including injury severity (mild 
vs moderate/severe). time since most recentTB!, single vs mul­
tiple deployment-related TBl.s, and group comparisons among 
deploymenHelated TB!s with LOC, 1'81 without LOC, and no 
deployment-related TB!. 

Results 

Sample Characteristics 
Predeployr.1entsample characteristics were similar to demo· 
graphics of other deployed service members (Table 1).3s Par­
ticipants were you11ger (mean {SD] age, 22-4 (3.3] vs 23.0 [3.4 J 
years), more likely to be junior enlisted (74.l% vs 62.2%), and 
were less likely to have had prior deployments (45.3% vs 62.0%) 
compared with nonparticipants. Approximately31.8o/oofpar­
ticipa.nts were married. Participants had lower childhood 
trauma scores (39.8 [13.2] vs 41.6 [14.8]), and better prede­
ployment t2-item Short-form Health Survey physical health 
component scores (53.9 [6.3] vs 52.6 [6.81) than nonpartici­
pants. Participants and nonparticipants did not differ signifi­
cant ly in other demographic and predeploymen t factors, 
including AFQT scores, depression, anxiety, CAPS scores, 
12-item Short-Form Health Survey mental health scores, and 
predeployment TB! rates. 
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Table 1. Comparisons of Predeployment Characteristics Between Participants and Nonparticipants 

Nonparllcipants Participants 
Predeployment Characterlstic (n = 852)' 

A.ge. mean (SD). y 23.0 (3.4) 

!lace/ethnicity,%" 

Hispanic 25 .7 

White 82.3 

Educalional level s hlgh school, % 67.4 

Married,% 40.7 

Vears In military service, mean (SD) 3.3 (2.6) 

Rank tl ·E3 vs E4-E9, % 62 .2 

Prior deployment, % 62.0 

PriorTBI, % 52.8 

Assessment scale scores, mean (SO) 

Ar QT 58.1 (19.J) 

Childhood trauma 41 .G (14.8) 

SF-12 mental health 49.0 (9.4) 

SF-1 2 physical heallh 52.6 (6.8) 

CAPS• 15.6 (16.6) 

Beck Anxlety Index Scalert 7 .2 (8.6) 

Beck Depression Inventory Seate• 6.8 (8.2) 

Abbreviations: AFQT. Armed Forces Qualification Test. CAPS, Clinician· 
Admlnls\ered PrSD [posttraumatkstress disorder] SGlle; E'.l· E.3. junior enlisted; 
E4-E9. senior enlisted; SF-12, 12-item Short-Form Health Survey: TBI. traumatic 
braln Injury. 

• Nonparticipants were defined as enlisted servicemen who deployed but 
completed only the predeployment assessment o~weremisslng data required 
for the final model. 

11 African Ame1 icans constituted approximately 4.3% of participants and S.7% of 
nonparticipants. 

Table2 reports the final sample characteristics. Of the total 
number of respondents, 56.8% reported probable TBI before 
the index (ie, most recent) deployment. At the 3-monlh post· 
deployment assessment, 40 of the participants (2-4%) had CAPS 
scores of 65 or more, and 327 individuals (19.8%) reported sus· 
tai ning TBl after predeployment, with 295 (17.9%) reporting TBl 
dudng the index deployment. Of the 32 participants report· 
ingnondeployment TBl between predeployrnent and 3-montb 
postdeployment assessments, 2 sustained TBI a her prede· 
ployment but before the index deployment, and 24 sustained 
TBI after their index deployment but before their follow-up as· 
sessment; the event timing of 6 TBls could not be verified. 
There were no significant differences between deployment l'Bl 
and nondeployment TB! sustained between predeployment 
and postdeployment on model outcomes; thus, nondeploy· 
ment TBls were included in the main analysis. Mean time since 
most recent TB! was 200 (126) days. Of the 327 individuals who 
sustained TB! after the predeployment assessment, ll2 par­
ticipants(34.3%) reported more than I TBI, and 285TBis(87.2%) 
were categorized as probably mild39; 208 of 327 individuals 
(63.6%) reported alteration of consciousness without LOC, 250 
of287 (87.1%) who reported PTA inclicated less than 24 hours 
of PTA (37 reported >24 hours), and lll of ll7 participants 
(94.9%) who lost consciousness reported less than 30 min­
utes ofLOC. Severity of 4 TBls (l..2%) was unknown. Partici· 
pants who sustained TBI after the predeployment assess-

JAMA Psychiatry Published ontine December 11, 2013 

(n = 1648) PValue 

22-4 (3.3) <.001 

22.6 .JO 

84.9 _13 

69.S 27 

31.8 <.001 

2.7 (2.7) <.001 

74.1 <.001 

45 .3 <.001 

SS.8 .06 

59.8 (19.2) .07 

39.8 (13.2) .003 

49.64 (8.7) .14 

53.9 (6.3) <c.001 

14.9 (14.8) .38 

6.8 (7 .6) .35 

6.6(7.S) .69 

' Predeployment CAPS median score (Interquartile range [IQRJ) was Tl (21 - 3 : 
18) for nonparticipants and 11 (21 - 4 ; 17) for partlopants. 

d Beck Anxiety Index median score (IQR) was 4 (l 1- 1; 10) tor nonparticipants 
and 4 (10 - 1: 9) for parlkipants. 

~ Beck Depression Inventory median score (IQR) was 4 (10 - 1: 9) for both 
nonparticipants and participants. 

ment were more likely than others to have had prior TBl and 
reported more severe predeployment PTSD symptoms and 
greater combat intensity during their index deployment. 

Zero-Inflated Negative Binomial Regression 
Results ofZINBR are reported in Table 3. A sign.ificant main ef. 
feet reflected a predictor's association with postdeployment 
CAPS scores given a predeployme.nt CAPS score of zero, mean 
scores on all other continuous predictors, and reference group 
membership for categorical predictors. Significant interac­
tions out of all possible tested are reported. 

Zero Model: Predicting Absence of PTSD Symptoms 
Logistic regress ion was used to predict probability ofa3·month 
postdeployment CAPS score of zero. Coefficients were expo· 
nentiated and interpreted as odds of a zero CAPS score. The 
zero model intercept reflects a 27.1% base probability of hav­
ing a postdeploymenr CAPS score of zero given the partjci ­
pant was white, non-Hispanic, from battalion 1, had no pre­
deployment or deployment TBI, had a predeployment CAPS 
score of zero, and bad average scores on all other continuous 
predictors. 

For the zero model, deployment-related TBls were col­
lapsed a cross severity because the small number of moderate/ 
severe TBls caused problems with mode.I converge.nee. Unit 
increases in predeployment CAPS scores decreased the odds 
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Table 2. Descriptive Statistics for Participants R,eporting TBI vs No TBI Sustained After Predeployment Assessment 

NoTBI 
Characteristic (n = 1321) 

Predeployment vallable, % 

Hispanic 22.0 

Whlte 84.9 

Rank El -E3 74.S 

Prior TBI 54.S 

In Battalion 1 15.S 

Age,y 22.5 (3.4) 

AFQT 60.4 (19.2) 

CAPS score• 14.3 (14.6) 

Deployment variable 

Combat experience score' 10.S (8.7) 

3·mo Postdeployment variable 

CAPS score %0 

Asymptomatic, score 0 22.3 

Minim.lily ~mptomatk, scores 1 ·39 70.2 

Partial PTSD. scor~ 40-64 6.1 

PTSD, scores ?65 1.4 

Abbrevlallons: AFQT, Armed Forces Qualification Test; CAPS. Clinician· 
Administered PTSD Scale: f.1 ·f.3. junior enlisted; PTSD. posttraumatk stress 
disorder; TBl, traumatfc brain injury. 

• Ofthe 327 individuals who reporteddeployrnent·related TBI. 285 (87.2%) 
repo1 ted mlld symptoms: 208 (6.3.6%) reported alteration without loss of 
consciousness. 250 of 287 (87.1%) with posltraumatic amnesia reported I~ 
than 24 hours of posttraurnatic amnesia. and 111of117 (94.9%) participams 
who lost consciousness reported less than 30 minutes' loss of coosciousness, 
Approximately 34.3% reported more tlian 1 TBI. arid mean (SD) tlmesirice 

of an outcome (ie, posldeploymenl) CAPS score of zero by a 
factor of 0.92 (7.7%; P < .001). Unit increases in combat inten­
sity reduced the odds by a factor of o.96 (3.6%; P < .ool). Prior 
TBI reduced the odds ofhaving an outcome CAPS score of zero 
by afaclorof D.65 (35-5%; P < .01), and deployment-related TBI 
reduced the odds by a factorof0.34 (66.1%; P < .01). There were 
no effects ofTBT with vs without LOC, time since most recent 
TB!, or single vs multiple deployment-related TB! on the ab­
sence of postdeployment symptoms. 

Count Model: Predicting PTSD Symptom Severity 
The count model predicted the postdeployment CAPS scores 
being generated from a negative binomial distribution. Expo­
nentiated coefficients of the counts model represent multi · 
plicative change in predicted CAPS score per unit change in a 
given predictor. The intercept reflects a predieted postdeploy­
mentCAPS score of12.54 given the participant was white, non­
Hispanic, from battalion 1, had no TBI, had a predeployment 
CAPS score of zero, and bad average scores on all other con­
tinuous predictors. 

Predeployment CAPS score and combat intensity score 
raised the predicted 3-month postdeploymeot CAPS score by 
factors ofl.02 (1.9%; P < .001) and 1.02 (l.5%; P < .001) per unit 
increase, respecUvcly. Prior (ie, pre-index deployment) TBI 
raised the predicted CAPS o.utcome score by a factor ofi.08 
(7,5%), but the effect was not significant (P < .08). Depleyment· 
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Mean{SD) 
TBI All Participants 

(n = 327)' (N = 1648) 

25.l 22 .6 

85.D 84.9 

72.2 74.1 

66.1 56.8 

11.9 14.8 

22.2 (2.8) 22.4 C3.3) 

57.4 (19.3) 59.8 (19.2} 

17.4 (15.2) 14.9 (14.8) 

2l.4 (13.4) 12.9 00.9) 

4.9 18.8 

70.0 70.2 

18.7 8.6 

6.4 L4 

most recent TBI was 200 (126) days. 

b Predeployment CAPS median score {interquartile range [IQRJ) wos to (20 - 4 

= 15) for oo TBI, 14 (25 - 5 = 20) for T Bl, and 11 (21 - I\ = 17) for all partiapants. 

<Combat experience median score (IQR) was 8 (14 - 4 ~ 10) for no TBI, 20 (32 -
11 =21) forTBI. arid 10 (17 - 5=12) for all particfparits. 

d Post deployment CAPS median score (IQR) was 10 (21 - 2 = 19) for no TBI, 24 
(40 - 1~ = 28) for TS I, and 12 (26 - 4 = 22) for all participants. 

related mild TB! raised the predicted CAPS score by a factor of 
l.23 (22.6%; P < .001)1 and deployment-related moderate/ 
severe TB! raised the predicted CAPS score by a factor of 1.71 
(70.5°/o; P < .001). Dividing the estimated coefficients for de­
ployment-related TBI by combat intensity yielded the equjva­
le.nt of a 14.0-point increase in combat intensity for partici­
pants reporting m ild TB!, and a 36.6-point increase for those 
reporting moderate/severe TBI. There were no effects of de­
ployment-related TBI with vs without LOC, time s:ince recent 
TBI, or single vs multiple TBJ on postdeployment symptom 
severity. 

Tbere was a relatively small interaction effect t hat ac­
counted for less than 1% change in 3-month postdeployment 
CAPS score. Unit increases in AFQTincreased the p redicted CAPS 
score by 0.8% (P < .001), but this effect was reduced by rougbly 
two-thirds i n participants with µredeployment TBI (P < .02). 

The overall effects of predeploymentsymptoms, combat in­
tensity, and TBf on postdeploymentP'rSD symptoms were con­
firmed using logistic regression to determine the effects of the 
same predictors as in tbe final ZINBR model on the categorical 
outcome of PTSD vs no PTSD at 3-month postdeployment as­
sessment (Supplement [eMethods, eResults, and eTable 3)). 

Predictions 
?redeployment CAPS scores, combat intensity, and deploy­
ment-related mild TBJ were used to predict the probability that 
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Table 3. Zero· Inflated Negative Binomial Regression Predicting Postdepioyment PTSD Symptoms 

Model Variable Estimate (SE) PVatue 

Count (Intercept) 2.53 (0.06) <.001 

llattalion 2 -0.113 (0.06) 65 

Battalion 3 - 0.05 (0.06) .46 

Battalion 4 0.13 (0.07) .06 

CAPS srore, predcployment O.o2 (0.00) <.OOJ 

AFQT O.Dl (0.00) <.001 

TBI, predeptoyment 0.07 (0.04) .07 

AFQT x TBI. predepioyment -o.o (0.00) 02 

Combat Expetience Score 0.01 (0.00) <.001 

Mild TBI. deployment" 0.20 (0.05) <.001 

Moderate/severe TBI. deployment 0.53 (0.11) <.OO J 

Zero (fntercept) -0,JO (0.25) <.001 

Battalion 2 0.93 (0.24) <.001 

Battallo11 3 0.63 (0.25) .01 

Battalion 4 0.33 (0.29) .26. 

CAPS score. predeployment -0.08 (0.01) <.001 

TBI, predeployment -0.44 (0.1 S) .003 

Combat Experience Score -0.04 (0.-01) <.001 

TBI. deployment"·' -1.08 (0.30) <.001 

3-month postdeployrnent CAPS scores would fall within de­
fined symptom ranges for partial PTSD and PTSD while hold ­
ing all other variables constant (Table 4). ?redeployment CA.PS 
scores used for prediction were o (no symptoms), 19 (heal thy/ 
mini.maJly symptomatie; range, 1-39). 52 (partial PTSD; range, 
40·6.l ), and 65 (PTSD; scores 265).23 Low and high combat in­
tensity were defined as CES scores of 5 (25th percentile) and 

19 (7Sth percentile), respectively. 
Based on study outcomes, participants with no predeploy­

ment symptoms, low combat intensi ty, and no dcployment ­
related TB! were ascertained to have a predicted 3-month post­

deployment CAPS score of7.23, with less t han 1% probability 
of partial PTSD or PTSD. Deployme nt-related mild TBl raised 
the predicted CAPS score slightly to 11.45, with 1.5% probabil· 
ity of partial PTSD. 

Participants who were minimall y symptomatic before 
deployment had low combat inte nsity, and those with no 

TB! had less than 4% pred icted probability of postdeploy­
ment partial PTSD (3.2%) and PTSD (0.2% ). Hig h combat 
intensity increased predicted rates to 6.9% for partial PTSD 
and o.8% for PTSD. In addit ion. deployment-related mild 
TB! nearly doubled outcome rates to 12.4% for partial PTSD 

and 2.4% for PTSD. 
Compared with the minimally symptomatic grou p, par­

ticipants whose predeployment CAPS scores met the criteria 
for partial PTSD or PTSD had higher predicted probabilities 
of postdeployment PTSD at 3 months, even with low com ­
bat intensity (>6%), Ulgher combat intensity increased pre­

dicted PTSD rates for those who reported partial symptoms 
before deployment (12.3%), and deployment-related mild 
TBI further increased predicted PTSD rates for this group 
(2J.l%). 
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Predicted 
CAPS Totat> Ratio (95% Cl) 

12. 54 (Jl.l0-J4.17) 

0 .97 (0.86· J .00) Abbrevlarions; AFQT. Aimed Forces 
0.96 (O.SS· l.08) Qualificallon Tesl. 

1.14 (0.10-1 .31) CAPS, Clinio'<in ·Admlnistered PTSD 

1.02 (l.02-1.02) 
Scale; PTSO, postlraumatic. stress 
disorder; TBI. traumatic brain injury, 

1 .01 (1.01·1.0J) • For the1eromodel. base probability 
1.08 (0.99-1.16) (%)of a predicted CAPS total 

1.00(0.99·1 .00) score.a. 

1.02 (t.OJ-l.02) • There were no signific.anr 
differences between deployment 

1 .23 (J.U • 1.36) and nondeploymentTBI susrained 
1.71(1.37·2.12) between predeployment and 

27.10% (18.60%-37.59%) postdeployment assessments 
(n ; 37.). Thus. nondeployrnent TBI 

"2.51 (l.60-4.06) was included in the analysfs to 
1.87 (J .14-3.07) account for any potential effects on 

1.39 (0.79-2.45) PTSD outcomes." 

0.92 (0.90-0.94) 
For the zero model, 
deployment·related TBls were 

0.64 (OAS-0.86) collapsed across severity because of 
0.96 (0.94-0.98) the small number of 

0.34 (0.19-0.62) moderate/severe TBls causing 
problems with model convergence. 

Discussion 

As expected, both predeploymentpsychiatric symptoms and 
combat intensity significantly predicted postdeployment PTSD 
symptoms. Pre.deployment psychiatric conditions have bee n 
deemed a risk factor for PTSD and other mental health prob­
lems during de.ployment.40 Likewise, prior psychological 
trauma'6 ·"' ' and extensive combat e.xposure' ~·'6•42•43 may in­
crease PTSD risk after combat deployment. 

Independent of the above effects, TB! sustained before the 
index deployment was associated with more severe postde· 
ployment PTSD symptoms. According to our model, deploy­
ment-related TB ls nearly double the likelihood ofpostdeploy­
ment PTSD for participants who reported minimal to no 
symptoms before deployment. Probability of postdeploy­
ment PTSD was greatest for participants reporting prior psy­
chiatric symptoms and deployment-re lated TBt. However, of 
the 16 participants with pre.deployment PTSD, 8 considerably 
improved (postdeployment CAPS range, 0-35) and 3 slightly im -
proved (range, 50-78), whereas 3 worsened (range, 78·94). ln 
contrast to those with improved symptoms, participants with 
persistent symptoms reported higher combat intensity (mean 
score, 22.7vs 8.4) and 2 of the 3 reported deployment-related 
TB!. These findings parallel reported symptom trajectories for 
deployed service members io wh.ich 8% showed improve­
ment in PTSD symptoms and 2.2% showed continuation of se· 
ve.re symptoms." ' 

Prior cross-sectional studies have also reported associa­
tions between TB! and PTSD; 15•4 6 although injury severity may 
govern the associatioo.4 :,,.s Higher morbidity and use of medi­
r;al services are associated with severe TBl, whereas mental 
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Table 4. Prediction.s of Postdeployment CAPS Scores and Outcome Probabilities 

Mild Predicted Mean ~ Predicted Probability % Predicted Probability Predeployment 
Symptom Severity 
(N = 1648)" 

Combat Deployment Postdeployment CAPS Score of Partial PTSD of PTSD 
lnte11sity" TBI (95% CI) (9S%Cf)< (95% Cl)< 

~o svmptoms (n = 243) Low fl!o 7.23 (6 .lO·S.36) 0.38 (0.27-0.51) 0.01 (Q.00-0 .02) 

Yes 11.45 (10.18-12..72) 1.50 (1 .28-1.75) 0 .05 (D.Ol·0.10) 

High No J0.29 (9 00· l l .58) 1.35 (1.13-1.58) 0.04 (O.Ql ·0.09) 

Yes 14.95 (13.90· 16.00) 3.88 (3.51-4.2 7) 0.26 (0..16·0.36) 

MlnimaUy symptomatic (11 = 1283) low No 14.17 (13.43-14.91) 3.22 (2.87-3.57) 0.18 (0.10·0.27) 

Yes 18.63 (18.09 ·19.18) 7.12 (6.63-7.63) 0.77 (0.61-0.95) 

High No 18.13 (17.47-18 .80) 6.93 (6.43· 7.43) 0.75 (0.59-0.93) 

Ves 23.2.l (22. 79-23.63) 12.44 (11.80· 13.ll) 2.37 (2,08-2 .68) 

Partial PTSD (n = 106) Low No 29.40 (29 .13-29.67) 19.01 (18.27-19.79) 6.21 (5.74-6.69) 

Ves 36.25 (36.05-36.45 ) 24.13 (23.30-24.96) 12.35 (11.72·13.0J) 

High No 36.19 (35.96-36.42) 24.09 (23.25-24.92) 12.33 (11.70-12.98) 

Ves 44.52 (44.34-44.71) 27.12 (26.25-7.7.99) 21.08 (20.30·21.88) 

PTSD (n = 16)~ Lnw No 37.89 (37.68-38.09) 24.97 (24.10-7.5.83) 14.02 (13.35-14.96) 

Yes 46.55 (46.36-46.75) 27.44 (26.57-7.8.3.2) 23.27 (22.47-24.11) 

High No 46.54 (46.34-46.73) 27.42 (26.54·28.29) 23.27 (22 .44-24.09) 

Ye5 57.14 (56.95-57.33) 27.32 (2li.45 ·28.19) 34.36 (33.44-35.29) 

Abbre~latlons: CAPS. Clinician-Administered PTSD Scale: PTSD. posttraumatic 
stress disorder: TBI. tr.iumatic brain injury. 

• CAPS scores used for prediction were no symptoms (score. 0). 
healthy/minimally symptomatic (median score, 19; range. I· 39), partial PTSD 
(median score. 52: range, 40·64), and PTSDsc.ores "°65.~3 

u Low and high combat intensity we.re Combat ExperierKe Scale 5Cores 5 (25th 
percentile) and 19 (75th perceritile). respectively. 

c Predicted probability of a continuous outcome CAPS score that falls within 

health diagTioses, including PTSD, are more frequent in pa­
tients with mild TBL.5 In the present study, however, postde· 
ployment CAPS scores increased with TB! severity. More se­
vere TBI in our participants may re.fleet more severe physical 
injury, which has been s hown lo increase the risk of PTSD.49 

Higher CAPS scores may also reflect nonspecific symptoms that 
overlap with TBI sequelae. Alternatively, perhaps the overall 
conte.xtss urrOLmding severe TB! were more emotionally t rau· 
malictha.n contexts surrounding milder injuries. Although we 
adjusted for overall combat intensity, that adjustment would 
not account for the characteristics of any particular traumatic 
event. 

A possible contributor to the overla-p of TBI and PTSD 
symptoms might be that the emotional salience of the event 
contiguous with TB! may exceed that of the typical civilian or 
combat-related traumatic event, thereby increasingPTSD risk. 
Structural and functional brain changesfollowingTBI are likely 
a.dditiooal contributors to P'I'SD outcomes. Prefrootal corti· 
cal networks implicated in PTSD50•51 may be damaged during 
the course of mild TB!, consequently affecting fear memory 
processing.~• Correlations between white matter integrity, cor· 
tical function, and postconcussive symptoms provide initial 
evidence that brain changes associated with mild TBI are dis· 
ti.net from those associated with PTSD or depression.s• ·S? UI· 
timately, high-resolution neuroimaging may belp to clarify 
whetherTBl severity reflects neural tissue injury that im· 
pedes emotional recovery from stressful events. 

There is growing interest in lhe persistence of postcon­
cussive. symptoms and the e>.'1:ensive overlap with anxiety 
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defined symptom5 ranges for partial PTSD and PTSO 

J Of the 16 participants with predeployment PTSD. B Improved considerably 
(postdeplcyment CAPS range. 0·35) and 3 improved ~lightly (range. 50·78). 
Symptoms of 3 worsened (range. 78·94). these parllclpants had higher 
combat Intensity (Combat Elcperience Scale mean score. 22.7 vs 8.4). and 2 of 
the3 sustained deployment-related TBI compared With those whose 
symptomSclmproved. 

disorders, including PTSo.sHo Jlraln injuries also have been 
linked to increased suicidality, particularly for individuals 
wi th comorbid psychiatric and emotiona.l disturbances, 
such as PTSD and depression.61-63 Comorbidity ofTBl and 
PTSD is not unique to deployed service members; motor 
vehicle accidents and interpersonal assault are 2 common 
causes or TBI and PTSD in civilians.'' 4 -66 Furthermore, 
recurrent TBI from contact sports has, as with repeated 
blast exposure, been linked to greater mental health prob· 
I ems and neurologic abnormalities. 67,6R 

Several study limitations should be addressed. As in prior 
studies, 9.:t<J.69•70 we used retrospective self-report measures, 
including TBl accounts, which limit causal inference and re­
nect potentially inconsistent documentation of io-lheater 
eve:nts. Fu rthennore., TB! may be a marker for a trawnatic event 
not otherwise captured by the CES. 

rn addition, results from the present study may not be gen· 
eralizable to other populations. Demographic differences be· 
tween participants and nonparticipants likely reflect the o lder 
age and greater military expetience of non participants, most 
of whom were lost to follow-up, possibly resulting from reas­
signment or discharge. Participation bias likely accounts for 
mental and phys.ical heal lb differences between participants 
and nonparticipants. Similar findings have been dotumented29 

previously and have not been shown to affect study out­
comes. Finally, PTSD symptoms were positively skewed, and 
CAPS threshold srnres for partial PTSD and PTSD that were vall • 
dated in civilians may be conservative for diagTiosis in a mili· 
tary population. 
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Despite these limitations, the present study's prospec­
tive design and inclusion of prior psychological and physical 
trauma are uniquecontributJons to the study afTBI and PTSO. 

Resul ts suggest that deployment-related 113I may be an im· 
portant risk factor for PTSD, particularly for individuals wi th 
symptoms related to a prior traumatic event. 
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Background: Research on the etiology of post-traumatic stress disorder (PTSD) has rapid ly 
matured, moving from candidate gene studies to interrogation of the entire human genome 
in genome-wide association studies (GWAS). Here we present the results of a GWAS per­
formed on samples from combat-exposed U.S. Marines and Sailors from the Marine Resiliency 
Study (MRS) scheduled for deployment to Iraq and/or Afghanistan. The MRS is a large, 
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1. Introduction 

C.M. Nievergelt et al. 

prospective study with longitudinal follow-up designed to identify risk and resiliency factors for 
combat-induced stress-related symptoms. Previously implicated PTSD risk locl from the literature 
and polygenic risk scores across psychiatric disorders were also evaluated in the MRS cohort. 
Methods: Participants (N:3494) were assessed using the Clinician-Administered PTSD Scale and 
diagnosed using the DSM-IV diagnostic criterion. Subjects with partial and/or full PTSD diagno­
sis were called cases, all other subjects were designated controls, and study-wide maximum 
CAPS scores were used for longitudinal assessments. Genomic DNA was genotyped on the lllu­
mina HumanOmniExpressExome array. Individual genetic ancestry was determined by supervised 
cluster analysis for subjects of European, African, Hispanic/Native American, and other descent. 
To test for association of SN.Ps with PTSD, logistic regressions were performed within each ances­
try group and results were combined in meta-analyses. Measures of childhood and adult trauma 
were included to test for gene-by-environment (GxE) interactions. Polygenic risk scores from the 
Psychiatric Genomic Consortium were used for major depressive disorder (MOD), bipolar disorder 
(BPD), and schizophrenia (SCZ). 
Results: The array produced >800 K directly genotyped and >21 M imputed markers in 3494 unre­
lated, trauma-exposed males, of which 940 were diagnosed with partial or full PTSD. The GWAS 
meta-analysis identified the phosphoribosyl transferase domain containing 1 gene (PRTFDC1) as 
a genome-Wide significant PTSD locus (rs6482463; OR:1.47, SE =0.06, p =2.04 x 10 9), with a 
similar effect across ancestry gwups. Association of PRTFDC1 With PTSD in an independent mili­
tary cohort showed some evidence for replication. loci with suggestive evidence of association 
(n: 25 genes, p < 5 x 10 6 ) further implicated genes related to immune response and the ubiqui­
tin system, but these findings remain to be replicated in larger GWASs. A replication analysis of 
25 putatTve PTSD genes from the literature found nominally significant SNPs for the majority of 
these genes, but associations did not remain significant after correction for multiple comparison. 
A cross-disorder analysis of polygenic risk scores from GWASs of BPD. MOD, and SCZ found that 
PTSD diagnosis was associated with risk sores of BPD, but not with MOD or SCL 
Conclusions: This first multi-ethnic/racial GWAS of PTSD highlights the potential to increase 
power through meta-analyses across ancestry groups. We found evidence for PRTFDC1 as a poten­
tial novel PTSD gene, a finding that awaits further replication. Our findings indicate that the 
genetic architecture of PTSD may be determined by many SNPs with small effects, and overlap 
with other neuropsychiatric disorders. consistent With current findings from large GWAS of other 
psychiatric disorders. 
© 2014 Published by Elsevier Ltd. 

Post-traumatic stress disorder (PTSD) is an anxiety disor­
der and unique in that exposure to an environmental event 
(Cri terion-A t raumatic event; APA, 2000) is a necessary con­
dition for diagnosis. lifetime prevalence is - 8% in adult 
Americans (Kessler et al., 1995; l<ilpatrick et al., 1013) and 
is especially high among those exposed to combat, with val­
ues ranging from 6% to 31% as reported in a recent review of 
studies on US combat veterans (Richardson et al.. 2010). A 
large number of demographic and environmental factors and 
their interactions contribute to PTSD susceptibility, includ­
ing female gender, age, existence of previous mental health 
issues, early life st ress, as well as severity, duration and 
number of traumatic incidents, and other factors such as 
lack of social support (Zoladz and Diamond. 2013). Notably, 
there are race/ethnic differences in traumatic event expo­
sure, in type of event, age at exposure, as well as the 
development of PTSD given a specific trauma, with African 
Americans having somewhat higher risks than whites and 
Asians (Roberts et al.. 2010). 

to PTSD (reviewed e.g. in Wolf et al., 2013). Remaining 
variance is attributable to the non-shared environment, 
including trauma encountered during war zone deploy­
ments. For some, combat exposure acts as a catalyst that 
augments the impact of hereditary and environmental 
contributions to PTSD (Wolf et al.. 2013). 

A large proport ion of the genetic liability for PTSD is also 
shared with other mental disorders such as anXiety and panic 
disorder (Goenjian et al., 2008), major depressive disorder 
(MOD) (Fu et al., 2007; Sartor et al.. 2012), and substance 
use (Xian et al., 2000), hence genes that confer risk for PTSD 
may also influence risk for other psychiatric disorders and 
vice versa (Nugent et al., 2008). Such pleiotropic effects 
have been demonstrated across several psychiatric disor­
ders (Solovieff et al., 2013). For example, a recent study 
that examined schfzophrenia (SCZ), bipolar disorder (BPD), 
MDD, and attention-deficit/hyperactivity disorder (ADHD) 
found that SNP-based heritability ranged from 17 to 29% 
within disorders. Genetic correlations between disorders 
were also observed with highest associations between SCZ 
and BPD. and moderate correlat ions between SCZ and MDD, 
BPD and MDD, and ADHD and MDD (Cross-Disorder Group of 
the Psychiatric Genomics Consortium, 2013; Cross-Disorder 
Group of the Psychiatric Genomics Consortium and Genetk 
Risk Outcome of Psychosis Consortium. 2013). 

In addition, individual differences in heritable factors 
affect the risk to develop PTSD. Twin .studies indicate that 
PTSD is moderately heritable, with genetic factors explain­
ing a substantial proportion (30- 46%) of vulnerability 



GWAS in the Marine Resiliency Study 

Until recently, the genetic contribution to PTSD has been 
investigated largely via candidate gene association studies 
(reviewed in Almli et at. , 2014; Amstadter et al. , 2009; 
Norrholm and Ressler, 2009). Most research has focused 
on: ( 1) the hypothalamic- pituitary- adrenal (HPA) axis, 
(2) the ascending brainstem locus coeruleus noradrener­
gic system, and (3) the limbic amygdalar frontal pathway 
mediating fear processing. Among the over 25 PTSD can· 
didate genes currently reported (Amstadter et al., 2009 . 
2011; Binder et al. . 2008; Boscarino et al., 201 i ; Cao et al., 
2013: Comings et al. , 1996; Dragan and Oniszczenko, 2009; 
Gillespie et al., 2013; Goenjian et al. , 2012; Grabe et al., 
2009; Guffanti et al. , 2013: Hauer et al. , 20 11 ; Kolassa 
et al., 201 0; Logue et at.. 2013a,b; Lyons et al ., 2013; 
Mellman et al. , 2009; Nelson et al., 2009; Ressler et al. , 
2011 ; Segman et al., 2002; Solovleff et al., Z014; Voisey 
et al., 2010; Wilker et al., 201 3; Xie et al. , 2013), promis­
ing findings include associations of PTSD symptoms with 
the serotonin transporter gene (SERT, SLC6A4) (Xie et al. , 
2009), which is linked to depression and anxiety disor­
ders, as well as differential acquisition of conditioned fear 
and increased amygdala excitability in humans. In addi · 
tion, fKBP5, a co-chaperone of the glucocorticoid receptor 
involved in the HPA axis, has a significant interaction wi th 
severity of child abuse in the prediction of adult PTSD 
symptoms, indicating a gene by environment (GxE) interac· 
tion (Binder et al. , 2008). Interestingly, the ankyrin-3 gene 
(ANKJ), a known BPD and SCZ gene, was nominally associ­
ated with PTSD (Logue et al. , 2013b). Although candidate 
gene studies have not conclusively identified a genetic basis 
of PTSD, and await replication in independent studies, they 
suggest a likely polygenic contribution to PTSD develop­
ment, where a substantial overall genetic effect aggregates 
over many common variants which individually contribute 
only minimal effects, further complicated by complex GxE 
interactions. These findings are in line with the genetic 
architecture of many psychiatric disorders investigated to 
date. 

To date, only 3 GWASs in PTSD have been published with 
results implicating several novel loci. The first study on Euro­
pean American (EA) military veterans and their intimate 
partners identified the retinoid-related orphan receptor 
alpha (RORA) as a potential PTSD gene (Logue et al. , 
2013a). The second study, including EAs recruited for sub­
stance abuse, identified the Tolloid-Like 1 gene (TLL1) (Xie 
et al., 2013), and the third, a study in primarily African 
American women, implicated a line.RNA (LJNC01090, alias 
AC068718.1) as a risk factor for PTSD (Guffanti et al., 
201 3). 

In this study we present results from a GWAS on PTSD in 
the Marine Resiliency Study (MRS), including 3494 trauma­
exposed participants. The MRS is a well-characterized, 
prospective study of Marines and Sailors scheduled for 
combat deployment to Iraq or Afghanistan, with longitudi· 
nal follow-up to track the effect of combat stress (Baker 
et al.. 2012). This young, all-male mili tary cohort is among 
the largest and most homogenous of PTSD studies avail· 
able and presents a unique resource to test mechanisms 
of risk that mediate the link between stressor exposure 
and outcome, or that moderate or synergize with exposure 
to mitigate or exacerbate its effect over time. We per· 
formed the first GWAS across ancestral groups, including 
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subjects of European, African, Hispanic/Native American, 
and other ancestries. In addition, we attempted to repli· 
cate significant associations in 25 putative PTSD genes 
from the literature, and tested for main effects and GxE 
interactions in the MRS. Lastly, we tested for a genetic 
overlap of PTSD with other psychiatric disorders using 
polygenic risk profiles from Psychiatric Genomics Consor· 
tium (PGC) BPD, MOD, and SCZ GWAS (Purcell et al .. 
2009). 

2. Methods 

2. 1. Study subjects 

Participants were recruited from two studies including 
military personnel: (1) the Marine Resiliency Study, a 
prospective PTSD study with longitudinal follow-up (pre- and 
post-exposure to combat stress) of U.S. Marines bound for 
deployment to Iraq or Afghanistan (Baker et al. , 201 2) (here 
referred to as MRS-I), and (2) the Marine Resiliency Study-II 
(MRS· ll) , which followed a very similar protocol. The pro· 
tocols were approved by the University of California - San 
Diego Institutional Review Board, and all participants pro­
vided written informed consent to participate. Subjects with 
available genotypes included a total of 3494 unrelated males 
(MRS- I: N=2376; MRS· ll; N= 1118) from 6 different battal­
ions. Based on self-reported race and ethnicity, the cohort 
was racially 85.5% white and was ethnically 75.5% non· 
Hispanic. Participant age ranged from 18 to 48 years, with a 
mean of 23.1 years. Descriptive statistics of the cohort are 
shown in Table 1. 

2.1. Phenotype assessments 

Details of phenotype assessments are described in Supple· 
mental methods. In brief. participants were assessed for 
PTSD diagnosis up to 3 times, once before deployment and 
3 and/or 6 month post deployment. Post-traumatic stress 
(PTS) symptoms were assessed using a structured diagnos­
tic interview, the Clinician Administered PTSD Scale (CAPS), 
and PTSD diagnosis followed the DSM-IV criteria for par­
tial and full PTSD. All participants (N = 3494) included in 
this study met the DSM-JV criteria A 1 event; 38% of them 
had 2 assessments and 39% had 3 assessments, respectively. 
For participants assessed at multiple timepoints (i.e. pre­
and post-deployments; N "' 2689), the timepoint with the 
highest CAPS score was used (54% of the CAPS came from pre­
deployment, and 46% from post-deployment assessments). 
Participants meeting criteria for partial or full PTSD diag­
nosis were designated as cases (N ~ 940, including 324 with 
a full PTSD diagnosis). all other participants were desig­
nated controls (N =2554). Childhood trauma was assessed 
ih 3385 subjects using a modified version of the Childhood 
Trauma Questionnaire Short Form (CTQ), and general life­
time trauma was assessed at the time of CAPS assessment 
in 3494 participants using the Life Events Checklist (LEC) , a 
self-report inventory that inquires about exposure to 16 dif· 
ferent potentially traumatic events known to increase risk 
for PTSD. 
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Table 1 Descriptive statistics for the Marine Resiliency GWAS cohorts (MRS) studied based on PTSD case versus control status. 

AU MRS-I MRS-II PTSD Controls p-Value 

Number of Subjects 3494 2376 1118 940 2554 
Age, mean (±SD) 23.1 (3.4) 23 .3 (3.5) 22.6 (3.0) 23.0 (3.0) 23.2 (3.5) 0.98 

Range 18- 48 18- 48 18- 43 18 - 38 18- 48 
Self reported race 

White 85.5% 84.6% 87.5% 84.1% 86.1% 0.23 
African American 4.4% 4.5% 4.1 % 4.4% 4.4% 

Other 10.0% 10.8% 8.4% 11.5% 9.5% 
Self reported ethnicity 

Hispanic 24.5% 23.3% 26.2% 25.9% 23.6% 0.16 
Non-Hispanic 75.5% 76.7% 73.8% 74.1% 76.4% 

CTQ, mean (± SD) 39.6 (13.5) 40.3 (13.8) 38.0 (12.3) 44.3 (12.8) 37.8 (12.3) <2.2 x 10 16 

Range 25.0- 107.5 25.0- 106.5 25.0- 107.5 25.0- 106.5 25.0- 107.5 
LEC, mean (± SD) 6. 9 (3.5) 6. 7 (3.5) 5.8 (3.3) 8.2 (3.4) 5.7 (3.3) <2.2 x 10 16 

Range 0- 16 0-16 0- 16 0- 16 0- 16 
Prior deployment 78% 78% 78% 83% 76% 1.4 x 10- 5 

. 
p·Values (PTSD versus Controls) based on Wilcoxon tests (d1i-square tests for Race and Ethnicity). CTQ, childhood trauma question-

na'ire; LEC: life events checklist. 

2.3. DNA sample preparation, genotyping, and 
quality cont rol 

Details of sample preparation a.nd genotyping procedures 
are given in Supplemental methods. In brief, genomic DNA 
was prepared from blood leukocytes and prepared for geno­
typing. GWAS-1: genotyping for MRS-I was carried out by 
lllumina (http: Ilwww.illumina.com/) using the HumanOm­
niExpressExome (HOEE) array with 951, 117 loci and resulted 
in a high initial locus success rate and overall data qual· 
ity. Additional data cleaning was performed in PLINK v1 .07 
(Purcell et al. , 2007}, using standard procedures (Anderson 
et al. , 201 0). SNPs were excluded if the call rate was <95%, 
if they violated Hardy Weinberg Equilibrium (p < 1 x 10-6 ) , 

or if they showed plate effects (p-value <1 x 10- 8 for any 
one plate or <1 x 10-4 for two or more plates). After 
removal of problematic DNA samples and markers, the 
final dataset included 851,541 markers genotyped in 2548 
subjects. GWAS-11: a second GWAS for MRS-II samples was 
carried out by RUCDR (ht tp: I/www.rucdr.org) using the 
HOEE array with 967,537 loci and identical data quality pro­
cedures were applied. Genotypes (N =849,099 SNPs) of 1471 
GWAS·ll subjects and 23 duplicates (subjects in common 
with GWAS· I) were then merged with GWAS-1. Array effects 
were identified by comparing SNP allele frequency variation 
between GWAS·I and GWAS-11 using a chi-squared association 
test and 132 SNPs with p -values <5 x 10 8 were removed. 
Reproducibility including 23 replicate pairs (subjects geno­
typed in both GWAS·I and GWAS-11) was >99.99%. Ancestry 
was distributed equally across GWAS-1 and GWAS-11 (chi­
squared :0 3.501 df=3, p >0.32; Supplemental Fig. t), but 
there were more PTSD cases in GWAS-1 compared to GWAS-11 
(chi-squared= 29.07, df = 1, p< 6. 98 x 10 8 ); a covariate for 
array was included in the association analyses (see below). 
The final dataset included 888, 113 markers genotyped in 
3494 MRS participants (and 525 samples unrelated to this 
study). 

2.4. Genotype imputations 

Imputations were performed using the default parameters 
in IMPUTE2 v2.2.2, using 1000 Genomes Phase 1 integrated 
variant set haplotypes for the autosomes and the interim 
set for the X chromosome (see Nievergelt et al., 2014 
for details). In brief, prior to imputation, genetic mark­
ers that failed Hardy- Weinberg equilibrium (p < 5 x 10 4

), 

or had exceedingly rare alternative alleles (minor allele fre­
quency MAF <0.005) were excluded. Next, genomes were 
divided Into approximately 5 Mb segments, and phasing and 
imputed genotypes were calculated for each. Imputed mark· 
ers with low imputation quality values (Info 5 0.5) were 
dropped. A total of 21 ,692,209 variants were imputed 
across the two genotyping arrays, resulting in a total of 
21 ,693,469 genotyped and imputed markers for association 
analyses. 

2. 5. Ancestry assessment and control for genetic 
background heterogeneity 

Ancestry was determined using genetic information as 
described in Nievergelt et al (201 3 ). In brief, geno­
types of 1783 ancestry-informative markers (AIMs) were 
used to determine a subject's ancestry at the continen­
tal level for the 7 geographic regions Africa, Middle East, 
Europe, CentralfSouth Asia, East Asia, Americas, and Ocea­
nia. Ancestry estimates were determined using STRUCTURE 
v.Z.3.2. 1 (Falush et al., 2003) at K = 7, including prior popula­
tion information of the HGDP reference set (Li et al ., 2008). 
To preserve power for the GWAS and reduce type I errors 
due to population stratification, we aimed to place sub­
jects into large, homogenous groups (European-Americans, 
EA, N = 2179) and groups wi th simple one-way admixture 
(African-Americans, AA, N = 205; Hispanic and Native Amer­
icans, HNA, N =640). All other subjects, including 50 East 
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Asians, were grouped as Others (N = 470) (see Supplemental 
Fig. 1 for details). 

GWAS was performed separately in each of the 4 main 
ancestral groups. To control for additional genetic back­
ground heterogeneity within the 4 ancestral groups, and 
varying degrees of EA admixture within the HNAs, Ms and 
others, a principal component analysis (PCA) implemented 
In EIGENSTRAT (Price et al. , 2006) was performed based on 
10,000 random. autosomal SNPs separately for each of the 
4 groups. Scree plots (data not shown) of the Eigenvalues of 
the principal components (PC's) indicated that the first five 
PC's substantially accounted for genetic variability within 
EA (0.69% cumulative of 5 PC's), AA (6.70% for 5 PCs), HNA 
(2.81% for 5 PCs), and Others (8.44% for 5 PC's.), respec­
tively and were included as covariates in the association 
analyses. 

2.6. Statist ical analyses 

To test for association of SNPs (at a minor allele frequency 
MAF>0.01 , N~ 10.446 ,675 SNPs) with PTSD status logistic 
regressions were performe.d in PLINK for each of the 4 ances· 
try groups, including battalion, GWAS platform, and the first 
5 PC's cts covariates. Alleles were coded additively in the 
GWAS and alternative genetic models were tested post hoc 
for top hits. To account for uncertainty in SNP imputation, 
SNP dosages were used rather th<1n allele calls. Resulting 
p-values were adjusted using genomic control (GC) to cor· 
rect for genome wide inflation and significance was declared 
at pc 5 x 1 o~s. A fixed-effects meta·analysis across ances· 
try groups was performed based on GC corrected standard 
errors (SE) using the inverse-variance weighted method in 
MITAL (Willer et al.. 2010). Regional association plots were 
constructed using Locuszoom (Prufm et al., 2010), using 
the 1000 Genomes project Europeans as reference pop· 
ulation and R2 as the measure for linkage disequilibrium 
(LO). 

Candidate gene analyses: associations for single gene 
analyses selected from the literature are reported at a nom­
inal p-value of 0.05. Gene·wide significance was estimated 
using the set-based permutations in PUNK with default 
parameters. Gene by environment (GxE) interactions were 
calculated using a robust SE method (Voorman et al.. 2011) 
as implemented in the R·package rms (Harrell, 2014). 

Palygenic risk score analyses: risk score analyses were 
performed in EA MRS participants based on data down· 
loaded from the PGC website for bipolar disorder (BPD) , 
major depressive disorder (MOD), and Schizophrenia (SCZ). 
LO· pruned SNP sets for the J disorders were filtered a:t vary­
ing p -value thresholds (PT) (at p < 0.01, c0.05, <0.10, <0.20, 
<0.30, <0.40, and c0.50). A risk score for each MRS partici· 
pant was computed by the number of risk alleles weighted 
by the log of the odds ratios (ORs). To test if the polygenic 
risk scores for these disorders could predict PTSD status in 
MRS, logistic regressions with the specific SNP sets were per­
formed, including battalion, GWAS platform, and the first 5 
PC's as covariates. 

Power calculations for the association analysis were per­
formed using the case- control module for discrete traits 
(Purcell et al., 2003) at D' = 1 and parameters derived from 
the MRS. 
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2. 7. VA replication sample 

GWAS hits in the discovery sample were tested for repli · 
cation in an independent cohort including 491 VA samples. 
Sample ascertainment, characterization, genotyping, and 
data cleaning methods used have been described elsewhere 
in detail (Logue et al. , 2013a) . Briefly, the sample fs a subset 
of a cohort of military veterans and their intimate partners 
ascertained from two studies performed at U.S. Department 
of Veterans Affairs (VA) medical centers. All participants 
were assessed using the CAPs wtth excellent inter-rater reli· 
ability (kappa = 0.87). Genotyping was performed using the 
lllumina Human0mni2.5·8 array and samples were excluded 
if they had a call rate of <95% or if their reported sex did not 
match their inferred sex based on X-chromosome genotypes. 
Only white non-Hispanic subjects (based on a STRUCTURE 
(falush et al. , 2003; Pritchard et al. , 2000) analysis of 10,000 
markers) with a DSM-IV defined PTSD Criterion-A traumatic 
event were included in the analysis. The sample analyzed 
includes 491 white non-Hispanic veterans and their intimate 
partners including 313 lifetime-PTSD cases and 178 trauma­
exposed controls. Association between the SNP and lifetime 
PTSD was tested using PUNK (v. 1.07). f irst, the sample was 
analyzed using a logistic model adjusting for the top 3 PC's 
computed in EIGENSTRAT based on 10,000 randomly chosen 
markers. 

3. Results 

Meta-analysis of GWASs with PTSD in subjects of Euro­
pean (EA), African (AA), Hispanic/ Native American (HNA), 
and other descents. Genome-wide association studies for 
PTSD were performed with genotypes of 2179 EA's, 640 
HNA's, 205 M's. and 470 subjects of other or mixed ances­
tral descent. The genomk control (GC) inflation factor 
lambda was close to 1.0 in all analyses (see Supplemental 
Fig. 2 for QQ·plots). GC-corrected p -values were com­
bined in a meta-analysis and resulted in a genome-wide 
significant association for a SNP in the phosphoribosyl trans­
ferase .domain containing 1 gene (rs6482463 in PRTFDC1 ; 
OR = 1.47, SE =0.06, p = 2.04 x 10 9 ) (Fig. 1A and Supple· 
mental Table 1A). PRTFDC1 is a 104kb lohg gene on 
chromosome 10, including 9 exons. The top SNP rs6482463 
(Imputed based on the genotyped proxy SNP rs6482463, 
R1 =O.995, imputation info score= 0. 99) is located in a 
~40 kb LO-block spanning most of intron 3 (Fig. 1 B). An 
analysis of the large EA subgroup identified a different SNP 
(rs2148269, imputed) as top hit in this gene. SNP rs2148269 
is located in the same LO-block as rs6482463 (R2 = 0.27) 
(see Supplemental fig. 3A and B for the EA Manhattan 
and regional association plots). However, the meta-analysis 
top SNP rs6482463 shows consistent odds ratios (OR) 
across all 4 ancestry groups. and a test for heterogeneity 
between studies was not significant (p = 0. 9 for Cochran's 
Q; Table 2A). Given the parameters from the meta-analysis 
of rs6482463 (MAF=0.27, relative risk = 1.324), a power 
calculation indicated that the study was sufficiently pow­
ered (- 80%) to detect an effect stze of this magnitude 
(OR = 1.47). 

Replication of the PRTFDC1 association with PTSD was 
attempted in an independent military cohort (VA replication 



464 C.M. Nievergelt et al. 

A 
PllfFDCI 

B 
10 

,. ( 

8 

6CQ1123a SEAACI C\'PllBl ! 

·i - I 
~ 

~ .. .. .. 
c .. . ., 

0 ..... v 
.. 

I
: ~lllltl: ,i i: :\ } ··. , I 

~ 
; 

I 

- I 
2 3 4 S G 7 8 9 10 12 H I~ 18 21 X XV 

1 
;o . . •• r 

-r~ 

~·-. 

2$) 

Chromosomal PO$itlon.s 

Figure 1 (A) Manhattan plot of genome-wide association results for PTSD from a meta-analysis of subjects from mixed ancestries. 
The red line represents genome-wide significance at p <5 x 10 8 and the dashed line represents suggestive evidence for association 
at p <5 x 10- 6 • (B) Regional association plot, showing significant regions in PRTFDC1 on chromosome 10. Results are reported for the 
most significant SNP rs6482463 from the meta-analysis. The color of each circle is based on R2 with rs6482463 and recombination 
rates are based on European reference subjects from the 1000 Genomes Project. 

sample). The imputed SNP rs6482463 was not available, 
but rs1033962 (a SNP 3678 bp apart) was genotyped in both 
MRS and NCPTS. Associations for rs1033962 in the MRS 
meta-analysis were slightly less strong than for the top 
SNP rs6482463 (p = 4. 93 x 10 9 ; Table 2B). Association of 
rs1033962 in the smaller NCPTS replication study was not 
significant (N=491; p= 0.14). However, the direction of 
the effect of the A allele was consistent with MRS, and a 
meta-analysis of MRS and NCPTS showed no heterogeneity 
(Cochran p = 0. 91) and further decreased the p-value to 
2.06 x 10 9 • 

We also explored alternative statistical models for 
PRTFDC1 associations with PTSD, extending from the basic 
model with an additively coded SNP effect, and the 
covariates battalion, GWAS platform, and 5 PC's for pop· 
ulation stratification. Compared to the additive model 
(p = 2.04 x 10- 9 ) , recessive and dominant genetic models 
did not show stronger effects for rs6482463 {p=2.03 ~ 10 3 

or p =3.2 x 10-9 , respectively). In addition, we tested the 
effects of age, different types of traumas (CTQ, LEC, and 
prior deployments; see Table 1 ), and GxE interactions on 
PTSD status (Supplemental Table 1B). Age and the 3 types 

Table 2 Meta-analyses of PRTFDC I associations with PTSD for (A) the most significant Imputed SNP rs6482463 in four Marine 
Resiliency Study (MRS) ancestry groups, and (B) for the genotyped SNP rs1033962 in MRS and an independent replication sample 
from the National Center for PTSD/Boston (NCPTS). 

Study Ancestry A1 A2 MAF N subjects OR SE p Q 

(A) Association analysis for rs6482463 
MRS EA A G 0.22 2179 1.41 0.08 2.98 x 10- 05 

AA A G 0.46 205 1.49 0.26 0.118 
HNA A G 0.31 640 1.58 0.14 1.25 x 10- 03 

OTH A G 0.31 470 1.55 0.18 0.012 
Meta A G 3494 1.47 0.06 2.04 x 10- 09 0.90 

(B) Association analysis for rs1033962 
MRS EA A G 0.22 2179 1.40 0.08 4.48 x 10-05 

AA A G 0.47 205 1.45 0.25 0.148 
HNA A G 0.31 640 1.57 0.14 1.37 x 10- 03 

OTH A G 0.31 470 1.52 0.17 0.016 
Meta All A G 3494 1.45 0.06 4. 93 x 1 o-09 0.90 
NCPTS EA A G 0.21 491 1.28 0.17 0.144 
Meta All A G 3985 1.43 0.06 2.06 x 10- 09 0.91 

MAF. minor allele frequency for A1 allele; OR, odds ratio; SE, standard error of the mean; Q. p-value for Cochran's Qstatistic; meta, 
inverse-variance weighted meta-analysis; EA. European American; AA, African American; HNA, Hispanic and Native American descent; 
OTH, other. 
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of trauma significantly predicted PTSD in univariate anal· 
yses (p < 0.05 in all cases), and explained between 2.8% 
(age) and 14. 9% (LEC) of the variability (%VE). Adding these 
predictors to the top SNP rs6482463 slightly decreased the 
p-values for the SNP effect for models including SNP plus 
age, CTQ, or prior deployment, respectively. Tests for GxE 
interactions using the LEC, CTQ or prior deployment were 
not significant (p > 0.05 in all cases). Finally, a cumulative 
model including SNP, age, LEC, CTQ and prior deployment 
(plus the standard covariates battalion, GWAS platform, and 
5 PC's for ancestry) was most significant in predicting PTSD 
status (p=4.07 x 10 9~) and explained - 20% of the variance 
(Supplemental Table 18). 

In addition to the genome-wide significant association 
with PRTFDC1, SNPs in 26 genes met the threshold for 
.suggestive evidence of association (p < 5 :x 10-6 ), includ· 
ing SNPs in 10 genes from the meta-analysis (Fig. 1A) 
and 15 genes in specific ancestry groups. A summary for 
the top SNPs per gene are shown in Table 3 (see also 
extended data in Supplemental Table 2). A.s expected based 
on the size of the subsets, most of the associations meeting 
suggestive evidence were found in the largest EA sub· 
group (see also Manhattan plot for EA in Supplemental 
Fig. 2). There was considerable heterogeneity across the 
4 ancestral groups in regards to the effect of the top 
SNPs. The direction of the effects across the 26 genes 
was consistent only for 7 of the top SNPs, and Cochran's 
Q value showed significant heterogeneity across studies 
for 12 associations, including all 4 of the SNPs meeting 
suggestive evidence in the AA.s and both SNPs meeting 
suggestive e\lidence in the HNA's. No SNP met suggestive 
evidence for association in the 470 subjects of 'other' 
descent. 

In addition to testing for a main SNP effect on PTSD diag· 
nosis we also tested for an interaction of childhood trauma 
(CTQ) and the top SNPs listed in Table 3 (GxE interaction). 
Six SNPs showed nominally significant GxE interactions in one 
or more ancestry groups. However, none of them remained 
significant after correction for multiple comparisons (at a 
threshold of p < 0.002 for 26 tests performed). 

3.1. Comparison of PTSD genes reported in t he 
literature w ith results from the MRS GWAS 

We compared the results from the MRS association analyses 
in the EA and AA subgroups for 25 genes with slgnifi· 
cant association with PTSD for either a main SNP effect 
and/or a significant GxE interaction previously reported in 
the literature (see Table 4 for EA and Supplemental Table 
3 for AA). Most of the genes were identified in candi· 
date gene studies, but L/NC01090 (Guffanti et al.. 2013 ), 
RORA (Logue et al. , Z013a), and TLL1 (Xie et al., 201 3) 
came from recent GWASs, thus meeting the stricter level 
for genome-wide significance in the original studies. We 
first investigated the specific SNP reported in the literature 
and found that none of the reported SNPs were nomi· 
nally significant in the MRS EA or AA subgroups. Next we 
tested all available SNPs within the 25 genes for associa· 
tion with PTSD. The number of SNPs per gene available in 
the MRS GWAS ranged from 11 SNPs in RGS2 to 1976 SNPs 
in ANKJ. With the exception of APOE, all genes included 
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figure 2 Polygenic rlsk score profiling in European American 
subjects, using discovery sets from GWAS on bipolar disor­
der (BPD. black bars), major depressive disod:!r (MOD, gray 
bars), and schizophrenia (SCZ, white bars) from the Psychiatric. 
Genomic Consortium (PGC). The x-aXis shows results at seven p­
value thresholds (Pr : 0.01 , 0.05, 0.10, 0.20, 0. JO, 0.40, 0.50) . 
The y-axis shows the Nagelkerke pseudc Ri . the proport ion of 
variance in PTSD ca~e-control status exp_ained by the r isk score 
profile. • indicates nominal significance at p < O. 05. 

at least one nominally significant SNP in the EA and / or AA 
subgroup. However, after controlling for mL.l:iple compar· 
isons at the gene level (not yet considering t1e number of 
genes tested), none of these associations remained signifi · 
cant. 

Significant GxE interactions were reoorted for Sl\Ps in 7 
genes (Table 4) , predominantly including childhood trauma 
as the environmental factor. We did not replicate a GxE 
effect in these 7 genes in the MRS (p > O.O:·). GxE inter­
actions in 4 other genes without a reported GxE in the 
original studies were nominally' signifcant i1 MRS, but did 
not meet the thre51old after correction for multiple com­
parisons (p < 0. 002 for 25 genes tested t. 

3.2. Association of cross-disorder polygenic risk 
scor es in the MRS PTSD GWAS 

We also tested fer a genetic overlap of PTSD wit1 bipo· 
tar disorder (BPD), major depressive disorder (MDD) 1 and 
schizophrenia (SCZ) using polygenic risk ~cores . These 
scores, an aggregate of many SNPs with small lndl· 
vidual effects re: rieved from large PGC GWAS studies, 
were used at different p·value thresholds cPr ), ranging 
from 0.01 to 0.5 (fig. 2). We foun•j that the pclygenic 
risk scores for BPD explained a significant proportion of 
phenotypic variarce in the MRS for Pr = 0.3 (Nagelkerke 
R2 =0.025 , p : 0.028), Pr =0.4 (R2 =0.025, p =0.037). and 
Pr= 0.5 (R2 : 0.024, p =0.047). Polygenic risk scores from 
GWAS of SCl and MOD did not significantly predict :>TSO in 
the MRS. 



Table 3 Top hits from genome-wide association studies with PTSD in subjects of European (EA), African (AA), Hispanic/Native American (HNA), and other descents, and 

meta-analysis across ancestry groups. 

SNP CHR Gene Location Allele 112 EA AA HNA Other Me!a·anatysfs 

P,,,.,. PGxE Pmafn Pi:.•£ Pmatn Pc.,E Pma!n Pc.,t Q OR P'ma1i. Direction 

rs 138384996 UBF:W Downstream GIA 1.6E-05 0.08 0.686 0.999 0.11 0. 17 0.022 0.16 0.82 0.24 4. 1E-07 - 1'-

rs4916008' JAK1 lntron CIT 4.0E- 06 1.00 0.49 0.26 0.58 0.34 0.90 0.06 0.033 1.40 2.6E-04 t.•+-
rs74939604 LPHN2 Downstream TIC 2.0E- 06 0.33 0.66 0.05 0.43 0.81 0.27 0. 13 0.06 1.73 3.5E-05 +•-+-
rs2312236' POGK Upstream TIC 0.99 0.47 0.94 0.30 2.9E- 06 0.93 0.11 0.62 4AE- 05 1.13 0.204 "'t"-of'-

rs6681010 FAS LG Downstream GIA 0.001 0.66 0.010 0.06 0. )9 0.74 0.08 0.27 0 ,83 0.46 2.0E-06 
rs4511180 PTPRV Exon AIG 0.16 0.37 7.7E-07 0.81 0.65 0.98 0.30 0:80 2.BE-05 1.12 0.049 H•-
rs3100127 1 LGR6 Upstream CIA 0.14 0.26 1.3E-06 0.58 0.55 0.91 0.19 0.81 2.SE-05 0,89 0.05 ---· rs10737854 1 RGS7 tntron GIA 4.6E-06 0.53 0.93 0.96 0.83 0.11 0.036 0.82 0.07 0.78 1.7E-05 -++-
r~187093517 2 U8f:2E3 Upstream A/G 2.8E-07 0.61 0.26 o.n 0,84 0.29 0.77 0.73 0.038 0.51 UE- 05 - -t .. 

rs62275374 4 LRPAP1 Upstream GI A. 4.SE-06 0.006 0.88 0.76 0. 13 0.27 0.62 0.95 0.004 0.73 1.JE-03 
rs1380630 4 BCOJ1238 Upstream TIC 1.8E- 05 0.54 1.00 0.55 0.21 0.14 0.029 0.49 0.56 0.69 1.9E- 06 -·--rs10457838 6 UST lntron CIT 0.004 0.65 2.2E- 06 0.83 0.84 1.00 0.27 0.53 4.3E-06 0.88 0.039 
rs 115028822 6 SERACt lntron CIA 1.6E- 04 0.44 0.09 0.42 0.08 0.09 0.08 0.23 0.99 0.45 1.6E-06 
rs79485117 7 KDMJA lntron CIT 1.SE-05 0.92 0.36 0.027 0.14 0.94 0.036 0. 19 0.89 0.58 4.4c-07 
rs2471320' 7 JHDM1D·A51 Downstream TIC 2.0E-05 0.69 0.80 0.003 0.22 0.18 0.19 0.16 0.9b 0.55 4.2E-06 
rs2616978 8 CSMD1 lntron TIC 0.12 0.11 0.014 0.050 2.8E- 06 0.77 0.40 0.87 1.0E-06 1.04 0.46 
rs 142570922 8 CYP1181 Upstream AIC 2.2E- 04 0.27 0.82 0.82 0.003 0.036 0.15 0.027 0.40 1.34 3.SE-06 +--++ 

rs10511822 9 UNG02 fntron CIT 3.1E- 06 0.15 0.80 o.n 0.79 0.94 0.73 0.38 0.05 0.73 1.6E- 04 - - + 
rs58649573 9 LHX2 Downstream T/C 0.37 0.70 9.0E-07 0.25 0. 18 0.06 0.94 0.77 8.4E- 06 1.04 0.48 -+++ 
rs2148269 10 PRTFDC1 fntron AIG 4.6E-06 0.90 0.93 0.66 0.007 0.74 0.653 0.36 0.25 0.69 8.0E- 07 
rs6482463 10 PRTFDCI fntron GI A 3.0E-05 0.98 0.12 0.73 0.001 0.91 0.012 0.30 0.90 0.68 2.0E- 09 
rs73220799 12 PLXNC1 Upstream CIT 4.3E-06 0.91 0.046 0.09 0.47 0.05 0. 12 0.38 0.48 1.96 4.4E- 07 •"?"1-'t-

rs9545302' 13 UNCD1080 Downstream AIC 1.4E-06 0.88 0.22 0.92 0.66 0.46 0.40 0.79 6.3E- 04 0.84 0.004 -+++ 
rs788t6942 15 FRMDS lntron TIC 3, 1E-05 0.18 0. 14 0.34 0.024 0.69 0.60 0.18 0.32 0.52 3.8E- 06 
rs148952004 19 PPMIN lntron A/G 3.8E-06 0.87 0.38 0.57 0.1.0 0.21 0.75 0.020 0.56 0.23 1.BE-06 
rs199563271 20 PTPRT lntron CACAT/C 1,4E-06 0.24 0.65 0.020 0.82 0.24 0.85 0.59 0.028 0.47 1.4E-04 
rs6528940 x MAGECI Downstream TIC 1.JE-06 0.09 0.28 0.68 0.033 0.23 0.44 0.49 1 . lE-04 1.13 0.003 

Gene by environment (GxE) analyses are based on Childhood trauma. p-Values for the main analysis (Pmain) in bold meet suggestive (p < 5 x 10-06) or genome-wide significance (P < 5 x 1 o-08 ). 
GxE interaction p-values (PG><e) and Q values (p·value for Cochran's Qstatlstic) In bold meet nominal significance (p < 0.05). • Genotyped SNPs, all other SNPs listed are imputed. 
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Table 4 PTSD association analysis of SNPs in 25 putative PTSD genes from published PTSD candidate gene and genome-wide association studies in 2179 MRS subjects of 

European descent. 

Gene Reported ln literature MRS GWAS 

Study Ancestry Reported SNP Pf PG,£ p PG•E N SNPs Top SNP p PGxE Pi•n• 
AOCYAPIR1 (PACI) Ressler et aL (201 1 \ AA rs2267735 YI- 0.66 0.25 65 rs6968349 0.017 0.1)4 0.47 
ANK3 Logue et al. (20130,b) EA rs9804190 YIN 0.93 0.76 1976 rs 139604943 0.008 0.85 0.53 
APOE Lyo11s e t al. (2013) EA rs429358 1 rs7412" Y/ Y 0.96 0.27 27 rs1081 105 0.05 0.036 
CHRNAS Boscc1rt110 el al, (2011 l EU rs16969968 Y/Y 0.22 0.67 72 rs518425 0.07 0.61 
COMT Kolassa et al. \2010) AA rs4680 NIY 0.53 0.55 116 rs174686 0.049 0.64 1 
CRHRI Amstadter et al. (20 11 ) Other rs12944712 Y/- 0.41 0.52 1034 rs116897693 0.023 0.63 0.24 
DRD2 Comings et &l. (1996) Other rs1800497 Y/- 0.06 .0.93 m rs75924850 0.021 0.48 0.74 
DRD4 Draga11 and Onlszcze11ko (2009) EU VNTR YIN NA NA 14 rs4987059 0.10 0.53 , 
DTNBPI Vo1sey et ~t. t20 101 EA rs9370822 Y/- 0.90 0.004 346 rs116647843 0.06 0.82 0.86 
FKBPS Binder N al. 12008) AA rs9296158 N/Y 0. 15 0.32 239 rs9366890 0.015 0.23 0.19 
GABRA2 Netso11 e t al. (200?) Other rs279836 N/Y 0.36 0.13 255 rs 148139959 0.024 0.16 1 
HTR2A Mellm;in et ~t. (2009) AA rs6311 Y/N 0.88 0.17 232 rs6314 0.049 0.20 0.79 
LINC01D9D (ACD68718. I)' Guffanti et at. (2013) AA, EA rsT0170218 Y/- 1.00 0.93 1582 rs6759539 0.002 0.28 0.27 
NRJCI Hauer et al. 12011) EA rs41423247 '( / - 0.73 0.86 162 rs79590198 0.09 0.022 1 
RGS2 Amstadtef Nat. 12009) EA rs4606 N/ Y 0.49 0.45 11 rsl 41 f29523 o.oii 0.23 0.08 
RORA' Logue et al. (2013a) EA,M rs8042149 Y/N O.Cf9 0.71 1706 rs12442490 0.003 0.65 0.58 
SLC18A2 Sotovleff ct al. (2014) EA, AA rs363276 VI- 0.16 0.52 107 rs363238 0.022 0.34 0.48 
5LC6A3 (DATI) Segman et al. (2002) EA VNTR YI- NA NA 86 rs144782362 0.008 0.37 o .. n 
SLC6A4 (SERT) Gr~be et al. 12009) EU rs4795541, rs-25531 ' Y/Y NA NA 43 rs28914827 0.14 0.54 1 
SRDSA2 Glllespfe el al. 12013) AA rs523349 YIN 0.11 0.69 137 rs77929608 0.049 0.39 0.65 
STMNt Cao e t ~I. (2011) Other rs\82455 Y/ - 0.5.1 0.66 32 rs4659395 0.09 0.23 1 
TLL1< Xie et al. (2011) EA,M rs6812849 Y/ - 0.46 0.24 434 rsl 13712660 0.017 0.19 0.62 
TPHI GoenJlan et at. (20121 EA rs2108977 Y/- 0.67 0.58 42 rs544437 0.25 0.75 1 
TPHZ Gc;>erljian et al. (Z017.l EA rs11178997 Y/- 0.46 0.32 250 rs183063707 0.017 0.13 0.73 
WWC 1 (KIBRAl Wilker et 111. 12013) AA rs10038727 YIN 0.99 0.44 469 rs17551315 0.001 0.14 0.10 

Gene by environment (GxE) analyses are based on Childhood trauma. Nominally significant p-values (p < 0.05) are bolded and gene-set p -values are corrected for the number of SNPs 
tested per gene. P/PGxE: indicates if the study reported a significant main effect (P: yes/no) or a significant gene by environment interaction (PGxE: yes/no). PgenP: set-based empirical 
p-values for each gene, corrected for the number of SNPs (N SNPs) tested per gene. Top SNP: best result for the tested MRS SNPs. 

a rs429358, rs7412 (e2, e3, e4). 
b rs4795541 (LIS) +rs25531 (LA/i.G) 
' Genome-wide significant genes from published GWA studies. 
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4. Discussion 

We present the first multi-ethnic GWAS of PTSD to date, 
including subjects of European, African, Native Ameri­
can/Hispanic, and other ancestry, typically found in U.S. 
military cohorts. Participants were recruited from the MRS, 
a large, prospectively assessed cohort of Marines and Sailors 
With index deployments to Iraq or Afghanistan (Baker et al. , 
2012) . This all-male study included 3494 subjects exposed to 
a DSM-IV criteria A1 traumatic event and represents one of 
the largest and most homogenous PTSD GWAS to date. Due 
to the military culture and training of the participants we 
did not require the endorsement of the A2 criteria i.e. that 
the traumatic experfence is accompanied by intense fear, 
helplessness, or horror. However, removal of AZ from the 
DSM-IV criterion set does not seem to substantially increase 
the number of people who qualify for PTSD diagnosis (Karam 
et at., 2010), and AZ has been dropped entirely in the new 
DSM-V PTSD definition. 

The GWAS meta-analysis across ancestry groups iden­
tified the phosphoribosyl transferase domain containing 1 
gene (PRTFDC1) as a potential PTSD gene meeting genome­
wide significance. This finding was supported by a smaller, 
independent VA cohort including 491 EA veterans and their 
intimate partners with 313 lifetime·PTSD cases (Logue et al., 
2013a). PRTFDC1 is a ~100kb long gene located on chro­
mosome 10p12. It encodes the phosphoribosyltransferase 
domain-containing protein 1, a relatively small protein with 
highest expression in the brain. PRTfDC1 belongs to the 
purine/pyrimidine phosphoribosyltransferase family and is 
a paralog of HPRT1, but may have lost its ancestral HPRT 
activity (Keebaugh et al. , 2007). However, PRTFDC1 has been 
reported as a possible tumor-suppressor gene that is fre· 
quently silenced by aberrant promoter hypermethylation 
(Suzuki et al., 2007). To our knowledge PRTFDC1 has not yet 
been implicated in GWAS of PTSD or other psychiatric disor­
ders and its potential role in the etiology of PTSD remains 
to be determihed. 

As expected from a meta-analysis across ancestries, the 
PRTFDC1 top hit from the meta-analysis was a SNP with 
a similar effect across multiple ancestry groups. This SNP 
(rs6482463) is located in a ~40 kb LO block spanning most of 
intron 3. The GWAS for the largest subgroup, including 2179 
EAs, identified a different top hit in the same LO block, com­
plicating a functional analysis of these findings. However, 
based on the UCSD genome browser annotations the whole 
region of the LO block shows enrichment in H3K27Ac and 
H3K4Me3 histone marks, indicative of high transcriptional 
activity (see Supplemental Hg. 4). 

A hallmark of PTSD association studies are frequent 
findings of GxE interactions, where the effect of a gene on 
PTSD risk fs exaggerated in the presence of a high trauma 
burden (Koenen et al. , 2008). For example, this has been 
found for childhood trauma (Binder et al., 2008) as well as 
adult trauma such as combat exposure (Lyons et al., 2013). 
The thoroughly characterized MRS includes pre· and post­
combat exposure trauma assessments, allowing for detailed 
testing of GxE interactions. We found that, while the overall 
model to predict PTSD status improved when we included 
trauma exposure into the model (from a model with baseline 
covariates and the SNP alone explaining ~4% of the vari­
ability to the complete model including trauma exposure 
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explaining a cumulative - 20% of the variability), GxE 
Interactions for childhood trauma, adult life events, or 
prevlous combat deployments were not significant. Since 
our cohorts experienced a relatively large trauma burden, 
with significantly more trauma of all types reported by 
participants diagnosed with PTSD compared to Marines 
with low PTS symptoms (see Table 1), we conclude that 
power in MRS was similar to other studies that reported 
significant interactions. However, GxE interactions have 
been difficult to replicate and have a high potential to be 
false positives (Duncan and Keller, 2011). Recent methods 
based on model-robust estimates of standard errors are 
promising, especially in the context of genome-wide GxE 
analyses (Voorman et al., 2011). 

In addition to the genome-Wide significant PRTFDC 1 we 
found SNPs in 25 genes with suggestive evidence for associ­
ation with PTSD. These results stem from specific ancestry 
groups and/or from the meta-analysis across groups. A com­
parison of findings between the different ancestry groups is 
limited by the much smaller size of the non·EA subgroups. 
Interesting genes with suggestive evidence for association 
include CSMD1, a gene previously implicated in large GWAS 
of other psychiatric disorders (Schizophrenia Psychiatric 
Genome· Wide Association Study, 2011 ), genes (JAK1, FAS LG) 
related to immune response, a pathway that has previously 
been implicated for PTSD by GWAS (Guffanti et al., 1013) 
as well as gene expression studies (Glatt et al., 2013), and 
genes (UBE'2E3, UBEW) from the ubiquit in system, which 
has been implicated in the etiology of schizophrenia and 
bipolar disorder (Bousman et al.. 2010). Before conclusions 
can be drawn however these genes must be replicated in 
larger GWASs and meta-analyses currently planned by the 
PGC PTSD working group (Koenen et al., 2013). 

We also compiled a list of genes that have been reported 
in the literature to be significantly associated with PTSD, 
either showing a main effect for the genetic marker. and/or 
a significant GxE intera.ction (Amstadter et al. , 2009 . 2011 ; 
Binder et al.. 2008; Boscarino et al.. 2011; Cao et al., 
2013; Comings et al., 1996; Dragan and Oniszczenko, Z009; 
Gillespie et al., 2013; Goenjian et al., 2012; Grabe et al. , 
2009; Guffanti et al. , 2013; Hauer et al., 2011; Kolassa et al., 
2010; Logue et al., 2013a,b: Lyons et al., Z013; Mellman 
et al. , 2009; Nelson et al., 2009; Re!>sler et al., 2011; Segrnan 
et al. . 2002; Solovieff et al., 20·1 4~ Yoisey et al.. 2010; Wilker 
et al., 2013; Xle et al., 2013). Since most studies were per­
formed in subjects of either European or African descent, we 
used these specific ancestry groups for comparison with MRS. 
We found that most of the Z5 candidate genes showed nom­
inally significant associations in MRS for at least one of the 
SNPs tested. However, none of these results remained signif· 
icant after appropriate Bonferroni corrections. Comparing 
the number of PTSD cases and overall study sizes between 
MRS ancJ other studies indic<1tecf that we were adequately 
powered to detect many of the reported effects at least for 
the EA studies. A similar, well-powered study recently failed 
to replicate findings for 20 PTSD candidate genes after 
appropriate adjusting for multiple testing (SoloVieff et al., 
Z014). This lack of replication may be due to a relatively 
large heterogeneity between PTSD studies, which are 
complicated by the requirement of exposure to a traumatic 
event, leading to potential differences in type, timing of, 
and time since trauma, and the observed GxE interactions. 
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However, it has been demonstrated that reports from 
candidate gene association studies (Sullivan, 2007), and 
especially GxE interactions (Duncan and Keller, 2011 ), have 
a high false discovery rate and a robust replication of 
findings is now a policy required by many journals. 

In regards to our inability to replicate previous findings 
f rom GWASs, which met the stringent genome-wide signifi· 
cant thresholds, power calculations indicated that MRS was 
sufficiently powered for a replication of rs8042149 in RORA 
(Logue et al., 2011a) for EA's (OR 2.1 in original study and 
1. 22 in MRS; data not shown). However, the association of 
rs6812849 in TLL1 (Xie et al., 2013) was originally detected 
in a larger study, and rs10170218 in LINC01090 (Guffanti 
et al., 2013) was original~ found in an all-female AA cohort, 
which was also larger than the all-male MRS AA cohort, and 
MRS findings for these genes remain inconclusive. 

On the other hand, the large MRS GWAS was able to repli· 
cate a recent finding from a candidate gene study including 
300 genes (Solovieff et al., 2014) that demonstrated for 
the first time the existence of common SNPs between PTSD 
severity and bipolar disorder based on cross-disorder poly­
genic risk score analyses. We used the standard polygenic 
scoring approach (Purcell et al., 2009) with results from 
the PGC for MOD, BP, and SCZ (Cross-Disorder Group of the 
Psychiatric Genomics Consortium and Genetic Risk Outcome 
of Psychosis Consortium, 2013) and found that PTSD diag· 
nosis was predicted by risk scores derived from BPD, but 
not from MOD or SCl. Our results for BPD reached signif· 
icance at p-value thresholds >0.3 from the original GWAS, 
similar to the PTSD candidate gene study (Solovieff et al., 
2014) . Pleiotropic effects across a range of psychiatric dis· 
orders have recently been reported (Cross·Disorder Group 
and Genetic Risk Outcome, 2013) and provide exciting new 
insights into the genetic architecture of PTSD and other psy· 
chopathologies. 

Power analyses for the population-based MRS cohort 
GWAS indicated increased power using a broad definition 
for PTSD, including 616 subjects with partial, and 324 sub· 
jects with a full DSM-IV based diagnosis (data not shown), 
compared to confining the sample to subjects With fUll 
PTSD diagnosis only. For example, the smaller size of the 
full PTSD case group would diminish the significance of our 
top finding for rs6482463 in PRTFDCt (0R =1.47, SE =0.06, 
p =2.04 x 10 9 ) to below genome·wide significance, despite 
similar effect size (OR= 1.46, SE=0.096, p= 7.64 x 10- 5 ). As 
an alternative to using a specific disease cut-off we have 
considered quantitative analyses of PTSD symptoms. How· 
ever, population-based studies require careful consideration 
of PTSD symptom distributions (e.g. CAPS symptoms in MRS 
are best characterized by a zero-inflated negative bino­
mial distribution ; Yurgil et aL, 2014), whfch may lead to 
increased rates of false positives if not modeled approprf· 
ately. The broad PTSD definition used in thfs study may 
potentially limit a direct comparison with findings from 
other PTSD studies. In addition , our findings stem from a 
very homogenous all-male military cohort and generalizabil­
ity into other population groups may be limited. 

In summary, this first multi-ethnic PTSD GWAS high ­
lights the potential to increase power of GWAS through 
meta-analyses of multi-ethnic association analyses for 
SNPs with consistent effects across ancestries. We found 
evidence for PRTFDCt as a novel PTSD gene, a finding 
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that awaits further replication. And lastly, the genetic 
architecture of PTSD may be determined by many SNPs 
with small effects, and overlap with other neuropsychiatric 
disorders, consistent with current findings from large GWAS 
of other psychiatric disorders, suggesting that genetic 
contributions to psychiatric disorders may not completely 
map to present diagnostic categories (Cross·Disorder Group 
of the Psychiatric Genomics Consortium and Genetic Risk 
Outcome of Psychosis Consortium. 2013). 
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Although typically associated with hearing loss, tin­
njtus may occur in tbe absence of hearing difficulty. 14 

In the general population, 20.7% of those witJ1 high 
exposure to noise complain of tinnitus compared with 
7.50/o of adults with little or no noise exposure. 1'i ln the 
US military population, more than 600/o report tinnitus 
several months following a blast event. 1° Contact with 
detonations caused by improvised explosive devices has 
been one of the leading causes of traumatic brain in­
jury (TBI) in the lraq and Afgbanistan battle zones. 17-19 

Rates of blast-related hearing loss and tinnitus have risen 
significantly since the onset of the war in Iraq.20 Patients 
witli blast injuries are at least 2.5 times more likely to 
sustain tinnitus than those with a TBI from nondeto­
nation incidents,21 and at least 60% to 75% of veterans 
with a history of mild TB! report tinnitus.22 Rough ly 
1.4 million civilians sustain TBI per year in the United 
States,13 and a separate survey &om Oregon noted that 
5% of those with tinnitus list an explosion as the prox­
imate cause of tinnitus.24 Thus, it may be prudent to 

screen for tinnitus among US civilians as well •ts mili­
tary personncl. 

Although the intracranial mechanism of blast-related 
tinnitus is unclear, the initja l cochlear injury may be 
traced to a generalized central neural syndrome. The 
cochlea is uniquely vulnerable to primary blast injury 
since the air-liquid interface of rhe round window can 
be sub ject to direct overpressure Lhrough the exquisitely 
rbin and elastic tympanic membrane. In contrast, tJ1e 
brain is somewhat protected by absorption of the pres­
sure wave by the skull. The initial shock wave from a 
blast leads to shearing of tissues due to differential pres­
sures acting on liquid versus more rigid stmctures such as 
blood vessels.2s This shearing force directly injures the 
brain and cochlea, causing an inAammatory response, 
oxidative stress- induced neural degeneration,26 and sub­
sequent neural alteration both within the cochlea and 
its auditory pathway.27 

Establishing a direct, causal link between blast ex­
posure and tinnitus has been limjted by the retrospec­
tive, cross-sectional nature of available accounts28- 30 and 
the existence of comorbid psychiatric disorders such as 
posttraumatic stress disorder (PTSD).3 1 •32 Failure to dif­
ferentiate tinnitus symptoms from these comorbidities 
further hinders the identification of tinnitus-specific 
treatment modalities. This prospective study examines 
the effects of blast-related TBI and injury severity on 
tinnitus while accounting for comorbid and preexisting 
symptoms, including PTSD symptoms, prior TBI, and 
tinnitus. 

METHODS 

Approval for human participants was obtained from 
University of California San Diego, VA San Diego 

Research Service, and Naval Health Research Center 
(VA R&D and UCSD institutional review board ap~ 
proval #070533). All participants gave written informed 
consent before participation.33 

Study design and participants 

Participants were a subset of the 2600 active-duty 
Marine and Navy servicemen enrolled in the Marine 
Resiliency Study (MRS),33 a prospective, longitudinal 
investigation of 4 infantry battalions stationed in south­
ern California. Servicemen were deployed to fraq or 
Afghanistan between July 2008 and May 2012 for ap­
proxjmately 7 months (the "index deployment") and 
were assessed approximately l month before deploy­
ment, 1 week.postdepl.oyment(o11.ly self-report question­
naires), and 3 and 6 months postdeployment. Data col­
lected at 6 montJ1s postdeployment were not analyzed 
here because of reduced follow-up rates and insuJlicient 
number of symptom cases. A priori exclusions wei-e 34 
participants without an index deployment and 66 of­
ficers who were significantly o lder (P < .OOJ ) and had 
lower combat experience scores (P < .00 l) than enlisted 
participants. Of die remaining 2500, 1829 completed 
the 3-month postdeployment assessment and were eli­
gible for ana lysis. 

Data from these remaining participants were exam­
ined for any hearing difficulty ar 3 months postde­
plorment. Tones of 500, 1000, 3000, and 6000 Hz 
were presented at 35 dB (Grayson Stadler Audiometer, 
Edea Prairie, Minnesota). This screening test was per­
formed to ensure participants would be able to hear 
and understand study assessments. Preliminary analy­
ses showed that the 6000-tf z frequency was most com­
monly missed; however, x2 tests revealed no difference 
in rates of tinnitus for this group compared with those 
who missed other frequencies. To ensure our sampTe 
included only those with serviceable hearing within con­
versttJionalfrequt:ncy range, we excluded 116 participants 
who failed to hear frequencies at or below 3000 Hz 
at 3 months postdeployment. Of the remaining 1713, 
66 were missing relevant data and were excluded from 
analysis. The final sample for this study i.ncluded l647 
participants. 

Measures 

Complete MRS metl1odology has been reported 
previously.33 Descriptions of measures relevant to this 
study follow. Demographic inform ation (age, ethnicity, 
race, battalion) was collected via self-report surveys be­
fore deployment and was included in analysis as poten­
tial covariatcs.34 ·35 

Presence of tinnitus was assessed before deployment 
and 3 months postdeployment with a single "yes/no" 
item on an interview-assisted questionnaire, ''Do you 
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have ringing in the ears?" Participants who responded 
"yes" as having ringing in the ears at the time of assess­
ment were categorized as having tinnitus. Participants 
were also asked whether or not they had an ear in fection 
at the time of assessment. To account for any influence 
on tinnitus outcome, the presence of an ear infection at 
the 3-rnonth postdeployment assessment was tested for 
any significant univariate associations with postdeploy­
ment tinnitus. 

H ead injury events were assessed via interview before 
deployment and 3 months postdeployment. Interview­
ers gathered details of each reported injury, including 
injury cause o r mechanism and symptom severity. Trau­
matic brain injury was defined as any head injury that 
resulted in loss of consciousness or altered mental status 
[le, dazed, confused, o r seeing stars, and/or posttrau­
matic amnesia).l6-~ 8 Mild TBI was any TBI resulting 
In a loss of consciousness of less than 30 minutes and 
posttraumatic amnesia for less than 24 h ours.J9 Because 
the time between predeployment and postdeployment 
assessments was broader than the duration of rhe de­
ployment~ nondeployment TBls susta ined between as­
sessmen t visits (n = 34) were included in analyses to ac­
count for potential effects o n tionitus.~0.4 I As these were 
a small minority, for succinct communication, all TBis 
sustained between predeployment and 3-month postde­
ployment assessments are labeled "deployment-related" 
for this article. 

Posttraumatic stress symptoms were assessed before 
deployment and 3 mo nths postdeployment using the 
Clinician-Administered PTSD Scale42 in accordance 
with symptom criteria from the DiJ'fgnostic (md Statis­
tkal Manual of Mental Disorders (Fourt h Edition . Texr 
Revis ion).43 PTSD/partiaJ PTSD group classification re­
quired exposure to a traumatic event (ie, actual or threat­
ened death or serious injury, or threar to physical in­
tegrity to self or others) but did not require a response 
of extreme fear, helplessness, o r horror.44•45 fn add ition, 
l'TSD classification required at least 1 reexperiencing 
symptom, 3 avoidance symptoms, and 2 hyperarousal 
symptoms; partial PTSD classification required at least l 
reexperiencing symptom and either 3 avoidance symp­
toms or 2 byperarousaJ symptoms.46 Symptoms must 
have occurred at least once with.in the past month (fre­
quency 2:1), causing at least moderate distress (intensity 
2:2).47 Participants with partial PTSD and PTSD were 
evaluated together (n = 200 at predeployment; n = 34 1 
at postdeployment) to examine the effects of clinically 
sign ificant symptoms on tinnitus. 

A modified 16-item version of the Combat Experi­
ences Scale from the Deployment Risk and Resilience 
lnven tory48 •49 was used to assess combat intensity 1 
week after deployment. Item responses were measured 
on a 5-point Likert scale, ranging from 0 (never) to 
4 (daily or almost daily). Total scores ranged from 

0 to 64, with higher scores indicating greater com bat 
intensiLy. 

Analysis 

Continuous predictors were centered prior to analysis. 
A priori analysis o f variance and x2 [ests revealed battal­
ion differe1tces in predeployme11t demographic and psy­
chological characteristics, shown in Table L Thus, we 
included battalion as a covariate to correct for these and 
any od1er unknown battalion differences such as trai11-
ing schedules, battalion leadership and cohesion, and 
timing of stud y assessments. Categorical demographic 
predicrors were dummy-coded with the following ref­
erence groups: battaljon 1, white, and no n-Hispanic. 
Reference groups for categorical diagnostic predictors 
were participants with no prior tinnitus, no PTSD , and 
no TBL 

Presence of tinnitus at 3 months postdeployment was 
the dependent variable for all analyses. Predictor vari­
able selection was conducted via univariate logistic re­
gression analysis of each predictor variablc.50 Variables 
with P < .2 associations were included as predictors in 
the full multivariate analysis. The multivariate analy­
sis tested all main effects and all 2-way in teractions be­
tween clinical diagnostic and combat exposure variables. 
Sensitivity analyses tested effects of TBl characteristics, 
Including injury mechanism (blast vs nonblast), sever­
ity (mild vs moderate/severe), and frequency (single vs 
multiple). Sign ificance levels for 3 sensitivity analyses 
were Bonforroni adjusted with an a level of .017. All 
data analyses were performed using Statistical Package 
for Social Sciences (SPSS; version 2 1.0).51 

RESULTS 

Sample characteristics 

BattaJion differences in demographic and psychoso­
cial variables have been published previously.33 Mean 
(SD) age of participants was 22.4 (3.36) years. Rougbly 
84.7% of participants were white, 4.50/o were African 
American, and 10.90/o were of mixed or other racial de­
scent. The majority (78.5%) was non-Hispanic. Approx­
imately 74.30/o were junior enlisted (El-E3), and 44.60/o 
were deployed prior to the index deployment. Mean 
(SD) com bat intensity score was 13.0 (11.1). 

Of the 1647 participants, 219 (13.20/o) had tinnitus 
before the index deployment and 250 (15.1%) had tin~ 
nitus after deployment. Of the 250 participants with 
postdeployment tinnitus, 141 (56.4%) had new-onset 
tinnitus and 109 (43.60/o) had tinnitus both before and 
after the index deployment. Observed prevaJence of 
deployment-related TBI was 34.80/o for those with new­
onset postdeployment Li11nirus compared with 17.4% 
for those with no pre- or postdeployment tinnitus 

www.headtraumarehab.com 

Copyr•ght © 2015 Wolters Kluwer Health. Inc. Unauthorized reproduction of this article is prohibited. 



4 JOURNAL OF HEAD TRAUMA REHABILITATION 

it!'M!Ell Battalion dijferences in predeploy-m,ent characteristics 

Battalion 1 Battalion 2 Battalion 3 Battalion 4 
(n =232) (n = 469) In = 501 ) In = 4451 

Predeployment characteristic• 
Age, mean (SD), y 21.4 (2.61 22.1 (3.5) 22.9 (3.3) 22.8 (3.5) 
% Non-Hispanic 78 81.4 73.3 76.3 
% White 84.5 87.4 83.4 83.2 
% Rank E1-E3 81 .5 81 .8 73.6 62.5 
% Prior deployed 50.4 43.9 42.9 43.6 
%TBI 62.9 60.3 55.9 48.5 
% Tinnitus 3.9 16.2 22.0 5.4 

Assessment scores, mean (SD) 
CAPS 15.8 (14.8) 15.0 (13.6) 14.7 (15.3) 13.6 (14.6) 
Childhood trauma 40.0 (13.0) 38.9 (12.5) 38.4 (12.0) 42.1 (14.8) 
SF-12 Physical Health 54.6 (5.6) 53.7 (6.8) 54.2 (6.0) 53.7 (6.2) 
SF-12 Mental Health 49.2 (8.4) 48.9 (9.4) 49.9 (8.4) 50.5 (8.1) 

Abbreviations: CAPS, Clinician-Administered PTSD Scale, £1·E3. 1unior enlisted: PTSD, posnraumauc stress disorder: SF--12, 12-item 
Short Form Health Survey; TBI, traumatic brain injury. 
asmall but significant differences in age (f3 = 13.5; P < 001; r1P2 = 0,02). ethnicity !xj = 9.4; P < 05: rp = 0.08), rank !xj = 52..1: 
P < .001; rp = 0.12). predeployment TBI {;(j = 18.2; P < .001; rp = 0.10), predeployment tinr'11tus !xj = 78.0; P < .001 ~ rp = 0.22). 
crildhood trauma score !F3 = 7.4; P < .001; 11p2 = 0.01), and SF-12 Physical Healt11 score (F3 = 1.5: P < 01: ,,pi = 0.003) and Mental 
Health score IF3 = 2.9; P < .05; 11p2 = 0.005). There were no significant battalion differences for the current sample in race. prior 
deployments, Or predeployment CAPS total symptom score. 

(xf = 24.7; P < .0001; cp = 0.13). B efore deploy­
ment, 195 (11.8%) had partial l"TSD or PTSD and 907 
(55.1 %) had previously sustained TBL After predeploy• 
rr..ent, 336 (20.4%) had partial PTSD or PTSD at their 
3-month postdeployment assessment and 316 (19.2%) 
sustained deployment-related TBL Prevalence of TBI­
related c.baracteristics before and after the index deploy­
ment is shown in Table 2. Of the 1015 participants who 
reported TBI at either assessment visit, 825 (81.3%) had 
mild TBI, 648 (63 .80/o) sustained injuries from nonblast 
events, and 415 (40.90/o) sustained only 1 TBJ across 
assessment visits. 

Univariate predictor selection 

Univariate test resul ts are shown in Table 3. Post­
deployment tim1itus was significantly associated with 
batta lion membership (P < .01), and those with tin­
nitus were more likely to be non-Hispa11ic (81.20/o vs 
76.40/o) and whi te (88.6% vs 84%) than those without 
ti011itus. Participants with postdeployment tinn itus were 
more Likely to have had prior tinnitus (43.60/o vs 7.9%), 

prior TBI (63.60/o vs 54.8%), and prior partial PTSD 
or PTSD (9.60/o vs 5.40/o). Those with postdeployment 
tinni tus also had higher combat intensity scores (mean 
lSDJ = 15.9 [12.71 vs 12.5 [10.71) and had higher races of 

it!M!#J Rates of TB! reporled pre- and postdeployoien/. 

Predeployment Postdeployment" Totalh 
TBI characteristic In = 907) in = 316) (N = 1015) 

% Mechanism 
Non blast 82.4 20.9 63.8 
Blast 17.6 79.1 36.2 

% Severityc 
Mild 82.2 88.0 81.3 
Moderate/severe 13.8 11 .1 15.5 

% Frequency 
Single 44.7 66.8 40.9 
Multiple 55.3 33.2 59.1 

Abbreviation~ TBI. traumatic brain injury. 
aPostdeployment reports of TBI include all deployment-related TBls (n = 2821 and nondeployment TBls sustained between pre- and 
postdeployment assessments (n = 34). Tl1ere were no significant differences between deployment and nondeployment TI31s; thus. 
nondeptoymem TB ls were included In the analysis to account for any potential effects on tinnitus_ 
hTotal number of participants with TBI characteristic across pre- and postdeployrnent visits. 
cpercentages may not sum to 100% due to missing data. 
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it'M!#J Variable selection via univariate logistic regression 

3 mo postdeployment 

No tinnitus Tinnitus 
Variable (n = 1397) (n = 250) p 

Demographic 
Age, mean (SD), y 
% Battalion~ 

Battalion 1 
Battalion 2 
Battalion 3 
Battalion 4 

% Non-Hispanic 
% Whiteb 
% Rank E1 -E3 
Predep/oyment 
% nnnitus 
% Partial PTSD or PTSD0 

% History of TB I 
Deployment 

22.5 (3.4) 

15.1 
27.0 
31 .1 
26.8 
76.4 
84.0 
74.3 

7.9 
5.4 

54.8 

22.3 (3.1) 

8.4 
36.8 
26.8 
28.0 
81 .2 
88.6 
72.8 

43.6 
9.6 

63.6 

.620 

.002 

.095 

.064 

.618 

.000 

.070 

.010 

Combat intehslty,d mean (SD} 
%TBI 

12.5 (10.7) 15.9 (12 7) .000 
000 

Postdeployment 
% Partial PTSD or PTSD" 
% Ear infection 

17.5 

18.6 
1.4 

31.6 

32.4 
1.2 

.000 

.774 

Abbrevfauons: El-E3, Junior enlisted; PTSD, posttraumatic stress disorder; TBI, traumatic brain injury. 
" Col°'ort sizes are 232 1n battalion 1. 469 1n battatlon 2, 501 in battalion 3, and 445 in battalion 4 DemograpJ11c and psycl1iatric :llfferences 
across battalions have been published previously. 33 

bAfri.:::an Americans constituted roughly 5.0% of participants with no postdeployment tinnitus. 1.6% of those w i th postdeployment 
tinnitus, and 4.5% of all participants. 
110f 1he participants without postdeployment tinnitus. approximately 7 5% had partial PTSD before deployment and 4.2% had PTSD. 
Of the particlpants with postdeployment tinnitus, 9 .6% had partial PTSD before deployment and 6.0% had PTSD. 
dMean ISO) combat intensity score across all part1c1pants in this sample was 13.0 (1 J .1). 
eOf ;he participants wirhout postdeployment tinnitus, approximately 13.2% had partial PTSD after deployment and 5.4% had PTSD 
Of me participants with postdeployment tinnitus, 22.8% had partial PTSD after deployment and 9 .6% had PTSD. 

dep:oyment TBI (31.6% vs l 7.5%) and postdeployment 
partial PTSD or PTSD (32.40/o vs 18.60/o). Participants 
with and without postdeployment ti1rnitus did not dif­
fer as a function of age, rank, or ear infection. 

Multivariate analysis 

Variables witJ1 univariate associations with postde­
ployment tinnitus (P < .2) were selected for the 
multivariate model. Demographic variables were bat­
talion, ethnicity, and race; clinical diagnostic and 
deployment-related variables were prior tinnitus, prior 
and deployment-related TBI, combat intensity, and 
prior and postdeploymem partial PTSD/PTSD. 

Results of the muJtivariate model arc shown in 
Table 4. There was a significant association between 
battalion and postdeployment tinnitus (P < .01), with 
battalion 2 increasing the likelihood of postdeployment 
tinnitus by a factor of 2.0 I (P < .02) compared with 
battalion l. Prior tinnitus and prior TBI independently 
increased the likelihood of postdeployment tinnj tus by 

facto rs of 27.44 (P < .001) and 1.86 (P < .02), respec­
tively, and showed significant interaction (P < .01). Post 
hoc comparisons revealed that prior TBI signjficantJy 
increased the likelihood of postdeployment tinnitus for 
those without prior tinnfrus (odds ratio = 1.86; 95% con­
fidence interval (Cf), 1.28-2.70) but not for those ·with 
prior tiru1itus (odds ratio = 0.59; 950/o CI, 0.34-1.02). 
Deployment-related TBls increased the likelihood of 
postdeployment tinnitus by a facto r of2.65 (P < .02). As 
expected, t here was no significant interaction between 
deployment-related TBI and prior tinnitus. 

Neither combat intensity nor partial PTSD/PTSD was 
significantly associated with postdeploymem tinnitus. 
The nonsignificant effect of PTSD was confirmed via 2 
post hoc analyses tbat tested (1) the combined effects of 
pre- and postdeployment partial PTSD/PTSD as a single 
diagnostic predictor, and (2) the effects of pre- and post­
deployment PTSD, excluding participants with partial 
PTSD. Furthermore, 2 additional post hoc analyses (3) 
including participants with any hearing difficulty within 
the 500- to 3000-Hz range (n = 116), and (4) excluding 
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ii!'N@I Multivariate logist,ic regression predicting posldeployment linniws 

Variable Coef. SE p OR 95% Cl for OR 

Intercept - 2.96 0.33 
Battal ion. main effecr .000 

Battalion 2 0.70 0.29 .014 2.01 1. 15-3 .51 
Battalion 3 - 0.48 0.31 .129 0.62 0.34-1.15 
Battalion 4 0.07 0.33 .838 1.07 0.56-2.04 

Ethn1c1ty• - 0.40 0 .21 .051 0.67 0.39-1 .14 
Raceb - 0.12 0.24 .609 0.89 0.48-1.63 
Predeployment partial PTSD 0.76 0.51 .138 2.13 0.78-5.77 
Predeployment tinnitus 3.3 '1 0.32 .000 27.44 14.55--51 75 
Predeployrnent TB I 0,62 0.25 .013 1.86 L 14-3.04 
Predeployment TBI x - 1 15 0.37 .002 0.32 0.15-0.65 

predeployment tinnitus 
TBI without predeployment 0.62 0.19 .001 1.86 1.28-2.70 

tinnitus 
TBI with predeployrnent tinnitus - 0.53 0 .28 .057 0.59 0.3'4-1 .02 

Combat intensity, centered 0.01 0 .02 .424 1 .01 0.98-1 .05 
Deployment TB le 0.97 0.41 ,017 2.65 1, 19-5.89 
Postdeployment partial PTSD 0 .44 0.41 .285 1.55 0.70-3.44 

Abbreviations: Cl. confidence interval; OR. odds ratio; PTSD, posltraumatlc stress disorder; SE, standard error; TBI, traumatic brain 
in1ury. 
a Results are reported for Hispanics compared with non-Hispanics (reference group). 
bResults are reported for non-whites compared w i th whrles (reference group). 
" There were no significant differences between deployment and nondeployment TBls sustained between pre- and postdeployrnent 
assessments (O'= 35). Nondeployrnent TBls were included in the analysis to account for any potential effects on tlnnftus.~0•41 

participants with any hearing difficulty within the fuU 
500- to 6000-Hz range (n = 209) clid not alter model 
outcomes. 

Sensitivity analyses 

Table 5 shows results of sens1trv1ty analyses of 
TBI mechanism (blast vs nonblast), severity (mild vs 
moderate/severe), and frequency (single vs multiple) on 
the likelihood of postdeployme11t tinnjrus. Variables for 
TBI were collapsed across pre- and postdeployment be­
cause the smal l number of non blast and moderate-severe 
TBis caused problems with model convergence. 

There was a main effect of TBI mechanism on post­
deployment tinnitus (P < .01) as well as an interaction 
with prior tinnitus (P < .01). For those with no prior 
tinnitus, oonblast and blastTBls significantly increased 
the likelihood of postdeployment tinnil'us by factors of 
1.91 (950/o Cl, 1.20-3.32) and 2.93 (950/o CI, 1.82-6.17), 
respectively. For those with prior tinnitus, TBI mecha­
nism had no effect on postdeployment tinnitus. 

There was a significant interaction between TBI sever­
ity and prior Linnitus (P < .01). For those with no prior 
tinnitus, mild and moderate/severe TBis significantly 
increased the likelihood of postdeployment tinnitus by 
factors of 1.99 (950/o Cl, 1.29-3.62) and 2.22 (950/o Cl, 
1.22-3.40), respectively. For those with prior tinnitus, 
TBI severity had no effect on postdeployment tinnitus. 

Finally, there was a main effect ofTBI frequency (P < 
.02) and a significan t interaction between frequency and 
prior tinnitus (P < .01). For those witb no prior tinnitus, 
a single TBI increased the Likelihood oftinnitus outcome 
by a factor of l. 79 (950/o CI, l.09-2.97) and multiple TBls 
increased the likelihood by a factor of 2.27 (950/o CI, 
1.444.24). For tJ1ose with prior tinnitus, TBI frequency 
bad no effect on postdeployment tinnitus. 

DISCUSSION 

In our model, prior tinnitus and TBI were each in­
dependently associated with postdeployment tinnitus. 
Prevalence of tinnitus was 13.20/o before deployment 
and 15.1 O/o after deployment, with 8.6% new-onset post­
deployment tinnitus. Rates of pre- and postdeployment 
tinnitus are consistent wit11 prior reports of a prevalence 
of 15.60/o in soldiers deployed to lraq.5Z Prior tinnitus 
occurred in roughly 43.60/o of participants with postde­
ployment tinnitus. lnterestingly, not alJ those with prior 
tinnitus sustained tbe symptom postdeployment. Of t11e 
219 participants with prior tii1nitus, llO (50.2%) we.re 
asymptomatic after the Index deployment. Of these, 
67.J<Vo sustained TBI prior to the index deployme.nL Tin­
nitus for these participants may be an acute symptom 
from prior TB Is Lhal diminished over time. ln addition, 
those who were asymptomatic after deployment had 
lower rates of deployment-related TBI (19.1% vs 27.50/o) 
and lower mean combat intensity (11.5 vs 14.5) than 
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ilZM!~-J Sensitivity nnalyrns of TB/ ch([,racleri.slics0 on postcieploy menl I innilLlS 

Prior 95% 
TBI characteristic tinnitus Coef. SE OR Cl for OR 

Mechanism 
Nonblast No 0.65 0.24 1.91 1.20-3.32 
Nonblast Yes - 0 ,88 0.33 0,42 0.22-1.24 
Blast No 1.07 0.24 2.93 1.82-6.17 
Blast Yes - 0.09 0.35 0.92 0.46-1.59 

Severity 
Mild No 0.69 0.22 1.99 1.29-3.62 
Mild Yes - 0.61 0.30 0.54 0.30-1.35 
Moderate/severe No 0.80 0.30 2,22 1.22-3.40 
Moderate/severe Yes - 0.26 0.50 0.77 0.29-1.34 

Frequency 
Single No 0.58 0.25 1 .79 1.09-2.97 
Single Yes -0.97 0.39 0.38 0.18-1.20 
Multiple No 0.82 0.23 2.27 1.44-4.24 
Multiple Yes - 0.46 0.31 0.63 0.34-1.41 

Abbrev1a11ons; Cl. confidence interval; OR, odds ratio; SE. standard error; TBI, traumatic brain injury. 
°For all sensit1v1ty analyses, TBls were collapsed across pre- and postdeployment visits because of the small number of deploymem­
related nonblast TBls and moderate/severe TBls causing problems with model convergence. 

those with both pre- and postdeployment tinnitus. Al­
ternatively, some part.i.cipants may have had intermittent 
tinnitus that was not present after the index deployment 

Traumatic brain injury sustained before the index de­
ployment increased the likelihood of new-onset post­
deploymcnt tinnitus, suggesting cl1at a history of TBf 
may be a risk factor for tinnitus for those with no prior 
symptoms. As 44.6% of our participants were deployed 
prior to their index deployment:, tinnitus and TB1 symp­
toms reported at the predeployment assessment may be 
atlnbutable to prjor deployments. Independent of any 
prior tinnitus, those with deployment-related TBI were 
2.7 times as likely to report tinnitus after deployment 
compared with those with no TBL Fu rthermore, preva­
lence of deployment-related TBI was sign.i ficancly bigher 
for those with new-onset postdeployment tinnitus than 
those with no pre- or postdeployment tinnitus. These 
fo1dings ,1re consistent with those of previous cross­
sectional studies that show associations between TBI 
and tinnitus and/or hearing difficulty.29.30,53,54 

Tinnitus was associated with TBI characteristics. Con­
sistent with prior cross-sectional studies showing higher 
ra tes of tinnitus20 and hearing problems2S following 
blast versus nonblast injuries, postdeployment tinnitus 
was nearly twice as likely for those wicl1 nonblast TBI 
and nearly 3 times as likely for those with blast TBI com­
pared with those with no TBL In addition, tinnjtus was 
1.8 times as likely after a single TBI and 2.3 times as likely 
after mul tiple TBis compared with tinnitus occurrence 
i.n those with no TBI. Furthermore, new-onset postde­
ployment tinnitus was l.9 times as likely for those with 
mild TBI and 2.2 times as likely for those with moder-

ate/severe TBL These results suggest a dose-response re­
lationship between TB! characteristics and tinnitus such 
that more numerous and more severe injuries increase 
the risk of tiJrnitus. 

This study found no associations between tinnitus 
and PTSD o r combat intensity; thus, associations ofTBT 
with tinnitus cannot be attributed to psychiatric symp­
toms or otJ1er environmental factors. These results are 
contrary to previous findings that suggest that tinnitus 
may be associated with exposure to harsh sounds from 
firearms, artiUery, and mechanized equipment during 
deployment, 16 as well as long-term stress including 
emotional exhaustion, 55 futigue,56 and PTSD.57 In one 
study,58 750/o of participants with PTSD had tinnitus 
whereas only 15. 90/o of those witbout PTSD reported tin­
nitus. However, this was a retrospective srudy and there 
was a large culturaJ overlay in which tinnitus was thought 
to indicate "soul loss." Causes of the onset of linnitus, 
such as head trauma, noise-induced hearing loss, or 
prior ear infections, were not addressed in that study.58 

Nevertheless, neural pathways damaged u1 TBI-related 
tinnitus may differ from tJ1ose impacteJ by psychologi­
cal stress. Emotional or psychological distress associated 
with tinnitus has been shown to activate a neuraJ 
network involving the anterior cingulate cortex, insula, 
hypothalamus, and arnygdala.59 This same network 
bas been implicated in other perceptual disorders such 
as phantom limb pain and may reflect tJ1e nonspecific 
influence of psychological distress. 59 Further investiga­
tion is needed to determjne whetJ1er neural networks 
associated with stress-related tinnitus are distinct from 
TBI-induced tinnitus. 
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Neural changes following cochlear trauma have 
been demonstrated using acousticaUy evoked dis­
charge, otoacoustic emissions, protein expression. and 
ncuroimaging.27·60 65 The initial shock wave from a 
blast leads to shearing of tissues,25 directly injuring the 
cochlea and leading to an inflammatory response with 
subsequent neural degeneration.26 Animal models of 
TBl demonsLiatc Joss of ribbon synapses from inner 
hair cells to the auditory nerve in mild cases and then 
deterioration of outer hajr cells of the cochlea, lead­
ing to altered auditory nerve activity.66 Upregulation of 
BDNF (bra in-derived nerve growth fuctor), a modula­
tor of neuronal plflsticity, is noted in spiral ganglion 
neurons ;ind intraccanially, and the spontaneous dis­
charge rate of auditory fibers increases as a result of 
acoustic trauroa."2 These changes accompany enhanced 
subcortical disinhibiti.on in the brainstem anJ inferior 
co[]iculus.67 Pisinhibition and prolonged excitation oc­
cur along the tonotopic map of the auditory cortex im­
mediately fo llowing a loud sound.68 Neural activity of 
the central auditory system, including reorganization of 
the cortical tonotopic map, is associated with an imbal­
ance between excitation and inhibition in the auditory 
pathway.64 These studies suggest immediate changes in 
expression of excitatory and inhibitory neurotransmit­
ters a11d increased spontaneous signal transmission to 
the dorsal coch lear nucleus in the brainstem. Along with 
multiple biomarkers of neural plasticity in the cochlea 
and auditory tract and nuclei, there is a reorganization 
of frequency representation in the dorsal cochJear nu­
clei and inferior colliculus and a long-term change in 
the temporal pattern of neural activity. In animal stud­
ies, these neural altesations continue for at least l month 
following acute noise injury.27,67 

In aJdition, functional magnetic resonance imag­
ing and positron emission tomography studies show 
that tinnitus is associateJ with increased activity in the 
frontal lobe, limbic system, and auditory association cor­
tex and show asymmetry in the primary auditory cor­
tex and metabolic asymmetry between hemispheres.64 

Magnetoencephalography, which measures spatial and 
temporal neural activity, has identilled activity between 
the ancerior cingulum and right frontal cortex com:­
Iating with tinnitus distress,69 although it is unclear 
whether differences in patterns are more related to 
hearing loss or tinnitus.7° Future studies should ad­
dress the specific pathophysiology ofTBI-induced tin­
nitus to ascertain any differences from noise-induced 
ll1JUIY· 

Several study limitations warrant comideratioo. Self-. 
reported symptoms, including repons of TB1, PTSD, 
and tinnitus, are subject to bias and misclassification 
errors, thus limiting causal inference. Our tinnitus mea­
surement did not capture symptom severity, duration, 
or functionaJ impact, all of which may have important 

clinical implications24 and should be explored in fu­
ture studies. Although it was made dear to participants 
rhat their individual responses and data wou ld be kept 
confidential and would not be reported to their com­
mand, participants may stilJ have had concerns regard­
ing the impact of reporting PTSD and tinnitus symp­
toms on their careers or future disabilities compensation. 
Ct should be noted that information obtained via self­
report and interview was not relevant for research study 
compensation. A post hoc analysis that excluded those 
with partial PTSD did not alter study findings; therefore, 
it is unlikely that the inclusion of partial PTSD diluted 
any potential effects of PTSD on tinnitus. 

ln addition, our hearing evaluabon was not intended 
to detect hearing loss above 6000 Hz but ensured that 
participants had normal hearing within conversational 
frequency range (500-3000 Hz at 35 dB). A more rhor­
ough audiometric examination was not possible due to 
ethical constraints. Finally, our data are from an all-male 
cohort of military service members, many of whom ex­
perienced repeated blast exposure; thus, results may not 
be generalizable to civilian populations, although they 
are likely generalizable to other military groups. 

Despite these limitations, our prospective, longitudi­
nal data suggest that TBI may be a sigruficant risk foctor 
for new-onset tinnitus. Furthermore, risk of tinnitus is 
higher for blast TBis than for nonblast TBfs and in­
creases with injury severity and frequency. Our findings 
provide support for the use of TBT ru;sessments as po­
tential screening tools for tinnitus, particuJarly for those 
exposed to explosive devices. Blast head trauma may 
be a different clinical entity than tinnitus from blunt 
head trauma and should be treated differently. fn the 
closely related vestibular system, military service mem­
bers with blast head injury demonstrated longer latency 
times on motor control testing than tbose with mild TBI 
post-blunt head trauma. Blast exposure appears to pro­
duce a more global injury pattern, whereas closed blunt 
head injury in the mouse model shows more focal brain 
injury.71,72 

Notably, this study did not find an association be­
tween PTSD and tinrutus. Traumatic brain inju.ry­
induced tinnitus in this population may be a nonso­
matoform diagnosis with di~tincr pathophysiology and 
should be addressed by referral from primary care early 
in the treatment ofTBl. Early treatment may influence 
the neural alterations noted in cochlear and cranial stud­
ies immediately following injury. AJthough treatment 
modalities are beyond the scope of this article, both 
medications and cognitive therapy have shown promise 
in taking advantage of 11europlasticity to "redirect" neu­
ral circuits during the repair phase after injury.17,66 lmag­
ing studies that measure spatial and temporal neural ac­
tivity may lead to a better understanding and uJtimately 
treatment of tl1is ubiquitous symptom. 
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Abstract Posttraumatic stress disorder (PTSD) is a major public health concern, 
which has been seeing increased recent attention p~ut ly due to the wars in Lraq and 
Afghanistan. HistOJically, research attempting lo understand tbe etiology and 
treatment or PTSD has made frequent use of psychophysiological measures of 
arousal as they provide a number of advantages in providing objective, non-self­
report outcomes 1.hat are closely related to proposed neurobiological mechanisms 
and provide opportunity for cross-species translation. Ftu-ther, the ongoing shift in 
classification of psychiatric illness based on symptom clusters to specific biological, 
physiological. and behavioral constructs, us outlined in the US National Institute of 
Mental Heallh (NIMH) Research Domain Criteria project (RDoC), promises that 
psychophysiological research will continue Lo play a prominent role in research on 
trauma-related illnesses. This review focuses on tbe current stale of the knowledge 
regarding psychophysiological measures and PTSD with a focus on physiological 
markers associated with current PTSD symptoms, as well as markers of constructs 
thought lo be relevant lo PTSD );ymptomatology (safety s ignal learning. fear 
extinc tion), and psychophysiological markers of risk for developing PTSD fol­
lowing trauma. Future directions and issues for the psycbophysiologicaJ study of 
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1 Introduction 

Post1rnumatic stress disorder (PTSD) is a major public health concern with lifelime 
prevalence rates i.n the USA esLimated to be 6.8-12.2 %, and l2-monlh prevalence 
rates estimated to be 3.5 % (Bresluu 2009). Due to the wars in Iraq and Afghanistan, 
PTSD has received significant attention in the past 10-13 years, in terms of both 
popular media coverage and funds directed toward its research. Thfa altention is 
wamlllted, given Lhat rates of PTSD have increased in service members by 656 % 
siHce 200 I and the cost to Lhe US Depa1tmenl of Defense (DoD) for Lreating these 
service members doubled between 2007 and 2012 (Blakeley and Jansen 2013 Con­
gressional Research Service Report). Tn addition, it is impo11ant Lo note that PTSD 
affects more Lhan just combat veterans and occurs in civilians followiJ1g physical 
and sexual assaults, forced captivity, muggings/robberies, motor vehicle accidents, 
natural disaster. and life-threatening illDess among other events (Breslau 2009). The 
DSM-IV classification of PTSD consisted in exposure to the Lraumatic event, as well 
as 3 clusters of symptoms: re-experiencjng, avoidance and numbing, and byper­
arousal. Wilh the recent publication of DSM-5, the deffojtion has expanded into 4 
symptom clusters: intrnsion, avoidance, negative alterations in cognitions and mood, 
and alterations in arousal and reacti vity. This expansion recognizes broader, more 
heterogeneous symptom expressions (such as dysphoria and anger) white allowing 
for more dynamic changes in arousal and reactivity. Current treatments for PTSD are 
mainly psychotherapy based (e.g., exposure therapy and cognitive Lherapy). Phar­
macological treatments, such as serotonin-selective and serotonin-norepinephtine 
1·euptak.e inhibitors (SSRI/SNRJs), have also achieved modest efficacy (Committee on 
treatment of posttraumatic stress disorder loMotNA 2007). 

There is a clear need for the development of novel preventive and therapeutic 
treatment strategies for PTSD via increased understanding of etjological and 
maintaining factors of the disorder (Baker et al. 2009). To this end, there is a new 
focus on utilization of biological, physiological, ancl behavioral tools to enable a 
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"paradigm shifL" from sole re li ;u1ce on self-report measures to assess symptom 
status and diagnosis for psychiatric disorders such as PTSD. The US National 
Institute of Mental Health (NIMH) Research Domain Criteria project (RDoC) 
represents a framework for research in this area, with an emphasis on developing a 
diagnostic classification scheme based upon vali<l observable markers of common 
biological processes across the range of cun-ently identified diagnostic categories. 
The negati ve valence system (NVS) domain suggested by the NIMH contains the 
constructs of acute threat of "fear," potential harm or "anxiety," and sustained 
threat. The 20 l I NVS working group meeting identified many of t·he physiological 
measures reviewed below as important research tools for understanding these 
constrncts. Psychophysiological measures may have utility as static markers of 
these constructs, as well as dynamic markers of change enabling the e lucidation of 
the roles of learning and memory processes in the expression of these constructs. 
Thus, psychophysiological measures are poised lo play an important role in the 
future understanding of mental illness generally , and traumatic stress-related dis­
order characterized by negatl ve valence states more specifically. 

Psychophysiological outcome measures ha.ve a number of advantage~ in neu­
ropsychiatric research. (l) Psychophysiological measures provide objective, non­
self-report outcomes and thus are less subjecl to bias by the subject and/or 
researcher. (2) Physiological measures are quantifiable. (3) Compared to self-reprnt 
symptom scales, physiological measures may represent more discrete symptom 
domains that probe specific neurobiologicaJ pathways enabling mechanistic study 
of neurobiological abnormalities underlying symploms. (4) Physiologica l measures 
enable cross-species translation to examine causal mechani sms of psychophysio­
logicaJ abnormalities linked to trauma ex posure that cannot be achieved with self­
report measures. The cuffent manuscript will review th~ cun-ent state of knowledge 
on psychophysinlogical outcomes in PTSD with attention to their use as 1mtrkers of 
cmTent symptoms as well as markers of PTSD-related processes. We will also 
discuss these variables in terms of their sensitivity and selectivity for PTSD 
symptoms versus other anxiety and mood disorders and comorbid disorders such as 
traumatic brain injury (fBI). Further, we will discuss potential future avenues for 
integrating psychophysiology into emerging areas of PTSD research. We have 
Limited our review to relatively common psychophysiological measures of arousal/ 
threat, including cardiovascular, electromyographic, and electrodermal measures. 

2 Psychopbysiological Markers of Current PTSD 
Symptoms 

2.1 Cardiovascular Activity 

Baseline: Current conceptualizations of PTSD, reflected in the Diagnostic and 
Statistical Manual of the American Psychiat:Jic Association (DSM 5; APA 20 14) 
criteria, recognize that PTSD has a complex phe.nomenology expressed not just as 
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fear-based hypera.rousal, but also as anhedoni c and dysphoric emotional states. f n 
contrast, earlier conceptualizations o f the disorder, re flected in DSM-ill through 1V 
criterja, placed a larger emphasis on fear-re lated m·ousaL Given the past emphasis 
on arousal-re lated symptoms, research has long focused on identi fying and 
understanding the psychophysiological basis of e levated arousal. Though studjes 
have assessed the construct of arousal across a number of psychophysiologicaJ 
measures, an extensjve body of work has focused on the cardi ovascular system. 
Cardiovascular physiology is a convenient domnin to focus on since it can be 
measured relatively easily usiog a number of different methods and equipment 
typicall y present in an emergency department or urgent care clinic. Fmther, some 
elements of cardi ac physio.logy can be interpreted as a readout of sympathetic/ 
parasympathetic balance, which has long been theorized lo be disrupted in PTSD 
(see below). 

Blanchard et aJ. ( 1982) observed that Vietnam veterans with PTSD bad higher 
resting baseline heart rate (HR) and bloou pressure (BP) than Vietnam veterans 
without PTSD. These initial observations were later largely confitmed in a meta­
analysis by Buckley and Kaloupek (200 1), which reviewed 34 studies of resting 
cariliovascular activity in PTSD conducted up to that time. This mera-analysis 
found suppo11 for elevated resting I IR and diastoli c blood pressure (BP), though 
systolic BP levels were similar across PTSD subjects and healthy controls. A more 
recent meta-analysis of psychophysio logical studies in PTSD (Pole 2007) reviewed 
55 studjes conducted until that time and also supported increased resting HR io 
PTSD relalive co healthy controls. However . e levations in systo lic and tliastolic BP 
were only present under re laxed criteria fo r statjstical significance. 

While the evidence for altered cardiovascular activity at rest in PTSD appears 
fairly strong, some researchers have suggested a more nuanced relationship. First, 
some stuilies (i.e., Shalev et al. I 992) have failed to find HR differem:es in new­
onset PTSD. Further, Buckley and Kaloupek (200 1) showed a greater effect size for 
HR in patients with chronic PTSD (>13 years). Taken togelher, these fi ndjngs 
suggest that elevated HR may be a consequence of phys iological changes d1iven by 
long-term PTSD. Second, stadies monitoring cardiovascular activity over 24-h 
periods have suggested that HR and BP may fluctuate widely across the day, 
complicating previous studies (Muraoka et al. 1998; Buckley et aJ. 2004). One 
study using 24-h HR monitoring did , however, confirm increased HR in veterans 
with PTSD, with more pronounced effects during the night, perhaps related to the 
sleep disturbances commonly associated with PTSD (Agorastos et al. 20 I 3). Third, 
there is disagreement among researchers regarding whether resting state activity is 
actually being measured in these studies, or if what is actu ally being captured are 
cardiovascular responses to a stressful situation/challenge induced by the testing 
environment (see below; Zoladz and Diamond 201 3). Other studies suggest that 
PTSD subjects are hypetTesponsive to stress or threat across a number of physio­
logical markers. including HR, startle, and skin conduccance (see below). Further, 
i.ncreased HR is not specific to PTSD, but is aJso reporr·ed in panic di sorder and 
depression (Cohen e t al. 2000: Blechert et al. 2007; Karnphuis et al. 2007). 
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An additional marker of resting-state cardiovascular activity that is altered in 
PTSD is heart rate variability (HR Y). HRV is a measure of the variati.on in time 
between heart beats, which indica tes autonomic nex ibilily (the higher the variation, 
the more flexibility). HRY is most accurately measured via electrocardiogram; 
however, pbotoplethysmography is also utilized. HRY is measured as lime-domain 
variables (e.g .• changes in the standard deviation of beat-beat interval) and fre­
quency domains using power spectral density analysis methods. Frequency com­
ponents are thought to represent sympathetic and parasympathetic control over HR. 
with the high frequency domain (HF; 0.15-0.4 Hz) representing parasympathetic or 
vagal tone, while the low frequency (LF; 0.04-0.15 Hz) is comp1ised of both 
parasympathetic and some sympathetic e lements (see Heathers 2014; Berntson 
et al . 1997 for review). Finally, respiratory sinus arrhythmia, HRV due to respi­
ration , is another measure of vagal control of autonomic activity. Reduced HRV is 
associated with mortality and cardiovascular symptoms in patients with PTSD, 
highlighting the clinical importance of these measures (Kubzansky et al. 2007). 
There is growing evidence that both LF and HF are reduced in PTSD patients, 
which may be suggestive of an imbalance between sympathetic and parasympa­
thetic drive on cardiovascular output (Cohen et al. 2000; Blechert et al. 2007; 
Jovanovic el al. 2009), though exceptions have been reported (Sahar et al. 200 I). In 
a recent twin study of combat-relared PTSD in Vietnam era veterans, Shah et al. 
(20 13) found that HRV abnormalities (Jower LF and HF) were present only in the 
twin with PTSD, suggesting that reduced HRV is an acquired consequence of the 
disorder. They also suggested that HRV abnormalities were not present in subjects 
with remitted PTSD, suggesting HRV reductions arc indicative of symptom state. 
We have recently shown thalHRY reductions (reduced HF) are also associated witb 
new-onset PTSD symptoms in active duty marines who served in lraq/Afghanistan, 
suggesfo1g that reduced HRY is not related to age or chronicity of PTSD (Minassian 
et al. 2014). These studies have also shown that reductions in HRV in these pop­
ulations are not due to depression or TBI, nor are they related lo degree o f combal 
exposure or deployment history per se (Shah el al. 20 13; Minassian et al. 20 14). 
Finally, reduced HRV is reported in untreated subjects (Minassian et a l. 2014; 
Chang et al. 20 13), ind icating tJ1at this phenotype is not due simply to medication 
side effects. Although HRY measures appear to be sensitive Lo PTSD symptoms, 
they are not specific to PTSD. Indeed, reduced HRV, in particular HF, may be a 
more general marker of anxiety disorders (Pittig ct al. 20 13) or even mental illness, 
as it is reduced across multiple disorders including anxiety, depression, bipolar 
disorder, and schizophrenia (Moon et al. 2013). Tt is possible that multiple mech­
anisms underlie the reductions in HRV across these diverse patient groups. or that 
reductjons in HRV ru·e due to the higher stress or allostatic load experienced by 
those with neuropsychiatric illness (McEwen 2000). 

Response ro Challenge: Jn contrast to resting-state cardiovascular markers, sev­
eral studies have assessed cardiovascu·lar activity in response to chaJlenges from 
either loud acoustic stimuli (startle) or trauma-related cues. A large body of literature 
documents larger HR reacti vity to startling sounds in PTSD patients (Pallmeyer et al. 
1986; Shalev et al. L992; Orr et a l. 2002). Pole (2007) investigated 10 studies 
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measuring HR response to loud acoustic stimuli and found that elevated HR 
response was among the most robust effects found using this paradigm. Pitman et al. 
(2006) examined elevated HR reactivity to sudden loud tone presentation in a twin 
sample of Vietnam veterans. They found elevated HR reactivity on ly in the twin with 
PTSD, indicating HR response is au acquired consequence of the disorder rather 
than a predisposing trait. 

HR response to Lrauma-related reminder cues has also been examioed, wbich 
may probe biological mechanisms relevant to fear memory processes. These studies 
typical ly involve either "standardized" cues, such as combat sounds (Liberzon et aJ . 
1999) that are held constant across the sample being studied, or "ideographic'1 cues 
which are tailored to be speci fie to each subject's traumatic experience. Pole (2007) 
reviewed 16 studies investigating HR response to standardized IJ·auma cues and 
another 22 investigating HR response to ideographic trauma-related cues. Elevated 
HR response to standardized cues in PTSD emerged as one of the more robust 
effects in these paradigms. Support for increased HR responses to ideographic 
trauma cues was also found, though less robust than that for standardized cues. 
Recent studies have also supported these findings in both standardized (Adenauer 
et al. 2010; Suendennann et aJ. 20 10; Ehlers et al. 20 10) aod ideographic trauma 
cues (Barkay et al. 20 12). Barkay et al. (20 12) have investigated the neurohiological 
correlates of this effect using PET imaging and found correlations between HR and 
rCBF in the orbitofrontal, precentral, and occipital regions of the cortex only in 
patients with PTSD and not in trauma-ex-posed non-PTSD subjects. These fi ndings 
are suggestive that increased HR responses to u·auma reminders may overlap in 
neural substrates (orbitofrontal cortex) with U1e reduced ability to inhibit fear 
responses (Shin et al. 2006). ln PTSD , there are correlations between HR response to 
trauma and norepi11ephrine concentrations in cerebrospinaJ fluid (Geracioti et al. 
2008), suggesliug that central noradrenergic hypersignaling could play a role in this 
phenotype. It is unclear whether increased HR or other cardiovascular abno1ma1ities 
are ameliorated by treatment, however, despite the use of ooradrenergic reuptake 
inhibitors (Hoge et al. 20 12) as well as c linical tiials of the alpha J receptor 
antagonist prazosin (Rask.ind el al. 2013). Whether .increases in HR are an epiphe­
nomenon of increased centrally mediated fear responses, or are a core feature of 
PTSD pathology is unclear. One intriguing recent finding suggests that inhibitors of 
angiotensin I signali ng, commonly given for hypertension, are associated with fewer 
PTSD symptoms in a cross-sectional sample of highly traumacizcd civilian popu~ 

lations (Khoury et al. 2012). Other common hypertension medications were not 
associated with fewer symptoms, suggesting that the angiotensin pathway may play 
a role in PTSD-relatecl pathology. Thus, more research is clearly neede<l to futther 
elucidate pathways invoJved in elevated cardiovascular responses in PTSD . 

S1mmia1)1 of Cardiovascular Markers of PTSD Symptom State: Cardiovascular 
physiology is an active and important area of research in PTSD, especia lly given 
repOL1ed links between PTSD and increased incidence of cardiovascular disease 
(Wentworth et al. 2013). While there is strong evidence that resting-state cardio­
vascular activity, as well as HR response to standardized and ideograph ic trauma 
cues, is altered io PTSD, this is still an active area of research that is not without 
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controversy. SpecificaJly, the degree to which the testing situation contributes to 
findings of elevated HR in PTSD i::; unclear. The extent to which elevated HR is a 
feature of core PTSD pathology versus simply a consequence of chronic stress is 
also unknown. Some studies have suggested that HR soon after trauma may predict 
development of PTSD, suggestive of HR being a proxy for biological risk factors 
for PTSD (see below). However. a recent study sugges ts that HR is not altered in 
relatively "recent" PTSD cases after combat (Minassian e t al. 20 14), arguing 
against elevated HR as a risk factor. HR increases are also not specific to PTSD, but 
are increased in other anxiety disorders more generaJly. Research investigating the 
time coui;se and neurobiological correlates of altered cardiovascular activity in 
PTSD is needed to fUJther clarify these issues. 

M any questions sti ll remain for the association of HRV with PTSD symptoms. 
Although tvvin studies suggest that altered HRV is specific to PTSD symptom state, 
prospective stud ies are needed to confirm HRV measUJ"eS as symplom dependent or 
markers of risk for PTSD (Baker et al. 2012). Similarly, although there is some 
evidence from cross-sectional analysis in smal l samples for symptom remission to be 
associated with normalization of HRV (Shah et al. 2013), longitudinal treatment 
studies (.Ire required to best address thjs question. The biological mechanisms 
responsible for HRV reductions in PTSD are also unclear. However, dysregulated 
sympathetic output (e.g .. via increased noradrenergic tone, Geracioti et al. 200 l , 
2008; Pietrz(.lk et a l. 2013) and abnonnalities in stress and immune systems have 
been identified as candidate mediators (Risbrough and Stein 2006; Eraly et al. 20 J 4). 

2.2 Exaggerated Startle Response 

Baseline: The startle response is a sensitive, noninvasive measure of central nervous 
system activity that is typically accessed via electromyographic (EMG) mea..,ure­
ment of strength of contraction of the orhicularis oculi muscle controUing eyeblink 
in response lo a sudden acoustic or tacri le stimulus (Blumenthal el al. 2005). 
Exaggerated startle is a symptom of PTSD according to the DSM 5 (APA 2014). 
Thus, it follows that larger ba. eline startle responding should be detectable in 
PTSD. However, evidence for increased startle reactivity under "baseline" condi­
tions in PTSD is mixed, with some studies finding evidence for increased starlle in 
PTSD relative to healthy controls and others finding equivalent startle responses 
(see Zoladz and Diamond 2013 for a recent review of this literature). There are also 
some suggestions that increases in haseline startle may only occur in chronic PTSD 
patients or following ce11ajn fonns of trauma, such as combat (Grillon and Baas 
2003). A signi ficant problem with assessments of "baseline" startle is that it is very 
difficuJt to accurately assess th.is phenomenon. Startle reactivity is extremely plastic, 
and it is sensitive to many rapjd and dynamic modes of inhibition such as habituation 
and sensori motor gating, to emotional valence or experimental context, and of course 
is extremely sensitive to stimulus parameters such as intensity and duration of 
the stru.tling stimulus. a ll of which will influence the detection of putative differences. 
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For example, startle is higher in PTSD patients u11der low-intensity startle stimuli but 
not L1igh intensity (Butler et a l. 1990), which may reflect a lowering of s tai11e 

thresholds rather than an exaggeration of stattle responses elicited by supra-threshold 
stimuli . Thus. more robust and reliable staitle phenotypes in PTSO and other disor­
ders are measured when comparing st.aitle across multiple stimulus condi tions and 
emotion~LI contexts. Startle has also generally only been explored in terms of 
magnitude of the response (muscle contraction) compared to controls. However, self­
reports of " increased startle" from patients may not simply reflect magnitude, but the 
probability of a response under subthreshold conditions, which has yet to be explored. 

In Response 10 Challenge: Given the inconsistency of baseline startle changes in 
PTSO, it has been suggested lhat startle reactivity is higher in PTS D patients only 
when under threat; thus, this phenomenon is indicative of mechanisms related to 
increased stress responding rather than disrup tion of baseline arousal (GriUon and 
Baas 2003). Ori.lion et al. ( I 998) reported normal baseline but increased startle 
magnitude in Vietnam combat veterans with PTSD during anticipation of ex peri­
mental electrical shock relative to non-PTSD veterans, demonstrating a higher 
response in situations of threat or stress in PTSD. Startle is also elev med in response 
to trauma reminders (i magery, trauma scripts) in PTSD palienls (e.g., CuthbeLt et al. 
2003; Mc Teague et al. 20 LO); however, these tasks are relatively unique Lo indi­
vidual laboratories and more dif ficulL to generalize across studies. As a whole. Lhese 
studies suggest that exaggerated startle in PTSO is not indicati ve of increased 
arousal at baseline, but is a physiological marker of heightened response to threat 
and heightened fear responses in the presence of trauma cues. Thus, startle is 
increasingly used as a quantitative measure of fear responding lhaL complements 
self-repmt data on anxiety and stress to identify biological mechanisms underly ing 
PTSD symptoms. 

Studies have recently suggested that elevated startle to challenge in PTSD may 
be subject to gender di_fferences. KamkwalaJa et al. (201 2) showed that women with 
PTSD had higher startle in a dark environment relative to a light environment than 
men and women without PTSD. However, this elevated "dark-enhanced" startle 
was not present in male subjects with PTSD. Furtber, dark-enhaDced startle has 
been shown Lo be associated with p ituitm-y adenylate cyclase-activating polypeptide 
receptor (PACl ) genotypes in females, a gene that interacts with estrogen and has 
also been assocjated with PTSD in females (Ressler et a l. 20 11 ). These studies 
represent a new avenue of PTSO research that is just coming to fruition in utilizing 
physiological markers as intermediate phenotypes to identify biological pathways 
related to PSTD risk. 

Sranle Habituation : Habituation is a non-associative learn ing process whereby 
au organism displays a reduction in some innate orienting or defensive response 
following repeated presentation of a stimulus (Halberstadt and Geyer 2009). Shalev 
et al. (2000) examined habituation of the startle and electrodermaJ response to loud 
acoustic stimulus in a sample of traumatized Israeli civilians tested at l week and J 
and 4 months fo llowing lbe traumatic event. Those who developed PTSD began to 
show reduced habituation in both measures beginning I month post-trauma, sug­
gesting that reduced habituation may be an acquired sign of PTSO. The reduced 
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startle habituation finding is confounded, however. as the methodology used lo 
detect startle was flawed, with sample rates Lhat were much too slow (50 Hz) to 
visualize the very fast on and off rate of a startle response which is typically 
measured with 1,000 Hz sampling rates. The reduced electrodermal habituation, 
however, supported earlier findings by this group (Shalev et al. 1992). OLher studies 
had failed to detect reduced startle habituation in PTSD but were compromised by 
their use of inappropriately slow sampling rntes (Pitman et al. 1.987, 1993: On- and 
Pitman 1993). A more recent study in Croatian combat veterans found that PTSD 
and control groups did not differ in startle habituation as assessed by quantitative 
analysis of EMG reduction across trial ; however, there was a reduction in PTSD 
subjects compared to controls when using nonp:.lrametric comparisons of a number 
of subjects who met criteria for habituation (lowest responding at the last tr ial) 
(Jovanovic et al. 2009). This study also did not replicate habituation of the elec­
trodermal response, a physiological murker of sympathetic nervous system arousal 
based on electrical conductivity across the skin due to sweat (see below). Thus, 
taken together across studies , evidence for djflerences in startle habituation in PTSD 
subjects is weak. PTSD subjects may exh ibit reduced habituation offear-potentiated 
stat11e during fear association training (Ressler et a l. 2011 ). However, it is unclear 
whether this elfect re nects reduced habitualion to startling sounds or increased 
reactivity to the aver ·ive stimuli used duri11g fear conditioning. Reductions in 
habituation have been detected in other neuropsychiatric disorders (schizophrenia. 
panic disorder); thus, it is possible that reductions in habituation of the response 
may represent a pathology in a subset of patients across disorders, as such a 
phenotype wou ld have substantial consequences for multiple behavioral functions 
(Geyer and Brnff 1982; Ludewig et al. 2002a, b, 2003, 2005). Habituation is 
another "intermediate phenotype" that is being used to identify potential gene 
pathways di srupted in these disorders (Greenwood et al. 201 2, 20 13). 

?repulse Inhibition of the S1artle Respollse: Prepulse inhibition (PPI), the 
unlearned suppression of the startle reflex to an intense acoustic stimulus when 
immediately preceded by a weaker acoustic prepuJse, is an operational measure of 
sensorimotor gating (Geyer et al. 1990: Geyer and Braff 1987). PPT has been sbown 
to be a robust but non-specific biomarker of psychiatric diagnosis. PPI perfo1mance 
is reduced compared ro healthy controls in a number of neuropsychiatric di sorders 
including panic disorder, obsessive compulsive disorder , schjzopbrenia, bipolar 
disorder, Tourette's disorder, and Huntington's disorder (Braff et al. 200 1; 
Swen.llow et al. 2006; Castellanos et al. 1996: Perry et al. 2001; Ahmari et al. 2012; 
Ludewig et a l. 2002a, b). Many of these disorders ai-e linked to cortico-lirnbic 
circuit abnonnatities (Kohl et al. 201 3). Given the evidence for PTSD to have 
disruptions in chis circuit (Shin et al. 2006), PPl in PTSD subjects has also been 
examined. However, PPI U$Sociations with PTSD are inconsistent, with some 
studies showing significantly reduced PPJ in PTSD patients (Omitz and Pynoos 
1989; Grillon et al. J 996. 1998), while others detected oo ditferences or only 
marginal dilferences (Butler et aJ. 1990: Morgan et al. 1997: Lipschitz et al. 2005; 
Holstein et al. 2010; Vrana et al . 2013). Thus, additional research is needed to 
clarify or refute the presence of PPl deficits in PTSD. 
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Swnnuuy of altered sta11le /)/asticity in PTSD: Exaggerated strutle responding in 
PTSD patients is seen fairly consistently. most predominantly under conditions of 
challenge or threat. Pole (2007) conducted a meta-analysis of 20 studies measuring 
startle response via orbic11laris ocitli EMO both at baseline and after manipulation 
of contextual threat. This anaJysis supported a s ignificant increase in startle 
responses in PTSD; however, Lhis effect was nol as robust as e levated cardiovas­
cu lar responses. Furthermore, increased startJe response to threat is also not specific 
to PTSD, but is also reported in other disorders that are characterized by high 
physiological arousal and fear (e.g., panic disorder) but not generalized anxiety 
disorder (Grillon et aL 2009; Grillon 2008). These findings suggest that disorders 
characte1ized by exaggerated sta11le may share an overlapping biological pathway. 
lt is not clear, however, whether these effects are due to increased fear responses per 
se (e.g., via increased umygdala and/or insula circuit activation). o r reduced ability 
to inhibi1 or modulate these responses appropriately (e.g., reduced modulation or 
amygdala output by hippocampal and corticaJ circuits; see below; Acheson et al. 
20 l2; Klumpers et al. 2007). 

Habituation and PPI are both measures of fundamenlal aspects of information 
processing that are disrupted in a number of psychiatric disorders and <ffe to some 
degree heritable (Greenwood e t al. 2007). However, there is relatively weak evi ... 
dence al present for disruptions in P'TSD. It is possible that disruption in these 
processes may indicate one of potentially many biological risk traits for neuro­
psychiattic disorders. Hence, further understanding of the genetic and neurobio­
logical mecha11isms underlying these phenotypes and their relationship to PTSD 
risk is worth further investigation. Indeed, PTSD is thought to share poJygenic risk 
with other di sorders that exhibit information processing deficits. such as bipolar 
disorder and schjzophren ia (Nievergelt e t al. in review; Solovieff et al. 2014). 

While exaggerated suutle per se is not unique to PTSD, it nonetheless represents 
a powerful method for exploring mechanisms underlying the development of PTSD 
symptoms. ln animals, exaggerated startle phenotypes have long been uti lize.d lo 

les t causal hypotheses of potential mechanisms underlying development of anxiety 
and fear-related behaviors after severe stress, including conicotropin-releasing 
factor and noradrenergic abnormali ties (e.g., Risbrough and Ste·in 2006; Davis et al. 
20 IO; Grillon et al. 2009). ln humans, utilization of startle plasticity as an jnter­
mediate phenotype is just now beginning robe exploited (Greenwood et al. 2012). 
Further, questions of exaggerated startle magnitude versus reduced startle threshold 
in PTSD remain to be answered (Butler et al. 1990). Finally, surprisingly few 
pharmacological studies have thus far utjlized startJe to examine potential biological 
mechanisms of increased physiological responses in PTSD. Using a phannuco­
logica l challenge wi th the alpha 2 antagonist yohimbine. Morgan el a l. (1995) 
showed that startle reactivity in PTSD patients may be via increased sensiti vity to 
noradrenergic signaling. 
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2.3 Other Plzysiological Measures 

Electrodermal Level!Re'>7J011se: In addition lo HR and startle, researchers have 
examined electrodermal levels i11 PTSD both at resting baseline and in respon~e to 
challenge. Electrodermal response, or the increase in electrical conductivity across 
the skin due to sweat, is a physiological marker of sympathetic nervous system 
arousal. A meta-analysis by Pole (2007) looked across 31 studies that measured 
res Li11g electrodennal levels in subjects with PTSD versus controls and found 
support for significantly higher levels associated with PTSD, although the effect 
size was small. Blechel1 et al. (2007) found that PTSD subjects had higher resting 
baseline electrodennal level relative to both healthy controls and subjects with 
panic disorder, suggesting some diagnostic specificity. Resting electrodermal level 
has historically been reported to be reduced in subjects with depression versus 
healthy controls (Argyle J 99 L), further suggesting that this measure may hold some 
diagnostic specificity. 

Electrodennal response to chaJ lenge by .Standardized and ideographic trauma 
cues has also been examined in rel ation to PTSD. Pole (2007) looked across 22 
srudies and found medium effect sizes for elevated electrodermal response to both 
stand~u·d and ideographic cues in PTSD versus controls. Interestingly. Blechert et al. 
(2007) foand blunted electrodermal response in PTSD when subjects were under 
threat of electrical shock, sugges ting that there may be a di lference in effect between 
challenge by reminder cue versus challenge by contextual threat (experimental 
shock). Simi larly. McTeague et al. (20JO) found that P'TSD i;ubjects with multiple 
traumas and more severe, chronic PTSD showed blw1ted defensive responses to 
ideograpbic image1y. More recently, Glover et al. (2011) showed overall elevations 
in fear-potentiated startle in a classical conditioning paradigm in PTSD subjects 
relative to comrols; however, no differences were found in electrodennal responses. 
lt is possible that startle reactivity measures may offer a wider measurable range to 
detect increased reactivity than sk.in conductance measures because st;utle baseline 
can be controlled by tJie experimenter (i.e., via adjustments of the intensity of 
acoustic pulse). Thus, it is possible that startle may be more sensitive to detecting 
dilferences in responses even under relatively high arousal states (e.g .• under 
threat). Skin conductance. however, offers other significant advantages over startle, 
since it does not require a relatively invasive stimulus (e.g., acoustic pulse) for 
measurement. The passive nature of this measurement has also supported its use as 
a complementary tool in imaging studies in which subject movement must be 
severely limited (i.e., starUe response moveme.nt can d isrupt image processing). 

Facial EMG: Facial EMG has been used as a physiological measure of emotional 
response and typically involves measurement of activity in the fronta]js, cotTUgator, 
and zygomaticus major muscles involved in emot1onal facial expressions such as 
smiling and frowning. Pole (2007) found support for increased frontalis and cor­
rugator EMG activity while viewing ideographic trauma cues (12 and 5 studies, 
respectively). Pole (2007) found no support for altered facial EMG activity at resting 
baseline. or in response to standardized trauma cues ( 12 and 6 studies, respectively). 
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Because these measure.s are (1 ) more sensitive to a1ti fact (e.g., non-speci fie facial 
and head movements, talking) and (2) are not easily controlled or evoked para­
metricaUy compared to reflexive responses such as changes in HR, skin conduc­
tance, and startle, they have not been utilized widely. They do not offer cross-species 
translation nor have well-defined ci rcuits; thus. they may have less utility in 
understanding biological mechanisms of PTSD. 

Summary of Other Physiological Measures Associated with PSTD: Elevated 
resting-state electrodennal level may be a psychophysiological measure that is 
relatively specific to PTSD. However, this measure is susceptible to the same 
roethodological difficulLies as resting HR or baseline startle response, namely that it 
is difficult to eliminate contextual factors that may influence stress and thus elec­
trodennal activity. Electrodennal response to chaJJenge presents a complicated 
picture with findings varying dependent upon bolh subjecHpecific and testing 
protocol variables. There is support for an association between increased facial 
EMG reactivity specifically in response to idiographic trauma cues; however, the 
utility of Lhis measure for furlber hiological research is limited. 

3 Psychophysiological Markers of PTSD·Relevant 
Constructs: Fear and Sustained Anxiety 

Safety Signal Leczrning: Safety signal learning is the process by which an individual 
learns to inhibil a learned fear response in the presence of a cue signaling absence of 
danger. This process is directly relevant to PTSD pheDomenology insofar as PTSD is 
in part characterized by altered reactivity to trauma-related cues even in "safe" 
environments. Safety signal learniJ1g can be measured by assessing responses to a 
CS- that is never associated with an aversive event versus a CS+ that is contiguous 
with an aversive event, or via a specific CS that predicts absence of the aversive 
evenl when given in conjunction with the CS+. Usi.ng the latter paradigm, Jovanovic 
et al. (2010) recently tested this pcocess in a sample of trauma-exposed civilians wbo 
were healtJ1y. had PTSD, had major depression, or had comorbid PTSD and major 
depression with fear-potentiated startle as the primary outcome variable. Subject" 
learned that a cue predicted a blast of air to the throat, but that when this cue was 
presented aJong with another cue (the safety signal), the blast of air would not occur, 
Subjects with PTSD and comorbid PTSD/major depression failed to show inhibition 
of the potentiated startle response in the presence of the safety cue. inability of 
subjects with PTSD to inhibit responding to a safety signal was also confirmed in the 
former paradigm, a slmple CS+/CS- discdm.ination learning task (Jovanovic et al. 
2013 ). Andero et al. (2013) found associations bet ween the abi I ity to learn to dis­
criminate between the CS+ (danger) and CS- (safety) are impaired in subjects with a 
single nucleotide polymorphism (SNP) on the opioid receptor 1-like gene which 
encodes for the arnygdala nociception/orphanin FQ receptor involved in pain pro­
cessing. This SNP was aJso associated with greater PTSD symptoms, providing 
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further evidence for impaired safety signal processing in PTSD as well as a putative 

biological pathway for this eITect. These results, Lhough preliminary and in need or 
replication, suggest tha1 fai lure lo learn lo distinguish between environmental cues 
signaling danger versus safely may be an important process that is impaired in 
PTSD. 

Fear Extinction: Fear extinction is tbe process by which an organ ism learns that a 
cue that once signaled threat no longer does so, thus resulting in a progressive 

reduction in defensive physiological responding in the presence of thjs cue. 
Extinction of psychophysiologicaJ fear responding has long been considered a 
putative model of PTSD process due to its similarity to naturalistic recovery from 
trauma experience. Orr et al. (2000) and Pe1i et al. (2000) showed that PTSD patients 
failed to extinguish a conditioned e lectrodermal response to a cue signaling electrical 
shock or loud acoustic stimuli, respectively. Subsequent studi es using electrodenna.1 
responses as lhe dependent variable have largely supported these 01iginal findings 
(e.g., Wessa and Flor 2007; Blechert et al. 2007). Norrholm et al. (20 11 ) examined 
fear extinction in PTSD using fear-potentiated starlle to a cue signaling an aversive 
air puff to Lhe throat and found that PTSD patients showed greater potentiated startle 
in tbe early and middle poiiions of extinction training. This finding suggests that 
enhanced ini tial fear conditioning produced a greater "fear loud" that the PTSD 
patients had Lo exlingwsh. This increased fear responding is also associated with 
speci fie symptom clusters of PTSD, re-experiencing (Glover et aL 20 L L ). indicating 
this paradigm likely probes neural mechanisms of trauma memory. 

Not all studies have fouod evidente for delay of fear extinction learn ing in 
PTSD. Mjlad et al. (2008) found e4ual levels of exlinclion performance, as mea­
sured by elecl1odermul response, in combat-related PTSD compared to combat­
exposed monozygotic twins without PTSD and controls . However. the PTSD twins 
failed to recall this fear extinction learning when tested 24 h later. These resulrs 
suggest 1hat PTSD is not associmed with a fear extinction learning deficit, but rather 
a fear extinction memory deficit. Further, this clericil appears t.o be an acquired sign 
of PTSD rather than an inherited tra.it. TI1is difference io within-session learning 
results across these studies may be due to the physiological measures of fear used, 
startle versus skin conductance. The higher magnitude of the stait le response to lhe 
conditioned cue in PTSD patients is providing a behavioral window to detecl 
reduced/delayed extinction wi1hin session, which is not detectable via skin con~ 
ductance responses (Glover et al. 2011). T aken together, these data suggest overall 
lhat there is higher fear responding io PTSD patients. which subsequently takes 
longer to extinguish fully and is less likely to be fully extingui shed upon retesting. 
Additional research will be needed to determine the Lime point at which extinctiou 
deficits may occur, the most effective method for capturing such deficits, and the 
specific role these deficits play in PTSD symptomatology. 

Summary of Psyc/lophysiological Markers of PTSD-relevant C011struc(s: Psy­
chophysiological markers have emerged as critical measures of unbiased fear 
responding to understand fear and anxiety domains disrupted in PTSD. These 

markers provide quantifiable assessments of autonomic processes that may not be 
adequately probed by self-report. They have been critical behavioral measures that 
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complement studies of the neural circuits underlying PTSD pathology, such as 
cortico-hippocampal- amygdala circuit functjon (Qui rk et al. 2006), that can be 
translated across species for further study of causal factors for PTSD symptoms or 
PTSD risk . TI1e intriguing preliminary evidence for safety signal learning to be 
dismpted specificaliy in PTSD versus depression patients may indicate this is a 
potential "biornarker" of PTSD, but needs further research and replication . Extinc­
tion has shown to be impaired in a number of nemopsychiatric disorders as well as 
PTSD, including obsessive-compulsive disorder anc.l schizophrenia (Holt et al. 
2009; Milad et al. 20 13), suggesting that extinction learning may probe common 
pathological circuits across these disorders. lmpai.rment in these processes is further 
supported by imaging research hawing impaired function and structure of the 
ventromedial prefrontal/orbitofrontal co1tex in PTSD subjects, which are structures 
known to be central to fear extinction learning and memory (Shin et al. 2006). 
Recent research suggests involvement of these areas in safety signal learning as well 
(Jovanovic et al. 20 13). Finally, more recently , these paradigms have been utilized in 
healthy controls or PTSD patients to serve as proof of concept tests for novel 
treatments for fear-related disorders such as PTSD, with recent or ongoing tests of 
cannabinoid a,gonjsts (Rabinak et al. 20 l3), oxytocin (Acheson et al. 20 13), glu­
cocorticoids (de Quervain et al. 20 l J ), and dopamine agonists (Haaker et al. 2013), 
among others. It remains to be determined how predictive these paradigms will be 
for treatment efficacy; however, this is an exciting avenue for PTSD drug discovery. 

4 Psychophysiological Markers of Risk for Developing 
PTSD Following Trauma 

Trait Markers: Given that elevated physiological reactivity is a common finding in 
those with current PTSD, researchers have explored the possibility that this elevated 
reactivity might serve as a marker of risk prior to or immediately fo llowing the 
traumatic experience. Several studies examined the relationship between HR shottly 
following trauma and later development of PTSD and found that elevated HR 
following trauma predicted development of PTSD symptoms (Bryant et al. 2000; 
Kassam-Adams et al. 2005; Shalev et al. 1998; Zatzick et al. 2005; Kuhn et al. 
2006: Gould et al. 2011). Though numerous exceptions have been reported 
(Blanchard et al. 2002; Buckley et a l. 2004; Ehiing et al. 2008; Roi tman et al. 2013; 
Price et al. 2014). Jn a related study, Suendermann et al. (20 10) found that HR 
response to trauma-relaled images in motor vehicle accident survivors L month after 
trauma predicted PTSD severity at 6 months after trauma. The incoo. istency in 
these findings may be due to the fact that cardiovascular activity assessed imme­
diately post-trauma in the ambulance or emergency department may be subject to 
too many contextual variables, methodological inconsistencies, or ceiling effects 
that may limit reproducibility of findings. Newer technology allowing for ambu­
latory monitoring in the days following trauma (see below) may prove more useful 
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in determining at which time points and under what circumstances post-trauma HR 
may be most predictive of future PTSD. 

While these studies of peri-traumatic HR suggest potential clinical ulility as a 
marker of risk in traumatized individuals, they tell us little about who might be at iisk 
for trauma before the event happens- Toward answering this question, Pitman el al. 
(2006) examined HR responses to a series of loud tones in Vietnam veterans with 
PTSD and their non-combat-exposed monozygotic twins. Only the twin with PTSD 
showed elevated HR response relative to combat-exposed veterans without PTSD 
and their non-exposed twins, suggesting that elevated HR response is an acquii:ed 
sign of PTSD rather than a risk factor. However, further longitudinal studi es where 
HR response is measured prior co trauma will be necessary to definitively rule out 
HR as a prospective marker of 1isk for PTSD. Pole el al. (2009) measmed a number 
of physiological indices (startle, electrodermal response, HR) in response to startling 
tones under conditions of varying contextual threat (low, medium, and high threat of 
electrical shock) in new police academy cadets. These cadets were then later 
assessed for PTSD symptoms following one year of police work. They found that 
elevated scmtle measured by eyeblink EMG (with approp1iate sampling rate), ele­
vated electrodermal respouse, and slower habituaLion or the electrodermal response 
predicted PTSD symptom severity, but that HR response did not. Further, the 
associations between physiological reactiv ity and PTSD severity varied :is a con­
dition of the contextual threat: Greater electrodermul response was associated with 
PTSD symptom severity under low and high threat, and eyeblink EMG under 
mediuru threat was associated with symptom severity. These findings support the 
hypothesis that increased physiological reactivity to threat may be a useful marker 
for understaadi.ng biological mechanisms of PTSD ri sk. 

Markers of Fear and Anxiety Constructs: Little is known about how abnor­
malities in safety learning and fear extinction may [unction as preexisting markers 
of risk for PTSD. A recent study found that impai1-ed ability to inhibit fear­
potentiated startle responding in the presence of a safety cue was associated with 
PTSD symptoms 2 and 9 months after combat-related trauma (Sijbrandij et al. 
2013). These findings suggest that impaired safety signal learning may be impor1mll 
in predicting the maintenance of PTSD symptoms over time. It is not clear. how­
ever, whether reductions in safety signal learning predict PTSD prospectively. 
Investigators have also begun to look at impafred fear extinction processes as risk 
factors for developing PTSD following trauma. A twin study of combat-related 
PTSD by Milad et al. (2008) suggested that reduced reca ll of fear extinction 
memory is an acquired sign of PTSD rather than a preexisting risk factor. Guthrie 
and Bryant (2006) examined initial fear ex.tjnction learning of an aversively con­
ditioned corrugator EMG response in a sample of firefighter trainees. They found 
that slower extinction while in training predicted PTSD severity after later exposure 
to trauma. Lommen et al. (2013) showed similar effects in a sample of Dutch 
combat veterans, though they only assessed explicit contingency awareness rather 
than physiological response. Further prospective-longitudinal studies assessing 
both habituation and extinction prior to trauma are needed to confirm whether or not 
these are robust markers of PTSD risk. 
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Summary of Risk Markers: While peri -traumatic physiological response may 
provide some information regarding who is at risk for developing chronic PTSD, 
more research is needed to solidify the extant findings and to link elevated phys­
iology foUowing trauma to specific biological changes tlnderlying chronic di$order. 
Much less is known about using physiological markers Lo predict ri sk for PTSD 
prior to traumatic experience. though the result s of Pole et a l. (2009) provide 
promising avenues for future research in this area and suggesL Lhe possibility of 
achieving superior prediction by Lhe integration of multiple psychophy 'iological 
domains into a single marker for risk. Knowing who is at risk for PTSD prior to 
trauma may have utility for screening of soldiers and first responders uch as 
firefighters and police officers. JdentificaLion of pretrauma risk factors that are 
modiiiable can inform prevention ef.fo1ts in these and other populalions at high risk 
for trauma exposure and may also point toward fruitfu l targets for novel treatment 
efforts. 

5 Future Areas of Application for Psychophysiological 
Research 

Psychoph.ysiological Markers of Treatment Response: Beyond serving as markers 
of PTSD state 0 1· risk for developing the djsorder, psychophysiological outcomes 
may have potential to provide objective markers of treatment response. This utility 
is particularly relevant as the N1MH now requires treatment studies to include 
biological and/or physiological markers along with standard symptom sc<.-tles. To 
date, however, relatively few studies have made u e of physio logical outcome 
measures. To our knowledge, there are no reports of psychophysiological responses 
iJl PTSD patients during standard pharmacotherapies, e.g., serotonin reuptake 
inhibitors. Two recent studies using psychotherapy have included physiological 
markers. Robinson-Andrew et al. (2C) 14) assessed potentiated startle respond ing iJl 
the presence of trauma-related visuaJ cues in a small number of combat veterans 
with PTSD before, during, and after either prolonged exposure or "present-centered 
therapy" treatment. Treatment responders showed a dynamic pattern of increasing 
and then decreasing startle potenti ation across treatment, while non-responders did 
not change. In another recent study, Rothbuum el aL (20 I 4) compared the effects of 
d-cycloserine. alprazolam, and placebo on response to 5 sessions of prolonged 
exposure therapy for PTSD. Outcomes consisted of both self-reported diagnostic 
assessments as well as potentiated startle response to trauma-related images. The 
patients receiving d-cycloserine showed significantly lower stanle poleDtiation 
post-treatment, and magni tude of startle reduction was associated with self-reported 
treatment response in this group only. However, groups did not differ on self­
reported response to the treatment overal I. There is no research yet on treatment 
effects on PTSD-related constructs of fear extinction or safety signal learning. 
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One earlier area of study where psychophysiological outcomes appeared 
promising was in predi cting potential prophylactic efficacy o f p ropranolol, a beta­
a<lrenergic receptor antagonist. Pitman et al. (2002) 01iginally showed that 
propranolol given immediately afler trauma reduced physiological arousal (HR, 
electrodermal response. facial EMG) to sc1ipt-driven traumatic imagery 3 months 
later, as well as showi ng a nonsignjficaot trend toward reduced PTSD symptom 
severity 1 month following trauma. In a larger study, Hoge et a l. (20 12) showed 
mixed resuJts when propranolol or placebo was given to emergency department 
patients for 19 days following trauma. In "high-medication adherence" subjects, 
those who took the acti ve drug showed redaced physiological reactivity to traumu 
imagery across three domains (electrodermal response, HR, lateral frontalis EMG) 
at 1 month following trauma relative to those who received placebo. However, this 
difference was not found at 3 months post-trauma, nor was there an effect of 
treatment on PTSD symptoms. Gi ven the very mixed literature for treatment effi­
cacy of propranolol as a prophylactic treatment for PTSD (Vaiva et al . 2003; Stein 
et a l. 2007~ McGhee et al. 2009). the predictive validity of psychophysiological 
measures for propranolol prevention of PTSD symptoms is inconclusive. Current 
i; tudies have now shifted to examination of propra11olol e ffects on memory recon" 
solidation in PTSD patients (www.clinicallri aL'<.gov). based in part on recent 
findings that propranolol given immediately after reactivation of the trauma 
memory via script preparation reduces physiological respondjng to the same script 
one week later (Brunet et al. 2009). 

Psychophysiological outcomes have also seen limited use in studies investigatiJ1g 
potential novel treatments. Jovanovic et al. ('.20 I l ) showed that dexamethasone 
treatment reduces fear-potentiated sta11Ie in PTSD patients, suggesting that this 
treatment could reduce physiological symptoms of fear in these patients. Tbese 
results provide prel iminary support for the predictive validity of fear-potentiated 
startle in PTSD, since glucocorticoid agooists may reduce PTSD symptoms (Aerni 
et al. 2004; Steckler and Risbrough 20 12). An ongoing study is also assessing the 
efficacy of corticotropin-releasing factor receptor antagoni st treatment on both PTSD 
symptoms a1)d fear-potentiated startle (Dunlop et a l. 20 14). We expect that more 
studies will utilize this complementary approach of physiological and self-report 
measures to assess treatment efficacy in the future. 

Overall, psychophysiological outcomes have not been utrnzed in u·eatment 
studies and thus remain largely untested for sensitivity to tre<::.Lmeot effects for PTSD. 
An important caveat is that some studies have shown a pattern of treatment-induced 
reductions in psychophysiological arousal, but not in self-reported PTSD symptom 
severity. This pattern of findings suggests several possibilities. First, psychophysi­
ological alterations may not be powerful enough to generali ze into symptom change 
per se (e.g., Hoge et al. 20I2). Second. psychophysiologicaJ alterations may be one 
of the several potential mechanisms of change occurring within the same treatment 
protocol (e.g .. Rothbaum et al. 20 14). These conclusions suggest that psycho­
pbysiological assessment may be used as an objective marker o f treatment response 
and have utility in elucidating mechanism/process of change that may vary across 
subjects being treated with the same protocol. Further, psychophysiological 
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assessment may have utility for understanding which patients may benefit from 
among several treatment modalities aimed at the same overt condi tion (Aikens et al. 
20 11). More research is required before thi s approach can be consjdered a realistic 
possibility in the near tenn. 

Consideration of Mild Traumaric Brain lnjwy (mTBJ) in. Psychophysiological 
lnvestigmions of Trauma-related Pa1hology: Many of the traumatic experiences that 
might resull in development of PTSD (motor vehicle accident. physical assaul4 
combat) also involve potential fo r physical harm. The large numbers of blast-related 
injuries coming out of the wars in Iraq and Afghanistan (Hoge et al. 2008) have 
brought into recent focus the potential relationship between mTBI and PTSD. A 
prospecti ve study of service members deployed in these conflic ts suggests a SITong 
association between deployment-related mTBl and post-deployment PTSD symp­
toms (Yurgil et al. 2014). These findings suggest that mTBI may need to be con­
sidered as an important factor in assessing psychophysiological outcomes in PTSD, 
similar to its potential e fTecLS on neurocognitive symptoms in PTSD (Vasterling et al. 
2009, 2012). Lin1e resenrc;h has been conducted on how mTBI affects the physio­
logical markers discussed here, with the exception of HRV. HRV is reduced in some 
TBl patients. with alterations related to time s ince injury and injury severity (Keren 
e t al . 2005; Bagtl ley et a l. 2006). One study in active duty marines with PTSD 
suggests that HRV is reduced in PTSD subjects even when controlling fo r TBJ 
although TBI was also independently associated with reduced HRV (Minass ian et al. 
2014). Willi amson et al. (20 l 3) have suggested that in cases of mTBJ-induced 
damage to white matter tmcts in volved in emotional behavior (e.g .. uncinate 
fasciculus and the anterior limb of r.he internal capsule) may cause disruption of top­
down control of autonomic nervous system activity reflected in psychophysiological 
measurements . These fonns of disruption could also expJajn the higher risk for 
development of PTSD in individuals exhibiting mTBT (Yurgil et al . 20 14). Inter­
estingly. recent animal studies have also supported that mild TBI could result in 
sensitization of fear learning processes (HeJdt et aJ. 20 14). Thus, mTB r should be 
carefully considered in future assessments of PTSD-related physiology, patticularly 
in abnormalities of cortical-mediated inhjbitory processes and fear learning con­
structs, to understand its modulating or mediating role in psychophys iological 
abnormalities in PTSD. 

Wearable Physiological Monitoring Tec'111ology: Although the specific physio­
logical abnormalities linked to trauma symptoms are becoming more c1'!ar as 
reviewed above. one of the next steps for U1e field is to detennine whether these 
measures can translate to clinical applications, such as prediction of ~ymptom 
development, symptom class. and/or treatment response. Moving these measures to 
clinical applications faces s ignificant hurdles, one of which is the development of 
more usable devices that are not dependent on narrow laboratory-specific parameters 
or expensive and complicated hardware. One potential area for psychophysiology 
variables in mental health in the future is use of ••wearable" devices in subjects that 
have experienced, or at 1isk for, trauma (Darwish and Hassanien 2011). 
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There is a strong push both in privaLe and academic medical sectori:; lo imple­
ment wearable devices for a host of medical purposes including diabetes. cardio­
vascular djsease management, cognitive therapy aids, and other lifestyle aids for 
better wellness. Predictive psychopbysiological variables relevanL to PTSD phe­
notypes that may be conducive to wearable technology are measures of physical 
acLiviLy via accelerometers (e.g .. Fukukawa el al. 2004), sleep (Suzuki et al. 2014), 
skin conductru1ce (Rajan el al. 20 12), HR and HRV (Billeci et al. 2014), EMG 
(Grenier et aJ. 20J2), and EEG (Zao et al. 2014). The development of these wea­
rables wiU enable assessment of dynamks of physiology in naturalist setlings, at 
rest (i.e., sleep) as well as during stress. These devices may help answer the 
question of which physiological variable, or combina1ion of vaLiables. might be 
able to predjct development of PTSD symptoms after trauma exposure (e.g., aftet 
discharge from the ER/hospital). A.nother questjon is if physiological markers are 
sensitive to treatment, and when in the recovery process does lhis happen (i.e., 
could lhese markers serve as early predictors of ti-eatment response?). Many of 
these variables are not "static." for example, longer-term assessment of sleep var­
iance across multiple nights will enable a much more comprehensive picture than 
can feasibly be obtained in laboratory settiugs. Similarly, HRV over long time 
periods will provide greater fidelity in the assessment of cardjovascular changes 
after trauma. Some wearable devices may also be utilized in "at-risk" populations, 
such as rescue service and militcu·y personnel , to develop algorithms of risk based 
on physiological response and recovery after trauma exposure. This approach is 
currently being examined in the milite:U)' (Tharion et al. 20 l3). However, a number 
of hurdles must be considered in terms of feasibility/practicality of the technology, 
the data quality, storage capacity, and of course the ethical component of resulting 
data being used or stored improperly . 

One example of current status of technology is assessment of continuous HR. 
HRV can now be obtained via sophisticated wearable devices (e.g., pulse oximeter 
introduced into a wrist watch) over long periods of time with little burden ro the 
subject. However, technicuJ challenges must be addressed, including the high 
sampling rate needed for HRV assessments that can produce power and data storage 
limitations for continuous monitoring. Data quality is also affected significantly by 
movement artifact for many uf these devices. Thus. despite significant promise. 
many technical limitations must be addressed before these devices will produce 
reliable physiological assessments for utility in prediction and intervention. 

6 Conclusion 

As discussed above, there are now a number of well-validated physiological phe­
notypes that a.re reliable across multiple studies/laboratories, including increased and 
poorly inrubited physiological responses to threat (electrodermal and EMG), as well 
as altered HRV. We are just now beginning to understand the-Se measures in ::!larger 
context of symptom domains, as well as comorbid symproros (depression. TBJ, etc.)_ 
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Much more work is needed, however, to refine these phenolypes in terms of specific 
associaLions witb PTSD symptoms versus other anxiety disorders and comorbicl 
symptoms (depression, TBI) . Impo11anlly, many of these phenotypes are now well 
mapped to circuitry that supports translational research across species for mecha­
nisms wiving these pheuotypes, which will support development of novel treatment 
targets. To this end. psychophysiological measures are increasingly being used as 
complementary measures for integration with both self-repo1t and other biological 
assessments (e.g., blood-based or genelic maLkers). We expect much more research 
in the years to come with these tools for objective assessment of treatment outcome. 
Final ly, in the long term, wearable technology cou ld accelerate the feasibility of 
these markers as tools to identify risk and symptom development in clinical settings. 
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Summary: The etiology of post-traumatic stress disorder (PTSD) likely involves the interaction of 
numerous genes and environmental factors. Similarly, gene-expression levels in peripheral blood 
are influenced by both genes and environment, and expression levels of many genes show good 
correspondence between peripheral blood and brain tissues. In that context, this pilot study 
sought to test the following hypotheses: (1) post-trauma expression levels of a gene subset in 
peripheral blood would differ between Marines with and without PTSD; (2) a diagnostic biomarker 
panel of PTSD among high· risk individuals could be developed based on gene-expression in readily 
assessable peripheral blood cells; and (3) a diagnostic panel based on expression of individual 
exons would surpass the accuracy of a model based on expression of full-length gene transcripts. 
Gene-expression levels in peripheral blood samples from 50 U.S. Marines (25 PTSD cases and 
25 non·PTSD comparison subjects) were determined by microarray following Cheir return from 
deployment to war-zones in Iraq or Afghanistan. The original sample was carved into training and 
test subsets for construction of support vector machine classifiers. The panel of peripheral blood 
biomarkers achieved 80% prediction accuracy in the test subset based on the expression of just 
two full-length t ranscripts (GSTM 1 and GSTM2). A biomarker panel based on 20 exon.s attained 
an improved 90% accuracy in the test subset. Though further refinement and replication or 
these b!ornarker profiles are required , these preliminary results provide proof-of-principle for the 
diagnostic utility of blood·based mRNA·expression in PTSD among trauma-exposed individuals. 

© 2014 Elsevier Ltd. All rights reserved. 

1. Introduction 

Post-traumatic stress disorder (PTSD) is a severe anxiety syn· 
drome that is currently diagnosed based on the emergence 
and persistence of core clinical symptoms including hyper· 
arousal, re-experiencing, avoidance, or emotional numbing 
for a period greater than one month. Early psychosocial 
intervention after stress exposure may help reduce some 
of the symptoms and prevent the development of chronic 
PTSD (Litz et al., 2002). However, many individuals initially 
presenting with PTSD·like symptoms recover spontaneously 
and do not develop chronic PTSD (Mcf arlane , 1997). Thus, 
identifying which individuals will benefit most from early 
intervention cah be challenging. Despite possible bene­
fits of early interventfon and a growing knowledge of the 
pathophysiology accompanying PTSD, a readily assessable 
diagnostic biomarker for PTSD has yet to be validated. 

Classical descriptions of PTSD pathophysiology have 
included dysregulation of the hypothalamic-pituitary· 
adrenal (HPA) axis, but a specific pattern of dysregulation is 
not consistently observed across studies, Similarly, height· 
ened inflammatory signaling has been reported in some (but 
not all) contexts (Baker e t al., 2012b). Some have proposed 
a model of insufficient regulation of inflammatory signaling 
(Heinzelmann and Gill, 201 3). Yet, there is an apparent 
paradox; i.e.~ the observation that peripheral blood mono­
nuclear cells (PBMCs) from PTSD patients show increased 
sensitivity to glucocorticoid-mediated suppression of an in ­
situ inflammatory response (van Zuiden et al.. 2012b). 

There is considerable evidence that genetic effects, envi ­
ronmental influences, and their interaction play a role in 
the development of PTSD (Afifi e t a l. , 2010; Koenen e t a l. , 
2009~ True e t a l. , 1993). There is a well-established body 
of clinical literature supporting a link between early life 
events, previous exposure to traumatic stress, and other 

psychosocial factors with the development of PTSD (Brewin 
et al.. 2000; Ozer et al. , 2003; DiGangi e t al. . 2013). Many 
biological investigations of PTSD have focused on the HPA 
axis and glucocorticoid receptor (GR) signaling pathways. 
In a cross-sectional study, Binder et al. (2008) identified an 
interaction between chlld abuse history and genetfc poly­
morphisms in FKBP5 (a negative regulator of GR sensitivity) 
in predicting adult PTSD symptomology among a sample of 
non-psychiatric medical clinic patients. Mehta et al. (1011) 
described the a5sociation between genetic polymorphisms in 
FKBP5 and dysregulated neuroendocrine profiles described 
in PTSD. van Zuiden et al. (2012a) provided evidence that 
increased GR density is a pre-trauma risk factor for the 
development of PTSD arid that dysregulation of GR density 
may be associated with an interaction between polymor­
phisms in the GR gene and concomitant early life stress. 
Another line of research suggests that genetic variants in 
corticotropin-releasihg honnone type 1 receptor (CRHR1) 
are a risk factor for PTSD in children who were abused at 
an early age (G illespie et al., 2009). PTSD is thus thought to 
be a disorder whose development is influenced by multiple 
genetic and environmental effects that establish a suscep· 
tible biological state; this vulnerability may be reflected in 
gene-expression signatures. 

In light of the less-than-absolute heritability of PTSD 
and the promfnent role of environmental factors, the pur­
suit of static genetic markers alone (e.g. , single nucleotide 
polymorphisms and copy-number variations) likely will not 
yield a suitable diagnostic biomarker. Gene-expression (i. e. , 
mRNA) levels, which potentially reflect the effects of both 
heredfty and environment, may be better indicators of the 
aberrant biology underlying PTSD. PTSD clearly isa brain dis­
order, but assaying gene-expression levels - either acutely 
or longitudinally - in the brains of living human subjects 
at risk for PTSD is impossible. Yet, peripheral blood expres­
sion levels of many genes are moderately correlated with 



474 

the expression levels of those genes in other tissues, includ­
ing postmortem brain (Tylee et al., 2013) suggesting the 
possibility that peripheral blood gene-expression can be 
harnessed to construct useful profiles of brain disorders. Pre­
vious work by our group and by others has demonstrated 
that peripheral blood gene-expression provides a useful 
biomarker signal tor a number of neuropsychiatric disor­
ders, including schizophrenia, bipolar disorder, and autism 
spectrum disorders (Glatt et al.. 2009, 2005; Tsuang et al., 
2005). 

In the context of PTSD, several prior studies identi ­
fied differences in peripheral blood gene-expression levels 
between individuals with PTSD and similarly exposed com­
parison subjects without PTSD (Neylan et al. . 201 t; Segman 
et al.. 2005; Yehuda et al., 2009; l.ieker et al. , 2007) (see 
Glatt et al., 2013 for a brief review of these studies). Taken 
together, these studies suggest that PTSD is associated with 
alterations in peripheral blood gene transcripts thought to 
play a role in HPA axis function, glucocorticoid signaling, 
immune and inflammatory signaling, and metabolism of 
reactive oxygen species. Consolidating this evidence with 
the results from a large body of epidemiologic, genomic, 
and neurobiological studies of the disorder (e.3., Uddin 
et al., 2010) led us to recently propose a theory of PTSD 
predicated on dysregulation of immune and inflammatory 
processes in general, and cellular immunity in particular 
(Baker et al., 1012b). We maintain that a variety of specific 
genetic factors and environmental influences may play a role 
in producing this dysregulated immune and inflammatory 
phenotype within different individuals. For this reason. we 
propose that a blood-based diagnostic biomarker calibrated 
to detect commonly-dysregulated immune and inflamma­
tory transcripts may ultimately provide the best sensitivity 
for detecting PTSD within a clinical sample. Our previous 
work in this domain supports this hypothesis and further 
proposes that pre-existing dysregulation of immune and 
inflammatory processes may dispose individuals to develop 
PTSD at some future time, following exposure to trau­
matic stress (Glatt et al., 201 3). Another recent publication, 
examining a large group of Marine Resiliency Study subjects 
across multiple cohorts, provided strong evidence that pre­
deployment inflammation levels, assessed via measurement 
of plasma C-reactive protein level, were a strong positive 
predictor for the development of post-deployment PTSD 
after controlling for other risk factors (Eraly et al., 2014). 

In the context of this prior work, we report here 
the results of a pilot study examining transcriptome-wide 
expression -profiling of pre- and post-exposure peripheral 
blood samples from individuals with uniquely elevated rates 
of trauma exposure and PTSD development: participants 
i'n the Marine Resiliency Study (MRS) following return from 
active war zones in Iraq or Afghanistan, as part of an ongo­
ing longitudinal investigation (Baker et al. , 2012a). The 
objectives of this pilot study were to evaluate the follow­
ing hypotheses: (1) post-trauma expression levels of some 
genes in peripheral blood cells would differ between Marines 
with PTSD and matched comparison subjects; (2) a readily 
assessable, predictive biomarker panel of the PTSD diag­
nostic status could be developed based on gene-expression 
levels in peripheral blood cells; and (3) a diagnostic panel 
based on the expression of individual exons would sur­
pass the accuracy of a model based on the expression of 
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full -length transcripts of genes. We interpret the results 
of these analyses in two contexts: (1) as a means of 
identifying biological functions, processes, pathways , and 
protein domains whose genomic dysregulation may indicate 
or influence the development of the disorder; and (2) as 
an approach to the construction of classifiers that might 
ultimately assist in the clinica\ diagnosis of PTSD in such 
populations. 

2. Methods 

2. 1. Ascertainment and clinical characte rization 
of subjects 

The M.RS is a prospective study of factors predictive of 
PTSD among ·approximately 2,600 Marines in four battal­
ions deployed to Iraq or Afghanistan. The research tea1TI 
conducted structured clinical interviews on Marine bases 
and collected blood samples and data at four time pointsi 
pre·deptoyment, and 1-week, 3-months, and 6-months post­
deployment. Measures collected, including those used in this 
study, have been described in detail previously (Baker et al . • 
2012a). 

The principal exclusion criteria were identical to those 
used for the pre-deployment gene-expression studies (Glatt 
et al .. 2013). Subjects were excluded if they showed 
clinically significant PTSD prior to deployment, manifesting 
in: 1) a pre-deployment PTSD Checklist (PCL) score >44; 
and/or 2) a pre-deployment diagnosis of PTSD based on the 
Clinician-Administered PTSD Scale (CAPS). PTSD cases were 
identified as those subjects who were issued a CAPS-based 
PTSD diagnosis at 3- and/or 6-months post-deployment. 
Unaffected comparison subjects were identified as those 
subjects who, at no time, attained a PCL score >44 and who 
were not issued a CAPS-based PTSD diagnosis at any post­
deployment interview. Among subjects who were included 
in the full MRS sample and assigned to case or comparison 
groups based on these criteria, we then selected for anal­
ysis 25 male PTSD cases and 25 male comparison subjects 
based on similar demographics, pre-deployment clinical 
characteristics, deployment history, and levels of trauma 
exposure as determined from the cornbat and post-battle 
experiences subscales of the deployment risk and resilience 
inventory (DRRI). The group of subjects selected for this 
study largely overlapped with those featured in our previous 
study of pre-deployment gene-expression (Glatt et al.. 
2013); 24 of the 25 PTSD cases and 23 of the 25 comparison 
subjects within the present study were also featured in 
the pre-deployment study. The demographic, clinical, 
and combat-experiential characteristics of the subjects 
are shown in Table 1. The two groups were comparable 
on all demographic and combat-experiential variables. 
Within both the case and comparison groups, 50% of the 
subjects had previously been deployed on at least one 
occasion and the average number of previous deployments 
was not significantly different between the two groups. 
Although no subject met diagnostic threshold for PTSD at 
pre-deployment as determined by either clinician ratings 
on the CAPS or self-ratings on the PCL, the eventual PTSD 
cases did have significantly higher clinician ratings on the 
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Table 1 Demographic, clinical, and experiential characteristics of PTSD cases and non-PTSD comparison subjects. 

PTSD cases Comparison subjects p 

Sample size: n 25 25 
Age: 22.4 ± 3.1 11.9 .1 3.1 0.576 
Previously deployed: n (%) 13 (52.0) 13 (52.0) 1.000 
Ancestry; caucasian n (%) 17 (68.0) 19 (76.0) 0.754 
Cohort n (%): 1 3 (12.0) 5 (20.0) 0.721 
2 8 (32.2) 8 (32.2) 
3 14 (56.0) '12 (48.0) 
DRRI combat experiences 18.5 ± 13.0 19.3 ± 14.8 0.846 
DRRI post-battle experiences 7.25 ± 4.5 8.0± 4.5 0.518 
CAPS pre-deployment '22.4 J. 118 14.0± 8.7 0.006" 
CAPS 3-months post-deployment 62 .8 ± 19.0 11.8 ± 10.8 <O.OOf 
PCL pre-deployment 24.3 ± 6.S 22.8 ± 3.4 0.330 
PCL 1-week post-deployment 42.9 ± 17.2 23.0 ± 5.2 <O.OOf 
PCL 3·months post-deployment 49.0 ± 12.4 21 .6 ± 6.1 <0.00f 
PCL 6-months post-deployment 39.3 ± 15.0 19.8 ± 2.4 <0.001' 

Notes: (1) demographic characteristics of each sample are reported as mean ± s.d. unless otherwise noted. (2) Sample means and 
proportions were compared using independent samples t·tests and chi-square tests. respectively. (3) p-Values <.05 are indicated with' . 

CAPS at pre-deployment, Whereas no significant difference 
in pre-deployment self-ratings on the PCL were observed 

2.2. mRNA sample acquisition, stabilization, 
isolation, and storage 

Close collaboration with the Marine Corps and the Navy, 
which provides health support for the Marine Corps, enabled 
comprehensive on-site data collection. Clinical interviews 
and sample blood draw (10ml) were both performed within 
4 h of each other on the same day, 3 months after return 
from deployment. Specific methods for stabilization, isola· 
tion and storage of mRNA samples were described previously 
(Glatt et al. , 1013). 

2.3 . mRNA quantitation , quality control, and 
hybridization 

Specific methods employed for mRNA sample quantitation 
and quality control assessment were also described previ· 
ously (Glatt et al., 2013). The quantity and purity of mRNA 
in each of the 50 samples were sufficient for microarray 
hybridization assay. Two batches of 25 samples each (bal· 
anced With PTSD cases and controls) were then assayed 
on GeneChip"' Human Exon 1.0 ST Arrays (Affymetrix, Inc.; 
Santa Clara, CA, USA) per the ''Whole Transcript Sense Tar­
get Labeling Assay" protocol (Affymetrix. 2006 ) using 1 p.g 
of total RNA from each sample. 

2.4. Microarray data import, normalization, 
transformation , su mmarization, and quality contro l 

Partek® Genomics Suite software, version 6.6~ 2012 (Partek 
Incorporated; St. Louis, MO) , was utilized for all analytic 
procedures performed on microarray scan data. lnterrogat· 
ing probes were imported, and corrections for background 
signal were applied using the robust multi-array average 

(RMA) method (I rizarry et al., 2003), with additional cor­
rections applied for the GC-content of probes. The set of 
GeneChips was standardized using quantile normalization 
and expression levels of each probe underwent log·2 trans· 
formation to yield distributions of data that more closely 
approximated normality. As most genes were measured by 
multiple probe sets (typically one probe set per exon, but 
sometimes more), summarization of probes took place at 
two levels: first , probes tagging the same exon were sum­
marized by median polish to arrive at one expression value 
per exon; second, exons tagging the same gene were sum· 
marized by median polish to arrive at one expression value 
per gene. All probesets were expressed with a signal:noise 
ratio :::3; thus, no probesets were excluded from analy· 
ses of differential expression. A total of 257, 106 probesets 
were analyzed, mapping to 28,536 whole t ranscripts and 
253 ,002 exons. Unsupervised clustering of subjects revealed 
no evidence of batch effects based on scan date. Principal 
Components Analysis (PCA) of the 50 post-deployment data 
points identified no outliers; all 50 subjects' data were well 
Within the four-SD ellipsoid on each of the first three PCA 
dimensions, and deviation among redundant probes located 
within the same chip was Low. 

2. 5. Microarray d ata a nalyses 

Four independent sets of analyses were performed on the 
microarray data, as described below. For analyses of covari­
ance (ANVOCAs), nominal uncorrected p-value thresholds 
were selected in order to generate reasonably sized lists of 
differentially expressed genes and exons for biological anno­
tation analysis and machine learning classifter construction. 

2. 5. 1. Identification of differentially expressed genes 
and their associated biological terms 
We utilized ANVOCAs to determine Which full-Length 
genetic transcripts were differentially expressed at post· 
deployment in peripheral blood cells betwee n PTSD cases 
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(n =< 25) and comparison subjects (n=25). We performed 
28,536 ANCOVAs to assess each gene's expression level as a 
function or PTSD status (case or control), deployment cohort 
(three levels corresponding to three battalions deployed at 
different times), age. ancestry (dichotomized as Caucasian 
or not , as most subjects were Caucasian), and prior deploy­
ment status (first or subsequent deployment). 

Family-wise Bonferroni·correction was applied to the 
ANCOVA p·values to determine whether any genes reached 
a genome-wide level of significance. To generate a rela­
t ively large candidate-gene list for functional profiling and 
construction of classifiers, we utilized an uncorrected type­
l·error rate for diagnosis in these analyses at 0.01. We then 
reduced the dimensionality of the resulting list of candidate 
biomarkers through analysis of annotation-enrichment using 
the DAVID algorithm (Denn1s et al., 2003) to determine if 
the gene list disproportionately represented any biological 
"terms". Details of the enrichment analysis are described 
previously (Glatt e t al .. 2013 ). Bonferroni-correction was 
applied to the· p·values obtained in the enrichment analyses 
of these annotation terms. 

Pearson correlations were examined between each gene 
and the summed score from both DRRI subscales (Combat 
Experience Scale and Post-Battle Experience Scale), first 
within the PTSD group, and separately within the comparison 
group, in order to identify genes whose expression level var­
ied with the degree of combat stress exposure. Family-wise 
Bonferonni and FDR q-values were used to correct for mul­
tiple observations. Among PTSD cases, the genes associated 
with the 200 most significant correlations were analyzed for 
biological annotations enrichment using DAVID. 

2. 5. 2. Discovery and replication of gene-based 
diagnostic predktors 
We utilized a machine-learning technique (support vec­
tor machine, SVM) to construct, evaluate, optimize, and 
cross-validate classification algorithms predicting PTSD sta­
tus based on gene-expression levels at post-deployment 
for a craining subset of our full sample. Training (n = 40) 
and validation (n = 10) subsets (distinct from those utilized 
1n Glatt et al. (2013)) were carved from the full sample 
usfng pseudo-random selection in order to preserve a simi­
lar' distributions of diagnostic status, demographic features 
(age, ancestry), and covariate values (deployment cohort, 
prior deployments) for both subsets. All analyses for clas­
sifier construction were carried out in the training subset 
and completely independent from the test subset. Using 
the same panel of factors and covariates described above, 
28.536 ANCOVAs were performed; we generated a large list 
of candidate genes based on a nominally-selected uncor­
rected p < 0.01. The probes on this list were then supplied 
as potential predictors in an SVM, as various model parame­
ters and predictor combinations were evaluated to identify 
the model with the highest accuracy in identifying cases 
and comparison subjects based solely on the expression 
levels of a minimal gene set identified by shrinking cen 
troids after two-level nested 10-fold cross-validation. The 
top-performing model was then deployed on the test sub­
set (5 cases and S comparison subjects) to determine its 
generalizability in accurately predict ing case status based 
on gene·expression levels. (The 10 subjects used for model 
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validation were not significantly different from those in the 
training set in terms of demographic, gene-expression QC, 
experiential, or climcal factors; data not shown.) 

2.5.3. Identification of differentially expressed exons 
and their associated biological terms 
Within the full sample (n = 50), we examined exon­
expression levels utilizing 22,204 ANCOVAs lo identify 
putative altemative splicing differences between individ· 
uals with PTSD and comparison subjects. The same factors 
evaluated in gene-based analyses (PTSD status, cohort, age, 
ancestry and prior deployment status) were assessed for 
their main effects and their interaction with exonlD as pre· 
dictors of exon·expression levels; the PTSD status x exonlD 
interaction term was e)(amined as an indicator of putative 
alternative splicing, cf. (Glatt et at. , 2009). Family-wise 
Bonferronl -correction was applied to the ANCOVA p·values 
to determine whether any interaction term reached a 
genome-wide level of significance. We utilized an uncor­
rected type-l·error rate of 0.0005 to obtain a candidate 
gene·list for functional profiling and dassifier construction. 
Enrichment analyses were performed using the DAVID algo­
rithm and were evaluated against a Bonferroni-corrected 
p·value accounting for the number of terms evaluated. 

2. 5.4. Discovery and replication of exon-based 
diagnostic predictors 
As outlined above for full-length transcripts under Section 
2, we used SVMs to construct, evaluate, optimize, and cross­
valldate classlfkation algorithms predicting eventual PTSD 
status based on exon-expression levels at pre-deployment 
for the same troinlng subset of our full 5Cl1Tlple. Using iden­
tical subject allocations to training and validation subsets; 
we first generated a large candidate list of putatively alter­
natively spliced genes within the training subset (nominal 
uncorrected p < 0.0005 for the interaction of PTSD status 
and exonlD), using 22,204 ANCOVAs and the same panel of 
factors, covariates, and interaction terms described above. 
For each gene on the list, the most significantly dysregulated 
exon was identified and supplied as a potential predictor in 
the SVM classifiers. Various model parameters and predic· 
tor combinations were then evaluated to identify the model 
with the highest accuracy in identifying cases and com· 
parison subjects based solely on the expression levels of a 
minimal exon set identified by shrinking centroids after two· 
level nested 10-fold cross-validation. The top-performing 
model was then deployed on the test subset (5 cases and 
5 comparison subjects) to determine its generalizability in 
accurately predicting case status based on exon-expression 
levels. 

2.6. Validation of gene-expression wtth 
quantitative real t ime polymerase chain reaction 

A subset of nine transcripts featured in SVM classifiers 
were selected for validation with quantitative real time 
polymerase chain react ion (QRTPCR). First, total RNA was 
quantitatively converted with High-Capacity cDNA Reverse 
Transcription Kits (Applied Biosystems, San Diego City, CA) 
to generate single-stranded cDNA (for a 20 µ.l reaction). 
Aliquots of 20 ng of cDNA were analyzed via QRTPCR using 
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the Prism 7900 HT Fast Real-Time PCR system (Applied 
Biosystems). Statlstical analysis was performed using the 
comparative t.CT method. All reactions were run in dupli· 
cate and normalized against gyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl­
transferase 1 (HPRT1). For one transcript (GST,\11), QRTPCR 
analysis was repeated with 75 ng cDNA in order to compen· 
sate for low signal. The fold change values were compared 
using independent samples t ·test:s (p < 0.05). 

3. Results 

3.1. Identification of differentially expressed 
genes and their associated biological terms 

No gene's expression level was related to PTSD status at 
a Bonferroni-corrected level of significance, which is not 
surprising given the relatively small sample size and large 
number of transcripts tested. We did, however, Identify 64 
probes dysregulated with a nominally significant p < 0.01 
fn Marines diagnosed with PTSD (Table 2). Thirty-three of 
these 64 probes were down-regulated, whereas 31 were 
up-regulated. Log2 fold-change (FC) of these probes in even­
tual PTSD cases ranged from 2.00-fold down-regulation to 
1.66-fold up-regulation. Among the 64 probes, 59 were rec­
ognized pathway participants within the DAVID database; 
however, no significantly enriched annotations were iden­
tified. Exploratory pathway analysis of the differentially 
expressed genes in Table 2 using the Reactome database also 
revealed no significant enrichments. When examining gene­
expression levels significantly correlated with summed DRRI 
score, no correlation p·values survived genome-wide correc­
tion among comparison subjects. Among PTSD cases, 13.336 
correlation p-values survived an FDR correction threshold of 
5%. The probesets featured in the 200 most significant corre· 
lations were submitted to DAVID for annotation enrichment 
analysis. The following terms were si gnificantly enriched, 
with corresponding Bonferroni-corrected p-values: regula ­
tion of actin cytoskeleton (5 of 8 probesets down-regulated 
in PTSD , p=0.03), nucleotide-binding (17 of 30 probesets 
down-regulated, p =0.04). host-virus interaction (6 of 10 
probesets down-regulated, p =0.07) , and long-terrn depres­
sion (4 of 5 up-regulated in PTSD, p= 0.08). 

3.2. Discovery and replication of a gene-based 
diagnostic predictor 

To construct a gene-based classifier and assess its gen­
eralizability, we first derived a list of potential classifier 
transcripts as those probes with a difference in expres­
sion between PTSD case and comparison subjects attaining 
p < 0.01 in a training subsample of 20 cases and 20 com­
parison subjects while controlling for the same factors and 
covariates as in analysis 1. This analysis and filtering left 
66 probes (Table 3) that were then used to build and opti ­
mize SVM classifiers. The optimal SVM (identified through 
two-level nested 10-fold cross-validation with shrinking 
centroids, cost= 401, tolerance .. 0.001 , kernel "' radial basis 
function, and gamma= 0.001) comprised just 2 of the 66 
starting probes (Table 3, probes in bold font) and attained 

78% accuracy in classifying those individuals with PTSD in 
the training sample. We then tested the identical 2-gene 
SVM (with the same parameters, but with no shrinkage or 
cross-validation) in the remaining test subset (5 cases and 5 
comparison subjects) , where it yielded 80% accuracy. Among 
cases, four of five were correctly classified, while four 
of five comparison subjects were also classified correctly. 
These values correspond to a sensitivity, specificity, posi ­
tive predictive value and negative predictive va.lue in the 
test sample of 80%, 80%, 80%, and 80%, respectively. Expres­
sion levels for GSTM1 and GSTMZ are shown for PTSD cases 
and comparison subjects in Fig. 1. QRTPCR analysis demon­
strated that GSTMl expression was reduced among PTSD 
cases, but results were less consistent for GSTM1(Tab\e4). 

3.3. Identification of diffe rentia lly expressed 
exons and their associated biological te rms 

The interaction of diagnosis and exonlD identified puta · 
tive isoform ·expression differences (p < 0. 0005) in 63 genes, 
11 of which attained Bonferroni-corrected si gnificance 
(Table 5). An example of between-group differences in 
exon expression for one of these eleven genes (DYNC1U1) 
is fllustrated in Fig. 2, where the PTSD cases have sig· 
nificantly lower levels of expression of a single probe 
corresponding to the fifth exon; this region corresponds 
to a retained intron. which could account for this pat­
tern of expression difference. The list of 63 genes was 
analyzed by the DAVID algorithm and Reactome database 
(Table 6). DAVID analysis revealed five significantly enriched 
annotations (armadillo-like helical domain, macromolecule 
catabolic process, acetylation, modification-dependent 
protein catabolic process, modification-dependent macro· 
molecule catabolic process). Analysis using the Reactome 
database revealed a single enriched pathway (class 1 MHC 
mediated antigen processing and presentation). 

3.4. Discovery and replication of an exon-based 
diagnostic predictor 

To construct an exon-based classifier and assess its gen­
eralizability we first identified potentially differentially 
spliced exons within our training subsample of 20 cases and 
20 comparison subjects based on the diagnosis-x-exonlD 
interaction term, using a nominal threshold of p < 0,00005, 
while controlling for the same factors and covariates as 
in the analyses above. For genes displaying more than 
one dysregulated probe between diagnostic groups, we 
selected the probe with the most significant between-group 
difference in expression level based on the p-values from 
planned comparisons. This analysis and filtering yielded 56 
exons with expression differences between PTSD cases and 
comparison subjects (Table 7) that were then used to build 
and optimize SVM classifiers. The optimal SVM (identified 
through two-level nested ten-fold cross-validation with 
shrinking centroids, cost = 401 , tolerance= 0.001 , ker­
nel= radial basis function, and gamma= 0.001) comprised 
20 of the 56 starting probes (Table 7, probes in bold font) 
and attained 100% accuracy in classifying those individuals 
in the training sample with PTSD. We then tested the iden ­
tical 20-exon SVM (with the same parameters, but with no 
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Table 2 Genes significantly dysregulated (p < 0.01) in peripheral blood mononuclear cells from the full sample of PTSD cases at post-deployment and used in predictive SVM 
classifiers . 

Transcript Gene symbol Gene product Diagnostic group main effect 
cluster ID 

Fold-change in cases F p 

7971296 EP5Tf1 Epithelial stromal interaction 1 (breast) 1.66 7.6 8.6E - 03 
7921434 AIM2 Absent in melanoma 2 1.47 10.4 2.4E-03 
8056408 GALNTJ UDP·N·acetyl·alpha·o·galactosamine:polypeptide 1.32 17.7 1.3E - 04 

N·acetylgalactosaminyltransferase 3 (GalNAc·T3) 
7970096 ING1 Inhibitor of growth family, member 1 1.28 12.3 1.0E -03 
8046861 ITGAV lntegrin, alpha V (vitronectin receptor, alpha polypeptide. antigen CD51) 1.23 10.3 2.SE -03 
8102817 ELF2 E74·like factor 2 (ets domain transcription factor) 1.23 8.7 5.2E-03 
8124022 DTNBPI Dystrobrevin binding protein 1 1.23 13.3 7.0E-04 
8145175 PDLIM2 PDZ and LIM domain 2 (mystique) 1.21 9.3 3.9E - 03 
7953032 LRTM2 Leucine·rich repeats and transmembrane domains 2 1.20 8.3 6.1E -03 
7905131 CA14 Carbonic anhydrase XIV 1.20 11 .4 1.SE-03 
8044613 CBWD1 COBW domain containing 1 1.20 10.7 2.1E - 03 
8067680 PR/C285 Peroxisomal proliferator·activated receptor A inter<1cting complex 285 1.18 7.9 7.SE -03 
8161537 CBWDJ COBW domain containing 3 1.18 8.3 6.2E - 03 
8155636 CBWD3 COBW domain containing 3 1.16 8.4 5.7E - 03 
8077099 5C02 SCO cytochrome oxidase deficient homolog 2 (yeast) 1. 15 7.5 9.0E-03 
8012953 TRIM16 Tripartite motif-containing 16 1. 15 8.2 6.5E - 03 
8037355 ZNF428 Zinc finger protein 428 1.15 8.4 5.SE - 03 
8161587 CBWD3 COBW domain containing 3 1.15 7.4 9.3E-03 
7963157 RACGAP1 Rae GTPase activating protein 1 1.15 9.2 4.0E-03 
7982868 CHAC1 ChaC, cation transport regulator homolog 1 (£. coli) 1.15 7.3 9.6E-03 
7969638 ENST00000459449 Ncrna:snoRNA chromosome: GRCh37: 13:95862598:95862702: 1 1.14 9. 1 4.3E-03 
8053248 C2orf65 Chromosome 2 open reading frame 65 1. 14 9.9 3.0E-03 
8067773 ZNF512B Zinc finger protein 512B 1.13 10.4 2.4E-03 
8074916 C22orf43 Chromosome 22 open reading frame 43 1.12 10.7 2.lE-03 
8139921 CALN1 Catneuron 1 1.11 11. 1 1.lE-03 
7921492 IGSF9 lmmunoglobulin superfamily, member 9 1.10 7.3 9.6E-03 
7975562 PAPLN Papilin, proteoglycan·like sulfated glycoprotein 1.10 7.8 7.9E - 03 
7996219 NDRG4 NORG family member 4 1.09 8.7 5.0E - 03 
7919267 AK125616 cDNA FLJ43628 fis, clone SPLEN.2027268. 1.09 8.4 5.8E - 03 
7919347 AK125616 cDNA FLJ43628 fis, clone SPLEN2027268 , .09 8.4 S.8E- 03 
8064242 NCRNA00176 Non-protein coding RNA 176 1.06 12.1 1.1E - 03 ~ 

8161133 5PAGB Sperm associated antigen 8 - 1.07 11.1 1.7E -03 !-"' 
~ 7960434 GENSCAN00000019809 cDNA:Genscan chromosome:GRCh37: 12:5141715:5142095:· 1 - 1.07 8.6 5.4E - 03 fb 

r1> 
r1> 
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Table 2 (Continued) Cr 
O> 

"' Transcript Gene symbol Gene product Diagnostic group main effect 
ll> 
a. 

cluster ID UQ 
ll> 

Fold-change in cases F p :l 
ll> 

7901967 ENST00000489463 Ncrna .pseudogene: scRNA.pseudogene - 1.08 8.5 5.7E-03 ii> x 
'O 

chromosome:GRCh37: 1:64121426:64121718:1 .... 
ll> 

7926670 ENST00000430957 cDNA:known chromosome:GRCh37:10:23425901:23426107:1 -1.08 8.6 5.2E-03 "' "' 
8098167 C4orf39 Chromosome 4 open reading frame 39 - 1.08 8.6 5.4E-03 

c;· 
:l 

7937474 NS3BP ('IS3BP -1.08 8.2 6.3E-03 CT c;· 
7935690 ENST00000471360 Ncrna.pseudogene:MURNA...pseudogene -1.08 7.6 8.SE- 03 3 

O> 
chromosome:GRCh37: 10: 101817589: 101817658:-1 .... 

8090366 UROC1 Urocanase domain containing 1 -1.08 7.5 8.8E-03 ~ 
V> 

8103753 MORF4 Mortality factor 4 -1.09 8.0 7.2E - 03 0 .... 
8130939 DLL1 Delta-like 1 (Drosophi/o) - 1.09 7.7 8.0E-03 'O 

0 
8019437 CCDC57 Coiled-coil domain containing 57 -1 .09 8.0 7.0E-03 "' '7 
7966596 IQCD IQ motif containing D -1.10 13.5 6.3E-04 

,... .... 
O> 

7974695 ENST00000480540 cDNA:pseudogene chromosome:GRCh37: 14:59261372:59261747: 1 - 1.10 8.3 6.0E - 03 c 
3 

8175815 PNCK Pregnancy up-regulated non-ubiquitously expressed CaM kinase -1.10 9.6 3.3E-03 ~ 
8030292 DKKL1 Dickkopf.like 1 -1.10 8.5 5.6E-03 ;;;· 
7997533 OSGIN1 Oxidative stress induced growth inhibitor 1 -1.11 7.7 8.0E -03 "' ,... .... 
8067671 SRMS Crc-related kinase lacking C·terminal regulatory tyrosine and N-terminal -1.11 7.6 8. 3E-03 ll> 

"' "' myristylation sites 0.. 

7998929 ENST00000470337 Ncrna.pseudogene: tRNA...pseudogene - 1.12 7.3 9.7E-03 
;;;· 
0 .... 

chromosome:GRCh37: 16:3220961 :3221031 :·1 0. 
ll> 

8017361 ENST00000460492 cDNA:pseudogene chromosome:GRCh37: 17:60593682:60594128: -1 -1.12 15.2 3.2E-04 
.... 
O> 

7973900 C14or f19 lrnmunoglobulin (CD79A) binding protein 1 pseudogene -1.13 12.8 8.4E - 04 3 
0 

7950,321 UCP3 Uncoupling protein 3 (mitochondrial, proton carrier) -1.13 11.0 1.8E-03 :l 
UQ 

7965838 ENST00000411000 Ncrna:snRNA chromosome:GRCh37: 12: 102190188: 102190280: · 1 -1.15 9.1 4.2E -03 a. 
ll> 

8113413 NUDT12 Nudix (nucleoside diphosphate linked moiety X)-type motif 12 - 1.16 9.2 4.0E-03 'O 
0 

8175775 MAGEA1 Melanoma antigen family A, 1 (directs expression of antigen MZ2·E) -1.16 7.5 8.8E-03 "< 
ll> 

7948667 AHNAK AHNAK nucleoprotein - 1.18 7.9 7.3E -03 a. 

7913252 PINK1 PTEN induced putative kinase 1 -1.18 7.9 7.SE-03 3 
tll 

8118974 RPLfOA Ribosomal protein L 10a -1.1 9 7.8 7.7E - 03 
.... :.;· 

7979551 PPP2R5E Protein phosphatase 2, regulatory subunit B' , epsilon isoform -1.20 7.3 9.6E - 03 
ll> 
II\ 

7972021 TBC104 TBC1 domain family, member 4 -1.21 8.2 6.4E-03 )> 

8106393 F2R Coagulation factor II (thrombin) receptor -1.23 9.1 4.3E - 03 'O 

6' 
7900597 C1orf50 Chromosome 1 open reading frame 50 -1.24 10.5 2.3E -03 ... 

"' 7903753 GSTM2 Glutathione S·transferase mu 2 (muscle) - 1.58 16.5 2.0E-04 ,..,. 
c 

7903765 GSTMf Glutathione S·t ransferase mu 1 -2.00 22.0 2.6E-05 0. 
'< 

· Rows are sorted by decreasing fold-change In PTSD cases relative to non·PTSD comparison subjects. 

J>. 
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Table 3 Genes significantly dysregulated (p < 0.01} in peripheral blood mononuclear cells from a subset of PTSD cases at post-deployment and used in predictive SVM classifiers . 
00 
0 

Transcript Gene symbol Gene product Diagnostic group main effect 
cluster ID" 

Fold·change in cases F p 

7904853 GPRB9A G protein-coupled receptor 89A (GPR89A), transcript variant 1, mRNA. 1.46 9.7 3.8E-03 
8095139 SRD5A3 Steroid 5 alpha·reductase 3 (SRD5A3). mRNA. 1.44 7.7 8.9E-03 
8056408 GALNTJ U DP·N·acetyl ·alpha ·O·ga lactosamine: polypeptide N ·acetylga lactosam i nyl transf erase 3 1.40 21 .9 4.4E-05 

(GalNAc-D) (GALND), mRNA. 
8102817 ELF2 E74·like factor 2 (ets domain transcription factor) (ELF2), transcript variant 1, mRNA. 1.30 10.0 3.3E-03 
7970096 /NGI Inhibitor of growth family, member 1 (ING1 ), transcrlpt variant 4, mRNA. 1.26 7.9 8.2E-03 
7938208 RBMXU RNA binding motif protein, X·linked·like 2 (RBMXL2), mRNA. 1.26 8.8 5.6E-03 
8047784 ZDBF2 Zinc finger, DBF-type contain ing 2 (ZDBF2J. mRNA. 1.23 8.3 6.8E-03 
8124022 DTNBPI Dystrobrevin binding protein 1 (DTNBP1 ), transcript variant 2. mRNA. 1.20 7.9 8.0E-03 
7961418 ENST00000364606 Ncrna: rRNA chromosome:GRCh37: 12:13593818: 13593935: · 1 1.18 11.6 1.7E-03 
8162562 C9orf130 Chromosome 9 open reading frame 130 (C9orf130), transcript variant 2, non-coding RNA. 1. 16 9.3 4.5E-03 
7969638 ENST00000459449 Ncrna:snoRNA chromosome:GRCh37: 13:95862598:95862702: 1 1.16 8.6 5.9E-03 
7930561 HABP2 Hyaturonan binding protein 2 (HABP2) , transcript variant 1, mRNA. 1.15 10.0 3.3E-03 
8067773 ZNF512B Zinc finger protein 5128 (ZNF512B), mRNA. 1.14 8.9 5.3E-03 
7999356 AF090898 Clone HQ0149 PR00149 mRNA, complete eds. 1.13 7.6 9.3E - 03 
8139921 CALN1 Calneuron 1 (CALN1), transcript variant 2, mRNA. 1. 10 9 .0 5.0E-03 
7949668 CCDC87 Coiled-coil domain containing 87 (CCDC87), mRNA, 1.10 7.9 8.2E-03 
8091239 ENST00000516936 Ncrna:rRNA chromosome:GRCh37: 3:142310519:142310633:-1 - 1.03 7.5 9.8E - 03 
7910188 ENST00000365394 Ncrna:rRNA chromosome:GRCh37: 1 :227748882:227749001 :1 -1.04 9.7 3.7E-03 
8161133 SPA GB Sperm associated antigen 8 (SPAG8)1 transcript variant 2, mRNA. - 1.Q7 9.3 4.4E - 03 
7925250 GNG4 Guanine nucleotide binding protein (G protein), gamma 4 (GNG4), transcript vari ant 2, -1.08 8.7 5.8E-03 

mRNA. 
8141423 MIR106B MicroRNA 106b (MIR106B}, mkroRNA. - 1.08 9.3 4 .3E - 03 
7926670 ENST00000430957 Cdna:known chromosome:GRCh37:10:23425901 :23426107:1 -1.08 7.7 9.0E-03 
7966596 /QCD IQ moti f containing D (IQCD), mRNA. -1 .09 10.1 3.2E - 03 
7946977 SAA4 Serum amyloid A4. constitutive (SAA4), mRNA. -1.09 8.7 5.8E - 03 
8017361 ENST00000460492 Cdna: pseudogene chromosome:GRCh37:17:60593682:60594128: -1 -1.10 9.1 4.8E-03 
8090366 UROC1 Urocanase domain containing 1 (UROC1). transcript variant 1, mRNA. - 1.10 8.5 6.2E - 03 
8018673 QRICH2 Glutamine rich 2 (QRICH2), mRNA, -1.11 8.2 7.1 E- 03 
7973900 C14orf19 Chromosome 14 open reading frame 19 (C14orf19J. non-coding RNA. -1.11 7.5 9.9E- 03 
7974695 ENST00000480540 Cdna: pseudogene chromosome: GRCh37: 14: 59261372: 59261747: 1 - 1.11 9.7 3.7E - 03 
8019437 CCDC57 Coiled-coil domain containing 57 (CCDC57), mRNA. -1.11 8.5 6.1E - 03 
8130939 DLL1 Delta·like 1 (Drosophila) (DLL1 ), mRNA. -1 .1 2 9.0 5.0E-03 
8146334 ENST00000343867 Cdna: pseudogene chromosome: GRCh37: 8:48068735:48069425: 1 -1 .12 9.2 4.7E -03 
7988283 LOC645212 Hypothetical LOC645212 (LOC645212). transcript variant1, non-coding RNA. -1.1 2 8.6 5.9E -03 ~ 

8029693 FOSB FBJ murine osteosarcorna viral oncogene hornolog B (FOSB), transcript variant 1, mRNA. -1.12 8.4 6.6E - 03 !-" 

~ 8034276 ZNF653 Zinc finger protein 653 (ZNF653), rnRNA. - 1.13 12.8 1.1E-03 rn-
8142997 PLXNA4 Plexin A4 (PLXNA4), transcript variant 11 mRNA. - 1.13 8.3 6 .7E-03 (lJ 

8012126 CLDN7 Claudin 7 (CLDN7). transcript variant 1, mRNA. - 1.13 7.7 9.0E-03 
I'll 
~ 

~ 



Table 3 (Continued) 

Transcript 
cluster IDw 

8071382 
81 48607 
8099279 
8070744 
8125149 
8178653 
8179861 
7928306 
8141795 
8010629 
8112159 
8064014 
8164665 
8113413 
7948995 
8130867 
8010848 
7965838 
8157804 
8118974 
7972021 
7898679 
8088458 
8135268 
7900597 

8138950 
8137464 
7903753 
7903765 

Gene symbol 

ZNF74 
GL/4 
ABLIM.2 
C21orf2 
SLC44A4 
5LC44A4 
SLC44A4 
ENST00000363300 
POLR2J3 
CCDC137 
ANKRD55 
SLC17A9 
RAPGEFI 
NUDT12 
ATLJ 
THB52 
TBCD 
ENST00000363300 
OLFML2A 
RPL10A 
TBC1D4 
NBPFJ 
FHIT 
EIF48 
C1orf50 

RP9 
PSPH 
GSTMZ 
GSTM1 

Gene product 

Zinc finger protein 74 (ZNF74), transcript variant 1, mRNA. 
GLI family zinc finger 4 (GLl4)1 mRNA. 
Actin binding LIM protein family, member 2 (ABLIM2), transcript variant 1, mRNA. 
Chromosome 21 open reading frame 2 (C21orf2). mRNA. 
Solute carrier family 44, member 4 (SLC44A4), transcript variant 11 mRNA. 
Solute carrier family 44, member 4 (SLC44A4), transcript variant 1, mRNA. 
Solute carrier family 441 member 4 (SLC44A4), transcript variant 1, mRNA. 
Ncrna: misc_RNA chromosome: G RCh37:10: 7 3980510: 73980610:1 
Polymerase (RNA) II (DNA directed) polypeptide J3 (POLR2J3), mRNA. 
Coiled·coil domain containing 137 (CCDC137), mRNA. 
Ankyrin repeat domain 55 (ANKRD55), mRNA. 
Solute carrier famHy 17, member 9 (SLC17A9), rnRNA. 
Rap guanine nucleotide exchange factor (GEF) 1 (RAPGEF1 ), transcript varlant 1, mRNA. 
Nudix (nucleoside diphosphate linked moiety X)·type motif 12 (NUDT12), mRNA. 
Atlas tin· 3 gene: ENSG00000184743 
Thrombospondin 2 (THBS2), mRNA. 
Tubulin folding cofactor D (TBCDJ, mRNA. 
Ncrna:snRNA chromosorne:GRCh37: 12: 102190188: 102190280:-1 
Olfactornedin·like 2A (0LFML2A), mRNA. 
Ribosomal protein L 10a (RPL10A). rnRNA. 
TBC1 domain family, member 4 (TBC1D4) , rnRNA. 
Neuroblastoma breakpoint family, member 3 (NBPF3), rnRNA. 
Fragile histidine triad gene (FHln, transcript variant 1, mRNA. 
Eukaryotic t ranslation initiation factor 48 (EIF4B), rnRNA. 
Chromosome 1 open reading frame 50, rnRNA (cDNA clone MGC:2448 IMAGE:2959109), 
complete eds. 
Retinitis pigmentosa 9 (autosomal dominant) (RP9J, mRNA. 
Phosphoserine phosphatase (PSPH), mRNA. 
Glutathione S·transferase mu 2 (muscle) (GSTM2)1 transcript variant 1, mRNA. 
Glutathione 5-transferase mu 1 (GSTM1 ), transcript variant 1, mRNA. 

' Rows are sorted by decreasing fold·change in PTSD cases relative to non·PTSD comparison subjects. 
ti Transcripts in bold comprised the optimal 2·probe SVM classifier of PTSD status identified by training and testing in independent samples. 
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Fig. 1 Microarray-derived expression levels (ordinate) of summarized exon probesets reflecting whole-transcript expression levels 
(abscissa) of glutathione S·transferase mu 1 (GSTM 1) and glutathione 5-transferase mu 2 (GSTM2) in peripheral blood mononuclear 
cells from PTSD cases (n =25) and comparison subjects (n = 25). These transcripts were notably down-regulated among PTSD cases 
within the full sample (fold changes - 1.58 and -2.00, respectively) and were identified as the sole components of tlie opti ­
mal performing SVM classifier of diagnostic status, which achieved 80% accuracy in the test subset (n= 10; 4 of 5 cases correctly 
identified). 

shrinkage or cross-validation) in the remaining test subset 
(n = 10; 5 cases and 5 comparison subjects), where it yielded 
a diminished but reasonable 90% accuracy (higher than the 
accuracy observed in gene-based analyses). All PTSD cases 
were correctly classified, while four of five comparison 
subjects were classified correctly. These values correspond 
to sensitivity, specificity, positive predictive and negative 
predictive values of 100%, 80%, 83% and 100%, respectively. 
QRTPCR analysis of seven exons in the classifier failed to 
detect significant differences in expression levels between 
PTSD cases and comparison subjects (Table 4). 

~ 
E-xon Expression 

4. Discussion 

There is emerging support for the hypothesis that periph­
eral blood transcriptomic signatures associated with PTSD 
involve dysregulation of genes that function in immune 
and inflammatory processes or their regulation To this pic­
ture we add new and compelling pilot data suggesting 
that dysregulation of genes whose proteins function in 
the management of cellular oxidative stress may also be 
clinically useful biomarkers for distinguishing PTSD cases 
from trauma-exposed subjects who are resilient to PTSD. 

• PTSD Cases ,A Comparison Subjects 

Fig. 2 Microarray-derlved expression levels (ordinate) of individual exon-probes (abscissa) of dynein, cytoplasmic 1, light inter­
mediate chain 1 (DYNCIL/1) in peripheral blood mononuclear cells from PTSD cases (n = 25, squares) and comparison subjects (n= 25, 
triangles). The interaction of diagnosis and exon ID was highly significant {p =6.7E - 07, Bonferroni-corrected p= 1.4E- 02) owing 
to the selective down-regulated of an exon (probeset ID 8086013; p = 0.019) in the context of comparable expression levels of all 
other exons. 
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Yet , dysregulation of genes with immune-, inflammatory­
and antioxidant-activity is probably only a small piece of 
the biological puzzle of PTSD pathophysiology, as many of 
the differentially expressed genes, as well as the exons 
comprising the best-performing PTSD-diagnostic classifier, 
were apparently unrelated to these functions; these other 
genes had highly disparate functions. Collectively, pro­
files of dysregulated genes in immune, inflammatory and 
other pathways may serve as potent biological indica­
tors upon which diagnosis and early intervention may 
ultimately be based. The present study demonstrates 
proof-of-principle for the construction of blood-based PTSD 
diagnostic biomarkers that ranged in accuracy from 80 to 
90% in a small subset that was held completely independent 
from classifier construction . 

It is important to note that these classifiers employed 
decision-rules based solely on mRNA expression levels. To 
our knowledge, our group is among the first to employ data­
driven (SVM) modeling on a list of differentially expressed 
transcripts in order to identify a subset of transcripts that 
were most predictive of PTSD status. These two strategies 
may be useful for identifying exons, genes, and pathways 
that play a role in the etiology of PTSD, but that may 
have been overlooked by other approaches focusing on 
well-established candidate genes. If these profiles of mRNA­
expression differences in PTSD cases can be further refined 
and replicated, and if SVM-based models are found to per­
form reliably in larger or more diverse populations, then 
this study proposes an avenue for early diagnosis among 
trauma-exposed individuals, potentially fostering earlier 
intervention. However, it is likely that a more accurate clas­
sification model can be constructed in the future by taking 
into account additional known risk factors for PTSD, such 
as family history, personality traits, pre-existing mental dis· 
orders (Koenen e t a l. , 2003a,b), peri-traumatic dissociation 
and post-trauma social support (Brewin et al., 2000: Ozer 
et al., 2003), non-genomic biological markers available in 
the MRS dataset (Bake r et al .. Z012b; Eraly et al. , 2014), and 
other factors not necessarily related to gene-expression. 

The present study did not account for many of these pre­
and pen-traumatic risk factors, but future efforts to con­
struct diagnostic models should seek to incorporate such 
data. Nevertheless, a single diagnostic classifier of PTSD 
(no matter how precisely constructed) may never perform 
with 100% accuracy, which is why it will be essential to pur· 
sue (in larger samples) the characteristics of subjects for 
whom such a classifier does not work. Of equal interest is 
the possibility that there are two or more unique biomarker 
profiles that are diagnostic of the same phenotypic outcome. 
In fact, etiologic heterogeneity may be a hallmark of com· 
plex disorders Including PTSD, so it may not be possible to 
identify a single "one-size-fits-all" biomarker profile. In the 
future, methodologies that facilitate the identification of 
distinct biomarker profiles associated with the same phe­
notype may be required in order to account for etiologic 
heterogeneity in PTSD and other complex disorders. Another 
distinct possibility is that for some cases of PTSD there is no 
blood-based biomarker signature to be found. We are cur­
rently invest igating each of these possibilities further. It is 
also important to acknowledge that the present study did 
not account for possible effects of pharmacological therapy 
(e.g., anti-depressants, anxiolytics, and antipsychotics) or 
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Table 5 Exons significantly dysregulated in peripheral blood mononuclear cells from the full sample of eventual PTSD cases at post-deployment. 

Transcript Gene Gene product Accession F p Adjusted p q Probesets (n) Dysregulated Dys regulated 
cluster ID symbol number probesets (n) probeset ID• 

7903765 GSTM1 Glutathione S·transferase mu 1 NM_000561 7.8 1.1E-09 2.3E-05 2.3E-05 9 9 7903767 
7954810 LRRK2 Leucine·rich repeat kinase 2 NM-198578 2.6 2.8E - 09 5.8E - 05 2.9E - 05 53 10 7954831 
8158597 GPR107 G protein-coupled receptor 107 NM_001136557 3.1 2.2E-07 4.4E-03 1.5E-03 27 5 8158617 
8052443 USP34 Ubiquitin specific peptidase 34 NM_014709 2.0 3.9E-07 7.9E-03 2.0E - 03 80 4 8052505 
8022767 TRAPPCB Trafficking protein particle NM_014939 2.8 5.9E-07 1.2E - 02 2.3E- 03 31 2 8022775 

complex 8 
8086008 DYNC1L/1 Dynein1 cytoplasmic 1, light NM_016141 4.5 6.7E-07 1.4E-02 2.3E- 03 13 8086013 

intermediate chain 1 
8136662 MGAM Maltase·glucoamylase NM.004668 2.4 9.3E-07 1.9E-02 2.3E-03 46 8136700 

(alpha-gluc::osidase) 
8070467 TMPRSS2 Transmembrane protease, NM_001135099 4.2 9.6E - 07 1.9E- 02 2.3E - 03 14 8070472 

serine 2 
8059596 TRIP12 Thyroid hormone receptor NM.004238 2.4 1.0E-06 2.0E-02 2.3E - 03 43 2 8059600 

interactor 12 
8142307 PNPLAB Patatin·like phospholipase NM.015723 3.9 1. lE - 06 2.3E-02 2.3E-03 16 8142322 

domain containing 8 
7978285 ADCY4 Adenylate cyclase 4 NM.001198592 2.9 2.1E-06 4.3E-02 4.0E-03 26 2 7978294 
8149986 ZNF395 Zinc finger protein 395 NM_018660 3.9 2.6E-06 5.2E-02 4.3E-03 15 8149998 
8058118 KCTD18 Potassium channel NM.152387 5.5 5.0E-06 0.10 7.8E-03 8 8058121 

tetramerisation domain 
containing 18 

8010454 RNF213 Ring finger protein 213 NM.020914 2.2 1.0E-05 0.21 1.5E-02 44 8010469 
7946610 EIF4G2 Eukaryotic translation NM.001418 2.8 1.SE-05 0.31 2.1E-02 24 7946612 

initiation factor 4 gamma, 2 
7982904 RTF1 Rtf1, Paf1 NM_Ol 5138 2.8 2.6E- 05 0.52 3.3E - 02 22 3 7982911 
8079869 RBM5 RNA binding motif protein 5 NM_005778 2.6 2.9E-05 0.58 3.4E - 02 26 1 8079878 
8076077 DDX17 DEAD (Asp·Glu·Ala-Asp) box NM.006386 3.2 4. lE - 05 0.84 4.SE - 02 16 3 8076093 

polypeptide 17 
7968128 PABPC3 Poly(A) binding protein, NM_030979 11.3 4.2E-05 0.85 4.SE-02 3 7968129 

cytoplasmic 3 
8172914 HUWE1 HECT, USA and WVVE domain NM.031407 1.7 5.0E-05 1.00 5.0E-02 90 5 8172940 

containing 1 
7903777 GSTMS Glutathione S·transferase mu 5 NM_000851 4.7 5.2E - 05 1.00 5.0E - 02 8 3 7903782 0 

8139896 PMS2P4 Postmeiotic segregation NR.022007 8.0 6.3E-05 1.00 5.8E-02 4 8139900 V'I 

increased 2 pseudogene 4 .;? 
iii 
11> 
11> ,.. 
~ 
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Table 5 (Continued) 0 

0 
a. 

Transcript Gene Gene product Accession F p Adjusted p q Probesets (n) Dysregulated Dysregulated CT 
CJ 

cluster ID symbol number probesets (n) probeset 10· V> 
(1) 
a. 

8076455 RRPlA Ribosomal RNA processing 7 NM_015703 6.3 9.0E - 05 1.00 7.5E-02 5 8076458 uo 
(1) 

homolog A (S. cerevisiae) => 
(1) 

7996677 NUTF2 Nuclear transport factor 2 NM_005796 4.9 1.0E - 04 1.00 7.SE-02 7 2 7996683 th x 
8015642 PSMC3/P PSMC3 interacting protein NM_016556 3.5 1.0E - 04 1.00 7.5E-02 12 1 8015646 "O .., 

(1) 

8058182 FAM126B Family with sequence NM_173822 3.5 1.0E-04 1.00 7.SE-02 12 0 "' "' 
similarity 126, member B 5· 

=> 
8029884 5AE1 SUM01 activating enzyme NR.027280 4.1 1.1E-04 1.00 7.SE-02 9 8029892 CT 

5 · 
subunit 1 3 

8096938 LARPl La ribonucleoprotein domain NM_016648 3.0 1.1E-04 1.00 7.SE - 02 16 2 8096944 CJ .., 
A" 

family, member 7 (1) .., 
7965359 ATP281 ATPase, Ca•· transporting, NM. 001001323 2.5 1.1E-04 1.00 7.5E -02 24 7965379 

V> 

0 

plasma membrane 1 
...., 

"O 

8159984 C9orf46 Chromosome 9 open reading NM.018465 4.8 1.1E-04 1.00 7.SE - 02 7 8159991 0 
V> 

'7 
frame 46 ,... .., 

7965652 CDK17 Cyclin-dependent kinase 17 NM.002595 2.8 1.2E - 04 1.00 7.6E - 02 18 7965654 
QI 

c 
8077858 ATGl ATG7 autophagy related 7 NM.006395 2.8 1.2E - 04 1.00 7.6E - 02 18 8077874 3 

CJ 

homolog (S. cerevisiae) 
,... 
;:;· 

7971602 RCBTB1 Regulator of chromosome NM_018191 3.4 1.ZE- 04 1.00 7.6E- 02 12 7971613 "' ,... .., 
condensation (RCC1) and BTB (1) 

VI 

(POZ) domain containing 
VI 

a. 
protein 1 v;· 

0 

7971620 KPNA3 Karyopherin alpha 3 (irnportin NM_002267 2.7 1.3E - 04 1.00 7.8E-02 19 7971637 
.., 
a. 
(1) 

alpha 4) .., 
CJ 

7956910 CAND1 Cullin-associated and NM_018448 2.7 1.4E- 04 1.00 7.8E - 02 19 3 7956914 3 
neddylation-dissociated 1 

0 
=> 
uo 

8002778 MLKL Mixed lineage kinase NM_152649 3.3 1.4E-04 1.00 7.8E-02 13 8002781 a. 
domain-like 

fl) 
"O 

8160213 TTC39B Tetratricopeptide repeat NM.152574 2.6 1.4E- 04 1.00 7.8E-02 22 2 8160226 0 
'< 

domain 39B 
(1) 
a. 

7962112 CAPRIN2 Caprin family member 2 NM..001002259 2.5 1.5E-04 1.00 7.8E-02 24 1 7962123 3 
CJ 

7981068 SERPINA1 Serpin peptidase inhibitor, NM.001002236 4.0 1.6E- 04 1.00 8.1E-02 9 2 7981074 
.., 
5" 

clade A (alpha-1 (1) 

~ 
antiproteinase, antitrypsin), )> 

member 1 u 

8103951 ACSL1 Acyl-CoA synthetase long-chain NM_001995 2.5 1.8E - 04 1.00 9.3E-02 23 8103965 5' ,... 
family member 1 V> ,... 

c 
7999841 SMG1 SMG1 homolog, NM-015092 2.0 2.0E - 04 1.00 1.0E-01 42 4 7999869 a. 

'< 
phosphatidylinositol 
3-kinase-related kinase (C. 
elegans) ""' co 

U1 
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Table 5 (Continued) 

Transcript Gene Gene product Accession F p Adjusted p q Probesets (n) Dysregulated Dysregulated 
cluster ID symbol number probesets (n) probeset 10· 

7933047 CUL2 Cullin 2 NM_003591 2.5 2.1E-04 1.00 0.10 23 2 7933056 
8017162 RNFT1 Ring finger protein, NM_016125 3.6 2.2E - 04 1.00 0.10 10 3 8017163 

transmembrane 1 
7967881 MPHOSPHB M-phase phosphoprotein 8 NM.017520 3.0 2.4E-04 1.00 0.11 14 1 7967895 
7900426 SMAP2 Small ArfGAP2 NM-022733 3.4 2.5E - 04 1.00 0.11 11 1 7900432 
7903893 CD53 CD53 molecule NM.000560 3.3 2.5E-04 1.00 0.11 12 2 7903894 
8078569 GOLGA4 Golgin A4 NM.002078 2 .2 2.6E - 04 1.00 0.11 30 2 8078594 
7967117 OASL 2' -5' ·oligoadenylate NM.003733 3.8 2.6E - 04 1.00 0.11 9 3 7967123 

synthetase·like 
7975416 PCNX Pecanex homolog (Drosophila) NM.014982 2.1 2.7E - 04 1.00 0.11 36 7975429 
8179298 CSNK2B Casein kinase 2, beta NM.001320 3.6 2.8E - 04 1.00 0. 11 10 8179308 

polypeptide 
8143327 PARP12 Poly (ADP·ribose) polymerase NM.022750 3.1 2.9E-04 1.00 0.11 13 2 8143336 

family, member 12 
8021496 KIAA1468 KIAA1468 NM.020854 2.2 2.9E - 04 1.00 0. 11 31 4 8021504 
8141846 FBXL13 F·box and leucine·rlch repeat NM..145032 2.3 3.0E- 04 1.00 0.12 25 4 8141865 

protein 13 
7929677 P/4K2A PhosphatidyUnositol 4·kinase NM_018425 3.3 3 .2E-04 1.00 0.12 11 0 

type 2 alpha 
8088348 FAM116A Family wit h sequence NM_152678 2.5 3.3E-04 1.00 0.12 20 2 8088366 

similarity 116, member A 
7937363 PKPJ Plakophilin 3 NM_007183 3.0 3.5E-04 1.00 0.13 14 2 7937370 
8089785 POPDC2 Popeye domain containing 2 NM_022135 3.7 3 .6E-04 1.00 0.13 9 2 8089794 
7967563 UBC Ubfqu!tin C NM_021009 2.9 3.6E- 04 1.00 0.13 14 2 7967584 
8077171 RABL2B RAB, member of RAS oncogene NM.001 130921 3.0 3.7E - 04 1.00 0 .13 13 1 8077180 

family-like 2B 
8112772 AP3B1 Adaptor-related protein NM_003664 2.2 3.7E - 04 1.00 0 .13 28 2 8112794 

complex 3, beta 1 subunit 
7997626 KLHL36 Kelch·like 36 (Drosophila) NM_024731 4.7 3.9E-04 1.00 0.13 6 2 7997629 
8043251 PTCDJ Pentatrfcopeptide repeat NM_017952 2.3 5.0E - 04 1.00 0.16 24 0 

domain 3 
8072170 KREMEN I Krlngle containing NM_032045 2.9 5.0E- 04 1.00 0.16 14 4 8072173 

transmembrane protein 
~ 

· Rows are sorted by increasing p·Value for the Interaction of diagnosis and exonlD. ~ 

' Exon probesets listed were the most significantly differentially expressed (per gene) between diagnostic groups. Information on the identities of all dysregulated exons for each gene ~ 
can be obtained from the authors upon request. ~ 
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Table 6 Annotations enriched at corrected significance levels among differentially-expressed exons (p <0.0005) in peripheral blood mononuclear cells from the full sample 
of PTSD cases at post·deployment' . 

DAVID category Term Count (%) Fold-enrichment p Bonferroni· Gene corresponding to dysregulated exon 
corrected 
p 

INTERPRO IPR011989:armadillo·llke helical 7 (11.1%) 14.9 6.5E-06 1.0E-03 KIAA1468, AP3B1, PKPJ, CAND1, TRIP12 , 
KPNAJ, LRRK2 

GOTERM.BP .FAT G0:0009057 - macromolecule catabolic 12 (19.0%) 4.5 4.2E - 05 1.SE-02 SAE1, SMG1, USP34, FBXL13, HUWE1, 
process CAND1 , ATGl, TRIP12, MGAM, CUL2, 

KLHU6, UBC 
SP _PIR_KE.YWORDS Acetylation 22 (34.9%) 2.5 5.SE- 05 7.9E- 03 EIF4G2, AP3B1, NUTF2, SMG1, HUWE1, 

PTCDJ, CUL2, LARP7, UBC, ACSL 1, 
KIAA1468, CSNK2B, SAE1, PABPCJ, RTF1, 
ATGl, CANDI, KPNAJ , RNF213, RBM5, 
MPHOSPHB, GSTM5 

GOTERM_Bp _FAT G0:0019941 - modification-dependent 10 (15.9%) 5.1 1.0E - 04 4.3E-02 SAE1, USP34, FBXL13, HUWE1, CAND1, 
protein catabolic process ATGl, TRIP12, CUL2, KLHL36, UBC 

GOTERM.BP .FAT G0:0043632 - modification·dependent 10(15.9%) 5.1 1.0E- 04 4.3E - 02 SAE1 , USP34, FBXL13 , HUWE1, CAND1, 
macromolecule catabolic process ATGl, TRIP12, CUL2, KLHL36, UBC 

Reactome Term Count (%) p FDR-corrected p Gene corresponding to dysregulated exon 

Class 1 MHC mediated antigen 6 (9.9%) 1.0E - 04 1.SE-02 SAE1, CUL2, ATGl , TRIP12 , HUWE1, UBC 
processing and presentation 

· Rows are sorted by increasing p-value for the enr ichment of annotations. 
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Table 7 Exons Significantly Dysregulated in Peripheral Blood Mononuclear Cells from a Subset of PTSD Cases at Post-Deployment 
and Used in Predictive SVM Classifiers· . 

Transcript Gene Symbol Gene Product Interaction p Exon ID Fold-change F p 
Cluster ID~· 

8096938 LARP7 La ribonucleoprotein domain 7.2E - 09 8096944 3.52 8.6 5.9E - 03 
family, member 7 

8097148 RNFZ13 Ring finger protein 213 7.1E - 11 8010469 3.06 9.6 3.8E - 03 
8086008 OYNC1Ll1 Dynein, cytoplasmic 1, lfght 4.0E - 10 8086013 3.06 7.9 8 .3E - 03 

intermediate chain 1 
81341 22 PTC03 Pentatricopeptide repeat 1.6E - 07 8043256 3.05 7.7 9.0E - 03 

domain 3 
8142307 PNPLA8 Patatin·like phospholipa.se 5.3E - 09 8142322 2.87 9.3 4.4E- 03 

domain containing 8 
8172914 01001 Death inducer-obliterator 1 3.7E- 06 8067576 2.77 5.1 3.0E - 02 
8076455 RRP7A Ribosomal RNA processing 7 1.7E - 05 8076458 1.74 12.8 1.1E- 03 

homolog A (S.cerevisiae) 
8158597 GPR107 G protein-coupled receptor 107 2.3E - 10 8158617 2. 74 11.5 1.8£- 03 
8054092 CULZ Cullin 2 3.4E - 06 7933056 2.71 11.9 1.5£- 03 
8105191 KIAA1468 KIAA1468 1.0E - '07 8021504 2.71 11.1 2.1E - 03 
8045090 ZCJHtlA Zinc finger CCCH·type containing 1.1E- 05 7908985 2.67 6.5 1.6E- 02 

11A 
8056837 TTC17 Tetratricopeptide repeat 1.1E - 06 7939453 2.63 6.3 1.7E- 02 

domain 17 
8079869 NEK9 NIMA (never in mitosis gene a)- 6.7E - 06 7980282 2.62 8.4 6.4E - 03 

related kinase 9 
8079869 RBM5 RNA binding motif protein 5 1.5E - 08 8079878 2.62 8.9 5.3E - 03 
8105191 PAR PB Poly (ADP·ribose) polymerase 1.6E - 05 8105199 2.57 4.6 4.0E - 02 

family, member 8 
8083523 AQR Aquarius homolog (mouse) 2.6E - 05 7987328 2.57 6.3 1.7E- 02 
8136662 MGAM Maltase-glucoamylase 5.1E- 08 8136700 2.57 4.4 4.3E - 02 

(alpha·gluco.sidase) 
8107375 TRAPPCB Trafficking protein particle 6.8E - 08 8022775 2.56 7.1 1.2E- 02 

complex 8 
8136662 UGGT1 UDP-glucose glycoprotein 2.1E - 06 8045104 2.53 10.7 2.5E - 03 

glucosyltransferase 1 
8169541 XRN2 5'-3' exoribonuclease 2 2.7E - 05 8061333 2.46 6.4 1.6E- 02 
8103951 ACSLI Acyl-CoA synthetase long-chain 1.2E - 05 8103961 2.45 5.2 3.0E - 02 

family member 1 
8172914 HUWE1 HECT, UBA and WWE domain 1.3E - 07 8 172982 2.42 7.7 9.0E - 03 

containing 1 
8061324 CAND1 Cullin-associated and 5.1E - 06 7956914 2.42 8.1 7.4E - 03 

neddylation-dissociated 1 
8160213 TTC398 Tetratricopeptide repeat 3.3E - 06 8160226 2.37 10.2 3.0E - 03 

domain 398 
8107375 YTHOC2 YTH domain containing 2 9.SE - 06 8107388 2.35 12.7 1.1E- 03 
8149986 ZNF395 Zinc finger protein 395 4.6E - 08 8149998 2.32 8.1 7.4E - 03 
8076455 CDK17 Cyclin-dependent kinase 17 5.8E - 06 7965654 2.25 8.2 7.2E - 03 
8149986 USP34 Ubiquitin specific peptidase 34 1.5E - 10 8052505 2.20 7.7 9.0E-03 
8092933 SMG1 SMG 1 homolog, 5.0E - 07 7994025 2 .. 18 5.0 3.2E-02 

phosphatidylinositol 
3-kinase-re lated kinase (C. 

elegans) 
8156321 TMEM131 Transmembrane protein 131 2.2E - 05 8054124 2.18 5.6 2.3E - 02 
8158597 GPR155 G protein-coupled receptor 155 3.6E- 06 8056852 2.15 6.7 1.4E- 02 
8086008 ADAMtO ADAM metallopeptidase domain 7.6E - 06 7989240 2.10 5.1 3.0E-02 

10 
8092933 ACAP2 ArfGAP with coiled-coil, ankyrin 2.4E - 05 8092954 2.10 5.0 3.1E- 02 

repeat and PH domains 2 
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Table 7 (Continued) 

Tran.script Gene Symbol Gene Product Interaction p Exon ID Fold-change F p 
Cluster ID"· 

8051882 DENND2D DENN 3.4E - 06 7918493 2.07 5.7 2.3E - 02 
8156321 SYK Spleen tyrosine Kinase 2.0E - 06 8156330 1.93 13.3 8.7E - 04 
8083523 GMPS Guanine monphosphate 8.9E - 06 8083535 1.83 5.9 2.1E - 02 

synthetase 
8134122 AKAP9 A kinase (PRKA) anchor protein 7.8E - 07 8134144 1.81 8.3 6.9E- 03 

(yotiao) 9 
8160213 TRIP12 Thyroid hormone receptor 1.2E - 06 8059619 1.79 6.5 1.6E- 02 

interactor 12 
8059596 EIF4G2 Eukaryotic translation initiation 7.3E - 07 7946612 1.76 5.9 2.1E- 02 

factor 4 gamma. 2 
8130151 APC2 Adenomatosis polyposis coli 2 3.6E - 05 8024308 1.75 7.0 UE- 02 
8130151 RAET1E Retinoic a.cid early transcript 1 E 3.7E - 05 8130160 1.74 8.1 7.4E- 03 
8076077 CAPRIN2 Caprin family member 2 6.6E - 06 7962123 1.69 6.4 1.6E-02 
8103951 NUP88 NL1cleoporin 88 kDa 4.9E - 05 8011838 1.68 5.6 2.3E - 02 
8078569 MPHOSPHB M-phase phosphoprotein 8 1.9E- 05 7967895 1.63 18.3 1.SE- 04 
8052443 FAM1758 Family with sequence similarity 2.7E - 05 7931218 1.61 6.8 1.3E- 02 

175, member B 
8097148 KIAA1109 KIAA1109 1.7E - 05 8097151 1.59 7.7 9.1E-03 
8169541 DOCK11 Dedicator of cytokinesjs 11 i.4E - 05 8169559 1.41 5.5 2.SE - 02 
8022767 SMAP2 Small ArfGAP2 3.0E - 05 7900432 - 1.12 6.1 1.9E- 02 
8179298 DDX17 DEAD (Asp-Glu-Ala-Asp) box UE-06 8076093 - 1.12 5.6 2.4E - 02 

polypeptide 17 
8067563 MDM2 M.dm2 p53 binding protein 6.3E - 07 7957003 - 1.16 5.5 2.5E - 02 

homolog (mouse) 
8096938 SMGI SMG 1 homo log, 2.7E-08 7999869 - UO 14.1 6.6E- 04 

phosphatidylinositol 
3-kinase-related kinase (C. 
elegans) 

8043251 GSTM5 Glutathione 5-transferase mu 5 4.2E-05 7903782 - 1.57 18.5 1.4E-04 
8078569 GOLGA4 Golgin A4 5.0E-06 8078597 - 1.62 5.2 2.9E - 02 
8142307 LRPPRC Leucine-rich PPR-motif 5.6E - 07 8051896 - 1.77 10.4 1.8E-03 

containing 
8179298 CSNK28 Casein kinase 2, beta 2.JE- 05 8179308 - 1.83 7.8 8.4E- 03 

polypeptide 
8024306 GSTM1 Glutathione 5-transferase mu 1 4.SE- 09 7903772 - 2.52 21.4 5.3E - 05 

· Rows are sorted by decreasing fold-change in eventual PTSD cases relalive to non-PTSD comparison subjects. 
H Ex.ons of Transcript Cluster IDs in bold comprised the optimal 20-probe SVM classifier of eventual PTSD status identified by training 

and testing in independent samples. 

other treatments on post-deployment gene·expression pro- have not explidtly address medication status (Mehta et al., 
files. Five of the 25 PTSD subjects reported using at least 2011; Segman et al. , 2005). However, if the ultimate goal is 
one psychiatric medication at the time blood samples were to develop gene-expression-based diagnostic classifiers that 
obtained, while none of the comparison subjects reported are robust to real-world variability, then the inclusion of 
psychiatric medication use. It is plausible that between- medicated subjects may be valuable. Future studies should 
group differences in medication use could account for some attempt to account for medication status and statistically 
of the gene-expression differences observed between these control for its effect on gene-expression in order to identify 
groups. In order to account for this possibility, we periormed genes that are specific to PTSD pathophysiology. 
a separate ANCOVA comparing non-medicated PTSD sub- Because of our relatively small sample size and the 
jects (n =20) and comparison subjects (n =25). The removal severe corrections for multiple-testing required when exam-
of medicated subjects from the PTSD group produced only ining the entire transcriptorne, we did not detect individual 
minor changes in ANCOVA fold-change values for the genes gene-expression differences in PTSD cases that surpassed 
of interest; the average difference in fold-change value stringent criteria for declaring statistical significance. As 
was <2%. Previous genome-wide expression studies have such, the focus of our efforts and interpretations has been 
addressed this issue by using samples from PTSD subjects on groups of genes, either in regard to their biological anno-
who were not currently medicated (Zieker et al. , 2007; tations or their collective ability to identify PTSD cases. 
Yehuda et al., 2009; Neylan et al. , 2011). Other studies Nevertheless, one gene identified here as dysregulated has 
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been identified previously in studies seeking to identify 
blood-based diagnostic biomarkers for PTSD. Prior to rigor­
ous correction for multiple observations, Neylan et al. (Z01 1) 
reported up-regulation of GSTM I in PTSD cases, whereas 
we observed down-regulat ion of GSTM1 in PTSD cases. It 
is plausible that differences in subject characteristics or 
study design could account for the disc;repant findings. 
Neylan et al. (2011) found increased GSTM 7 expression in 
PTSD subjects compared to a non-trauma exposed control 
group. Perhaps these discrepant findings could make sense 
in the context of a model where increased GSTM 1 expression 
reflects an adaptive response to traumatic stress and the 
attenuation of this response disposes some trauma-exposed 
individuals to developing PTSD, . These studies also differed 
with respect to the time-span between disease onset and 
blood sample collection. Remarkably, GSTM1 and GSTM2 
were idehtified as the lone predictors within a diagnostic 
classifier that achieved 80% accuracy in the test subset, and 
the down-regulation of GSTM2 was confirmed by QRTPCR. 
In previous work, we observed down-regulation of GSTM 1 
among these same subjects in samples taken prior to thei r 
deployrnent and the development of clinically significant 
PTSD symptoms; GSTM1 expression levels were also part 
of a pre-deployment predictor of subsequent PTSD diag­
nosis (Glatt et al. . 2013). Members of this enzyme class 
function ih the detoxification of electrophilic compounds 
- including carcinogens, therapeutic drugs, environmental 
toxins and products of oxidative stress - by conjugation with 
glutathione. Down-regulation of genes whose proteins are 
responsible for the metabolism of reactive oxygen species 
(ROS) was also observed in lifetime PTSD cases with cur­
rent symptoms (Zieker et al. , ZOO?). The apparent link 
between ROS metabolism and PTSD may make more sense in 
light of previous in vitro studies demonstrating redox reg­
ulation of intracellular GR signaling. Specifically, reduced 
expression of antioxidant protein or direct administration 
of ROS negatively modulated GR signaling and resulted in 
reduced expression of glucocorticoid-induced genes; this 
effect could be rescued by the administration of antiox­
idant compounds (Makino et al. , 1996; Okamoto et al., 
1999). It is also interesting to note that other groups have 
found associations between GSTM 1 polymorphisms and other 
brain disorders, including schizophrenia (Gravina et al., 
2011; Rodriguez-Santiago et al., 2010), bipolar disorder 
(Mohammadynejad et al., 2011). and alcohol withdrawal 
symptoms (Okubo et al .. 2003). 

Despite our rela tively small sample size and the addi­
tional levels of correction for multiple-testing required for 
exon analyses, a number of differentially expressed exons 
surpassed stringent criteria for declaring statistical signif· 
icance. Additionally, the ex.on-based predictive classifier 
appeared to perform better than the gene-based predictive 
classifier. Taken together, these data support our previous 
findings {Glatt et al., 2013), suggesting that ex on expression 
(indexing the activity of indiVidual splice variants) may 
be more reliable and biologically informattve than the 
expression of full-length "genes" or aggregated transcript 
clusters. Yet, we could not successfully recapitulate these 
array-derived results by QRTPCR, so further validation 
attempts must be made. Two of the dysregulated exons we 
identified by array analysis are components of genes DDX17 
and FAM 1758, which have been identified as differentially 
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expressed in previous PTSD biomarker studies. Yehuda et al. 
(2009) observed up-regulation of DDX17 among PTSD cases. 
Sarapas et al. (2011) observed down· regulation of FAM 1758 
among current PTSD cases, but not lifetime PTSD cases or 
trauma-exposed comparison subjects. It is also curious to 
note that the list of alternatively spliced transcripts was 
enriched for acetylation·dependent protein catabolism and 
acetylation-regulated proteins more generally. Emerging 
evidence indicates that the acetylation of amino acids 
within non-histone proteins plays a role in regulation of cell 
metabolism (Choudhary et al., 2009; Yang and Seto, 2008). 
If the differentially expressed exons in PTSD are found to 
contain acetylation-dependent regulatory domains, then 
it is plausible that the PTSD proteome may be abnormally 
(hypo· or hyper·) responsive to acetylation. 

It is interesting to compare the results of the present pilot 
study with our own previous work examining pre-deployment 
gene-expression profiles associated with subsequent devel­
opment of PTSD after return from deployment (Glatt et al., 
2013), as many of the same subjects (24 of ZS cases , 23 
of 25 comparison) were featured in both studies. A num­
ber of whole-gene transcripts appeared dysregutated both 
prior to deployment (in those who would later develop 
PTSD) and after deployment (in current PTSD cases). AIMZ 
and EPST/1 were up·regulated in both analyses (i.e. , at 
both pre- and post-deployment), while RPL10A and GSTM1 
were down-regulated in both analyses; these may reflect 
stable markers for PTSD vulnerability. Alternatively, they 
could have been dysregulated at pre-deployment assess· 
ment because pathophysiogical changes had already begun 
among these subjects, many of whom had previously been 
deployed to war zones (or because of other unmeasured fac­
tors, such as early adversity). LRTM2, on the other hand, 
was down-regulated in pre-deployment samples, but up· 
regulated in post-deployment samples; this may reflect 
a maladaptive change or a compensatory yet ultimately 
ineffective change. Additionally, one putatively alterna· 
tively spliced transcript was identified in both pre- and 
post-deployment analyses. For MGAM, a similar pattern of 
dysregulated exon expression was observed in both analy­
ses, with PTSD cases showing increased expression of several 
probes and the largest expression difference observed in a 
probe (8136700) spanning the 23rd and 24th exons. This may 
also reflect a stable marker for PTSD vulnerability. 

The present pilot study broadens the search for diag­
nostic biomarkers for PTSD beyond that of previous work. 
Several studies have compared genome-wide t ranscriptional 
profiles between PTSD cases and controls, but to our knowl­
edge, very few transcripts have been identified as dysregu· 
lated across studies using independent samples. Two studies 
with overlapping sample pools reported reduced expression 
of FKBP5 among current PTSD cases (Sara pas et al. , 2011; 
Yehuda et at., 2009). A third study by Mehta et al. (2011) 
reported that the interaction of PTSD status and FKBP5 geno­
type (rs9296158) was associated with dysregulation of FKBP5 
expression. Pre-deployment expression levels of FKBP5were 
also shown to independently predict post-deployment PTSD 
symptoms (van Zuiden et al. , Z012a). In the present microar­
ray study, diagnostic status was not associated with differ~ 
ences in FKBP5 expression, suggesting a need to further 
consider heterogeneity in PTSD etiology. As discussed above. 
GSTM 1 was originally identified as up-regulated among PTSD 



Table 8 Annotations enriched at corrected significance levels among dysregulated transcripts across studies comparing PTSD cases and comparison subjects. 

DAVID Term Count(%) Fold-enrichment p Bonferroni· Gene corresponding to dysregulated exon 
category corrected 

(p) 

GOTERM.BP .FAT G0:0001775 - cell activation 15 (8.1 %) 5. 1 1.2E-06 2.1E-03 BLM, SWAPJO, STATSB, KLRK1, MINK1, PF4, 
/GF2 , SLAMF1, TGFB1 , AZU1, CCND3, 
C140RF19, TREMLI , F2R, CD7 

GOTERM.BP .FAT G0:0009611 - response to 19 (10.2%) 3.5 6.6E-06 1.1E-02 LIPA, CCRt , STATSB, CXCR1 , PF4, IGF2, 
wounding 50D1 , CCL5, DTNBPI , TGFB1 , GP9, AZU1 , 

ORM1 I CX3CR1' CTSB, PLA2G4C, TREMLI I 
KDM6B, F2R 

GOTERM.CC..FAT G0:0030141 - secretory 10 (5.4%) 5.7 5.9E-05 1.3E-02 AZU1 , SPAG8, PPBP, CPA3, PF4, SPARC, 
granule TREMLI, RACGAP1 , TGFBI , GP9 

GOTERM.BP . FAT G0:0001817 - regulation of 11 (5.9%) 6.0 1.SE- 05 2.SE-02 AZU1, /LIB, TIA1 , STATSB, KLRK1 , /GF2 , 
cytokine production PF4, TRIM16, SOD1, TGFBI , F2R 

GOTERM.CCFAT G0:0031091 ~platelet alpha 6 (3.2%) 11.0 2.0E-04 4.1E-02 PPBP, PF4. SPARC, TREML1 , TGFB1 , GP9 
granule 

GOTERM.CC.FAT G0:0000323 - lytic vacuole 10 (5.4%) 4.9 2.0E - 04 4.2E - 02 AZU1, LAPTM5, LIPA, MMD, IF/30, CPA3, 
CTSC, CTSB, ASAHI, GBA 

GOTERM..CCFAT G0:0005764 ~ lysosome 10 (5.4%) 4.9 2.0E- 04 4.2E - 02 AZU1, LAPTM5, LIPA, MMD, JF/30, CPA3, 
CTSC, CTSB, ASAHI, GBA 

KEGG.PATHWAY hsa04060: cytok ine-cytoklne 13 (7.0%) 3.2 5.0E- 04 4.5E-02 TNFRSF21, IL18R1, /LIB, CCRI, CXCR1 , PF4, 
receptor interaction CCL5, TGFBI , PPBP, CX3CR1, CSF2RB, 

/L2RG, IL3RA 
GOTERM.MF .FAT G0:0019955 ~ cytokine binding 8 (4.3%) 7.0 1.4E-04 4.9E - 02 /L18R1 , CCRt , CX3CR1, CSF2RB, CXCR1, 

IL2RG, TRIM16, IL3RA 

Reactome Term Count(%) p FDR-corrected p Gene corresponding to dysregulated exon 

Cytokine·cytokine receptor 13 (7.0%) 1.0E- 05 3.0E - 03 /L18, TGFB1 , PPBP, CX3CR1 , CCL5, /L3RA , 
interaction CXCR1 , CSF2RB, TNFRSF21 , CCRI, PF4, 

IL2RG, IL18R7 
Lysosome 7 (3.8%) 3.0E- 04 J.5E - 02 NAPSA, LAPTM5, ASAHI , CTSC, CTSB, GBA, 

LIPA 
Interleukin signaling pathway 5 (2.7%) 3.0E - 04 4.?E - 02 IL 16, IL 18, STAT58, /URA, CXCR1 

)> 
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cases by Neylan et al. (2011 J, but was found to be down­
regulated prior to deployment among US Marines who would 
later develop PTSD and down-regulated among current PTSO 
cases within the present analysis, which utilized many of the 
same subjects as Glatt et al. 12013). Also discussed above, 
the present study was the second to implicate DDX17 and 
FAM1758 transcnpts. The paucity of overlapping findings 
across studies may be accounted for by a number of fac· 
tors, tndudmg the high nsk for Type 1 error inherent when 
the number of subjects 1s small and statistical correction 
for multiple observations is inadequate. Other factors could 
also contribute to discrepant findings, including differences 
In t rauma exposure (m1htary combat, catastrophic event), 
sample type (PBMC vs. whole blood), the timing of sam· 
piing with respect to trauma exposure and disease onset, 
or differences in PTSD treatment effects across studies. 

Comparing annotation-enrichment results across studies 
provided no addit ional consensus on the nature of gene· 
expression dysregulation in PTSD; we performed DAVID and 
Reactome analyses on individual transcr ipt lists provided by 
each of the reviewed studies (Mehta et al., 2011; Neylan 
et al.. 2011 ; Sarapas et al., 2011; van 2uiden et al.. 2012a; 
Yehuda et al., 2009; Zleker et al., 2007), but few studies 
demonstrated significant ennchment of terms and no com­
mon tenns were observed across studies. However, when 
these transcript lists were combined with the present data 
to create a single list, significant enrichment was observed 
for a number of terms related to cytokine signaling, lysoso­
mal actw1ty, and other immune-cell activities (Table 8). It 1s 
apparent that genes involved in cellular immunity are reli· 
ably and disproportionately represented among those that 
are dysregulated in PTSD cases. This is supported by a large 
body of evidence for dysfunctional cellular immune pro· 
cesses in individuals with PTSO, which we recently reviewed 
in depth (Baker et al., 2012b). Our review of the collective 
evidence suggests that systemic inflammation and deleteri· 
ous health consequences in PTSD are strongly linked. Given 
this evidence, treatment strategies to reduce inflammation 
or modulate cell-mediated immunological processes may be 
of value to pursue in preclinical models of PTSD. 

In conclusion , as the development of PTSD following 
initial trauma exposure remains quite variable and unpre· 
dictable, we sought to identi fy readily assessable biomarkers 
to aid in early diagnosis based on evaluations of blood· 
based gene-expression among Marines participating in the 
MRS. Our analyses converged on a diverse group of genes 
and exons that appeared to be difierent ially expressed in 
penpheral blood cells from individuals with PTSD. Reduced 
expression of two genes involved in ROS metabol ism were 
predictive of PTSO diagnostic status, while altered exon 
expression within a larger and more heterogeneous group 
of transcripts also predicted the PTSD diagnosis with appar· 
ently high accuracy. If blood-based biomark.ers (such as the 
panels of genes and exons identified here) can be validated 
in additional cohorts exposed to a wider variety of trau· 
matic stressors, then they may serve as useful adjuncts 
to the prevailing gold-standard behavioral diagnostic sys· 
terns (Brewm, 2005; Ozer et al.. 2003). Enabling climcians 
to more confidently diagnose PTSD at earlier stages would 
be particularly important in groups such as these Marines, 
for whom it Is known in advance that exposure to serious 
trauma Is highly likely. This may also prove highly relevant 
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for first-responders, such as police, fire, and emergency 
medical teams, for whom a regular part of their job is 
also exposure to potentially traumatic situations. Further· 
more, blood-based biomarkers may help clinicians identify 
instances of determination of fitness for duty so that sup­
port services and limited resources can be made available 
to those individuals with the greatest need. 
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Summary 
Background: Pervasive use of improvised explosive devices (IEDs), rocket-propelled grenades, 
and land mines in the recent conflicts in Iraq and Afghanistan has brought traumatic brain 
injury (TBI) and its impact on health outcomes into public awareness. Blast injuries have been 
deemed signature wounds of these wars. War-related TBI is not new, having become prevalent 
during WWI and remaining medically relevant in WWII and beyond. Medicine's past attempts to 
accurately diagnose and disentangle the pathophysiology of war-related TBI parallels current 
lines of inquiry and highlights limitations in methodology and attribution of symptom etiology, 
be i t organic, psychological, or behavioral. New approaches and biomarkers are needed. 
Preclinical: Serological biomarkers and biomarkers of injury obtained wlth imaging techniques 
represent cornerstones in the translation between experimental data and clinical observations. 
Experimental models for blast related TBI and PTSD can generate critical data on injury thresh­
old, for example for whlte matter injury from acceleration. Carefully verified and validated 
models can be evaluated with gene expression arrays and proteomics to identify new can­
didates for serological biomarkers. Such models can also be analyzed with diffusion MRI and 
microscopy in order to identify criteria for detection of diffuse white matter injuries, such as 
DAI (diffuse axonal injury). The experimental models can also be analyzed with focus on injury 
outcome in brain stem regions, such as locus coeruleus or nucleus raphe magnus that can be 
involved in response to anxiety changes. 
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Clinical: Mild (and some moderate) TBI can be difficult to diagnose because the injuries are 
often not detectable on conventional MRI or CT. There is accumulating evidence that injured 
brain tissues in TBI patients generate abnormal low-frequency magnetic activity (ALFMA, peaked 
at 1- 4 Hz) that can be measured and localized by magnetoencephalography (MEG). MEG imaging 
detects TBI abnormalities at the rates of 87% for the mild TBI, group (blast-induced plus non-blast 
causes) and 100% for the moderate group. Among the mild TBI patients, the rate_s of abnormalities 
are 96% and 77% for the blast and non-blast TBI groups, respectively. There is emerging evidence 
based on fMRI and MEG studies showing hyper-activity in the amygdala and hypo-activity in pre­
frontal cortex in individuals with PTSD. MEG signal may serve as a sensitive imaging marker 
for mTBI, distinguishable from abnormalities generated in association with PTSD. More work is 
needed to fully describe physiological mechanisms of post-concussive symptoms. 
Published by Elsevier Ltd. 

1. Background 

Blast injuries are deemed the signature wounds of the first 
wars (Afghanistan and Iraq) of the 21st century (Lancet, 
2007; Galarneau et al. , 2008). According to a recent 
U.S. Department Veterans Affairs (DVA) and Defense (DoD) 
report, 12- 23% of returning service members reported a 
TBI during deployment (O'Neil et al. , 2013). Of these, the 
majority are in the "mild'' range of severity (mTBI) (Centers 
for Disease Control and Prevention and Nat ional Center for 
Injury Prevention and Control 2003: Hoge et al. , 2009; O'Neil 
et al. , 2013). A review of the literature from 20th cen­
tury wars (WWI, WWII, Vietnam) shows that current lines of 
scientific inquiry regarding the etiology of those symptoms 
parallel earlier attempts to disentangle the pathophysio­
logy of post-concussive symptoms (PCS) from mental health 
symptoms, and to distinguish mTBI from war-related men­
tal health syndromes, such as PTSD (Jones et al., 2007). 
Moreover this literature highlights limitations in method­
ology and attribution of symptom eti ology, pe it organic, 
psychological, or behavioral, that remain a focus of investi­
gations today (Myers, 1915; Fulton , 1942; Jones et al., 2007; 
Rosenfeld et al., 2013). 

A particular challenge in disentangling the symptoms and 
physiology has been establishing a quantitative, unassailable 
diagnostic methodology for defining mTBI, such a distin­
guishing blood or imaging biomarker signature. Most studies 
have relied on self-report of a concussive event, and have 
defined mTBI clinically, using symptom-based criteria. Brain 
changes that may accompany mTBI have been hard to visu­
alize using standard imaging methods (Huang et al., 2012). 
While neurocognitive tests are used clinically and can be 
helpful, authors of the recent U.S. DVA Report observed that 
only a few studies among those reviewed found an associ­
ation between mTBI and cognitive deficits (O'Neil et al., 
2013). However, longitudinal follow-up of military person­
nel initially evacuated to Longstuhl with mTBI (self-report of 
war-related brain injury event) showed that rates of disabil­
ity 6- 12 months after evacuation were high and outcomes 
worse, overall in those service members with mTBI, com­
parable to those of civilian cohorts or polytrauma patients 
with mTBI (MacDonald et al., 2014). MacDonald et al. found 
no substantial differences in cognition between the evacu­
ated personnel with and without a history of mTBI, however 
rates of PTSD and depression were higher in the mTBI group 
(MacDonald et al., 2014). 

A substantial number of cross-sectional studies have 
shown higher (nearly double) rates of PTSD in individuals 
wi th mTBI, observed in both military (Hoge et al. , 2008; 
Schneiderman et al. . 2008; Luethcke et al. , 201 1; Vasterling 
et al. , 2012; Rosenfeld et al., 2013) and civilian (Bryant 
et al. , 201 O; Mayou et al., 2000) settings._ Moreover, these 
findings have been corroborated using prospective study 
designs in civilians (Roitman et al., 2013) and in active duty 
service members (Yurgil et al. , 2014). In an 10 day and 8 
month follow-up of civilians who presented to the emer­
gency room as a result of motor vehicle accidents, some 
with mTBI ( <30 min loss of consciousness) and some with­
out, Roitman et al., showed that those with head injury 
and loss of consciousness (LOC) had higher levels of PTSD at 
follow-up. In the Marine Resiliency Study (MRS), a prospec­
tive, longitudinal study, of Marines and Sailors assessed 
at pre-deployment and again at 3- 6 months after a 7-
month deployment to Iraq or Afghanistan rates of reported 
prior TBI were 56.8% at the pre-deployment interview, 
and rates of deployment -related TBI were 19.8%; of the 
deployment-related TBls approximately 87.2% were mild 
(Baker et al., 2012; Yurgil et al.. 2014). As was observed in 
the civilian study, war-related mTBI significantly increased 
post-deployment PTSD symptom scores, either doubling or 
nearly doubling the PTSD rates in combatants who, prior 
to deployment, had been mentally healthy (Yurgil et al., 
2014). 

These two prospective studies provide accumulating 
evidence that mTBI is a robust prognostic indicator of sub­
sequent PTSD development, raising the question as to the 
underlying cause. Whereas heightened emotional :;3lience 
of traumatic events that involve blast/concussive ir1juries 
versus those without may, in part, provide an explanation 
for higher PTSO rates after mTBI, another likely, or per­
haps even primary explanation may be that mTBI associated 
structural and functional brain changes increase vulnera­
bility for development of mental disorders such as PTSD 
(Yurgil et al. , 2014). Damage of the mTBI prefrontal cor­
tical networks implicated in PTSD has been suggested as a 
possible cause of the increased vulnerability (Hoffman and 
Harrison, 2009; Yurgil et al.. 2014). 

Pre-clinical studies, as described below, focused on the 
pathophysiology and mechanisms of neurotrauma may con­
tribute important information regarding mTBI associated 
brain changes that may contribute to PTSD development. 
These studies are needed to form a solid scientific basis 
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for understanding observed clinical outcomes, and to inform 
clinical decision making and biomarker development. 

2. Preclinical 

The use of improvised explosive devices (IEDs) in contem­
porary asymmetric warfare has changed the scene and 
spectrum of TBI at the battlefield. The sighature TBI has 
changed from penetrating during the war in Vietnam to 
blast induced TBL At the same time, new equipment for 
body protection has increased the survival rate after TBI at 
the battlefield. A blast injury is a complex type of physical 
trauma and includes a variety of injuries, ranging from mild 
to lethal. The majority of blast induced TBI fall into the cat­
egory of mild TBI (Hoge et al. , 2008) and several groups have 
tried to develop relevant experimental models for mild blast 
TB!. It is not possible to make a full review of all experimen­
tal research witha focus on blast induced TBI here. However, 
it is important to underscore the different physics in blast 
TBI and TB! in a ciVilian setting, more frequently a result 
of blunt trauma injury. Extreme forces and their complex 
propagation characterize blast TBI. 

Injury from blast c<1n result from secondary, tertiary and 
even quaternary effects as well as the primary supersonic 
pressure wave produced by the blast, all of which have been 
studied in brain injury models. Secondary effects, due to 
the impact of flying objects, such as shrapnel fragments, 
can generate penetrating injuries. The proportion of such 
injuries was larger in previous conflicts, but seems to have 
beeri reduced by improvements in helmet construction. Ter­
tiar; effects of blast result from acceleration/deceleration 
trauma, which may result in tissue shearing and diffuse 
injuries, such as DAI (diffuse axonal injuries) . If the trauma 
is rotational, the position of the axis of rotation will be an 
important factor in the injury mechanism and areas at a 
greater distance from this axis will sustain larger forces. 
Quaternary effects of blast result from heat. smoke or emis­
sion of electromagnetic pulses from detonations (Lee et al., 
2011). 

If the injury is associated with fragment penetration this 
will induce more severe focal injury, with subsequent dif­
fuse secondary injuries due to propagation of pressure waves 
and temporary cavities. Secondary traumatic brain dam­
age occurs as a complication of the different types of TBI 
and includes ischemic and hypoxic damage, swelling, raised 
intracranial pressure and infection. The secondary TBI is 
potentially partly reversible with adequate treatment. Many 
clinical TBI patients suffer from multiple injuries, i.e. pul· 
monary lesions or amputations, which can have effects on 
the outcome of the TBI (due to hypoxia or systemic inflam­
mation). The complexity of the clinical injury and the fact 
that exposure data seldom are available has created a need 
for experiment<1l research on biological effects of blast. One 
early example of this re.search is the PhD thesis by Carl-Johan 
Clemedson "An experimental study on air blast injuries" 
(Clemedson. 1949). During the 65 years that have passed 
since that publication, a considerable number of animal 
models have been proposed suitable for research on blast 
induced TBI. The primary blast wave is the propagation of a 
supersonic pressure wave with short duration. The threshold 
for injuries is determined by factors such as peak pressure, 
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duration and shape of the wave (reflections, underpressure 
etc.). Models for better understanding the primary blast 
wave include ( 1) open field exposure. (2) blast tubes for 
explosives and (3) Shock tubes With compressed air or gas. 

• Open field exposure. Examples here are the large-scale 
classical experiments in the U.S. in desert areas and 
ponds, employing large sets of animals of different 
species and sizes. These experiments determined thresh­
olds for bleeding in air filled organs such as the lungs and 
intest ines, but the potential effects on the central ner­
vous system were not assessed. For simple waveforms. 
i.e. the Friedlander type of wave, dose response curves 
(the Bowen curves) were determined. 

• Blast tubes for explosives. During 1950s large size blast 
tubes were created to study effects of wave forms rel­
evant to nuclear detonations, i.e. comparatively long 
duration of the primary peak. The tubes were often used 
to study how construction details such as doors could with­
stand a blast wave. One exception was the studies by 
Cle med son at the Swedish FOA (Swedish Defence Research 
Establishment) using a smaller blast tube (Clemedson and 
Criborn, 1955) in which a charge of plastic explosive was 
used. These types of systems are still in use, but have 
been outnumbered by shock tube systems. 

• Shock tubes with compressed air or gas. Systems with 
compressed air were used already in the 1950s (Celander 
et aL, 1955). Most systems comprise two chambers, 
separated by a membrane_ The gas is loaded into an 
overpressure chamber (the driver section), which is sep­
arated from the main compartment (driven section) by a 
membrane (diaphragm). The object, i.e. the experimen­
tal animal is positioned somewhere in the main section. 
The operator of the system can rupture the diaphragm at 
a predetermined pressure and the compressed gas enters 
the main section as a blast wave. The main section is usu­
ally several meters long. If more than one overpressure 
chamber is positioned in a series rather complex wave­
forms can be created (Cernak et al., 2011 ). One advantage 
with this type of shock tube is the absence of quater­
nary blast effects and other disadvantages of explosives. 
However, this advantage can also be regarded as a disad­
vantage. 

One significant problem with the variety of experimental 
models for blast TBI is that it is very difficult to actu­
ally compare the different models. For example, there is 
no real consensus for monitoring of pressure curves for 
different models for primary blast. Researchers seem to dis­
agree about recording techniques to access peak pressure, 
duration and acceleration movements. Blast waves cause 
damage by a 'ombination of the compression of the air 
in front of the wave and the subsequent wind , but there 
is no real consensus on how to represent such parameters 
in the laboratory situation. Experimental models should be 
carefully validated in terms of physical parameters (Antona­
Makoshi et al., 2014) and outcome (morphologic, functional, 
molecular and gene expression changes) (Risling et al., 
2011 ). All methods that could facilitate a good translation 
to clinical data (serological biomarkers, neurophysiolgy and 
imaging) are recommended. 
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Dr. lbolja Cernak has shown that blast TBI can be a 
systemic reaction to blast (Cernak, 2010). General inflam­
matory reactions from the primary blast can contribute to 
the reactions of the brain. The propagation of pressure 
waves through the body in blast trauma is still a subject of 
disagreement. Important data can be retrieved by carefully 
planned experiments utitizing incomplete body protection 
(Cemak, 2010). The importance of repeated mild TBI for 
development of late development of neurodegenerative dis­
ease has been documented in sports medicine (Guskiewia 
et al. , 2005) and repeated injuries will undoubtedly be 
included in a number of protocols for research on blast 
TBI. Studies on operators in breaching training can provide 
a very interesting strategy to collect good exposure data 
and biomarkers after repeated controlled detonations (Tate 
et al.. 2013). One central problem is that exposure data from 
actual clinical situations are lacking. Acceleration probes 
mounted in helmets may help to solve this problem and if 
the same type of sensors will be implanted for use in animal 
experiments translation of data may be facilitated. 

As noted above, veterans with histories of blast-induced 
mTBI who have been exposed to explosions are more likely 
to have headaches, features of migraine, more severe pain, 
PTSO, and impaired sleep with nightmares. It is difficult to 
achieve a good representation of such parameters in the 
evaluation of animal experiments for blast TBI , i.e. blast 
models that make use of rodents and pigs. Refined behav­
ioral tests with a high sensitivity for stress reactions similar 
to posttraumatic stress will be important in the future work 
with blast (Kamnaksh et at. , 2011; Kovesdi et al., 201 ·1; 
Kwon et at., 2011 ). Additional experiments are required 
to enable an understanding of the co-morbidity of TBI and 
PTSD. Such experiments could be combined with biomari<.er 
sampling, behavior analysis such as the Forced Swim Test and 
functional imaging. A recent study has revea(ed significant 
changes in catecholamines and serotonin in rodents exposed 
to a mild TBI (Kawa et al.. 2014). 

One way to accomplish a better translation between ani­
mal experiments and the clinic would be to employ the same 
methodology for analysis. Imaging, e.g. with MRI (Kamnaksh 
et at., 2014) or magnetoencephalogram (MEG), and system· 
atic use of biomarkers can be used in both settings and help 
to bridge the gap between the lab bench and the hospi­
tal bed (Agoston et al.. 201 2). It is important to consider 
that the limited size of rodent brains creates a demand for 
good resolution in the imaging technique. Strain differences 
between different rodents may create difficulties in the 
interpretation of biomarkers. Different timetables for injury 
induced changes in biomarkers between rodents.and humans 
should also be considered. Computer based reconstruction 
of clinical injuries and exposure in the experimental models 
can help to narrow the knowledge gap between experiments 
and clinical observations (Kleiven, 2007). Fine-tuning of t he 
finite element models would need to include both tissue 
propertles and a proper representation of fiber tracts. Mod­
eling however, has limited use if the predictions cannot be 
validated by actual biological observations. The different 
geometrical shape of the rodent brain and humans can cre­
ate obstacles in modeling. It is therefore advantageous if 
data from larger animals, such as pigs, are available also. 

The Vietnam Head Injury study can also be used as an 
example of translation. Outcome data from a large cohort 
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of patients that survived penetrating brain injuries has been 
analyzed during more than 35 years (Raymont et at., 2011 ). 
This is probably one of the most detailed follow-up neuro· 
trauma studies that has ever been conducted. Thfs material 
has been employed to reveal the importance of the growth 
factor BDNF on the outcome of the injury (Ros ta mi et al. , 
2011 ) an observation that later was brought back for fur· 
ther investigation in a suitable animal model (Ros ta mi et al., 
2014). 

In summary, blast TBI involves complex energy transfer 
and several possible mechanisms. The primary blast wave, 
acceleration generated tissue strain, smoke and heat can 
induce both mild TBI and more severe injuries. It is essential 
to have a good control on physics during animal experiments 
on blast induced TBI. Translation to clinical situations can be 
facilitated if serological biomarkers and advanced imaging 
techniques can be used. 

3. Clinical 

In humans, the observation that repeated mild injuries could 
result in chronic traumatic encephalopathy (CTE) (Lakis 
et at.. 2013; Stein et al. , 2014). has influenced scientists to 
start experimental projects on repeated mild blast induced 
TBI (Petraglia et at., 2014a,b; Glushakova et al. . 2014; 
Goldstein et al., 2014 ). 

Also there is now evidence that changes in endocrine 
functions and regulation can show significant changes in TBI 
patients. Serum levels of melatonin can probably contribute 
to long-term sleep disturbances in TBI patients (Seifman 
et at., 2014). It has been observed that pituitary dysfunc­
tion may be one of the consequences of blast TBI (Baxter 
et at., 2013) and this observation should be analyzed also in 
experimental models for blast. 

Of course, there is an extensive pre-clinical and clinical 
literature showing abnormalities in neuroendocrine func· 
lion in PTSD, review of which is beyond the focus of thfs 
paper (de Kloet et al. , 2006: Krystal and Neumeister. 2009) . 
Plasma melatonin levels collected 48 h after a trauma in 
Australian troops are reported to predkt later PTSD, but, 
a recent study that assessed polysomnography with simul­
taneous blood sampling in returning Dutch troops observed 
no PTSD·related plasma melatonin abnormalities, despite 
sleep disturbance (Mcfarlane et at.. 201 O; van liempt et at.. 
2013 ). The same Dutch study, though, showed evidence for 
a link between hypothalamic- pituitary- adrenal (HPA) axis 
abnormalities that were observed and sleep disturbance in 
the troops with PTSD (van Liempt et al. 1 2013). 

To date most neuroendocrine research has focused on 
either PTSD or mTBI and has not grappled with the com­
plexities of disentangling effects of possible co-occurring 
disorders. Clearly, going forward, as our ability to detect 
post-head injury residual brain injury improves, it will be 
important to carefully characterize diagnostic status (mTBI, 
PTSD and the combination) in endocrine and autonomic 
research in military cohorts in order to fully tease apart 
biomarkers related to separate (mTBI, PTSD) and combined 
(mTBI and PTSD) status, given the high co-occurrence of 
both disorders in deployed troops. 

Inflammatory reactions and cell death after TBI can be 
different in males and females (Gunther et al.. 2015 ). 
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Such differences can possibly be related to endocrine func­
tions. Also metabolic functions can be altered after TBL 
For example, changes in the cytochrome p450 superfamily 
of metabolic enzymes could influence the metabolism of 
inflammatory mediators, drugs and hormones (Birnie et al.. 
2013}. Metabolic abnormalities have been proposed, but are 
yet to be studied in humans with PTSD (Naviaux, 2014). 

At present, it is unclear why similar mTBI events can lead 
to dramatic neurobehavioral decompensation with persis­
tent PCS in some individuals, but not in others (Jeter et al., 
2013). Retrospective and prospective studies of combat· 
related TBI show that most (<85%) deployment-related TBls 
are mild (MacGregor et al., 201 1; Yurgil et al., 2014). But 
diagnoses are based primarily on the characteristics of the 
acute clinical sequetae following the injury. The subtle, 
scattered and varied lesion(s) usually go undetected by 
conventional CT, and they are often unobservable on con· 
ventfonal MRI as well (Van Boven et al., 2009; Bigler and 
Orrison, 2004; Johnston et al., 2001: Ki1 kwood et al., 2.006). 
Teasdale and Jennet showed that intracranial lesions in mTBI 
are detected by conventional neuroimaging techniques in 
only 4%, 16%, and 28% of patients with Glasgow Coma Scale 
scores (GCS) (Teasdale and Jennett, 1974) of 15, 14, and 13, 
respectively (Culotta et al. , 1996 ). 

Usually, the persistent PCS and cognitive deficits in TBI 
patients cannot be explained solely by focal pathology. DAI 
is a maj or contributor to these deficits and is commonly 
induced by sudden acceleration-deceleration or rotational 
forces. In a rodent TBI model, axonat injury was the most 
prominent feature following blast exposure (Garman et al., 
2011 ). In humans, the subsequent tissue injury is char· 
acterized by axonal stretching, inflammation, disruption, 
and separation of nerve fibers, although axotomy is rela· 
tively rare in even severe TBI tAdams et al.. 1989; Sasser 
and Pierpaoli. 1996: Gennarelli et al.. 1982: Xu et al., 
2007). Conventional CT and MRI are primarily sensitive to 
blood from nearby torn capillaries, rather than axonal darn· 
age itself, hence they underestimate the presence of DAI, 
especially in mTBI. New approaches using diffusion ten· 
sor imaging (DTI), positron emission topography (PET), and 
macromelecutar proton fraction (MPF) have showed promis· 
fng capability in detecting injuries and/ or abnormalities that 
are not vi sible in CT and MRI (e.g. , Petrie et al., 2014; 
MacDonald et al. 1 2011 ; Davenport et al., 2012; Shenton 
et al., 2012) . 

Magnetoencephalogram (MEG) is a non-invasive func· 
tional imaging technique that directly measures the 
magnetic signal due to neuronal activation in gray matter 
(GM) with high temporal resolution (<1 ms) and spatial local· 
fzation accuracy (2- 3 mm at cortical level) (Leahy et al., 
1998). MEG demonstrates sensitivity to abnormal neuronal 
signals resulting from axonat injuries. Neurophysiological 
studies in animals have established a solid connection 
between pathological delta-wave (1 - 4 Hz) generation in GM 
and axonal injuries in WM. Gloor et al. showed that polymor­
phic delta-band slow-waves produced by (white matter) WM 
axonal lesions in the cat were localized to the GM area of 
cortex overlying the lesion (Ball et al., 1977; Gloor et al., 
1977). They also found that pathological delta-waves can 
be induced by the administration of atropine in the WM 
(Schaul et al., 1978). It is known that atropine is a com· 
petitive antagonist of acetylcholine receptors and can block 

5 

and/or limit the cholinergic pathway. These experiments 
concluded that cortical de-afferentation was an important 
factor in abnormal delta-wave production, owing to WM 
lesions (i.e., axonal injury) and/ or defects in the cholinergic 
pathway (Schaul, 1998). In the human brain, the projec­
tions of cholinergic pathways highly overlap with the WM 
fiber tracts (Selden et al., 1998), which make the cholinergic 
pathways similarly susceptible as the WM tracts to TBI. 

Human studies by Lewine et al. , and our laboratory 
showed that the brains of mTBI patients generate abnor­
mal low-frequency magnetic fields that can be measured 
and localized by resting-state MEG (Huang et al., 2009, 
2012; lewine et al., 1999, 2007). MEG was also found to 
be more sensitive than conventional MRI or EEG in detecting 
abnormalities in mTBI patients (Lewine et al., 1999, 2007). 
Unlike normal resting-state MEG data, which is dominated 
by neuronal activity With frequencies above 8 Hz, injured 
neuronal tissues (due to head trauma, brain tumors, stroke, 
and epilepsy) generate abnormal focal or multi-focal low­
frequency neuronal magnetic signals (delta-band 1- 4 Hz, 
or theta-band 5- 7 Hz) that can be directly measure·d and 
localized using MEG (Baayen et al., 2003; de Jongh et al., 
2003; Decker and Knott, 1972i Lewine et al., 1999; Lewine 
and Orrison, 1995; Nagata et al., 1985; Vieth et al. , 1996). 
While TBI is not the only neurological disorder that generates 
abnormal stow-wave, in practice, brain tumors, stroke, and 
epilepsy can be easily ruled out based on structural imaging 
{i.e. , CT and MRI for tumor and stroke) and medical history 
(for epilepsy). 

Fig. 1 shows an example of the abnormal resting-state 
MEG slow-wave findings in one of studies (Huang et al., 
2009) from a chronic mTBI patient (sport injury) with persis­
tent PCS including: pressure headaches, dizziness, fatigue, 
memory problems, difficulty falling asleep, and changes in 
speech and language. Multiple ct inical CT and MRI scans were 
all negative. Fig. 1 shows that the abnormal MEG slow-waves 
came from: (1) lateral superior-posterior left temporal lobe, 
and (2) an area containing three sub-regions in the ventral 
right temporal a.nd occipital lobes (Huang et al., 2009). Deaf· 
ferentation due to axonal injuries was most likely the cause 
of stow-waves in these GM regions which was confirmed by 
Diffusion Tensor Imaging (DTI) tractography analysis (Huang 
et al. , 2009). 

In a separate region-of-interest (ROI) study from our tab 
(Huang et al. , 2012), we assessed abnormal resting-state 
MEG slow-wave (1 - 4 Hz) generation from 96 cortical regions 
from three TBI groups: 23 mild TBI patients exposed to 
combat-related blasts, U mild TBI patients With non-blast 
causes (sports, motor vehicle accidents, fall, and assault), 
and 10 moderate TBI patients with non-blast causes. The 
normative database for the ROI-based MEG slow-wave power 
was established using data from 44 healthy control sub­
jects. Fig. 2 shows a conservative threshold (horizontal line) 
in which all healthy control subjects' stow-wave measures 
were below this level (0% false-positive rate). With such a 
threshold, the positive detection rates were 96% for mild 
blast-induced TBI patients (22 out of 23), 77% for the mild 
non-blast TBI patients (17 out of 22), and 100% for the mod­
erate TBI patients (10 out of 10). When we combined the 
blast-induced and non-blast mild TBI groups together, the 
correct diagnostic rate was about 87% for the combined 
mild TBI group. This study provides a foundation for using 
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Figure 1 Abnormal MEG ~low-waves. (1) Left cctumn: L lateral superior-posterio· temporal region. (2) ~ight column: R inferior­
temporal areas. Three rows are lateral·, ventral-, and middle-views, respectively. 
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Figure 3 MEG source imaging in beta and' gamma bands shows hyperactivities (PTSU >Ctr(, red-hot color) from amygdala/anterior 
hippocampus and hypoactivities (PTSD < Ctrl , blue-cold color) from the vmPFC, with co-rected p < 0.05 in beta-gamma band. 

MEG low-frequency source imaging as potential biomarker 
to assist in the clinical diagnosis of mild TBI. 

Recently, we expanded the above ROI-based approach 
by developing a voxet-based whole-brain MEG stow-wave 
imaging approach, Fast-VESTAL (Huang et al., 2014a), for 
detecting abnormality in patients with mTBI on a single­
subject basis (Huang et at., 2C14b). A normative database 
of resting-state MEG source magnitude images (1- 4 Hz) from 
79 healthy control subjects (68 civilians and 11 active-duty 
military service members) was established for all brain vox­
els. The high-resolution MEG source magnitude images were 
obtained by our recent Fast-VESTAL method. In 84 mTBI 
patients with persistent post-concussive symptoms (36 from 
blasts, and 48 from non-blast c:i.uses), our method detected 
abnormalities at the positive detection rates of 84.5%, 
86.1 %, and 83.3% for the comb'ned (blast-induced plus with 
non-blast causes), blast, and non-blast mTBI groups, respec­
tively. We found that prefrontal, posterior parietal, inferior 
temporal, hippocampus, and cerebella areas were partic­
ularly vulnerable to head trau11a. The results also showed 
that MEG slow-wave generation in prefrontal areas positively 
correlated with personality change, trouble concentrating, 
affective lability, and depression symptoms. 

Amygdala, vrnPFC, and hippocampal regions implicated 
in pre-clinical fear processing are thought to be dysfunc­
tional in PTSD (Rauch et al ., 1998, 2006). Functional 
neuroimaging findings using positron emission topography 
(PETt and functional magnet·c resonance imaghg (fMRI) 
suggest that individuals with PTSD exhibit hyperresponsive 
amygdala activity to trauma or fear-related stimuli (for 
review, see Shin and Liberzon, 2010), during emotionally 
neutral tasks (Bryant et al. , 2•J05; Shin et al., 2004b), and 
even at rest (Chung et al., 2006; Semple et al., 2000). 
A hyperresponsive amygdala contributes to t'ie exagger­
ated fear response characterirtic of PTSD (Anderson et at., 
2003). Conversel.y, PTSD has been associated repeatedly with 
hyporesponsive vmPFC (for review, see Hughes and Shin. 
2011 ). Hyporesponsive PFC, a; well as reduced connectiv· 
ity to the amygdala (Jin et al., 2013; Shin et al., 2004a) 
may indicate insufficient inhbitory control over exagger· 
ated fear responses. Lastly, abnormal hippocampal function 

(Corcoran and Maren, 2001) and reduced connecti vity to the 
amygdala (Dolcos et al. . 2004; McGaugh. 2004) may under­
lie impairments in contextual me11ory processing and the 
ability to inhibit 1ntrusive memories (Shin et al., 2004a), 
although findings have been mixed (Hughes and S1in, 2011 ). 
A recent resting-state fMRI study showed increased activity 
in amygdala and reduced spontaneous neural activi ty in the 
dorso-lateral PFC (DLPFC) (Yan et al., 2013). However, the 
authors found no evidence of abnormal resting-state fMRI 
signal in the vmPFC. 

Recently, we used resting-state MEG to study 16 OEF/OIF 
active-duty military and veteran participants with PTSD, 
and 23 age-matched healthy control subjects. Among the 
control subjects, 12 were active-duty military personnel 
deployed to Iraq and/or Afghanistan and 11 were civil ­
ians without military training. Voxel·based whole brain MEG 
source magnitude images were obtained using our new 
Fast-VESTAL high-resolution MEG source imaging method 
(Huang et al., 2014a). Fig. 3 shows that for beta-gamma 
band (15- 80 Hz), increased MEG activity in PTSD (hyper· 
activities, PTSD >controls) was generated from bilateral 
amygdala/anterior hippocampus, whereas decreased MEG 
activity was generated from the vmPFC. The MEG results 
were consistent with the theory that reducec inhibition 
(hypoactivity) from the vmPFC and hyperactivity in the 
r 'fear network'' including the amygdala/ anterior hippocam· 
pus are closely related . These data suggest that MEG imaging 
may accurately visualize brain ev;dence of PTSD, but more 
research is needed to fully develop MEG as a potential 
biomarker for PTSD. 

As discussed earlier, TBI signi'icantly potentiates PTSD 
development. Here we present some preliminary data of 
using a voxel·based MEG source inaging approach to evalu· 
ate the potentiation of PTSD by an rnTBI. The new aspect of 
the study is to provide much needed information regarding 
exactly what brain regions that are part of the abnor· 
mat PTSD neurocircuitry are also particularly vulnerable 
to mTBI. Such information may contribute to more effec­
tive treatments for veterans with comorbid mTBI and PTSD, 
and guide the development of preventive strategies in 
PTSD. 
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Figure 4 MEG source imaging shJwing slow-wave generation in four pc.tlents with comorbid mTBI and PTSD from vmPFC and dlPFC 
suggests that mTBI may potentiate the development of PTSD. 

Fig. 4 shows preliminary da:a of abnormal MEG slow­
waves from 4 patients with conorbid mTBI and PTSD. 
All patients showed abnormal slow-waves (1 - 4 Hz) from 
vmPFC, 3 out of 4 showed bilateral dlPFC abnormal slow­
waves, and 1 showed right clPFC abnormal slow-wave 
generation, indicatirlg potential injuries due tc mTBI. The 
slow-wave generation suggests mTBI in these PFC areas. In 
adjition, similar to the prelimi1ary result from the group 
of 25 PTSD subjects, these 4 comorbid patients also showed 
MEG hypoactivity from vmPFC and dlPFC h high frequency 
bands when compared with the HCs, similar to the findings 
presented in Fig. 3. In this comorfuid group, the co-existence 
of abnormal MEG slow-wave (mTBI component) and hypoac· 
tivity from vmPFC and dlPFC in high frequency bands (PTSD 
component) suggests the mTBI i1juries in PFC rray result in 
a lack of inhibition from PFC to ether areas of the PTSD neu­
rocircuitry. This preliminary data, thus, provides evidence 
of abnormal slow-wave generation in these PFC areas due 
to mTBI and the potentiation of PTSD. 

4 . Limitations of this study 

There are several limitations cf this study: One concern 
wi:h neuroimaging studies, including many recent studies 
involving OIF /OEF veterans, are the reliance on conve­
nience samples and the use of control groups that do not 
always provide adequate scientific comparisons (Hoge and 
Castro, 2011 , 2014). Next, we have focused on the poten­
tiation of PTSD development due to mTBI. Deployment to 
Iraq or Afghanistan, a.s in past wars, is certainly associ­
ated with non-specific generalized physical and cognitive 
health ef fects, and it is likely that there are multiple causes 
for these health concerns beyond mTBI and PTSD (e.g. 

pro onged periods of sleep deprivation, combat intensity, 
inte-nse physical strain on the body from harsh foot patrols, 
dei:;ression, repetitive load-bearing injuries, etc.) (Hoge 
and Castro et al., 2014). Also, deployment experiences are 
highly variable. Roughly two-thirds of OIF /OEF service mem­
ber> worked principally inside heavily fortified compounds 
with limited exposure to war-zone stressors (other than 
ran·fom indirect fire). The other one-thirc, mostly infantry 
bri!!ades, have done the lion's share of the direct combat 
heavy lifting, but even in those units there is high vari­
ability of exposure experiences. Clearly service members 
in Lnits that experience more direct combat, higher levels 
of sleep deprivation, and more non-head injuries will likely 
have higher rates of non-specific abnormalities on functional 
neuroimaging (to include vmPFC or dlPFC) than comparison 
groups that did not have this level of deployment intensity, 
and thus it is important in future studies :o consider these 
fact.ors when designing studies that atterrpt to look at the 
neuroimaging associated with blast, mTBI or PTSD cases. 
In the present study, our control group for the MEG slow­
wa\e source imaging study contains a mix of active-duty 
mil·tary and civilian subjects. This mix was necessary since 
we assessed both subjects With blast-induced mTBI as well 
as civilian mTBI subjects without blast exposure. Neverthe­
less, the imbalance of active-duty military subjects between 
the control and blast mTBI groups remains a limitation. 

Also, as noted previously, the focus of this paper is on 
mTBI and on MEG imaging, thus an exploration of the full 
ran·~e of biomarkers, in particular the large literature on 
blood-based biomarkers in PTSD, was beyqnd the scope of 
this paper. The common co-existence of m TBI and PTSD pose 
further significant challenges for blood-based biomarker 
research in both mTBI and PTSD in military and veteran 
poptilations, since co-occurrence of either must be assessed, 
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and considered during study enrollment, and is a limita­
tion of current research. Since blast exposure is a risk for 
PTSD development, and there is significant overlap in PTSD 
and mTBI, an ultimate goal of the MEG research will be the 
development imaging biomarkers for PTSD, and for mTBI on 
a single subject basis, i.e. diagnostic biomarkers. 

5. Conclusion 

In summary, TBI is a highly prevalent condition, although the 
majority of cases of TBI are mild. While the social and fiscal 
impact of moderate and severe TBI has been well known, 
until recently, the potential negative impact of mTBI on 
health has been underappreciated. In contrast to tools avail· 
able in the 20th century, we now have great advancements 
in technology that, combined with pre-clinical insights, can 
support development of improved approaches for clinical 
visualization of the mTBI injuries, which may provide <1 basis 
for a new schema for mTBI diagnosis. With more precise 
diagnostic approaches, such as high resolution imaging, and 
cerebrospinal fluid or blood testing, we may ultimately be 
able to develop imaging and bodily fluid biomarkers for use 
in prognosis, diagnosis, or as treatment outcome measures. 
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Gene networks specific for innate immunity define 
post-traumatic stress disorder 
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The molecular factors involved in the development of Post-Traumatic Stress Disorder (PTSD) remain poorly understood. Previous 
transcriptomic studies investigating the mechanisms of PTSO apply targeted approaches to identify individual genes under a cross­
sectional framework lack a holistic view of the behaviours and properties of these genes at the system-level. Here we sought to 
apply an unsupervised gene-network based approach to a prospective experimen41I design using whole-transcriptome RNA-Seq 
gene expression from peripheral blood leukocytes of U.S. Marines (N = 188), obtained both pre· and post·deploymerit to conflict 
zones. We identified discrete groups of co-regulated genes (i.e., co-expression modules) and tested them for association to PTSD. 
We identified one module at both pre- and post-deployment containing putative causal signatures for PTSD development 
displaying an over-expression of genes enriched for functions of innate-immune response and interferon signalling (Type-I and 
Type-II). Importantly, these results were replicated in a second non-overlapping independent dataset of U.S. Marines (N ::.96), 
further outlining the role of innate immune and interferon signalling genes within co-expression modules to explain at least part of 
tne causal pathophyslology for PTSD development, A second module, consequeritial of trauma exposure, contained PTSO resiliency 
signatures and an over-expression of genes involved in hemostasis and wound responsiveness suggesting that chronic levels of 
stress impair proper wound healing during/after exposure to the battlefield while highlighting the role of the hemostatic system as 
a clinical indicator of chronic-based stress. These findings provide novel insights for early preventative measures and advanced 
PTSD detection, which may lead to interventions that delay or perhaps abrogate the development of PTSD. 

Molet::Ular Psychiatry advance online publication, 10 March 2015; doi:l0.1038/mp.2015.9 

INTRODUCTION 

The study of the molecular factors that determine risk and 
subsequent development of Post-traumatic stress disorder (PTSD) 
are at the forefront of molecular psychiatric research. A significant 
number of men and women exposed to severe emotional trauma 
and loss emerge from these events with persistent PTSD 
symptoms. such as intrusive imagery, avoidance and hyperarousal, 
as wel l as other long-term physical health problems. PTSD affects 
7-8% of the general United States (US) population, and is 
higher among t roops recently returned from the wars in Ira~ 
and Afghanistan, with estimates of prevalence as high as 20%. 
Annual health care co~>ts associated with PTSD in the US have 
been estimated to be 180 million dollars.2 Heterogeneity in 
susceptibility to PTSD suggests that differences at the molecular 
level (i.e. gene-expression level) may influence an individual's 
physiological and psychological response to trauma and thus the 
development of PTSD. A clear understanding of the molecular 
mechanisms underlying this aberrant response to trauma is 
required to reduce the substantial morbidity and mortality 
associated with this disorder. 

A number of studies have analyzed blood gene expression and 
glucocorticold activity to build more effective models for 
identifying molecular factors associated to PTSD.J-12 These studies 
were recently reviewed by Heinzlemann and Gill,2 who summar· 
ized that the increased expression of inflammatory genes and 
decreased expression of the genes that regulate inflammation 
contribute to the onset of PTSD. Specifically, when considering the 
overlap in results from transcriptomic studies, the decreased 
expression of FkBPS and STATSB, which regulate inflammation, is 
evident.4.6.7·

9 The majority of these reviewed studies3-s•11
•
12 

centered transcriptomic analyses on subjects already diagnosed 
with PTSD, and thus lacked a prospective study design, as well as 
independent datasets for validation purposes. These studies 
employ gene expression analysis on pre-determined targets, 
focusing analyses on the individual gene-level and the putative 
clinical utilities of the resulting gene-list, without studying the 
connectivity of these genes at the system-level. 

Recent gene-expression network analyses, such as weighted 
gene co-expression network analysis (WGCNA), aim to integr;ite 
expression data across thousands of genes into a higher-order 
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system-level context to identify groups of genes within a network 
whose expressions are highly correlated (i.e. co-expression 
modules).1 In doing so, WGCNA provides a powerful unsuper­
vised approach to tackle the molecular complexity that occurs in 
neurodevelopmental and psychophysiological disorders, M -

19 

although has never before been applied to PTSD. 
We applied WGCNA to RNA-Seq and microarray peripheral 

blood leukocyte {PBL) gene expression taken from two indepen­
dent groups of U5. Marines, both pre- and post-deployment to 
connict zones. The primary goal of this analysis was to best 
characterise the prognostic and diagnostic molecular signatures 
defining both 'PTSD risk' and 'PTSD' states, while demonwating 
the robustness and reproducibility of WGCNA findings across 
datasets. Instead of identifying differentially expressed genes on a 
gene-by-gene basis, we constructed 1,msupervised gene co­
expression networks from a combination of case and control data 
and Identified gene co-expression modules within these networks. 
Modules were first assessed for containing differentially expressed 
genes, tested for their association with PTSO, and finally subjected 
to functional enrichment analysis. In this manner, we then 
assessed whether the PTSO-assoclated modules were detected 
in our second non-overlapping dataset of U.S. Marines to demon· 
strate a significant and conslstent association of our findings. We 
conclude that prospectively profiling the transcriptome of U.S. 
Marines pre- and post-deployment to conflict zones, using a co­
expression analysis approach is a promising strategy for Identify­
ing and studying the functions of causal and consequential 
molecular factors in PTSD development, with particular value in 
reproducing results across independent datasets of U.S. Marines. 

SUBJECTS AND METHODS 
Sample colfection and datasets 
All subjects were male and participants in either the Marine Resilience Study 
(MRS) or the Marine Resiliency Study II (MRS II), prospective st\Jdies of we11-
characterized U.S. Marines scheduled for combat deployment to Iraq or 
Afghanistan, with longitudinal follow•up to track the effect of combat stress. 

Dataset I-Whole blood was obtained from 124 MRS II U5. Marine 
participancs who served a seven month deployment. Blood was drawn 1 
month prior to deployment and again at 3-months post-deployment for 
each participant Each blood sample (10 ml) was collected into an EDTA­
coated collection tube, RNA was i solated from peripheral blood leukocytes 
using LeukoLOCK Total RNA isolation and sequenced using the lllumina Hi­
Seq WOO. 

Dataset 2-for validation, data were compared to an Independently 
generated gene expression data-set from a separate, non-overlapping, 
group of 50 MRS U5. Marine particlpants (Gian et al. 2013, prevlously 
published pre-deployment data1 2

). Blood samples were treated In an 
identical fashion as described above, however final RNA was hybridized to 
the Affymetriic Hu-Gene 1.0 ST Array. 

PTSO diagnosis 
At the time of each blood draw, PTSD symptoms were assessed u~ing a 
structured diagnostic: fnterview, the Clinician Administered PTSD Scale 
(CAPS).'O-l:l Using the criteria from the Diagnostic and Statistical Manual of 
Mental Disorders, fourth edition (2000).14 diagnosis for partial or full PTSD 
was defined as a threat to life, Injury, or physical in tegrity (Criterion A 1) and 
the presence of at least one re-experiencing symptom and either three 
avoidance syn1ptoms or rwo hyperarousai symptoms, or rwo avoidance 
symptoms plus rwo hyperarousal symptom.'s.27 Symptoms must have 
occurred at least once within the past month (frequency ~ l) and caused a 
moderate amount of distress !intensity~ 2). 

Subject selection 
A subset of MRS II study participants were pre-selected for RNA-Seq 
analysts. First, at pre-deployment, all participants had to be symptom free, 
with no PTSD diagnosis and a CAPS~25. Second, at post-deployment, 
participants who fulfilled criteria for pafiial or full PTSD diagnosis were 
designated the PTSD group. Third. participants with post-deployment 
CAPS ~ 25 that matched the post-deployment PTSD group on variables of 
combat exposure, age and ethnicity were designated the 'control' group. 
Under these criteria, all paired subjects were stratified into two groups 
based upon CAPS scores at 3-months post-deployment (Table 1, 
Supplementary Table 1). If a US. Marine participant developed PTSD 
followlng trauma-exposure at 3-months post-deployment, their pre­
deployment sample would be included ln the 'PTSD-risk' group. Likewise, 

Table 1. Recorded clinical parameters from U.S. Marines assessed at pre- and post-deployment for Dataset 1 

Time point Pre·Deploymen1 Post-Deployment 

PT.SD Cases (N =47) ConTrols (N = 47)' P-value PTSD Cases (N= 47} Controls (N = 47} fl.value 

Age 22.15±2.53 22.42±3.92 0.682 23.14±2.52 23.42±3.92 0.685 
Alcohol 2.08± 1.55 1.62± 1.33 0.124 1.79 ± 1.32 1.54 ± 1.11 0.318 
Tobacco 1.75 ± 1.62 0.97 ± 1.51 0.02 1.69± 1,69 1.02± 1.47 0.042 
WC adj. 1.65±0.13 1.72± 0.13 0.015 1.68:t0.14 1.75:1:0.12 0.012 
PCL 21.29±4.72 18.33±2.27 0.0001 42.38 ± 11.09 20.94 ±;3.87 S.37E-22 
CAPS total 11.39:t: 7.23 6.75:t6.90 0.002 53.17±15.08 10.04±7.26 S.99E-3 2 
CAPSBs 1.00±1.91 0.54±1.92 0.245 14.9± 7.25 1.54±2.37 6.29E-21 
CAPSCAs 0.54±1.1 1 0.10±0.51 0.015 5.31 ±4.57 0.85±2-08 l.88E-08 
CAPSCN1s 1.10± 2.23 0.97 ± 2.88 0.813 9.17 ±5.32 1.19±2.87 1.21 E-14 
CAPSDs 8.39±5.66 4.S8::;t4.98 0.001 22.6±6.7 6.42±4.79 5.97E-24 
CAPSCs 2.00±2.73 1.62±3.66 0.571 15.67±7.23 2.08±3.66 7.15E-20 
Prior Deployment 19 16 0.6699 
TBI 30 21 0.097 
CES PBE mean 0.63± 0.25 O.S3:t;0.12 0.02 
Caucasian 26 26 
African Amerkan 4 4 1 
Native American Mexican 13 15 0.822 
Asian & Other 5 3 0.714 

Abbreviations: Alcohol, alcohol consumption; CAPS total, CAPS total score; CAPSBs, re-experiencing subscale; CAPSCAs, symptoms of avoidance; 
CAPSCN1 s, symptoms of numbing; CAPSCs, subtotal C subscale; CAPSDs, hyper-arousal subscale; CES, combat exposure scale; PBE, post battle experience; 
PCL, PTSD symptom check list; TBI, traumatic brain injury; Tobacco, tobacco use; WC adj. waist circumference was adjusted for height; ·, not applicable. 
Significance was assessed with a Student's two-railed t test for continuous variables and fishers exact test of proportions for binary variables. 
(Average± standard deviation). 
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if a subject avoided PTSD ~-ymptoms at 3 months post-deployment their 
sample at pre-deployment was included ln the 'control ' group. 

Data pre-processing 
All data were pre-processed by normalization, filtering genes with low 
expression values, and removing any outliers which may bias down-stream 
analysis. Final subject numbers resulted in 94-paired subjectS (47 paired 
cases and 47 paired controls) ln Dataset 1 and 48 paired subjects (~4 paired 
cases and 24 paired controls) in Daraset 2 To compare findings from RNA­
Seq data In Dataset 1 to miooarray data in Dataset 2, genes found only on 
both platforms (N = 10184) passed into our subsequent analysis (see 
Supplementary File for more detailed Information). 

Differential gene eXJ)ression analyses 
Differentially expressed genes were assessed using the moderated r-test rn 
edgeR28 and LIMMA:.g P<l~kages for RNA·Seq and microarray data, 
respectively, and unless otherwise specified, the significance threshold 
was a nomlnal P·value < 0.05. A nominally significant P-value was used to 
yield a re11sonable number of genes to Include within network analyses. 
Differential expression analyses were perf0rmed on 10 184-genes between 
pre-deployment PTSD case and control groups, and again between post­
deployment PTSD case and control groups (see Supplementary File for 
rno1e detailed lnfom1ation). 

Gene network construction and module detection 
Signed co-expression networks were built using weighted gene co· 
expression network analysis (WGCNA)'3 in R. A total of 10 184 genes were 
used to construet each network. To construct the networks, the absolute 
values of Pear'Son correlation coefficients were calculated for all possible 
gene pairs and resulting values were transformed so that the final matrix 
followed an approximate scale-free topology. (see Supplementary File for 
detailed information). The WGCNA dynamic tree-cut algorithm was used to 
detect network modules. In order to determine which modules, and 
corresponding processes were most associated to PTSD related states, we 
ran singulaf value decomposition on each module's ex_pression matrix and 
used the re.suiting module eigengene (ME), which is equivalent to the fost 
principal component, 11 to represent rhe overall expression profiles for each 
module. For each gene in a module, module membership (/<ME) was 
defined as the correlation between gene expression values and ME expres­
~lon. Genes with high kME inside co-expression modules are labeled as hub 
genes.13 GS was calculated as the - log10 of the P-value generated for each 
gene within a p;micularmodule using a mc)derated r test and is a measure 
of the strength of differential gene expression between PTSD cases and 
controls. MS was cclculated as the average GS within each module (see 
Supplementary File for more information). 

Statistical analyses 
All gene-set overl(lp analyses were performed by assessing the cumulative 
hypergeometric probability using the phyper fu11ction in R. 

Enrichment analyses 
Module enrichment was assessed three ways. First. general module 
enrkhment categories were obtained using gene ontology biological pro· 
cesses from the DAVID database30 (hnp://david.abcL11cifcrf.gov/). Second, 
specific module enrichment categories were obtained using the WGCNA 
function userllstEnrichmenr' using modules as input-lists and curated 
Reactome NCBI Biosystems pathways and terms3 i as user-defined lists. 
Finally, we downloaded the highly expressed, cell specific (HECS) gene 
expression database complied by Shoemaker et al. 33 to assess cell•rype 
specific enrichment re.suits, here cell-type marker fists were used as a user­
defined lists. All module genes were used for enrichment analyses using a 
FDR corrected P-value < O.OS as significant. 

Data availability 
RNA-Seq and microarray gene expresslon data are freely available at 
rhe Gene Expression Omnibus under the SuperSeries accession 
number GSE64814 (http://www.ncbl.nlm.nih.gov/geo/query/acc.cgi?acc: 
GSE64814). 

Full Methods and any associated references are available ln 
Supplementary Methods. 
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RESULTS 
We analyzed two different gene expression datasets generated 
from RNA-Seq (Daraset 1, Table 1) and microarray (Dataset 2, 
Supplementary Table 1) using peripheral blood leukocyte (PBL) 
samples taken from U.S. Marines pre- and post-deployment. 
followil"\g a set of differential gene expression analyses (Supple­
mentary Figure 1), we aimed to characterise the prognostic and 
diagnostic molecular signatures of PTSD by studying transcrip· 
tional differences at the systems-level at pre-deployment and 
post-deployment separately. Initially, WGCNA was used In Oacaser 
1 to assess module preservation between PTSD cases (N -== 47) and 
controls (N = 47) for the pre· and then the post-deployment time 
point (see Supplementary File for complete description). This 
analysis identifies large differences in gene co-regulatory pattern$, 
as being disrupted or created in PTSD cases relative to controls, or 
vis-versa. However, we observed strong preservation statistics 
between the two groups indicating similar fundamenta l gene co­
regulatlon within PTSD cases and controls, suggesting that major 
changes in the underlying gene·gene connectivity are not a basis 
for the pathology of this disorder (Supplementary Table 2). As a 
result we used the higher confidence and completeness of a 
combined network of case and control data. 

Differential module expression post-deployment in Dataset 1 

We constructed a gene co-expression network from a combina­
tion of PTSD cases (N=47) and controls (N-=47) post-deployment 
using RNA-Seq expression data from Dataset T (Figure 1). This 
analysis identified nine modules (fully characterised in Supple­
mentary Table 3) that were first examined for enrichment of 
differentially expressed genes. Two modules (M 1 A and Ml B) were 
enriched for genes identified as differentially expressed between 
PTSD cases and controls, reflected by an elevated module 
significance (MS) value (Figure 2a). To determine if the overall 
expression of modules M 1 A and M 1 B were significantly assoc.iated 
with PTSD group status, we calculated differences in module 
expression using module eigengene (ME) values (See Materials and 
Methods for complete description of ME). Consistent with results 
using MS, expression of module Ml B was significantly higher in 
the PTSD resilient control group (P= 0.004 and Figure 2b) 
suggesting a positive correlation to PTSD resiliency, meanwhile 
expression of module M 1 A was significantly higher in the PTSD 
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Figure 1. Hierarchical cluster tree and post-deployment module 
structure in Dataset 1. Hierarchical duster tree (dendrogram) of the 
combine post•deployment network of PTSD cases (N= 47) and 
controls (N= 47) comprising 10 184 genes. Each line represents a 
gene (leaf) and each low-hanging duster represents a group of co­
expressed geries with similar network connections (branch) on the 
tree. The first band underneath the tree indicates the nine detected, 
and subsequently analyzed, network modules. Genes shaded in grey 
were not assigned to a particular module and represent background 
noise. For a comprehensive functional annotation of each module 
and calculation of all significant module-trait relationships see 
Supplementary Table 3. 
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Figure 2. Module significance (MS) and module eigengene (ME) expression boxplots. MS was measured across all pre- and post-deployment 
modules in Dataset 1. WGCNA detected ten modules post-deployment from a combination of PTSD cases and control (a) and twenty-two 
modules at pre-deployment from a combination of PTSD risk cases and controls (c). The y-axis indicates MS by calculating the average - log,0 
P-values, generated by a moderated t test, for each gene within a particular module, when assessfng differential expression between PTSD 
cases and controls. Here, a kruskal-wallis P-value was used only for descriptive purposes and not inferential. Modules denoted with an asterisk 
(") have ME \/all.Jes significantly correlated to conditi.onal states (i.e. PTSD cases or controls). Representative modules with high MS at post· 
deployment and pre-deployment were investigated for module expression d ifferences. Differences in ME expression were measured using a 
two-tailed student's t test on and a P-value < 0.05 is considered significant. Boxplots are d isplayed for each main group. Significant differences 
In ME expression were observed in post-deployment modules M 1 B and M 1 A (b ) and in pre-deployment module M2A (d ). 

g roup (P=0.02, Figure 2b). Subsequently, ME values for each 
module were correlated to all clinical parameters, found in Table 1, 
to determine module-trait relationships. The ME for module M1 B 
was significantly correlated to post-deployment PTSD resilient 
controls (r=0.29, P=O.OOS), negatively correlated to post-deploy­
ment CAPs and PCL (CAPs, r = -0.27, P =0.009; PCL r = - 0.28, 
P= 0.007) and negatively correlated other measures of CAPS 
(Supplementary Table 3) but not correlated to any other measu.red 
clinical variable, suggesting that differential gene expression in 
Ml B was not confounded by recorded measurements such as 
body-mass-index, smoking, or alcohol consumption. Genes in M1 B 
were expressed to a greater extent in PTSD resilient controls 
(Flgure 2b) while enrichment analysis revealed a significant asso­
ciation with hemostasis, platelet activation and wound healing 
(Figure 3a). Further, enrichment for cell-type specificity revealed 
on over-representation of erythroid expression markers (blood 
platelets). Hub genes are those most strongly correlated to the ME 
value for a particular module and represent possible disease asso· 
ciated mark.ers, 13 in this case putative PTSD-resiliency markers. The 
top S hub genes in M 1 B (C6orf25, CTDSPL ITG83, PRKAR28 and 
TUBBI) were are all associated with hemostasis and in particular, 
with platelet regulation and function3

• -
37 (Figure 3b). 
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The ME for module MlA was significantly correlated to PTSD 
cases (r -=0.231 P=0.03), post-deployment CAPs criteria of avoid· 
a nee (CAPScA, r= 032, P = 0.002) and post-deployment CAPs 
criteria of re-experiencing (CAPSBs, r=0.2, P= 0.05) but to no other 
variables (Supplementary Table 3). Genes in M1A were over­
expressed in PTSD cases (Figure 2b) while enrichment analysis 
revealed a significant association with immune response as exem· 
plified by innate responses mediated by interferon (IFN) signalling 
(Figure 3c), as well as with monocyte specific markers. The top 5 
hub genes in MlA included /F/35, IF/HI, PARP/4, RSAD2 and 
UBE2L6; all well described interferon stimulated genes38 and here 
considered putative PTSD-assoclated markers (Figure 3d). 

Differential module e~pression pre-deployment in Dataset 1 

It ls unclear whether the modules identified post-deployment are 
causal of PTSD development or are simply a consequence of the 
disorder. To determfne i f any post-deployment modules could be 
re-identified and thus associated as causal modules, we con­
structed a gene co-expression network combining RNA·Seq gene 
expression data from PTSD-risk cases (N=47) and controls (N = 47) 
pre-deployment in Dataset 1. Twenty-two pre-deployment 
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Figure 3. Module characterization for Dataset 1. Enrichment analysis and correlation networks for modules Ml B (a & b) and M 1 A 
(c & d) Identified post-deployment, and module M2A (e & fl identified pre-deployment in Dataset 1. Enrichment analysis was used to identify 
the top 6 REACTOME ontology terms (black bars), the top 6 DAVID ontology terms (grey bars) and the most significant cell-type signature 
(white bar) over-represented in the list of genes within each module. All terms were deemed significant as assessed by a hypergeometric test 
FDR corrected P-value < 0.05 displayed as a white line. The total number of genes within each significant term ls denoted within the brackets 
associated with that term. Gene-networks were constructed selecting the top 150 most significant connections ranked by kME. Nodes 
represent genes and edges represent correlations. The top S hub genes, those most correlated to ME values, are shown in larger sizes. 

modules were identified (fully characterised in Supplementary 
Table 4) whereby a single module (M2A) was enriched for 
differentially expressed genes between PTSD-risk participants and 
controls as reflected by an elevated MS value (Figure 2c). Along 
the same lines, M2A module expression was significantly higher in 
the PTSD risk group (P= 0.001 and Figure 2d). Module M2A ME 
was significantly correlated to one variable, PTSO-risk (r= 0.32, 
P= 0.002, Supplementary Table 4). Similar to module Ml A that was 
identified post-deployment, enrichment analysis of genes in M2A 
revealed a significant association with innate immune responses, 
IFN signalling and monocyte specificity (Figure 3e). The top 5 hub 
genes were again associated with IFN signalling (DTX3L, IF/HI, 
/FfT3, PARP14 and STAT2) (Figure 3f). Gene·set overlap analysis 
compared all of the genes ln M2A pre-deployment (n = 245) to 
those in M 1 A post-deployment (n = I 15) to reveal a significant 
overlap Cn= 108, P= 6.7e-181, Figure 4). 

Validation of differential module expression post-deployment in 
Dataset 2 
To validate post-deployment find ings in Dataset 1 we assessed 
Dataset 2 for similar network properties in a combined network 
analysis of PTSD cases (N= 24) and controls (N= 24) post-deploy­
ment. Out of 8 modules (fu.11 characterisation Supplementary Table 
5), a single module (M3A) contained an enrichment of differen­
tially expressed genes (Supplementary Figure 2A) demonstrating a 
modest, yet insignificant, increase in module expression within the 
PTSD group (P = 0.1 , Supplementary Figure 28). The ME was 
significantly correlated to post battle experience (r =0.4, P=0.004), 
post-deployment CAPS (r = 0.32, P= 0.03) and weakly correlated to 
a PTSD cases (r = 0.21, P = 0. 1, Supplementary Table 5). The genes 
in this module were over-expressed in PTSD cases relative to 
controls (Supplementary Figure 28) and enrichment analysis 
revealed a signfficant association with innate immune responses, 
IFN signalling and monocytes (Supplementary Figure 3A). The top 
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S hub genes (DDX58, IF/351 /FfTS, PARP9 and ZBPI) were again all 
associated with IFN signalling (Supplementary Figure 38). A highly 
significant overlap in post-deployment module genes across M 1 A 
(n = llS) in Dataset 1 and M3A (n = 83) in Dataset 2 (n=63, 
P= 2.0E-105, Figure 4b) confirmed the Identification of a 
dysregulated lnnate imm1.ne module related to PTSD cases across 
two Independent datasets. 

Validation of differential module expression pre-deployment in 
Dataset 2 
To re-confirm pre-deployment findings from Dataset 1, PTSD-risk 
cases (N = 24) and controls (N=24) pre-deployment were com­
bined from Dataset 2 and subjected to network analysis which 
identified 11 modules (full characterisation in Supplementary 
Table 6). A single module (M4A) was enriched for differentially 
expressed genes between PTSD-risk cases and controls (Supple­
mentary Figure 20. The PTSD-risk group displayed a significant 
over-expression of module expression (P= 0.01, Supplementary 
Figure 20). The ME for M4A was significantly correlated to PTSD­
risk (r = 0.36, P = 0.01) and CAPs (r= 0.44, P = 0.002, Supplementary 
Table 6). Moreover, enrichment analysis of M4A revealed a 
significant association with innate immune responses, IFN signall­
ing and monocytes (Supplementary Figure 3C), and the top S hub 
genes (PARP9, UBE2L6, STAT21 TRIM22 and GBPI) were again all 
associated with IFN signalling (Supplementary Figure 30). All 
pairwise gene-set overlap analyses across modules MlA, M2A, 
M3A and M4A revealed a highly significant overlap (Figure 4b) and 
hub gene expression for these modules showed elevated 
expression in PTSD groups when compared to controls both 
pre- and post-deployment across both datasets (Supplementary 
Figure 4). These results demonstrate the association of a 
dysregulated innate immune module, related to IFN signalling, 
which appears to define at least part of the pathophysiology of 
PTSD through causal association to PTSD development. 
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figure 4. Venn Diagram of Innate Immune Modules across Dataset J 
and Dataset l. Venn Diagram (a ) depicting significant overlap in 
genes belonging to modules M 1 A post-deployment and M2A pre­
deployment in Dataset 1 as well as modules M3A post-deployment 
and M4A pre-deployment in Dataset 2. Gene overlap ( n) with 
associated hypergeometric P-value, in italics, are depicted for all 
pairwise comparisons of module genes (b ). The overlap identified S 1 
genes found across all four analyses (c) which are displayed in the 
table along with the corresponding kME rank (i .e. rank of 
connectivity) for each gene within a particular module. A high rank 
indicates hub gene status (i.e. PTSD risk and PTSD associated 
markers). Numbers in bold outline the top 1 O hub genes across each 
module, respectively. Genes are ordered accordingly to M2A kME. 
All 51 genes are displayed via heatmap in Supplementary Figure 4. 

DISCUSSION 

We investigated the high-order system-level properties of PTSD 
using an unsupervised network-based approach (WGCNA) to 
Identify differences at the gene co-expression level, rather than 
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investigating at the individual gene level. Gene expression data 
were generated by RNA-Seq (Dataset 1) and microarray (Dataset 2) 
using PBL samples isolated from U.S. Marines pre- and post­
deployment to conflict zones (i.e. Iraq and Afghanistan). Our 
comprehensive and prospective eicperimental de.sign allowed the 
investigation of both biological processes that define PTSD and 
those driving the development of this disorder, and further, 
allowed the re-confirmation of findings in an independent dataset, 
This is the first time dysregulated gene networks specific for 
innate immunity have been used to characterise causal and 
consequential molecular signatures of PTSD and then to further 
replicated these findings across independent datasets. 

A novel find ing from our network analyses was the identifica­
tion of modules related to hemostasis and wound responsiveness 
expressed to a greater extent post-deployment in US Marines who 
did not develop PTSD (Figure 2b), as in module Ml B (Figure 3a). 
Interestingly, the three other network analyses also detected 
modules related to hemostasis and wound response with 
significant overlap (M16 pre-deployment Dataset 1; Ml and M6 
indented post- and pre-deployment in Dataset l; Supplementary 
Figure 5, Supplementary Tables 4). These other modules revealed 
patterns of heterogeneous gene expression irrespective of group 
status and time-point suggesting that these modules and 
corresponding processes may infer wound resilience in only a 
small subset of individuals. Along these lines, it has been well 
documented that different degrees of stress will elicit different 
stress responses (review39

), and in particular, a response involving 
blood platelets, has been shown to be a critical biomarker of 
hemostatic, thrombotic, and inflammatory challenges to an 
organism and a key player in cardiovascular disease and chronic 
based stress, as in PTSD.40

•
41 Moreover, in a review of a large 

number of studies examining various tissue types, it was found 
that different types of psychological stress were associated with 
impaired wound healing.42 A meta-analysis found an inverse 
correlation (r = -0.42) between psychological stress and wound 
healing·13 supporting the positive association between wound 
healing and PTSD resilience (r = 0.29, P = 0.005) found in this 
study. This suggests that high levels of stress may hinder proper 
wound healing during/after battlefield trauma, although the 
degree of such stress appears to be a key factor for establishing 
associations with the hemostatic system. 

Our central finding was the identification of a dysregulated 
innate immune module associated with the development of PTSD 
(Figures 2 and 3, Supplementary Figure 3), illuminated by the 
replication of modules post-deployment (MlA and M3A) and 
those pre-deployment (M2A and M4A) that could be associated 
with PTSD. These findings suggest that differences in innate 
immunity modules were not simply a consequence of the PTSD 
state post-deployment but also have causal relevance for PTSD 
development and explain at least part of the pathophysiology of 
the disorder, elCemplified by their identification pre-deployment. 
These results highlight our differential expression analyses 
(Supplementary Figure 1) and our previous reports of C-reactive 
protein (CRP), a general marker of immune activation and 
inflammation, and 5'-oligoadenylate synthetase gene.s (i.e. OAS1, 
OAS2, OAS3) as markers of the antiviral interferon response, that 
were associated with an increased risk of developing PTSD.44

•
12 

However, our current find ings dramatically extend these 
results by showing that the IFN response is being modulated 
to a much greater extent than previously thought pre· and 
post-deployment Notably, a number of single case studies 
have reported that treatment of hepatitis C virus (HCV) infected 
PTSD subjects with recombinant interferon (IFN- a2b) precipitated 
PTSD symptoms.45

·"
6 In our study, where subjects were not 

receiving IFN therapy, it is unclear what is stimulating the IFN 
response. 

Our observations lead to several fundamental questions and 
some putative solutions. First, how does one interpret the over-
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e1<pression of innate immunity genes found prior-to trauma? One 
possible explanation is that both acute and severe stress, 
predictors in their own right for PTSD, are also associated with 
the hyper-activation of the immune system and subsequent 
inflammation.47

·
48 An alternative hypothesis ls that stress, patho­

gens and/or high viral loads may 'prime' the immune system, 
driving the lFN response, altering a subsequent response to 
trauma. Along these lines, studies focusing on the gut-brain 
barrier have shown that intestinal mucosa! dysfunction, defined as 
increased translocation of gram-negative bacteria (leaky gut), 
plays a role in the inflammatory pathophysiology of depression 
suggestin~ that differences in gut flora may stimulate an IFN 
response. 9 Second, does a dysregulated innate immune module 
pre-deployment hold predictive value? Our previous work 
constructing a prognostic classlfier from Dataset 2 pre­
deployment participants 12 suggests that immune-related genes 
do hold predictive value although these results have not yet been 
replicated across larger datasets using machine-learning methods. 
Inferring the prognostic relevance of network-based applications 
remains chal lenging. However, crosHeferencing our findings with 
this previous work suggests that network statistics, and our innate 
immune modules, do have potential to contain predictive value. 
Third, out of the entire network of pairwise correlations between 
genes across the transcriptome, are the most informative genes 
interconnected within similar modules or spread out across 
numerous modules? A possible limitation of this study was that 
by analyzing co-regulated modules of genes we may have missed 
individual genes, which do not correlate within our modules of 
interest although are of functional relevance to PTSD. For 
example, previous reports specifically target FKBPS and STAT58 
as differentially expressed biomarker s~-s·11• 12 although they were 
not assigned to co-expressed modules nor found to be 
significantly differentially expressed between PTSD cases and 
controls. Finally, of what relevance is PBL gene expression for a 
disorder primarily pssodated with the brain? In this study we 
identify innate immunity and IFN signalling genes whose 
expression was elevated in PBLs both before and after the 
development of PTSD (Figure 2 and Supplementary Figure 4). 
Although the recruitment of such signalling could be triggered by 
various factors, they ultimately release toxic compounds including 
degradative enzymes and reactive oxygen species that can impair 
cellular processes.50-H It could be hypothesized that the 
accumulation of these compounds in the blood prior-to-deploy­
ment may be detrimental to the brain l f the integrity of the blood­
brain-barrier (BBB) was then compromised by injury (e.9. TBI). An 
increasing body of evidence indicates that changes in the blood 
may seed pathology in the brain across various disorders. In a 
recent Multiple Sclerosis study, Minagar and Alexander54 investi­
gate the association of INF with the BBB suggesting that IFN-y and 
other proinflammatory cytokines (TNF-a and ll-1 J3) disrupt the BBB 
throL•gh a variety of mechanisms. Further, Alzheimer's disease 
models suggest that breaches in the BBB lead to leakage into the 
brain of blood-borne molecules that are toxic to neurons and 
cause neurodegenerative changes . .ss Future studies Investigating 
the role of the BBB in PTSD may provide a detailed explanation for 
a specific course of PTSD development. 

In summary, our data pro.vide a global framework for previously 
unknown molecular aspects of PTSD and describe a new context 
concerning the complex pathophysiological nature of PTSD 
development. Spedfically, modules of co-expressed genes asso­
ciated with the innate immune response and IFN signalling appear 
to be implicated in the development of PTSD and continue to 
persist once the disorder is established. Modules associated with 
hemostasis and wound healing may contribute to resilience 
against developing PTSD. It is hoped that this study will lead to 
future work confirming the importance of differences in innate 
immune factors to the development of PTSD and the role of 
platelets in the stress response. Ideally, these findings will allow for 
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advanced PTSD detection. which could delay or abrogate PTSD 
development by identifying susceptible service members prior to 
deployment to conflict zones by either re1T1oving the causal path 
(i.e. trauma exposure) or through early intervention of new 
therapies to modulate the interferon signature. 
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New findings from prospective studies CrossMark 

1. Background: the conference 

The first biomarker in the military conference, which was 
a broad discussion of issues in a panel format, was held on 
September 14, 2012 in New York, NY. The research that was 
presented is summarized in a paper that includes criteria 
for biomarkers for PTSD, but with no specific study findings 
available yet (Lehmer and Yehuda, 2014 ). This special sec­
tion covers talks presented at the second military biomarker 
conference that was held as a satellite to the 43rd meeting 
of the annual meeting of the Society of Psychoneuroen­
docrinology. The conference, entitled 'Biomarkers in the 
Military' was held at the Royal Marine Base in Amster­
dam August 13, 2013. The aim of the satellite was to 
bring together researchers supported by Departments of 
Defense, Veterans Administrations, National Institutes of 
Health, and other agencies around the world engaged in 
study of biomarkers in the military. This special section, the 
first to assemble new findings focused on biomarker discov­
ery, presents work of researchers from a number of North 
Atlantic Treaty Organization (NATO) partners collaborating 
in the International Security Assistant Force (ISAF). While 
one paper is a pre-clinical study relevant to biomarker dis· 
covery, most are clinical. The work, as descnbed below, 
includes original contributions from the gold-standard study 
design, prospective longitudinal studies as well as from 
cross-sectional research. 

l. Special section papers 

Schmidt et al. provide a literature review and conceptual 
framework for prospective longitudinal studies. They review 
progress in the search for PTSD risk and resiliency biomark· 
ers in both civilian and military studies. Despite a significant 
increase in the number of prospective trials over last couple 
of years and some promising results, Schmidt et al. address 
the need for well-designed pre-post studie s. In their rigor· 
ous selection of over 8,000 papers targeting PTSD biomarker 
research they could only include 9 imaging and 27 molecular 
studies that hold power for biomarker identification. They 

http://dit.do1.org/ 10.101 6/j.psyneuen.201 4. 11.017 
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underscore the increasing evidence that polymorphisms of 
HPA axis associated genes interact with early life stress to 
enhance the vulnerability for adulthood PTSD. Yet, none of 
the proposed PTSD risk markers is currently clinically appli­
cable since all proposed markers lack PTSD specificity. 

Nievergelt and colleagues present the first ever genome­
wide association study (GWAS) in a military cohort. This 
cohort, the Marine Resiliency Study (MRS) cohort was 
designed as a prospective study to determine risk and 
resilience genes by analyzing genes from active duty per­
sonnel about to deploy to Iraq and Afghanistan (Baker 
et al. , 2012). Because the intention was to follow nearly 
3500 troops when they returned from combat, the study 
offered the possibility to determine whether information 
about GWAS and other markers predicted short· and long­
term post-combat mental and physical outcomes. The study 
by Nievergelt et al. is also noteworthy for being the 
fi rst multi-ethnic/racial GWAS of PTSD, and thus highlights 
the potential to increase power through meta-analyses 
across ancestry groups. In this initial analysis of the data, 
Nievergelt and colleagues identified the phosphoribosyl 
transferase domain containing 1 gene (PRTFDC1) as a 
genome-wide significant PTSD locus, with a similar effect 
across ancestry groups. Another key finding of the paper is 
that a cross-disorder polygenic analysis shows the existence 
of common SNPs between posttraumatic stress disorder and 
bipolar disorder. By seeking data from other studies to 
locate replication cohorts, the study also highlights impor­
tant strategies for interpreting similarities and differences 
between military and other samples. 

Another paper, by Tylee et al. presents data from 
the same cohort, the MRS study, building upon earlier 
work (Glat t et al. . 2013). It provides preliminary results 
of proof-of-principle findings for a diagnostic blood-based 
mRNA-expression biomarker panel in PTSD based on gene­
expression levels in peripheral blood samples. The authors 
present a prospective study in 50 U.S. Marines (25 eventual 
PTSD cases and 25 non-PTSD comparison subjects) with data 
gathered prior to their deployment overseas to war-zones in 
Iraq or Afghanistan, and again upon return. Their panel of 
biomarkers in peripheral blood cells of eventual PTSD cases 
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was significant ly enriched for immune genes, and achieved 
70% prediction accuracy in an independent sample based on 
the expression of 23 full -length transcripts, and attained 80% 
accuracy in an independent sample based on the expression 
of one exon from each of five genes. 

From the sarne research group (Marine Resiliency Study 
II; Neurocognition project), Risbrough et al. , analyzing data 
from Marines bound for Afghanistan prior to their deploy­
ment, uses a functional biomarker approach to assess the 
effectiveness of the fear potentiated startle paradigm ih 
producing fear learning and extinction, and the association 
of performance with baseline psychiatric symptom classes. 
Comparison of four groups (Healthy, PTSD symptoms, Anxi· 
ety symptoms, and Depression symptoms) across the cohort 
shows differential patterns of fear conditioning and extinc­
tion, With the PTSD symptom group, in contrast to anxiety, 
depression and healthy showing reduced fear inhibition , 
consistent with the idea that safety signal discrimination is 
a rel.atively specific marker of PTSD. The researchers plan to 
follow up to determine if deficits in fear inhibition vs. exag­
gerated fear responding are separate biological 'domains' 
that might predict differential biological mechanisms and 
possibly treatment needs, as well as to pursue longitudinal 
analyses to examine whether poor safety signal learning pro· 
vides a marker of vulnerability to develop PTSD or is specific 
to symptom state. 

Four papers are driven from data from a prospective lon­
gitudinal study in Dutch soldiers deployed to Afghanistan as 
part of ISAF. called Prospective Research in Stress related 
Military Operations (PRISMO). Acquisition of biological sam­
ples for this study started in 2005 and lasted until 2008 and 
included a total of 1032 soldiers. In the first 2 year follow-up 
prevalences of mental health symptoms do not differ much 
from those reported by other NATO partners (Reijnen et al. , 
2014). The design allows for identification of blood-based 
biomarkers, (epi)genetic analyses and symptom trajectories 
as this cohort is being followed up at multiple time points 
up to 10 years post deployment. A small group has been 
scanned with functional neuroimaging of the brain before 
and after deployment driving new findings e.g. on the role 
of the amygdalaand glucocorticoid receptor number (Geuze 
et al. , 2012; van Wingen et al., 2011 ). This special issue con­
tains four studies by Boks et al., van Zuiden et al, Reijnen et 
al, and Smid et al., published from this cohort. The first, by 
Boks et al. focuses on epigenetic age. It has been suggested 
that traumatic stress has an impact on aging at the cellular 
level, which can be investigated by estimating epigenetic 
age based on DNA methylation profiles. While our prevailing 
understanding is that a telomere shortening is associated 
w1th PTSD or PTSD onset, Boks et al. found a remarkable 
acceleration of aging induced by combat exposure. Develop­
ment of initial PTSD symptoms (at 6 months) was associated 
with telomere lengthening and reversed epigenetic aging 
which may be best understood to be linked to a dysfunctional 
compensatory cellular aging reversal in early stages of PTSD. 
The second paper, by Van Zuiden et al. followed up on prior 
findings of higher pre-deployment GR number in PBMCs in 
soldiers who developed high levels of PTSD symptoms after 
deployment. In the current analysis it was demonstrated 
that the differences in the peripheral Ge-sensitivity per­
sisted until at least 6 months after return from combat. 
This could indicate that in vitro Ge-sensitivity ofT-cells and 
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monocytes represents a persistent biological vulnerability 
factor for development of PTSD. The third paper, by Reij· 
nen et al. added evidence for a role of the Hypothalamic 
Pituitary Gonadal (HPG) axis for the development of PTSD. 
The HPG axis parameter testosterone was analyzed in the 
total sample of deployed soldiers. Pre-deployment testos­
terone levels predicted the development of PTSD symptoms 
at 1 and 2 years post-deployment, with alterations in testes· 
terone levels shortly after deployment not being predictive, 
but the pre-deployment testosterone levels at longer post­
deployment timeframes being associated with PTSD. Lastly, 
Smid etal. followed up on earlier work on the model of stress 
sensitization that was previously validated in the PRISMO 
cohort (Smid et al., 2013). Especially in high combat exposed 
soldiers in the first 6 months after combat a higher T-cell 
chemokine production was associated with increases in PTSD 
symptoms. An interesting interaction between cytokines and 
stressful life effects at homecoming was associated with 
changes in PTSD symptoms. As mitogen-induced cytokine 
and chemokine production constitute markers of stress sen­
sitization this finding may imply that efforts to prevent 
progression of posttraumatic distress should aim at creating 
a 'comfort zone', by keeping the highly exposed veter· 
ans in the first couple of months after homecoming safe, 
away from unnecessary stressors, thus preventing stress 
.sensitization. 

In the only preclinical paper Rutten et al. studied the 
effects of 10 days of social defeat stress on behavior and 
Dnmt3a expression in relation to neurogenesis in the mouse 
hippocampus. Mice resilient to defeat stress show higher 
Dnmt3 expression compared to controls (non-defeat) as well 
as to susceptible groups. It is known that epigenetic mod · 
ifications, such as DNA methylation, can occur in response 
to environmental influences to alter the functional expres· 
sion of genes. This study adds preclinical evidence of the 
role of DNA methylation in susceptibility to severe stressors. 
These findings provide a pre-clinical scientific foundation 
for the assessment of the impact of trauma exposure on 
DNA methylation e.g. in prospectively followed military 
cohorts. 

Two additional papers used a cross-sectional approach. 
In a search for the relation between inflammatory mark· 
ers and brain integrity O'Donovan et al. looked at a large 
cohort of Gulf war veterans for associations between periph­
eral inflammatory markers and brain integrity, in particular 
hippocampal volume. Specific inflammatory ·signaling pro­
teins (sTNF·Rll, but not IL-6) were significantly associated 
with reduced hippocampal volume and PTSD symptoms. In 
a small sample Yehuda et al. presented results of a new 
developing_ method of DTI tractography data from 20 Gulf 
War veterans. Their observations are consistent with a func­
tional model that converges on the concept of increased 
amygdala responsivity in association with anterior cingulate 
modulation in PTSD. 

Another set of two papers focuses on the endocannabi­
noid system. It is only recently that researchers embrace 
the old notion that cannabis has qualities that are favored 
by PTSD patients. Neumeister et al. reviewed translational 
evidence for a role of endocannabinoids in the etiology and 
treatment of PTSD. Multiple studies are reviewed that report 
reduced endocannabinoid availability and e levated c<1nnabi­
noid type 1 (CB1) receptor availability in PTSD and its link 
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to abnormal threat processing and anxious arousal symp­
toms. This study lays the foundation for a mechanism-based 
pharmacotherapy approach by Jetty et al. This group con· 
ducted a small randomized clinical trial (RCT) with a double 
placebo controlled cross-over design in a Canadian military 
personal suffering from PTSD. In a brief report they demon­
strated good efficacy for Nabilone, specifically for trauma 
related nightmares, thus adding support for the potential 
use of synthetic cannabinoids. 

As the last paper in this special section, Yehuda et al. 
employed the model of exposure based 'golden hour' 
opportunities (Vermetten et al., 2014b) by augmenting psy­
chological treatment with medication in veterans with PTSD. 
They performed a highly important pilot study investigating 
the potential therapeutic benefit of hydrocortisone augmen­
tation of prolonged exposure therapy for combat veterans 
with PTSD. Hydrocortisone augmentation was associated 
with greater reduction in total PTSD symptoms compared 
to placebo. Moreover, the biological data demonstrated an 
Impressive correlation between glucocorticoid sensitivity 
and CAPS total score in hydrocortisone recipients. Their 
finding of a significant baseline difference in glucocorticoid 
sensitivity between responders and non-responders is also 
very relevant for future investigations into the fundamental 
neurobiological mechanisms underlying the pathophysiology 
of PTSD. 

3. Promises 

As the papers illustrate there has been an enormous effort 
to capture risk and resilience factors, as well as to iden­
tify biornarkers of expressed illness. Various Departments 
of Defense (DOD) around the world have, and continue to 
invest significant resources to augment force protection 
and security by seeking methods to optimize prevention 
and treatment strategies for behavioral and mental health 
problems. We are grateful for the military leadership in 
their foresight and support of this research that enables 
a wide range of researchers across the globe to collabo­
rate and to move the field forward. Given the similarities 
in deployment-related mental health support across nations 
(Vermette n et at. , 2014a ), collaborative efforts can be 
entertained that can enable both replication as well as vali­
dation of biomqrker findings. We are grateful for so much 
support in organizing this satellite, dissemination of this 
research and promoting that these efforts are sustained. 
Lastly, a special thanks to all the reviewers for this spe­
cial section. We are advancing rapidly, but these efforts will 
need to be sustained over the next decades as we consoli­
date knowledge in the field. 
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Association of Predeployment Heart Rate Variability 
With Risk of Postdeployment Posttraumatic Stress Disorder 
in Active-Duty Marines 
Ar pf Minassian. PhO; Adam X. Malhofer, MS; Dewleen G. Baker, MD; Caroline M. Nlevergeli, PhD; 
Mark A. Geyer, PhD; Victoria B. Risbrough, PhO; for the Marine Resiliency Study Team 

IMPORTANCE Disrupted autonomic.nervous system functioning as measured by heart rate 
variability (HRV) has been associated with posttraumatic stress disorder (PTSD). It is not clear. 
however. whether reduced HRV before t rauma exposure contributes to the risk for 
development of PTSD. 

OBJECTIVE To examine whether HRV before combat deployment is associated with increased 
risk of a PTSD diagnosis after deployment when ac.counting for deployment-related combat 
exposure. 

DESIGN. SETTING. ANO PARTICIPANTS Between July 14. 2008, and May 24, 2012, active-duty 
Marines were assessed 1 to 2 months before a combat deployment and again 4 to 6 months 
after their return. The first phase of the Marine Resiliency Study (MRS-I) included 1415 male 
Marines. 59 of whom developed PTSD after deployment. Participants in the second phase of 
the Marine Resiliency Study (MRS-II) included 745 male Marines. 25 of whom developed 
PTSD after deployment. Analysis was conducted from November 25, 2013. to Aprll 16, 2015. 

MAIN OUTCOMES ANO MEASURES Predeployment HRV was measured via finger 
photoplethysmography during a 5-minute period of rest. Frequency-domain measures of 
HRV were generated, Diagnosis of PT5D was determined using the Clinician-Administered 
PTSDScale. 

RESULTS After accounting for deployment-related combat expasure. lower HRV before 
deployment as measured by an increased low-frequency (LF)to high-frequency (HF) ratio of 
HRV was associated with risk of PTSD diagnosis after deployment (combfned MRS-I and 
MRS-II cohort meta-analysis odds ratio. 1.47: 95% Cl. 1.10-1.98: P = .01). The prevalence of 
postdeployment PTSD was higher in participants with high predeployment LF:HF ratios 
(15.8% (6 of 38 participants]) compared with partidpants who dfd not have high LF:HF ratios 
(3.7% (78 of 2122 participants]). 

CONCLUSIONS AND RELEVANCE This prospective longitudinal study provides initial and 
modest evidence that an altered state of autonomic nervous system functfonfng contributes 
to PTSD vulnerability, taking into account other key risk factors. If these findings are 
replicated. interventions that change autonomic nervous system function may open novel 
opportunities for prevention and treatment of PTSD. 
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Reseorch Oliginal Investigation 

P osttraumatic stress clisorder (PTSO) is, historically and 
currently, a significant public health problem in indi­
viduals deployed to war. Lifetime prevalence of the d.is­

order is approximately 19% in Vietnam-era combat veterans1 

and 13% to 15% in US military service members serving in Lb.is 
era's conOicts in Iraq and Afghanistan:i.1 compared with Lhe 8% 

general prevalence rate of PTSD in the Unlted States.1 These 
differences in prevalem:e rates may be in part attributable to 
variations in the disorder's cliagnostic criteria or how it is as­
sessed . .Regardless, psychological a nd fu nctional conse­
quences of PTSD can be devastating (eg, high s uicide rates" 
and long-term disability wit h substantial impairment in 
functioning .. ). Fw:ll1ermore, PTSD is associated with several 
adverse health consequences. '·8 

Heart rate variability (J.ffiV) is ll ie quantitative assessment 
of variation in heartbeat intervals and is a sensitive indexofau­
tonomic nervous system (ANS) function."! Heart rate is modu­
lated by both the parasympathetic and sympathetic branches 
of the ANS via influences on the sinoatrial node pacemaker.10 

The consistent findmgs of reduced 11 RV in PTSD suggest auto­
nomic inflexibility due to sympall1etic overactivi ty and/or para· 
sympathetic insuffide.ncy,u-n potentially mediated by the 
presence or worsening of the cardiovascular problems that are 
common in the clisorder. 1~ Tt is unclear whelller autonomic in­
flexibility is simply reduced duriog active PTSD symptoms or 
whether abnormalities can also be detected il1 inilividuals who 
are at risk forPTSD. In other words, does diminished HRV be· 
fore trauma increase the likelil1ood of stress disorder symp· 
toms after trauma? Low parasympathetic control of sympa· 
tbetic output could reflect an at-risk state for development of 
stress disorders via reduced cortical moduJation of ANS re· 
sponses to stress';·'" or, alternatively, could be a traitlike phe­
nomenon associated witbdecreased resilience to stress. Some 
evidence17 suggests that diminished llRV immediately after 
trauma can predict development of PTSD; however, to our 
knowledge, IIRV before l'Tauma has not been tested. Identify­
ing biology-based markers of PTSD susceptibility will enable de­
lineation of mechanisms that confer susceptibnity to tbe long· 
term effects of trauma and Inform preventive strategies. 

To this end, we tested the hypothesis that HRV before 
trauma is associated with the development of PTSD in a large 
group of Marines and Sailors after their ret11m from deploy­
ment to a combat zone. Active-duty Marines in the Marine Re­
siliency Study (MRS), previously descnbed by our group, 11·1s-2 0 

were evaluated for HRVand PTSD symptoms before and after 
deployment. We19 reported a cross-sectional association be­
fore deployment between reduced HRVand PTSD in the MRS 

cohort. In the present study, we tested our hypothesis that low 
HRV is a risk factor for P'T'SD, p redicting that Marines and Sail· 
ors who developed PTSD after deployment would exhibit low 
HRV before deployment. 

Methods 

Participants 
Participants wereactive-dutyUS Marines and Sailors tested ap­
pro)(imately 1 month before deployment to traq or Afghani~ 
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stan as part ofthe first phase of the MRS (MRS-!), a prospective 
longitudinal study to examine marl~ers of risk and resiJience to 
combat stress. The participan ts were reassessed approxi­
mately 3 and 6 months an er return from deployment. The 
6-month time frame was Lhe focus of the present study in au 
effort to assess the prolonged PTSD syndrome. Four infantry bat­
talions were te.~ted between July 14, 2008, and May 24, 2012, 
at I of2 bases in Southern Califomia.18 Additional data from a 
smaller cohort (drawn from the second phase of the MRS [MRS­
ll]) we.re analyzed separately owing to assessment time differ­
ences (assessments 1 week before deployment and 4·5 months 
after deployment, with the final evaluation occurring October 
10, 2013). Studies were approved by the institutional review 
boards of the Veteran's Administration San Diego Healthcare Sys· 
tern; the University of California, San Diego; and the Naval Health 
Resea.rd1 Center. AJI participants provided voluntary writtenin­
formed consent. Data analysis was conducted between Novem­
ber 25, 2013, and April 16, 2015. 

All active-duty Marines planning to deploy with their units 
were considered for study inclusion. Women were not in­
cluded since female Marines were not part ofinfantry battal­
ions al lhe time of testing. 

Procedure 
All participants from whom blood samples were drawn re­
ceived a nominal finan cial compensati.on. The predeployment 
test battery included a comprehensive evaluation of demo­
graphic information, history, and current symptoms with re· 
spect to military service; drug, alcohol, and tobacco use; psy­
chiatric conditions; head injuries; and psychological trauma. ui 

Blood samples were used to detem1ine genetic· based ancestry 
information (eMethods in the Supplemcnt).2' The postdeploy• 
ment test battery was similar in duration and included re­
evaluation of symptoms and psychological adjustment as well 
as deploym ent-related occurrence of traumatic brain injury. 

To measu re HRV. participants were seated in quiet rooms 
and a finger photoplethysmograph ([PPG] Pasco Scientific) was 
placed on ll1e nail of the right fifth finger. The PPG is an opti· 
cal technique used to detect beat-to-beat blood volume changes 
in microvascular tissue and was sampled at 1000 Hz (eMethods 
in the Supplement)Y' We elected lo use a 5-minute at-rest PPG 
reading because this method offers cost-effectiveness, rapid 
implementation, and feasibility for screening large numbers 
of people compared with electrocardiogram protocols. How· 
ever, PPG is limited in that it cannot accurately detect re~pi­
ration rate and the time frame is not adequate to measure very 
low frequency comflooents of the spectral band. 

Outcome Measurements 
The PPG data were processed to generate HRV variables using 
our group's p ublished methods.19 Frequency-domain HRV 
measures were generated per the recommendations of the Task 
Force of tl1e European Society of Cardiology and the North 
American Society of Pacingand Electrophyslology.:.i:i.The low­
frequeocy (LF) and high-frequency (HF) components and tbe 
LF:HF ratio were examined (eMethods in the Supplement). 

The Clinician-Administered PTSD Scale (CAPS)23 was used 
to determine the presence of a PTSD diagnosis at the prede· 
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ployment and postdeployment (6-month) visits. '!'he CAPS is 
a stmctured interview and is considered the cri lerioa stan­
dard for ascertainment of a PTSD diagnosis using DSM-IV cri­
teria. Using CAPS responses, we categorized participants as 
either not meeting or meeting criteria for PTSD a t each of the 
2 time points. Criteria were derived from the DSM-JV: at least 
I B symptom (traumatic eve.nt is persistently reexperienced), 
3 C sympwms (persistent avoidance of trauma-associated 
stimuli and numbing of gem:ral responsiveness), and 2 D symp­
toms (pecsistent arousal symptoms). Because we used a DSM•S 
diagnosis approach with the CAPS, there was not a quantita­
tive criterion for a minimum CAPS score. The range of CAPS 
scores for participants who met criteria for PTSD was 28 to 
96; the mean (SD) score was 61.91 06.07). 

Statistical Analysis 
The LF, HF, and LF:HF ratio were positively skewed and natu­
ral log transformations were generated; such transforma­
tions are widely used in HRV research.11·13·i1-27 After transfor­
mation. outliers greater Lhan 3 SDs from Lhc mean were 
excluded from subsequent dataanalyses,28 and data were re­
inspected for normaJ distribution. 

To assess the relationsltip between HRV before deploy­
ment and PTSD at the postdeployme111 visit, multivariate lo­
gistic regressions were conducted for each of the 3 URV vaii­
ables for the MRS· I and MRS-Il cohorts. The outcome variable 
was a comparison of participants who did not meet criteria for 
PTSD cil·herbefore or after deployment with participants who 
did not meetPTSD criteria before deployment but fulf'illed di­
agnostic criteria for tbe disorder afte:r deployment. A sum­
mary measure of combat exposure and deployment-related 
s tTessors was included as a covariate in the regression model 
since this factor is the strongest causal predictor of combat­
related PTSD. This factor was derived from the Deployment 
Risk and Resilience Inventory (DRIU).:t<1 Four DRRI subscales 
wNe combined imo I composite score to measure deploy­
ment stressors: Combat Experiences, Aftermath ofBattle, De­
ployment Concerns About Life and Pamny Disruptions, and the 
Diffic:ulty Living and WorkingEnvi ronments (eMethods ia U1e 
Supplement). 

The MRS-Land MRS· ll analyses were next subjected to a 
fixed-effect meta-analysis to generate an overalJ effect size. 
Power to detect a significant effect was calculated using the a 
priori power analysis method within the logistic regression 
module ofG•Power, version3.I.9.:io 

To determine whether HRV remained signHicanl in the re­
gression model when accounting for other variables that have 
been closely associated with HRV and/or PTSD in our19 and 
othe1s'11•1a.3 i findings, the HRV variahle that achieved signifi­
cance ia the primary regressions was reassessed 1n an addi­
tional multivariate logistic regression controlling for the fol­
lowing covariates: age. ancestry, battalion, CAPS total scores 
at thepredeployment visit, deployment-related traumatic brain 
injury as defined by a self-report ofa new b.ead injury sus­
tained during deployment that was accompanied by either a 
loss ofcom;ciousness oraJtered mental status, and DRJU scores. 

Post hoc correlations between HRV variables and clinical 
variables were conducted using Pearson R correlation coeJfi-
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Flgure 1. Marine Resiliency Study (MRS)-1 and MRS-ll Participant Flow 

Diagrams 

(±] MRS-I group 

( 2589 Asmsed for eligibility 

117 4 hcluded 

I 
72 Had PTSD before 

deployment 
1010 Missing postdep.loyment 

. vis1L 

I. 92 Missing/artifact HRV 
. dMa before deployment 

'. 14lS Used in analysis j 

1356 No PTSD before deployment 
or after deployment 

59 New PTSD after deployment I 

[!] MRS·ll group 

11377 ~!orelig!billty I 

632 £xcluded 

--
§ Used In analysi~ j 

SO Had PTSD before 
deplqyment 

498 Missing pastdeptoymenl 
visit 

84 Missin9/artiflicl HRV 
data before deployment 

720 No PTSD before or after 
dep.loymenl 

l 25 New PTSO after deploynienl 

HRV indlG1tes heart rate variability, PTSD. posttraumaticstress disorder. 

dents. A substantial proportion of participants (464 of 2160 
[21.5%J) had a CAPS total score of zero at the postdeploymcnt 
vis it. Those participants' data were not included in the corre­
lational analysis. 

Significance levels were set at P < .02 (x2 analysis) fort he 
primary regressions to account for multiple comparisons (3 
HRV variables). Significance levels for the follow-up regres­
sion using lhe single IIRV variable were set at P < .05. Effect 
sizes were calculated when relevant (eg, odds ratios[ORs) for 
regression analyses). Statistical analyses wern conducted with 
SPSS, version 20 (SPSS Inc), and R, version 2J5.3 (R r.ounda­
tioo for Statistical Computing). 

Results 

The overaJJ demographic composition of Marines and Sailors 
in the MRS has been reported.1

" ·
20.32 Overall, the analyses sug­

gested that lower HRV at the predeployrnent visit, as mea­
sured by higher values of the LP:HF ratio, was associated with 
increased risk ofa PTSD diagnosis at the postdeployme.nt visit. 
Participants witJ1 high LF: HF ratios at che predeployment visit 
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Table 1. Demographic and Descriptive Information for Participants in the MRS 

MRS 
Characteristic Phase 

MRS-I, No. 

MRS·ll, No. 

Age. y I 

If 
Ancestry, No. ('~) 

II 

Prior deployment. No. (%) ' 
II 

nme in the military before I 
deployment, mo 

fl 
AUDlT total score before 
deployment 

II 

Hours s1r1Ce caffeine use I 
before deployment" 

II 

Hours since nicotine use 1 
before deployment> 

11 

CAPS total sco11~ 

Before deployment 

II 

After i;leployrnent I 

II 

Sustained TBI during I 
deployment, No. (%) 

II 
DRRI romposite imputed 
score after deployme11t• 

II 

Mean (SO) [No.] 

1415 

745 

22.4 (3.S) 

21.9 (2.8) 

[uropean American, 903 (63.8) 
African American, 83 (5.9) 
Hispanic/Native Ameriran, 253 (17,9) 
Asian/other, 176 (12.4) 

European American, 479 (64.3) 
African American, 39 (S.2) 
Hispanic/Native American, 145 (19_5) 
Asian/other, 82 (l 1.0) 

570 (40.3) 

379 (S0.9) 

31.& (35.l) 

29.4 (25.5) 

7.4(6.6) 

6.9 (S.5) 

6.4 (6.3) (799] 

7.8 (7.2) [457] 

3.1 (3.8) [654] 

4.0 (4..S) [396) 

13.0 (12.0) 

lLl ()0.8) 

14.6 (16.4) 

15.3 (15.7) 

274 (19.4) 

148 (19.9) 

-0.09 (0.79) 

0.01 (0.77) 

Statistical Value 

Mann-Whitney = 
487 320.50; p = .002 

)(2 = l.SO;P = .62 

X' = 21.76;P < .001 

Mann•Whitney = 
522 321.50; p = .61 

Mann-Whitney = 
5 20 056.50; p = .92 

Mann-Whitney = 
164 654.00; p = .004 

Mann-Whitney= 
113119.50; p < .001 

Mann· Whitney = 
48085.LSO;P< .001 

Mann-Whitney= 
503 461.00; P =.OS 

JC' = 0.07;P = .82 

Mann-Whitney = 
481285.00; p < .001 

Abbreviations: AUDIT. Alcohol Use 
Disorders ldentifi.c:ation Test; 
CAPS. Cllnician·Administered PTSD 
Scale: DRRI, Deployment Risi{ and 
Re.silienc.e Inventory, MRS. Marine 
Resiliency Stud)ll PTSD, 
posttraumatic stress disorder; 
TBl. traumaticbrain injury. 

• Calculated only In participants who 
self·reported use of this substance 
within 24 hours. 

"Imputed composite score as 
described in the eMethods in the 
Supplement. 

Table 2. Parameter Estimates for Multivariate Logistic Regressions Including the LF:HF Ratio in PredictingPTSD After Deployment 

MRS·I' MRS·ll• Meta· analysis 

Characteristic OR (953 ' I) Wald x~ PValue OR (95%CI) Wald )(2 PValue OR(95%CI) Wald x' PValue 

DRRI after deployment 2.95 (2.1 S-4.09) 43.39 <.001 2.SS ( 1.S0-4.43) 11.59 .001 2.84 (2.15-3.74) 54.75 <.001 

Lf:HF ratio~ 1.63 (l.14-2.34) 7.07 .008 1.20 (0.72-2.03) 0.45 .so 1.47 (U0-1.98) 6.60 .01 

Abbreviations. DRRI. Deployment Risk and Resilience Inventory; LF:HF, 
low.frequency to high· frequency r'atio: MRS. Maririe Resiliency Study; OR. odds 
ratio; PTSD. posttraumatic stress disorder. 

• The MRS·! cohort included 1356 participants without PTSD before and after 
deployment and 59 indlvlduals with PTSD after deployment. 

had a liigherprevalence of PTSD after deployment than did par­
ticipants with low predeployment LF:HF ratios. Figure l pre­
sents the flow of participants in both cohorts. Of the 1415 par· 
ticipants in MRS·l, l356 individuals (95.8%) who had valid HRV 
data at Lhe predeployment visiland also attended the 6-month 
postdeploymeut visit did not meet PTSD criteria at either visit, 
and 59 participants did not meet criteria for PTSD before de­
ployment but met the criteria afl:er being deployed (4.2% preva­
lence of postdeployrnent PTSD). In the MRS-11 cohort of 745 
participants, 720 individuals (96.6%) did not meet PTSD cri· 
teria at either visit, and 25 participants met the criteria for PTSD 
after deployment(3.4% prevalence of postdeployment PTSD). 

JAMA Psychiatry October 2015 Volume 72, NumberlO 

b The MRS·ll cohort included 720 participants without PTSD before and after 
deployment and 2S individuals with PTSD after deploymenL 

< The LF:HF ratio was log transformed. 

Demographic, military service, and clinical data comparing 
MRS·l and MRS-ll are found in Table I. Compared with MRS·! 
participants, those of the MRS-II cohort were younger, with 
lower predeployment CAPS scores, a higher prevalence of prior 
deployment, more time elapsed since the use of nicotine and 
caffeine, and a higher seJf·reportof deployment-related stress 
(higher DRRJ scores). 

ln MRS-£ participants, thelog-transformedLF:HF ratio was 
significantly associated with membership in the PTSD group 
such that higher Lf:HF ratios at the predeployment visit were 
associated with new PTSD cases after deployment (OR, l.63; 
95% 0, 1.l 4· 234; P ~ . 008) ('fable 2) (analyses of shrinkage and 
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performance of the regression model are in the eMethods in the 
Supplement). Neither the log-transformed LF (OR, 1.28; 95% 
Cl, 0.92-L73;P = .21) nor HF (OR, 0.91; 95% Cl, 0.68-1.LS; P -= .54) 
achieved statistical significance in the logistic regressions. 

Regression with lhe log-transformed LF:HF ratio was re­
peated in MRS-Tl participants. In that analysis. the LF:HF 
ratio was not statistically significant (OR, 1.20; 95% Cl, 0.72-
2.03; P = .50) (Table 2). Power to detect a significant effect ln 
the MRS-U cohort was then calculated. Parwnete{s used were 
the observed OR (1.63) of the LF:HF ratio in MRS-I, observed 
mean (SD) of the LF:HF ratio in MRS-I (0.36 [0.77)), no corre· 
lation between the LF:llF ratio and other covariates, and a 5% 

probability of PTSD under the null hypothesis of no effect of 
the LF:RF ratio. Power calculations suggested that 964 par­
ticipants would have been required in MRS-n to achieve 80% 

Figure 2. Percentage of Marine Resiliency Study Participants With Low 
{n:2122) vs High (n=38) Predeployment Low-Frequency to High­
Frequency (LF:HF) Ratios and Postdeployment Posttraumatic Stress 
Disorder (PTSO) 

100 

80 

20 

u 

/>=.00) 

~OPTSO PTSO 

Postdcploymenl Diagnosis 

• Predeploynl<!nt 
Lf:t1f ltltio Sti, 7 

0 PrO<,leµloyment 
l.f:HF 1Mio >f>.7 

The LF·HF ratios were bacl\ transformed frorn riatural log transformations. 
Ratios greater than6.7 represent values greater than 2SOs frorn the grand 
me;in, x2 arialysis was used. 
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powerto detect an effect of the magnitude observed in MRS-I 
at P = .OS. However, a meta-analysis ofthe weighted~ values 
for the LF:HF ratio regression from both the MRS-I (OR, 1.63; 
95% CI, 1.14-2.34) and MRS-II (OR. 1.20; 95°.4, Cl, 0.72-2.03) 
samples indicated that the LF:BF ratio was a statistically sig-­
nificant predictorof PTSD (OR, l.47:95tiA. CI, l.IO-L98;z: 2.57; 
P "' .01) (Table 2). Figure 2 illustrates that the prevalence of 
postdeployment PTSD was higher in MRS-I and MRS-II par­
ticipants with high (>2 SDs above the mean) µredeployment 
LF:HF ratios (15.8% (6 of38 participants]) compared with par­
licipants who did not have high LF:HF ratios (3.7% f78 of2122 
participants)). 

When all covariates were accounted for in the multivari­
ate logistic regression analyses for MRS-I participants, the log­
transfonned LF:HF ratio retained statistical significance as a 
predictor of PTSD group (OR, 1.57; 95% Cl, 1.04-2.37; P = .03). 
Parameter estimates of this regression are reported in Table 3. 

The muJtivariate regression model with the log-transformed 
LF:HF ratio was repeated in MRS-II participants. The LF:llF ra­
tio was not statistically significant, but the meta-analysis of 
weighted~ values for the MRS-I a nd MRS-II groups indicated 
that the LF:HF ratio was a statistically significant predictor of 
PTSD development(OR, 1.42; 95% Cl, 1.02-l.98;z ,. 2.05; P = 
.04) (Table 3). Additional exploratory multivariate logistic re­
gressions with the LF-:HF ratio and each covariate in predicting 
PTSD in MRS-I and MRS-Il participants are presented in the 

eTable in the Supplement. 
Al though some correlations between predeployment log­

transformed LF and HF and postdeployment CAPS scores 
reached or approached statistical significance owing to the large 

sample size, the variance in symptom severity predicted by 
HRV was low (LF correlations with total CAPS: Pearson 
r = -0.06, P = .03; CAPS Avoidance-Numbing: Pearson 
r : - 0.07,P = .02;andCAPSArousal: Pearson r = -0.07,P= .02.; 
RF correlations wilb CAPS Avoidance-Numbing: Pearson 
r : - 0.0 8, P =.Oland CAPS ArousaJ: Pearson r = -0.06. 
P = .04). Post hoc correlations between HRV and other vari­
ables are presented in the eMaterial in the Supplement. 

Table 3. Parameter Estimates for Multivariate Logistic Regressions Including the LF:HF Ratio and Additional Covariates in Predicting PTSD 
After Deployment 

MRS-1• 

Characteristics OR (95" CI) wa.ldx2 PValue 

Deployment-related TBI 2.92 (1.42-6.03) 8.47 .004 

DRRI alter deployment 1 .37 (1.41-3 99) 10.53 .001 

Lf:Hr ratio' l .57 (1.04-2.37) 4.52 .03 

Predeployment CAPS score J .04 (l.OM.06) 15.01 <.001 

Aticestry" NA 2.16 .54 

Battalion" NA 2.04 56 

Age 0.95 (0.4H.07) 0.63 .43 

Abbreviations: CAPS. Olnlcian·Admlnistered PTSD Sc.ale. ORRI. Deployment 
Risk and Reslnence Inventory; LF:HF, low·freQuency to high·frequency ratio: 
MRS. Marine Resfllency Study: NA. not applicable; OR. odds ratio: 
PTSD. posttraumatic stress disorder: TBI. traurnatk brain Injury. 

• The MRS·I cohort Included 1237 participants without PTSD before and after 
deployment and 44 Individuals with PTSD after deployment Some MRS·I 
part id pants were missing a full set or data for all covariates. 

Jamapsychiatry.com 

MRS-II" Meta-analysis 

OR (95%CI) Wald x' PV31ue OR(95%C1) Wald x2 PValue 

4.67 (l.92-ll.40) 11.48 .001 3.52 (2.0J-6.17) 19.30 <.001 

1.82 {0.99·3.32) 3.77 .OS 2.12 (l.43·3.14) 13.87 .001 

1.18 (0.67-2.06) 0.33 .57 1.42 ( l.02-1.98) 4.21 .04 

1.05 (1.02-1.08} 9.49 .002 1.05 (J.03-1.06) 24.40 <.001 

1.67 .64 NA NA NA 

0.80 (Cr.32-1.99) O.H .63 NA NA NA 

0.92 (0.76-1.13) 0.63 .43 0.94 (0.85-1.05) 1.18 .28 

•The MRS·ll cohort lncluded 720 participants without PTSD before and after 
deployment and 25 [ndlviduals with PTSD after deployment. 

' The LF:HF ratio was log transformed. 

"1hese varlables included rnultlple levels (except for the MRS·ll battaflon. With 
2 levels). and the significance levels refer to an overall effect. 
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Discussion 

Previous cross-sectionaJ studies11•
1
'" 1q•'1 repeatedly showed that 

lower HRV. thought to reflect inflexibflity in the ANS rn­
sponse, is associated with PTSD. To our knowle(,!ge, the pres­
ent study is the flrst large-scale report of a modest associa· 
tion between H.RV before a potenlially traumatic circumstance 
(in this case, combat exposure) and subsequent development 
of PTSD. The association was not observed when examining 
HRV variables that putatively isolate sympathetic and para· 
sympathetic components, in contrast to previous findings of 
an association between lower predeployment HF and prede­
ployment PTSD iii tJlis MRS sam ple.1

'' Although those results 
suggested that, in this cohort of Marines, ex isling or chronic 
PTSD was most strongly associated with reduced parasympa· 
thetic activity. our present findings imply a role for pre· 
trauma Sympathetic activation (relative to parasympathetic aC· 
tivity) in influencing future vulnerability to significant trauma 
symptoms after combat exposure-related deployment. We did 
not observe meaningful correlations between HRV measures 
and symptom severity. Heart rnte variability may not neccs· 
sarily be associated with incremental changes in the severity 
of PTSD symptoms but may be a factor in or a harbinger for 
the development of the full syndrome and its associated ad­
verse functional consequences. 

The origin of the lower URV observed in participants who 
eventually developedPTSD is unknown. A recent twin study1l 

suggested that lower HRVis not found in the unaffected twin 
of veterans with PTSD and that lowHRVis normali7.ed with re­
mission of PTSD symptoms. Taken together with the present 
results, low HRV may reflect an at·Tisk state rather than a traiL 
Low !IRV may reflect the effects of environmental factors, per· 
haps recent, that increase PTSD risk. ror example, a height· 
ened stress response may contribute to the low HRV observed 
in the group that eventually developec.l PTSD since sensitivity 
to anx iety has been suggested asa PTSD vulnerability factor. ' ' 
Deployment history was similar across groups, and this factor 
has not been strongly associated withJ rRV inpaststudies.11 Nev­
ertheless, it is possible tha.t the PTSD risk group was exposed 
to more intense combat in previous deployments, or they may 
have experienced other adverse events that rendered them at 
greater risk foreventual development ofPTSD. The results sug· 
gest that exposure to acombat·reJated deployment may not sub· 
stantially aITect ANS function for all military personnel; rather, 
there may be individuals who are particularly vulnerable to tile 
serious psychological consequences of trauma. Resilience and 
vulnerability to PTSD are complex and m ultifactorial 
phenomenal" that include genetic inheritance risk factors.1~·'" 
preexis ting cognitive and psychological features,''7 lifetime 
trauma exposure especially early in childhood,39 and perhaps 
also perturbations in ANS regulation. A recent review1h posits 
that lower HRV may constitute a vulncrabiJity factor for devel­
opment of PTSD, perhaps because disrupted ANS funclioo re­
flects perturbed cognitive and inhibitory control of stress re­
sponse systems. Disruption in the neuroendocrinesystem that 
governs the stress response, the hypothalamic·pituitary­
adrenaJ axis, may influence ITauma vulnerability. The ANS is 
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thought· to play a role in the regulation of stress. responses via 
inhibition of lhe hypothalamic·piruitary-adrenaJ axis by the 
vagus. w Thus, relatively increased sympathetic activation may 
reflect insufficient inhibition of the hypothalamic-pituitary· 
adrenal a'(is, leading to dysregulation of stress hormones and 
disruption of a normal stress response, which may ultimately 
contribute to vulnerability to PTSD following a traumaticevenL 
Assuming U1at low FIRVis associated witl1 core med1anisms of 
PTSD risk and is not an eptphenomenon. an intriguing issue is 
whether PTSD risk can be decreased via methods intended to 
improve ANS function, such as biofeedback4 u and other 
interventions."1•42 For example, there is a promising ro le for 
mindfulness-based interventions, particularly meclitation. in in· 
creasing HRV.'13·~~ 

The present study's restriction to a young male group of 
US military personnel limits its generalizability to other PTSD 
populations. /\sour group19 has preViously suggested, theas­
sociatio11 between ANS function and trauma symptoms prob­
ably depends on the population and context of the traumatic 
evenL Furthermore, the LF:HF ratio, although widely used, has 
been critidzed fornot always reflecting a robust and specific 
measure of sympathet ic to parnsympathetic balance, tti par· 
ticularly in situations when respiration is not accounted for, 
as in tbe prcsent study (eg, respirato1 y sinusarrhythmia~7•18). 

The assessment o f many Marines in short time frames 
rendered a brief PPG recording to be the most practical method 
compared wllh longer recordings using electrocardiographic 
llolter moni tors plusrespiratory bands. Thus, we cou.ld not as­
sess to what extent breathing rates may have moderated HRV. 
No significa11t association was observed between postdeploy· 
me nt PTSD and other predeployment HRV indices (ie, the LF 
and HF components); a small sample size for the PTSD group 
certainly may have reduced the power to detect these poten­
tial associations. The MRS·l and MRS-11 cohorts were some­
wha t heterogeneous (Table land Figure ll, which is why we 
conducted a meta-a nalysis i11Strad of simply combiuing tile 2 
coborts. !\I though Lhe LF:HF ratio showed asimilar effect size 
in MRS-II, it did not reach statistical significance in that co· 
hort, likely owing to low power. Finally, in contrast to studies 
using 24 ·hour Holter monitoringrecordings,11·n we did not ob· 
serve a linear relationship between predeployment HRV and 
postdeployment PTSD symptoms. Previous studies11 ·l'.l dem­
onstrated cross-sectional- not longitudinal-correlations be· 
tween HRV indices and PTSD symptoms. In the present study, 
a 5-minute HRV sample may have been insufficient to 
adequately capture an association between this relatively non· 
specific physiologic measure and P'l'SD symptoms obtained 
more than l year late r. Integrated analyses of HRV with other 
risk factors in this cohort (eg, markers of inflammation, fear 
processing, and LTaumatic brain injury) wiTI help to elucidate 
the re la live usefulness of this marke.r for predicting PTSD risk 
in active-duty military members. 1s.io: 12,·19 

Conclusions 

This investigation provides initial longitudinal evidence that 
ANS function may contribute to vulnerability and resilience 
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to PTSD along with known risk factors, such as combat ex­
posure and preexisti ng stress and Lrauma symptoms. If 
supported, this association sheds additional light on the in· 

terplay between complex biological systems and the psycho­
logical and functional consequences of trauma and may pro­
vide new opportunities for prevenlion. 
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The developmenL of posllraumal.Jc slress disorder (PTSD) is influenced by genetic factor.;. Although lhere have been some replicated 
candidates, Lhe identification of nsk variants for PTSD has lagged behind genetic research of other psychiatnc d1sordel"; such as 
schizophrenia, autism. and bipolar disorder. Psychiatric genetics has moved beyond examination of specific candidate genes in favor of the 
genome·wide associal.Jon study (GWAS) strategy of very large numbers of samples. which allows for the discovery of previously 
unsuspected genes and molecular palhways. The succf.sses or genetic studies of schizophrenia and bipolar disorder have been aided by the 
fo1mation of a large· scale GW AS consortium: Lhe Psychiatnc Genom1cs Conso1t1um (PGC). In contrast. only a handful of GW AS of PTSD 
have appeared in the literature to dale. Here we describe the fonnal.Jon of a group dedicated to la~-scale study of PTSD geneucs: the 
PGC-PTSD. The PGC-PTSD faces challenges related to tl'.e contingency on trauma exposure and t.he large degree of mcestral genel.Jc 
diversily within and across part1apating studies. Usmg the PGC analysis pipeline supplemented by analyses tailored to aodress these 
challenges. we anticipate that our first lerge-scale QNAS of PTSD will comprise ove.r I 0 000 cases and 30 000 trauma-exposed controls. 
Following 1n the footsteps or our PGC forerunne~ this collaboratJon-of a scope that is unprecedented 1n the field of t.raumatic 
stress- will lead I.he search for replicable genetic associations and new insights in to the brological underpinr11ngs of PTSD. 
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INTRODUCTION 

Posttraumatic stress disorder (PTSD) occurs in only a 
minority of persons exposed lo lraumalic events (Breslau 
et al, 1998; Kessler et al, 1995). Factors that influence PTSD 
susceptibility include sex, age, early life adversity, the nature, 
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and timiJ1g of traumatic event exposure(s), the cumulative 
burden of these exposures, as well as various other 
psychosocial and personality factors (Zoladz and Diamond, 
2013). ln the US. race/ethnicity impacts the rate, type, and 
age at traumatic-event exposure, as well as the rlsk for 
developmen t of PTSD after exposure (Roberts cl al, 20ll). 
Moreover, some events a{e more pathogenic than others. 
Events of an interpersonal nature, eg, rape, partner violence, 
and assaul t, confer greater risk of developing PTSD than 
other types of trauma, eg, natural disasters (Kessler et al, 
1995). Twin studies have indicated that risk of exposure lo 
some types of trauma may itself be heritable, which is known 
as a gene- tmvironmeot correlation (rGE) effect. Lyons et al. 
(l 993) using data from the Vietnam Era Twin Registry 
(Eisen et al, 1987; Goldberg et al, 1987), found thaL the 
he<itabiHty of combat exposure ranged from 35 lo 47%. fn 
civilians, Stein et al. (2002) found that exposure to 
interpersonal traumatic events was modest ly heritable 
(-20%). The rGE for trauma e>..-posure appears to be largely 
explained by genetic influences on personality (AfiJi et al, 
2010; Jang ct al, 2003). For example, sensation seeking is a 
heritable personality trait that is characterized by eugaging in 
behavior, such as driving al high speeds (Zuckerman, 1994), 
which may increase the likelihood of trauma e.xpostu·c. In 
addition, the risk of PTSO following trauma exposure is 
moderately heritable, even after controlling for the genetic 
influences on trauma e><posure. Twin sturues established that 
genetic influences explain a substantial proportion of 
vulnerability to PTSD, from - 30% in male Vietnam veterans 
(True et al, 1993), to 38% in a sample of male and female 
civilians (Stein et al, 2002). with an upward heritability 
estimate of 72% in young women (Sartor et al, 2011). This is 
comparable co other internalizing disorders such as major 
depressive clisorder and panic disorder (KendJer and 
Prescott, 2007). Furthermore, genetic lnJJuences on PTSD 
may overlap with those for other mental disorders. The 
genetic mOuences on major depressive disorder and PTSD 
may substantially overlap (Fu et al, 2007; Koenen et al, 2007; 
Sartor et al, 2012). Phenotypes like alcohol and drug 
dependence (Sartor et al, 201 l ; )Gan et al, 2000) and nicotine 
dependence (Koenen et al, 2005) share - 40% genetic risk 
with PTSD. Ge11etic i.nOuences common to generalized 
anxiety disorder and panic disorder symptoms account for 
- 60% of the genetic variance in PTSD (Chantarujlkapong 
et al, 2001 ). 

The search for genetic mar kers of PTSD is a relativeJy new 
endeavor, with the majority of studies conducted within the 
last decade. These investigations involve genotyping (mea­
suring ·variation at) a particular location along the genome. 
lndividuals' pa.rlicular genetic code (genotype), at a location 
Gocus) is then compared for a sample of cases and controls. 
Most research to date has employed the candidate-gene 
approach, in which genes are selected for study based on 
their lheorized involvement in biological pathways impli­
cated in the palhophysiology of PTSD. Given Lhat PTSD has 
historical.ly been conceptualized as a disorder of pathological 
fear and stress (Wilker and Kolassa, 2013), most studies have 
focused on candidate genes involved in bjological systems 
associated with the fear response, including the hypotha­
lamic- pituitary-adrenal axis (eg, PKBPS, CRHRl) and the 
locus coeruleus- noradrenergic system (eg, COMT, ADRBJ, 
and ADRB2). Additional work has examined serotonergic 

Neuropsychophamracotogy 

and dopaminergic i;ystems involved in the neural pathways 
underlying emotion (eg, SLC6A4, SLC6A3), and systems 
involved in meinory consolidation and stabilization (eg, 
WWCJ. PRKCA). Candidate gene studies of PTSD have 
produced a large body of literature (Pitman et al, 2012; 
Wilker a.nd Kolassa, 2013). However, candidate gene studies 
have, for l'he most part, faileJ to replicate when the definition 
of replicat ion is restricted to the observation of a significanl 
association in the same a!Jele wilb the same effect direction 
(see Sullivan (2007) for a discussion of replication in 
candidate genes studies). To date, relatively few candidate 
gene studies of PTSD have examined gene- environment 
(Gx.E) interactions, an approach that may be particularly 
well-suited for examining genetic risk in PTSD. However, 
candid.He gene Gx.E studies in psychiatric literature have 
been prone to false positives and suitable replication has been 
difficult to obtain (Duncan and Keller, 2011 ). Thus, as in the 
larger psychiatric genetics literatme (Psychiatric Gwas 
C~rnsortium CoorJinating Committee el al, 2009), for the 
most part, robust support for markers associated with risk or 
resilience for PTSD has not emerged from candidate gene 
studies. 

In contrast to caJ1didate gene studies, in a genome-wide 
associat ion study (GWAS). genetic variation-primarily 
s ingle-nucleotide polymorphisms (SNPs)-is examined 
without hypothesiz.iug the role of any particular gene or 
biologicaJ function (Psychiatric Gwas Consortium 
Coordinating Committee et al, 2009). The viability of a 
GW AS sl rat.egy is predicated on the relatively low cost of 
chip-based genotyping that reliably and. cheaply assesses 
thousands or even millions of SNPs distr ibuted throughout 
the genome. Chip-based genotyping cannot yield informa­
tion about rare or even private (present in only one person or 
shared within a particuJar family) mutations, except in the 
case of rare or private large copy number variants (CNVs) 
that can be detected by examining the assays across multiple 
SNPs. To exam ine other types of rare variants. more costly 
whcile-genome or whole-exome sequencing is required. 
Consequently, the investigation of rare variants has primarily 
been aJdressed through sequencing, whereas common­
variant associacions have been assessed through chip-based 
genotyping. It is customary lo examine hundreds of 
thousands or millions of SNPs in a single GWAS. As the 
number of SNPs examined is great, and the number with 
individually detectable effects is presumably small, strict 
multiple-testing control is required lo reduce the number of 
fa lse positives. The cum~,nt customary significance threshold 
is P < S x 10- 3 for a genome-wide study regardless of the 
parllcular oumber of SNPs examined. This slricl threshold is 
useful in Lhat it gi~ves some assurance that the deted·ed loci 
will be robustly associated with the disorder under study. 

To date, four GW AS of PTSD ha vi! been published 
(Guffanti et al, 2013; Logue et al, 2013; Nievergeh et al, 2015; 
Xie et a~ 2013). The genome-wide significant findings of 
each are summarized in Table I. Although the roles of these 
GWAS-identified genes in risk for PTSD have not been 
elucidated, the lop loci identified in the extant GWAS have 
be~n implic:\Led in a variety of p rocesses, including 
oeuroprotection, actin polymerization, neuronal function, 
and immnoe function (AJmJj et al, 2014b; Guffanti et al, 
2013; Logue et al, 2013; Xie et al, 2013). Notably, the GWAS 
have identified variants in nave.I pathways that would not 
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have been examined using the biologically driven candidate­
gene methodology. So far, d1e findings from the different 
studies have not cons1stenlly implicated a primary set of 
PTSD risk loci. Numerous factors may contribute to this, 
including one or mere of them being false positives, 
heterogeneity across samples, and a statistical arUfact of the 
'winner's curse' which implies that effect size estimates will 
be inOated for moderntely powered studies (Xiao and 
Boehnke, 2009). lt is important to note Lhat samples sizes 
u nder 5000 or even I 0 000 are now considered to be 
rela tively 'small' by modern GW AS standards (Sullivan et al, 
2012}. Convincing demonstrations of association now come 
from GWAS of tens or even hundreds of thousands of 
individuals (Lango Allen et al, 2010). 

TliE PGC AND PROGRESS IN PSYCHIA TRIG GENETICS 

Although the results of the PTSD GW AS published to date 
may prove useful, experience from GW J\S of other 
psychiatric disorders has made ir clear that large-scale 
collaborations are necessary lo yield consistenlly replicable 
findings. The Psychiatric Genomic Consortium (PGC) was 
organi2ed in 2007 as an outgrowth of tJ1e Genetic Associa­
t ion lnfom1ation Network- a joinl public-private fw1ded 
venture to study alten1·ion deficit/hyperactjvity disorder 
(ADHD). diabetic nephropathy, major depressive disorder, 
psoriasis, schizoph.renia, and bipolar disorder (Gain 
ColJaborative Research Group et al, 2007). The PGC had as 
its goal to conduct GW AS studies of ADHD, bipolar 
disorder, major depressive disorder, and schizophrenia, 
and later autism spectrum disorder (Psychiatric GWAS 
Consortium Coordinating Committee el al. 2009; The 
Psychiatric GWAS Consortium Steering Committee, 2009). 
The PGC was designed to t>ring together psychiatric 
GW J\S from around the world to e11abJe adequately powered 
analy:;es. By centTalizing irnaJyses under a consortium 
umbrella, the PGC has overcome the substantial chalJenges 
of harmonizing quality cont~ol procedures, analytic methods, 
and phenotype definitions to enable GWAS meta- and mega­
analyses (Sullivan, 2010). By adequately powering analyses, 
and s tanding by strict definitions of significance from 
the outset, the PGC has encouraged the production of 
high-quality replicable genetic associations. 

The PGC has become the largest collaborative effort in the 
history of psychiatry and, as of this writing, comprises more 
than 500 scientists from more than 100 coLmtries. More than 
172 000 subjects have been included, and genotyping of an 
additional 90 000 is currently underway. PGC efforts have 
established that sufficiently powered GWAS is a viable 
strategy for identifying neuropsychiatric disorder susceptibil­
ity loci for bipolar disorder (Psychiatric GW AS Consortium 
Bipolar Disorder Working Group, 2011) and schizophrenia 
(Ripke et al, 2011). The PGC has enabled discovery of a large 
nwnber of reliably associated genetic loci, 108 for schizo­
phrenia alone at last count (Schizophrenia Working Group of 
the Psychiatric Genomics Consortium, 2014). The PGC 
analyses have also given us an insight into the genetic 
architecture of psychiatric disorders (Collins and Sullivan, 
2013). In particular, these analyses have demonstrated that 
psychiatric disorders are polygenic (having hundreds or even 
1housands of risk loci) and that common variation accow1t'S 
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for a substantial component of the underlyi11g genetic 
architecture. Their results have indicated that GWAS­
significant loci represent the tip of the iceberg in terms of 
the proportion of variance explained by inherited genetic 

Table 2 Summary of Participating PGC- PTSD Groups 

Principal investigator 

Prevoo~~ gc110typed wmpl~s 

Resslei . Kerry 

Aiello, Allison 
Gelemter. Joel 
N1e1.~l1.C 

BieruL Laura 

Miller; Marx 

Stetn, Muir.iy 

Becxham. Jean 
Ressler. Keoy 

Stein. Murray 

Del.Jsi, Lynn 
Smith. NidIDlas 

Holiegaard, Mads 

5amp!c.s w1!11 funded genotyping 

Koenen, 1:'.arestaf"\ 

Lil>en:on, Israel 
Lyons, Michael 

Ressler, Keny I Dan Ste•n 

Ve1metten. Enc 
Bty.m1, Richard 

R,ess1er, Keny 

Sample name 

Grady trauma pro1ect 

Detroit Neighborhood Health Stuuy 

Genetics of substance depen<lence 
Manne Resilience Stuoy 
Family Study of Cocame Dependent 

Boston-YA 
Anny STARRS 

MIRECC 

Grady trauma proJe<t 
VA Cooperative Study 
UCSO VA 

VET Study 

Danish Blood Spot Cohort 

Subtotal 

Nurses Health !>1udy II 

Ohio national Guard Study 
Vietnam Era fw1n Reg1~ 

Gvihan South Arncan Coho1t 
Mil1ta1y Research (PRISMO) 
Auslraltan ll"\jury Vulm."~bility Study 

Predictive B1omar'rers Proiect 

Subtotal 

Ackli1J011ol sumt1ks iQe11tJ/ied for future geootyp11ig wlC~ fv11d1ng rs o/J(01ned 

Ressler, l<eny Grady Trauma Project• 

Ressler, Kerry I Holly Orcuu NIU Shoo1Jng Sample 
A1etlo. Alliso11 Devo11 Ne1ghboitiood 1-ieatlh Study 
l.Jberzon. Israel Gracy Detroit Molher's Study 

Ubefzon. Israel 

Koenen. Karest.in 

Kessler, Ronald 
Amstad1er, Allilflda 

Amstadler, Ananda 

Yehuda. Rachel 

Yehuda. Rachel 

Yehuda. Rachel 
Feder; Adnana 

Baker, Dewleen 
Stein, Murray 
Bradley. Bekh 

Becfl.ham, jean 

Hemnga. Ryan 
Bisson. Jonathan 
Hollegaard. Mads 

Risbrough, V1ctona 

Ohio nauonal Guartl Study 
NU1"56 Health Study If 
World Mental Health Surveys 

Service Expenence and Alcohol Prefen!OCe Study 
Disaste...ilfected adolescents and ramn1es 
lmprovif"I& PTSD outcomes In OIF/OEF relumees 
Su1odal1Ly and PTSD 

Holocaust PTSD 

Wo<icl T radc Center responders 
Manne Resiliency Studf' 

Army STARRS 
Genetic and Environmental Risk/Resilience Factors 
for Posttraumatic Stress- Disorder in OEF/OIF Veiernns 
MIRECC• 

Neural Basis of Emotion Regula~on 1n PTSD 

Wales PTSD S1udy 
Danish Blood Spot Cohort 

Norman VA e)(posure 1herapt 

Subtotal 
TOTAL 

variation, and the remaining variation is likely to represent a 
mix of rare and common genetic effects. Por example, in 
schizophrenia, the proportion of variation explained by the 
I 08 genome-wide significant loci was 3.4% (Schiwphrenia 

<:ases Controls 

1503 3249 

192 620 

818 4633 

538 3477 
47 1 3568 

600 500 
4500 15 500 
1156 1156 

497 1751 

10000 10000 

1000 1000 

492 377 
500 2500 

22 267 18331 

680 

170 

350 

200 
35 

205 

200 
1840 

200 
70 

72 

200 
10 

170 
318 

80 

82 

l:! I 

700 

200 

350 
400 

965 
796 

400 
]8 11 

1000 

230 
197 

220 
8b0 

1463 

6969 

80 

698 

300 

90 0 

45 0 
50 200 

117 583 

ISOO 12200 

200 600 

152 758 

50 so 
462 960 

20000 20o00 

200 0 
25 489 SI 368 

48596 99510 

Total 

4752 

812 
5<151 

4015 

~039 

I 100 

20000 

2312 
2218 

20000 
2000 

869 

3000 
70650 

Ancest1y 

AA-Mrxed 

AA 
6(1% EA 

EA 60% 
Ml><ed 

Mixed 
Mixed 

Mixed 
AA- Mixed 

Mixed 
Mixed 

Mixed 

EA 

1380 EA 
370 EA 

700 EA 
600 S. Af11can 

1000 EA 
1001 EA 

600 80% AA 
5651 

12,()0 AA- mixed 

300 80% EA 

269 AA 

1W 75% EA. 23%AA 
870 85% EA. 13%AA 

1633 EA 

n87 Other 
160 80% EA. 20%AA 

780 7\ffo EA. 25% AA 

42 1 Mixed 

90 Mixed 

,15 EA 

250 Mixed 

700 EA 60% 
14000 

800 AFR 

910 

100 

1121 

40000 

200 
76857 

1·18 158 

Mixed 

EA 
EA 

W% EA 

lllumlna platform 

IM Omm·Q\Jad 

Omni Express 

Omni Quad 

OmniExpressExome 
IM Beauch1p 

Omn12.5M 
OrnniExpFeSSf/<omeC 
650/ I M-Duo/Omnr25 

IM Onmi·Quad 
Oml\iExpressExomeC 

PsyrhCh1p 
PsychChip 

PsychCh•p 
PsychCh1p 

Psyrh0Hp 
Pyscl1011p 

PsytchCh1p 

Abbreviatiol\s: AA. African American ancestry. [A, European American ancestry; PGC. Psychiatric Genomic.s Consortium; PTSD, posnrauma!Jc stress disorder. 
•study comributlng more than one wave o f data 
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Working Group t>f U1c [}sychiatric Gcnomics Consortium 
2014), whcrca:. ~tinl•llC.~ or the lot.ii proportion of variation 
explained by common gcnotypetJ SNPs has been estimated to 
be approl.111'Jtely 25 dlld 45% depending on the population 
and method U.\etl (International Schizophrenia Consortium 
et al., 2009; U..-c: et ul. 2012: Ripke et al, 2013). In addition to 
common v;uiants, rare variants such as CNVs were found to 
explain a proport11111 uf risk for schizophrenia, bipolar 
disorder, and authm (~falholra and Scbal, 2012). Results in 
schizophrenia also suggest that man}' of the genome-wide 
significant lod obtained .11 smaller sample sizes will tum oat 
Lo be significant ont:e the sample size gets large (Schizophrenia 
Working Gro~ap of the Psychiatric Genomics Consortium 
2014). The polygenic nature of the psychiatric disorders is 
such that o nce the sample size is sufficiently large, the 
genome-wide distribution of association statistics will differ 
fro m the expected null clislribution (Schizophrenia Working 
Group of the Psychiatric Genomics Consortium 2014). A new 
method called LD regression has been developed Lo Les t 
whclher or not genomic innation in this context represents a 
polygenic risk component to djsease or inflated significance 
due to the population substructure (Bulik-Sullivan et al, 
2015b). 

Also impnrt,111t1y. a-; the list of risk loci has expanded, they 
have begun to coalesce into biological pathways, illuminating 
disease p.ithoge11c:.1s and tmplicatmg new targets for drug 
dewlopmcnt (Cross Disorder Group of the Psychiatric 
Cenomics Consonium, 2013; Nurnberger et al. 2014: 
Schizophrenia Wurl..ing Group of the PS)•chiatric Genornics 
Coni.ortium 2014). hit example. recent analyses have 
highlighted the role 111 nnmune system and glutamatergic 
fum:tion in ~chizophrc111,1 (Sch12ophrenia Working Group of 
the Psychiatric Genomics Consortium 2014) and calcium 
channel :.ignal111g acro:.s childhood- and adull-ooset dis­
orders (Cross Disorder Group of lhe Psychiatric Genornics 
Consortium, 2013). fhc PCC Cross-Disorder Workgroup 
identified several loci 1h,1l appear lo confer risk across 
autism, ADI ID, bipolar disorder, major depressive disorder, 
and schl~.uphrcnra (Cross-Disorder Group of the Psychiatric 
Gcnom ics Con~ortiu111 , 20 J 3 ). Aggregate genome-wide 
analyses (using SNP-heri tubility estimates and polygene 
scores) showed signilkanl genetic overlap among these 
disorders, wilh lhc strongest overlap between bipolar 
disorder and schizophrenia (genetic correlation= +0.68; 
C ross-Disorder Group of Lhc Psychiatric Genomics Con­
sortium ct nl, 201.\). By highlighting shared biologic 
vulnerability. this \vork may inform efforts to reline 
psychiatric nosology Recently Bulik-Sullivan et al (201 Sa) 
have developed a new computationally efficient technique fo r 
estimating aos~ tr:l1t gt:neLic correlation based on LD 
regression. The result:. obtained w1Lh this new method 
mirror earlier work showing genetic correlation between 
schizophrenia and bipolar disorder. Howe\•er, this new 
method has lhc Jd\'antage that it can be run on summary 
't:itistics from both traits. rather than necessitating 
indi\ridual-lcvcl data. 

The PGC has JJso led lhc development of the PsychChip. 
The PsychChip is an lllumina (San Diego, CA) genotyping 
chip that as&e!>ses - 560 000 markers. ll is des igned to be 
suitable for analysis of psychiatric trails and for use in the 
impulation of genome wide SNP gcno1ypes (described in the 
Supplemen tary Mal'crials). 

The PGC- PTSD workgroup r eview 
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T H E PGC- PTS D WORKGROUP 

Ors Koenen, Rcs~ler, and Liberzon foWlded the PCG-PTSD 
Workgroup (PGC-l'TSD) in May 2013 with a satellite 
meeting at the Societ} of Bjological Psychiatry co-sponsored 
by NlMI I and One Mind, a patient advocacy non­
profit organization (http://onemind.org). The PGC-PTSD 
has, as its goal, lh..: bringing together of a large number 
of PTSD researchers for the purpose of large-scale GW AS 
stu<lR'S of p !°SD. 

The Sample 

The size and characteristics of the groups anticipated to 
participate in the PGC PTSD are summarized in Table 2. 
First, six groups have uploaded genotype data that will be 
used 111 the ir1 il ial P\.C-PTSD analysis. This includes a 
combined sample s ize of 20 468 subjects (4487 cases and 
15 98 J controls). Second, :111 additional 53 552 subjects from 
13 s tudies have been genotypcd (19408 cases and 34 144 
controls). Third, lht: re are 20 studies with genotyping in 
process or planned {N=71757: 24439 cases and 47318 
controls). Many of these s tudies will be using Lhe PsychChip. 
Data collection Sii~ arc from across the US (eg, Atlanta, San 
D iego, New Haven, Detroit) and include three additional 
countril:~ (Denmark. Thl· Netherlands and South Africa). 
Like other PGC disorders. we expect that this initial sample 
is merely lhe first foray into large-scale meta-analyses. 

The vast majority ( ~ 80%) of controls across these studies 
have experienced a lr.tuma fulfilling the exposwe criterion 
for PTSD. I fence, the JIGC PTSD sample will have a large 
trauma e.xposcd control group available for comparison with 
PTSD cases. Focusmg on trauma-exposed individuals may be 
useful, as .in~ PTSD risk allele, which will have an increased 
rate in PTSD cases, wilJ presumably have a lower frequency 
in PTSD-negative trauma-exposed controls than in trauma 
negative or unscreened controls. Hence, all olher things 
being equal, the grt!a ler difference in allele frequency 
between PTSD cases nnd trauma-exposed controJs will lead 
to a greater pO\ver 10 detect the associations than a sample 
that includes trauma-negative or unscreened controls. 
Utilil'.ing unscreened controls in the presence of rGE effects 
could result in associations representing a mjx of loci, some 
of which were associntl'<l wi th risk of PTSD in the presence 
of trauma exposure ,1nd some of which were related to the 
risk of trauma exposure itself. The use of only trauma­
exposed controls and inclusion of degree of trauma exposure 
as a covariate in analyses should be adequate to place our 
focus tightly on loci 1ha1 increase risk of PTSD directl)'-

Phenotype a nd Expo ure Measurement Complexi ty 

The harmonization of data across PGC-PTSD groups, like 
that for other psychi:1t11c disorders, is complicated by 
variability m the assessment methods used. Two major 
approache~ to the .1ssessment of PTSD symptoms and 
diagnos1~-s1ruct11red clinical interviews and self- report 
instruments- arc represented, with the primary distinction 
between them related to the source of the data (ie, clinician 
ratings vs participanl self-report). Of the six. samples already 
uploaded to the PGC PTSD, five used self-report measures 
and o ne used clinician ratings. The major lim ilalion of 
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clinical interviews is the considerable time and expense 
involved ln training and administration, which renders this 
approach impractical for many studies. Stllclies featuring 
50me or the largest samples have used self-report instru­
ments to assess symptoms and estimate diagnosis. Adcli­
lionally. aJU1ough not yet investigated within the PGC- PTSD 
group, there is the possibility of using ruagnostic in.formation 
from additional sources such as from electronic health 
records, which can provide evidence of convergent validity. 
Pinally, methods for determining diagnostic status (ie, cases 
vs controls) differ between interview and self-report 
approaches, as well as across traumatized populations. 
Lnterview-based studies, based on the j11<lgment uf trained 
clinicians; typically apply !he DSM algorithm (ie, for DSM­
fV. one reex:perienci ng symptom, three avoidance and 
numbing syn:iptoms, and two byperarousaJ symptoms). 
With s.elf-report measures, diagnostic classifications are 
somewhat less straightforward. The DSM-IV algorithm can 
also be applied by defimng symptoms endorsed above a 
given severity tltrcshold level as present (ie, causing 
moderate or greater dislress). However, patterns of item 
endorsement tend to vary across items and populaLions, so 
the application of a uniform criterion can yield significant 
c:WTercnces in composilioo of cases across samples. A.Jter 
natively, PTSD diagnostic status can be determined in 
relation to a total symptom severity score cutoff. Studies 
that ha~e examined the relationship between probable 
diagnoses derived from this approach vs interview measures 
of PTSD have fouod acceptable, though nor excelJent, 
agreement (see eg, McDonald el al, 2009; McDonald and 
Calhoun, 201 O). Studies have shown that for any given 
measure the optimal score for differentiating cases from 
controls differs across samples and can be influenced by a 
host of factors, most notably, the base ra te of the diagnosis in 
the sample (for a meta-aJtalysis of PTSD Checklist (PCL) 
s turues, see Terhak:opian et al, 2008). Thus, because Lhe same 
instrument can yield different classification performance 
across differe nt samples, our cutoff score selections wiU take 
iJ1to account independent estima tes of the true base rate of 
the sample. 

The hannonizat ion of measures of trauma exposure across 
studies is an additional complication for PTSD genetics 
research. Though the DSM offers a broad definition of the 
types of events known lo cause PTSD, there is no uniform or 
generally agreed-upon framework for categorizing or mea­
suring them. A varieLy of selJ- report measures of trauma 
exposure are represented among PGC- PTSD studies. Most 
consist of a list of evenls that meet the DSM-IV PTSD 
Criterion A 1 trauma definition including exposure Lo sexual 
or physical assault, combat or warfare, sudden death of 
friend/loved one, and so on. Most also make it possible to re­
classify events for harmonization purposes into broader 
categories such as childhood vs adult trauma, or interperso­
nal versus non-interpersonal trauma, or to compute a 
measure of total trauma load (ie, a sum of eveot exposure 
categories across the lifespan). 

The instruments used in tbe various sturues also ruffer with 
respect to the way that they link PTSD to the lrauma. £11 
clinical intervjew instruments such as the Clinician Admi­
nistered PTSD Scale for DSM-IV (Blake et al, 1990) and the 
Structured Clinical Interview for DSM-IV Axis I Disorders 
(first et al, 1994), interviewers identify an inde.x event(s) and 
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then evaluate its link to subsequent symptoms while 
accounting for confounding factors such as com.orbidity, 
substance abuse, medical issues, and reporting style. For self­
report measures (eg, the PCL; Weathers et al, 1993), 
approaches range from those that link symptoms to a single 
event, to tho-se thal do not reference a single even!, to th<>Se 
that reference miUtary experience broadJy. 

Ancestry 

Most extant PGC GW AS have been restricted to a single 
;mceslral population because population stratification can 
lead to Type I and Type I I errors in genetic association 
studies (Marchini et al, 2004). Psychiatric: research in the US 
and Europe has traditionally enrolled a relatively large 
proportion of subjects or European anceslry, and conse­
qu ently, GWAS in the PGC have been performed primarily 
using subjects of European ancestry (Figure la). In contrast, 
PTSD studies have recruited subjects primarUy frolll high­
risk populations, such as combat-veteran cohorts, or in 
urban areas with high rates of violent crime, and Lhus PG~ 
PTSD samples include a large proportion of subjects of 
African-American and Hispanic/Lalino ancestry (Figure lb). 
GWAS on such heterogeneous and admixed samples require 
additional considerations (eg, a study by Pasaniuc et al 
(2011) ). Combining across multiple ancestry groups via 
meta- analysis ltas become more common in the recent pas t 
(see eg, Nievergelt el al, 2015 and Li and KeatiJ1g, 2014 for 
review). 

RESEARCH STRATEGY 

PTSD Meta-Analysis 

Our proposed analysis strategy is described in the 
Supplementary Materials and is briefly outlined here. 
Standardized quality control procedures and GWAS analysis 
based on t)Je PGC GWAS analysis pipeline will be used 
(Ripke et al, 2013). Harmonized versions of continuous 
predictive variables and outcomes (eg, PTSD severity) will be 
generated based on within-study normalization of the 
instruments available. Categorical outcome and predictor 
variables will, for the r)10S1 part, be based on the ruagnostic 
schema adopted by the principal investigator of the 
particular study taking into account sample and measure­
me11 t factors that affect prevalence estimates. The efiicacy of 
the harmonization wi.U be assessed using the descriptive 
statislics and by examining correlations between p redict ive 
variables, outcomes, and reported demographic information 
from each group. Our primary analysis will be a GWAS 
meta-analysis of PTSD followed by a GWAS of PTSD 
severity, both controlling for potential sources of bias as welJ 
as trauma-ex-posure variables. Based on a consensus of 
participating group members at in-person PGC-PTSD 
planning meetings, we determined to utilize rucbotomous 
DSM-IV diagnosis as the primary phenotype. Initially, this 
analysis will be restricted Lo trauma-exposed controls. The 
pipeline ¥.rill be modified to accou11t for greater population 
stratification between and within PGC- PTSD groups com­
pared with the typical PGC analysis. Both within-ancestral 
group and cross-ancestral group meta-analysis will be 
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performed. Subsequent investigation will include analyses of 
rare variants, iududing structural variants such as CNV. 

The PGC- PTSD has already assembled a substantial 
aggregate sample size, as well as an extensive set of samples 
that will be genotyped if funding allows. The power to detect 
a SNP effect in a GW AS analysis varies as a function of lhe 
size of Lhe effect, the allele frequency of tl1e SNP, and U1e 
sample size. This is illuslrated in Figure 2, which displays the 
minimum effect size Lhat yields 80% power as a fu nction of 
tbe SNP allele frequency and sample size. An analysis 
including lhe 45 000, the samples thaL have currently funded 
genotyping wilJ have 80% power to detect a locus with a 
genotype: relative risk (GRR) between 1.2 and l.1 1 for allele 

frequencies between 5 and 20%. Increasing the sample size to 
60 000 will allow us to detect a locus with a GRR between 
1.17 and l.l, respectively. 

GxE Analyses 

rn addition to the standard GWAS meta-analysis, a 
secondary aim of the PGC- PTSD is to conduct a series of 
GxE analyses. Some readers may be surprised that this is not 
the primary analysis for PTSD. Although we are well aware 
of the concept'l1al relevance of Gx£ models to PTSD, the 
sta~istical challenges associated with GxE analyses are 
formidable. First, although PTSD clearly results from the 
interaction of trawua with genetic predisposition, it is 
unclear whether or not the biological realities of such an 
interaction are captured by testing deviations from a 
mt.:ltiplicative logistic regression model (Thompson, 1991 ). 
Second, the significance of the GxE interaction term 
estimated using standard regressi.on mode.ls can be inflated 
under commonly occurring conditions (Almli et al, 2014a; 
Voorman et al, 2011). Third, obtaining reasonable power in 
GxE analysis takes sample sizes larger than those required for 
main effect analyses. A sample four times as large has been 
proposed as a rule of thumb (Thomas, 2010). Finally, the 
power and bias of different GxE analysis methods vary 
depending on the nature of the interaction (Cornelis el al, 
2012; Mukherjee et al, 2012). 

Approaches used previously in PTSO genetics studies have 
ranged from including cumulative lifetime ' trauma load' as a 
covariate in the analysis (Kolassa et al, 2010) to explicitly 
testing fo r GxE interactions (Digangi et al, 2013). To date, 
there have been no genome-wide GxE studies of PTSD. 
AIU1ough U1e single genome-wide GxE study published in 
psychiatry to date (a study of ADHD) did not yield 
significant findings (Sonuga-Barke et al. 2008), genome­
wide GxE studies have been successful in other areas (eg, 
Beaty at al, 2011 ). 

The PGC- PTSD will use a two-stage strate!,'Y to examine 
GxE effects. First, given the likeLihood of developing PTSD 
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increases with exposure to duldbood trawna, interpersonal 
violence, and with increasing trauma load, GxE models will 
test th.: hypothesis that the effects of risk variants for PTSD 
(ldentified through the primary GW AS) are moderated by 
these environn1ental variables. Tbe second approach is a 
'genome-wide GxE' meta-<malysis approach that will system ­
atically interrogate the genome for GxE effects between SNPs 
and these three environmental variables. This will include 
fitting a logistic regression model of PTSD and linear model 
of PTSD severity as a fu nction of a SNP x childhood trauma, 
SNP x interpersonal trauma, and SNP ><total trauma load 
interaction effects using robust SEs lo combt1t genome-wide 
inOation of significance. Follow-up analyses will examine tJ1e 
effect or muJl"iple characteristics Of !rauma CX'pOSUre, 
including trauma load, type, timing, and severity. l::inally, 
we note that the data gathered here will provide a resource 
for secondary analysis and methodological development, as 
has been the case for other PGC disorders such as 
schizophrenia. 

Comorbidity 

PTSD js highly comorbid with other psychiatric disorders, 
and a substantial proportion of 1J1is comorbid ity may be 
explained by common genetic influences (Koenen et al, 2003; 
Wolf et al, 2010). Hence, in this context comorbidity may 
present an opportunity to explore potential overlapping 
genetic effects in our sample. We propose to foUow the PGC 
cross-disorder m odel a.nd perform a polygenic a rchitecture 
analysis with polygenic risk scores and LD regression to 
determine the proportion of genetic variance (heritability) 
common across PTSD and other psychiatric disorders. 

PGC- PTSD SUBGROUPS 

The PGC- PTSD also represents Lhe conOuence of vast 
reserves of PTSD-related information that will enable large­
sample investigations of PTSD-associated epigenetic, neu­
roimaging. and other neurobiological measures. lo order to 
facili ta te the analysis of these data, a pair of focus groups 
have been created within the PGC- PTSD workgroup: the 
PGC- PTSD Epigenetlcs Workgroup and the PGC- PTSD 
Neuroimaging Genetics Workgroup. 

PGC- PTSD Epigenetics Workgroup 

Recently, 'stand alone' genome-scale studies of PTSD 
epigcnetics and gene expression have provided initial insight 
into molecular dys regulation associated with the disorder 
(Mehta et al, 2013). Eplgenetics provides a molecular context 
to GxE interactions by offering a biological mechanism 
through which gene expression can vary in response to an 
environmental exposure (see eg, Latham el al, 2012). Genetic 
varia tfon has been shown to in.fluence DNA methylation and 
gene expression levels, often in tissue-specific and develop­
mental stage-specific manners; so-called methylation trait 
quantitative loci (meQTLs) and expression trait quantitative 
loci (eQTLs) have been identified across the genome in 
numerous studies to date (see eg, Smith et al, 2014). 
Alll10ugh genome-scaJe studies or PTSD-associaled meQTLs 
aud eQTLs have yet Lo be reported, focused candidate gene 
s tudies have revealed notable exa mples of each (see eg, 
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KJengel et al, 2013; Mehta et al, 2011; Ressler et al, 2011). 
Within the PGC-PTSD, there are several groups with both 
genome-wide genotype and methylation data, with a current 
to ta l n = 1114. The PGC- PTSD Methylatio11 Workgroup has, 
as ils goal, lhe creation of a large PTSD-focused methylation 
data set that can be used to identify whether gene expression 
or methylation act as mediators of the associatio,J:J between 
SNPs a.nd PTSD risk as well as identifying PTSD-relevant 
eQTLs and meQTLs that can be examined for association lo 
PTSD and trauma exposu re. 

PGC- PTSD Neuroimaging WQrkgroup 

T he PGC group members have a large number of 
participating groups with neuroimaging data. Within the 
PGC-PTSD there are over 5000 samples that wiJJ have both 
structural MRI and GW l\S data available. SmalJer data sets of 
DTl, resting-state fMR[, MEG, and other imaging modalities 
are also available. These data wiU alJow the investigation or 
how genomic markers modulate neuroirnaging quantitative 
trails (QTs) associated with PTSD. The uncertainty asso­
ciated with psychiatric nosology makes reference to an 
intermediate biological variable attractive, as the heritability 
of intermediate phenotypes such as regional brain vohunes is 
often 80% or higher (den Braber el al, 2013). However, these 
will nol represent a magic bullet. Given the results of the 
ENIGMA group, a neuroimaging GWAS meta-analysis 
consortium, effect sizes observed fo r individual SNPs on 
brain srrnctures arc likely lo be modest and require large 
sample sizes to be adequately powered (Hibar et al, 2015; 
Stein et al, 2012)_ The PGC- PTSD Neuroimaging Work­
group will fao1itate the creation of a large PTSD-focused 
neuroimagiog data sel lo investigate genomic markers for 
association lo corticaJ and subcortical volumes such as 
hippocampus, amygdala, and medial prefrontal cortex 
structures as well as regional cortical thickness changes that 
are associated with PTSD. Genomic markers found lo 

predict imaging QTs may have a role in PTSD symptoms 
or diagnoses (Meyer-Lindenberg and Weinberger, 2006). 

DISCUSSION 

Ther e are several ways in ~vhich ll1e PGC-PTSD wiU 
represent and advance the current culling-edge of PTSD 
genetics research_ First and foremost, the PGC-PTSD will 
build on what the PGC has learned in other disease domains. 
We believe that the PGC- PTSD, through its investigation of 
genetic variation, epigenetic variation, and neuroin1aging 
characteristics or PTSD will provide new and important 
insights into the biological underpinnings of PTSD risk. The 
PGC- P'I'SD additionally has the goal of developing clinically 
useful biomarkers of PTSD. The work nfthe PGC- PTSD will 
inform the developmenl of at least lhree types of clinical 
biomarkers. The first a.re predictive biomarkers that reliably 
distinguish persons a t high vs low risk for the development of 
PTSD following trauma. A gene or combination of genes 
associated witJ1 PTSD may, in conjunction with other 
information, contribute Lo an algorithm fo r estimali11g the 
risk or developing PTSD. Such a risk algorithm could be used 
in first-response settings or the military to bette r ta rget 
preventive interventions. 



The second tyPe of hiomarker likely to be informed by the 
discoveries of the PGC PTSD working group is related lo 
trealmenl matching. There are several effective inte1ventions 
for PTSD including prolonged exposure, cognilive proces­
sing th.erapy, skills training in affective and iu terpersonal 
regulation, and pharmacological interventions. However, 
little is known about which of thc'5e treatments might be 
most effective for which patients. One of the long-term goals 
of the PGC- PTSD will be to examine whether patients with 
specific combinations of genetic variants and environmental 
exposures respond differentially to ev.idence-based 
treatments. 

The third type of biomarker that may be infom~ed by the 
work of the PGC-PTSD is relapse prediction. Several of the 
studies included in the PGC-PTSD 11'.leta-analysis are long­
itudinal and a few are truly prospective (Baker et al, 2012; 
Goldmann et al, 2011). Thus, we wiLI be able to examine 
whether genetic variants associated wilh PTSD also predict 
the clinical course of U1e disorder. lf patients wiU1 a specific 
combination of genetic and environmental risk factors are al 
higher risk of relapse, such patients couJd be targeted with 
relapse prevention strategies. 

Knowledge of the genetic and environmental architecture 
of PTSD has the potential to advance our understanding of 
the pathophysiology of the disorder and inform treatment 
development. Of particular interest. is the development of 
preventive pharmacological interventions for PTSO that 
could be administered in the acute aftermath of traumatic 
events. Many pharmacological agents have been explored in 
this regard including propranolol and hydrocorttsone, but 
none have shown decisive efficacy for PTSD prevention in 
large RCTs. The success of GWAS or schizoph renia and 
bipolar disorder has led to the identification of new 
treatment targets (Cross-Disorder Group of the Psychiatric 
Genomics Consortium, 2013; Nurnberger ct al, 2014; 
Schizophrenia Working Group of t:be Psychiatric Genomics 
Consortium 2014). Clinical trials a re underway lo determine 
whetha these will translate into more effective treatments. 
Rather tha11 simply generating a list of associated DNA 
variants, our goal is to produce U1e same successes for PTSD. 
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cal theories involving excessive serotonin have been dis­
cussed both in anxiety3 and depression.• 

The tracer-specific concerns raised by Dr Jacobsen have 
been discussed in detail previously.r-.<> Briefly, P.ET assess­
ment of endogenous serotonin formation assumes that(' 1CJ5· 
HTP influx rate is a proxy for endogenous amino acid decar­
boxylase (AADC) activity, beingl)toportional to tryptophan 
hydroxylase activity. Dr Jacobsen proposes 2altemativesas to 
why we found increased AADC activity, both having seroto· 
oin "deficiency" in common. Dr Jacobsen argues that in­
creased AADC activity may result from less endogenousS·H'rP 
competing with the radiotracer. However, as pointed out by 
Dr Jacobsen, AADC activity is not the rate-limiting step, mak· 
ing it highly unlfkely that the very low tracer doses (nano· 
moles) of [11CJ5· HTP injected,5 corresponding to picomole 
amounts entering the brain, would cause enzyme saturation. 
Indeed the Michaelis-Menten constant of AADC (micromoles 
per liter) mentioned by Dr Jacobsen supports this. In our 
article,1 we speculated that downreguJation ofseroronin-lA 
autoreceptors disinhib!ted seroton~rgic synthesis and firing. 
Indeed, reduced serotonin-1A receptor binding has been con· 
sis ten Uy demonstrated in molecular neuroimagingstudies of 
anxiety clisorders. Our findings are also in agreement with ani· 
mal studies reportinganxiogenk effects of serotonin. mclud­
i11g higher tryptophan hydroxy lase expression and extracel­
lular amygdala serotonin levels i.11 higb-anxlous Wistar rats 
compared with low-anxious counterparts.3 Thus, interpret· 
ing increased AADC activity as reflecting serotonin defi­
ciency does not properly account for the existing data. 

ln the limitations section, we addressed Dr Jacobsen's third 
alternative (ie, that increased AADC activity mayi'etlectanoma­
lies in nonserotonergic neurons). While it is true that AADC is 
e>.1Jressed, for example, in dopaminergicneurons, it should be 
noted that we found increased [" C]5-HTP in flux rate in the ra­
p he nuclei, which contain very few dopaminergic neurons. 
Also, PET work bas shown incomplete overlap between the in­
flux rates of[11C]5-HTPand [11C]DOPA,7 suggesting at least some 
degree of separation of the serotonetgic from the dopaminer­
gic system using [11CJ5-HTP. 

We acknowledge the difficulties in interpreting PET data 
of enzyme activity in terms of excess or deficiency given the 
brain's compensatory and adaptive functions. Nonetheless, we 
argue th.at increased activity in serotonergic neurons is likely 
reflected in increased AADC activity asse:.;sed with [11C]5-
HTP, and that our findings are best interpreted as increased 
serotonin synthesis 1n SAD. 
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Heart Rate Variability and 
Posttraumatic Stress Disorder 
To the Editor We.appreciate the thoughtfuJ editorial by Shah and 
Vactarino1 in JAMI\ Psychiatry in response to our prospective 
investigation of the association of predeployment heart rate 
variability (HRV) with postdeployment posttraumatic stress 
disorder CPTSD) in military service pcrsonnel.2 We agree that 

the findings are in need ofreplication by other grotrps, par­
ticularly with attention to limitations inherent in HRV indi­
ces includingth.e low frequency to high frequency ratio, among 
others.J Shah and Vaccari.no1 me ntioned several concerns, 
briefly addressed here. 

The authors highlighted the attrition rate from predeploy· 
ment to postdeploymen l (39% in the first phase of the Marine 
Resiliency Study (MRS-I] and 36% in the second phase Qf the 
Marine Resiliency Study [MRS-II)) as a factor limiting causal 
inference. The ttest comparisons between participants with 
and without a postdeployment visit yielded no differences in 
predeployment rmv, PTSD symptom scores, or Llfe Events 
Checklist scores. However, lt remains possible that service 
members who did not return for their postdepJoyment assess­
ment (eg, left the military following deployment) may have 
been a group uniquely affected by deployment. The main 
causes of a ttrition were deployment-related death, injury of 
such severity that postdeployment return with the battalion 
was precluded, or high mobility (eg, change of battalion, as­
signment to specialized trainjng. disC:barge from the military, 
and interference from a civilian work schedule). Of the avail­
able participants for follow-up, only a very small number ac­
tively declined to participate in the postdeployment assess­
ment (4% in MRS-I and 0.04% in MRS-II). The MRS attrition 
rates matched other recent longitudinal studies ofl'TSD inser­
vice members (40% in the study by Stein etalotand50%in the 
study by Polusoy et al"). wiU1 causes of attrition (ie, high 
mobility) being similar across studies. 

Jamapsych1atry.com 

Copyright 2016 American Medkal Associatio n. All rights reserved. 

OowoJoaded from : bttp;//arcbpsyc.jamanc.twork.comJ by u Ullivcnily of Californfa- Sau Oll'J;!O U.scr ou 06/2J/2016 



The authors also commented on the lack of inclusion of 
factors such as medical history, health behaviors, depres­
sion, and trauma history. Our access to medical health rec­
ords was incomplete; however, it should be noted tl1at owipg 
to deployment requirements, this was a relatively healthy 
po,pulation. When predeployment Beck Depression inven­
tory 2 scores were in duded in the regression model, the nor· 
malized low frequency to high frequency ratio retained sta· 
tistical significance as a preclictor of postdeployment PTSD 
(odds ratio, 1.61; 95% CI, l.ll-2.34; P " .01). Similar results were 
obtained with postdeployment Beck Depression rnventory 2 
scores. Likewise, when Life Events Checklist scores were in· 
eluded in the regression, again lhe low frequency to high fre­
quency ratio retained its significance (odds ratio, 1.61; 95% Cl, 
1.12-2.30; P = .01). Therefore, we argue tllat pre.deployment 
HRV, although very likely to be influenced by a host of vul­
nerability factors, may nevertheless hold independent value 
in underst;mdiog PTSD risk and resilience. We ]ook forward 
to replication and extension of these findings, which may 
ultimately provide new targets for prevention and treatment. 
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have significant trait association with 
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Abstract 

Background; Plasma coagulation Factor Xlla (Hageman factor; encoded by Fl2) and kallikrein (KAL or Fletcher 
factor; encoded by KLKB I) are proteases of the kallikerin-kinin system involved in converting the inactive circulating 
prorenin to renin. Renin is a key enzyme in the formation of angiotensin II, which regulates blood pressure, fluid and 
electrolyte balance and is a biomarker for cardiovascular, metabolic and renal function. The renin-angiotensin system is 
implicated in extinction learning Tn posttraumatic stress disorder. 

Methods & Results: Active plasma renin was measured from two independent cohorts- civllian twins and siblings, as 
well as U.S. Marines, for a total of 1, 180 subjects. Genotyping Lhese subjects revealed that the carriers of the 
minor alleles at the two loci- Fl2 and KLKBI had a significant association with reduced levels of active plasma 
renin. Meta-analyses confirmed the association aooss cohons. In vitro studies verified digestion of human recombinant 
pro-renin by kallikrein (KAL) to generate active renin. Subsequently, the active renin was able to digest the synthetic 
substrate angiorensinogen w angiotensin-1. Examination of mouse juxtaglornerular cell line and mouse kidney 
sectlons showed co-localization of KAL wirh renin. Expression of either REN or KLKBI was regulated in cell line 
and rodent models or hypertension in response Lo oxidatTve stress. Interleukin or arterial blood pressure changes. 

Conclusions: The functional variants of KLKB/ (rs3733402) and Fl2 (rs1801020) disrupted the cascade of enzymatic 
events. resulting in diminished formation of active renin. Using geneLic. cellular and molecular approaches Wt! found 
rhat conversion of zymogen prorenin Lo renin was inOuenced by these polymorphisms. The study suggests that the 
variant version of protease factor Xl la due co the amino acid substitution had reduced ability to activate prekallikrein 
to KAL As a result KAL has reduced efficacy in converting prorenin to renln and this step of the pathway leading to 
activation of renin affords a potential therapeutic target, 

Keywords: FXlla (active protease encoded by gene Fl 2 or Hageman factor), Kallikrein/KAL (active protease encoded for 
by gene KLKB I or Fletcher factor). rs3733402, rs l 801020. PTSD (posttraumatic stress disorder), Hypertension 
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Background 
Hypertension is a global public health issue and contributes 
to the burden of heart disease, stroke, kidney failure and 
premature mortality (13 % of total deaths worldwide)llJ. 
The kidney serves as a major organ for maintaining 
normal blood pressure (BP) and the local renal renin 
angiotensin system (RAS) pathway acts as the master 
regulator of renaJ function during hype1tension l2-41. The 
renin--angiotensin-aldosterone system (RAAS) is a signaling 
pathway responsible for regulating the body's blood pres· 
sure lS-8}. Stimulated by low BP the kidney releases renin, 
this triggers a s ignal transduction pathway generating even­
tually angiotensin 11 that causes vasoconstriction, leading to 
increase in BP. Several cardjovascular therapies for high BP. 
target the RAAS system and these therapies are now being 
explored for their efficacy in treating PTSD 19, 10]. 

The juxtagJomerular (JG) cells in the kidney express 
renin a member of the aspartyl protease family. It is Lhe 
limiting enzyme in RAS pathway that converts angioten­
sinogen to angiotensin J (An g I) [lJ ]. Reni11 production 
is tighUy regulated at the transcriptional level and the 
active renln is released into the circulation through reg· 
ulated exocytosis l1 ! , 121. Aboul 80 % of the renln 
present in plasma is in an enzymatically inactive form 
called pro-renin. Kidney processes inactive pro-renin to 
renin and is the major source of circulating active rcnin 
in humans. The plasma re1U.n concentration contributes 

significantly to cardiovascular and renal ruseases like 
hypertension, coronary heart disease. and chJ·onic kidney 
disease [13]. Thus the conversion of pro-renin to renin 
is a potential regulatory s ite for therapeutic intervention. 

We s tudied the effect of the KLKBl (located on 
chromosome 4) missense variant rs3733402 (Asnl24Ser) 
on circulating levels of active renin and observed that 
homozygous carriers of the minor aUele (Ser/Ser) rus­
played lower levels of active rerun [14]. In vitro proteolysis 
and cell biology indicated that pro-renin was a substrate 
for plasma kalliki;ein (KAL). 'foe KAL-activated renln in 
turn, was able to cleave substrate angiotensinogen to 
angiotensin 1 lhe precw·sor for vasoccmstrictor angioten­
s in JL Situated on chromosome 5. the coagulation factor 
F12 5'-UTR variant rsl801020 also showed significant as­
sociation with plasma levels of active renin. The Fl2 locus 
em:odes for the f Xlla protease responsible for converting 
pre-kallikrein to KAL. The possible implication of the in­
trinsic coagulation system and the fibrinolytic system in 
renin activation has been ruscussed. In both the independ­
ent cohorts a strong association was observed between 
levels of active renin and occurrence of the minor alleles. 

Methods 
Twin and sibling subjects 
Twin and sibling participants (TSP) for the human study 
were recruited from sou thern California by access to a 
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population birth record-based twin registry [15). as well 
as by newspaper advertisement (16]. The University of 
California San Diego. JnstitutionaJ Review Board pro­
vided approval fo r lhe study and each subject or the 
parent of the minor subjects, gave wrillen informed 
consent. A subset of 381 individuals of th e TSP popula­
tion was randomly selec.ted and included 60 dizygotic 
(DZ) and 160 monozygotic (MZ) twin pairs. Zygosity of 
twins was confirmed genetically by use of microsatellite 
and single nucleotide polymorphism (SNP) markers 116]. 
lnitiaJly eth nicity was established by self- identification, 
including information on geographic origin of both par­
ents and all fo ur grandparents, and only individuals of 
Caucasian or ffispanic ancestry/ethnjdty are included 
here. The age of the subjects ranged from 14 lo 78 years, 
with a median of 39. Phenotypi.ng (biochemical and 
physiologicaJ) was conducted as previously described (16). 
All of the 381 TSP subjects with both genotypes and phe­
notypes were included in the analyses (see below), 

Molecular genetics, genomic DNA and genotyping 
Genomic DNA was extracted from leukocytes in EDTA­
anticoagulated blood after proteinase-K digestion of pro­
teins, by adsorption/elution !'tom Qiagen columns, as 
previously described l L6], and genotyped for 592,312 
SNPs using the Jllumina 610-Quad genotyping array and 
passed final quality control (QC: see below). For each 
MZ twin pai1·s, only one individual underwent GWAS, 
and the genotype in formation was used for both mem­
bers of MZ twins. Dttring analysis, family structure was 
accounted for in MERLIN (see below). 

Biochemical assay of active renin in human plasma 
EDTA- anticoagulated plasma samples were collected 
from seated subjects, and stored frozen at -70 "C until 
assayed. Circulating active reoin was quantified at room 
temperature for 3 hours with a 2-site ffiMA [ 17] wherein 
lhe mouse monoclonal anti human renin antibody was 
specifie for a renin epitope formed after excision of active 
renin from pro-renln (DSL, Webster, TX: DSL-25100); the 
ac:tive reni.n assay sensitivity was -0.48 pgfml, with intra· 
assay coefficients of variation from l.4-4.3 %, and inter­
assay coefficients of t.9-3.0 %. 

Genetic association analyses 
To test SNP on phenotype effects with explicit account­
ing fo r family sb·ucture for the TSP cohort, MERLIN 
v Ll .2 (http:/ /v.rww.sph.umich.edu/csg/abec:asis/merlinl) 
was used. As an additional QC step, unlikely genotypes 
based on expected inheritance patterns were removed 
using Merlin's Pedwipe procedure. A maximum likeli­
hood estimation test of a variance components model 
was used, incorporating a variance-covariance matrLx 
that allows for family relatedness, includin g twin status, 
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to be modeled and appropriately controlled for in the as­
sociation test. ln addition, age. gender, and the fu·st 
MOS component were included as covariates. A stand­
ard criterion of p < Sxl o-s across the genome was used 
to indicate significance of single SNPs on traits. The 
"Manhattan" plots visualized results acrC)ss the genome, 
as '"ell as local "SNAP" (SNP Annotation and Pro>.')' 
Search) plots [18J <http://www.broadinstitute.org/m pg/ 
snap/ldplot.php>. 

Replication Marine Resiliency Study (MRS) 
We also measured active plasma renin (by ELISA) in 
samples from 799 healthy unrelated male Marines from 
the Marine Resiliency Study (MRS) with available geno­
types [ J 9]. T he method for genotyping of MRS subjects 
has been detailed earlier [20, 21 I. !11 brief, genotyping 
was carried out using the HumanOmniExpressExome 
(HOEE) array with 951,ll 7 loci from lllumina (hltp:// 
www.illumina.com/). resulting in a high initial locus suc­
cess rate and overall data quality. Additional data clean­
ing was perfom1ed in Pl.INK vl.07 [22), using standard 
procedures. All subjects included here were active duty 
male and of European ancestry 123]. All subje<.:ts pro­
vided written co11sent for the genetic study. Association 
of plasma renin activity witJi genotypes were performed 
using a linear regression in PUNK (v.1.07) using age and 
3 principal components (PC's) lo con·ect for population 
stratification as covariates. We used the Genetic Power 
Calculator from Purcell et al. to estimate power 124]. 
Based on an effect size estimate of 1 % of variance ex­
plained by a candidate variant, we estimate that we had 
83 % power to detect an effect of SNP on renin levels at 
an alpha level of 0.05, given the number of samples 
available in U1e MRS. Furthermore we estimate thal we 
would have >94 % power to detect an e[ect of this si:te 
in a meta-analysis of the MRS and TSP. 

Meta-analyses 
Results from the TSP and MRS data were combined in 
an inverse variance and weighted fixed-effect meta­
analysis was carried out using METAL 125]. 

Protein chemistry and enzymology 
Digestion of recombinant human pro-renln by human KAL 

Recombinant human pro-renin (5 µM) (Cayman Chem­
ical, catalog number 10007599) was digested with prote­
ase human KAL (kallikrein, human plasma, Calbiochem, 
EMD M illipore, catalog number 420307. specific activity 
15 U/mg protein) (1 µM) al 37 •c for 15 min in 12 µI of 
rea<.:liOn volume with assay buffer (50 mM Tris, pH 7.5. 
NaCl 250 mM). The reaction was terminated by adding 
aprotinin (2 µM), purffied by ZipTip (small C-1 8 column) 
and then analyzed by MALDl-TOF. For SOS-PAGE, pro­
renin was incubated in absence or presence of KA L as 
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mentioned above for 2 hours, and analyzed on 10 % 
or 4 -12 % (gradient) NuPAGE gels. 

Digestion of renin substrate angiotensinogen (AGT) with 
KAL-activated renin 
Human pro-renin (5 µM} was digested with KAL (1 µM) 
in 50 mM Tris, pH 7.5 and NaO 250 mM in a volume 
of 12 µI for 15 min at 37 •c, as mentioned above in the 
first step. In the second step, 12 µI of sodium acetate 
buffer, pH 5.5 containing angiotensinogen synthetic tet­
radecapeptide (14 amino adds: DRVYIHPFHLJ. V!HN) 
(Phoenix Pharmaceuticals, Inc.) was added (in fina l 
concentrations of sodium acetate 0.2 M and tetradeca­
peptide JO µM), and further incubated for another 
15 min at 37 "C. T he reaction digests were tl1en purified 
through ZipT ip adsorption/elution, and were analyied 
by MALDl-TOF. 

MALDl-TOF analysis 
MALDl-TOF analyses were performed as described before 
using a PE Biosystems Voyager DeSTR MALDl-TOF mass 
spectromet-er (Applied Biosystems, Foster City, CA) (26]. 
Resulting peptide masses were analyzed in the Protein­
Prospector Program ( <http://prospeclor.ucsf.edu.>) to 
identify the possible fragments of the respective protci11s. 

Identification of active renin and pro-renln protein bands in 
KAL digests, analysis by LC-MS/MS sequencing 

Gel slices were cut, processed for in-gel trypsin diges­
tion and the extracted peptides were analyzed by 
reverse-phase liquid chromatography (LC) in combin­
ation wirh tandem mass spectrometry using electro­
spray ionization with a QSTAR-Elite hybrid mass 
spectrometer (AB/MOS Sciex) as described before [27]. 
Peptide identifications were made using the Paragon algo­
rithm executed in Protein P11ol 2.0 (Life Technologies). 

Amino acid sequence analysis by TOFflOF 
Tandem mass analysis (MS/MS) for sequencing was per­
formed on a 4800 MALDl-TOF-TOF mass spectrometer 
(Applied Biosystems) as described before 126]. 

Mouse juxtaglornerular cell culture 
Mouse k.idney juxtaglo1nerular cells As4. l (ATCC • CRL-
2 193~) were grown in DMEM high-glucose (GIBCO) with 
l 0 % FBS and Penicillin/streptomycin/glutamine media at 
37 °C with 5 % C02. 

Co-localization of Renin and KAL by immunofluorescence 
Mouse CRL-2193 (As4.1) juxtaglomerular cells 

Cells were grown on cover slips, washed with PBS and 
were fixed with 2.5 % paraformaldehyde in PBS for 
20 min at room temperature. Cells were then perme­
abil ized with 0.5 % Triton in PBS for 10 min at room 
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temperature. Cells were blocked using 5 % BSA in PBS 
for 30 min followed by primary antibody incubation 
[rabbit anti KAL (1:100, Bioss) and goat anli renin 
(1:100, Santa Cruz Biotechnology)] in 2 % BSA for 2 hr 
at room temperature. Coverslips were washed 3 limes 
5 min each and then incubated with secondary anti­
body Alexa Fluor 488 nm (green) coupled to donkey 
anti rabbit (I :250, lnvitrogen) and Alexa Fluor 594 nm 
(red) donkey anti goat (1:350, lnvitrogen) along with 
Hoechst 33342 (nuclear stain; l µg/mL) in l % BSA for 
1 hr at room temperature. Coverslips were washed :ind 
mounted on glass slide using Slowfade-antifa<le (Mo­
lecular Probes). Images were acquired o.n a Delta Vision 
deconvolulion microscope and So~Worx so~are (Ap­
plied Precision, Issaquah, WA), using 60x objective as 
described previously l28). 

Mouse kidney immunohistochemistry 

Formaldehyde-1.lxed paraffin-embedded kidney tissue sec­
tions were cleared of paraffin and hydrated thrnugh 
graded nlcohol and boiled in 100 ·c for 20- 30 min for 
antigen retrieval (29). After permeabilization and blocking, 
sections were incubated overnight at 4 ·c with primary 
antibodies to renin and KAL, followed by incubation wiLh 
Alexa Fluor secondary anrlbodies as described above. Im­
ages were captured on a Delta Vision deconvolution 
microscope using 20x objective. 

REN and KLKB 1 mRNA expression in organs and cells 

Transcrlptornes of mouse adrenal gland from mouse 
strains blood pressure high (BPH) and blood pressure 
low (BPL) (eac.:h in triplicate) (30]; rat adrenal gla11d 
(SHR and WKY strains, each in lriplicate) [311 and 
mouse As4.l jLLxtaglomerular cells (in duplicate) (32] 
were profiled by rnicroarray analysis as previously de­
scribed, and data are avaflable at NCBJ GEO. Data w~re 
globally normalized lo median expression, and then ana­
lyzed statistically. 
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Statistical analyses 
The results were expressed as mean± one SEM. Mul­
tiple comparisons were made using one-way ANOVA 
followed by Bonferroni post hoc tests, or by lwo-way 
ANOVA using Kaleidagraph (Synergy Software, Reading, 
!?A). Statistical significance was concluded at p < 0.05. 

Results 
Meta-analysis of genetic association for polymorphisms at 
the fl2 and KLKB1 loci and active renin concentration in 
plasma 
T he best-characterized functional polymorphism at the 
KlKBJ locus rs3733402 results in loss-of-function 
amino acid substitution Asn124Ser [33). This substitLL­
tion in the apple 2 domain impairs binding and digestion 
of the classical substrate HMWK (high molecular weight 
kininogen) (14}. At the F12 locus, the rsl801020 poly­
morphism is In the 5'-UTR (C46T) creates a new up­
stream translational start codon, thereby attenuating 
formation of the authentic Fl2 protease [34J. 

Since these proteases are part of the kallikrein-kinin 
system and interact with each other at the molecular 
level. we looked at genetic association of the poly­
morphisms described above with levels of active rcnin 
in plasma. The effect of lhe human polymorphisms 
rs3733402 in the KLKBJ locus and Lhe rsl801020 in 
Fl2 locus were very significant on the active renin 
levels in plasma of both the TSP and MRS popula­
tions (Table L, Fig. 1). In both cases. minor alleles 
were associated with low levels of active rerun in the 
plasma (Fig. 1). Meta-analysis combining the TSP and 
one independent population (MRS) for a total of n = l., 180 
subjects, indicated a Uelic effects consistent in magnitude 
(beta, or effect size per allele) and direction \sign on slope) 
across populations. The overall slope of the meta-analysis 
regression for rs3733402 and rsl801020 was beta = 0.055 
and 0.057, with SE -=0.014 (p = 6.83 x 10- 5) and -= 0.016 
(p = 0.0003) respectively (Table 1). 

Table 1 Meta-analysis of the effect o f KLKBI and F12 genetic polymorphisms on generation of active renin in human plasma 

Kl/.,'81 (rs31'33402) 

Cohort Al A2 N BETA SE p MAf Hell Sq HctP GIG Freq GIA Freq NA Freq HWE chl-5quare· HWCp 

TSP G A 381 -0.0l'I 0.025 0.005 O.'.> 20.42% 49.17% 30.42% 0399 0.712 

MRS G A 799 -0.048 0.016 0.0037 0.47 20.40% 52.$2% 16}8% 2.67 0.102 

Meta analysis G A 1180 -0.0~5 M14 122[·0'> 0.4B 0 0.50/ 

F12 (rs l801020) 

C.ohon Al A2 N BETA SE p MAF HetlSq HetP NA Freq NG Freq GIG Freq HWE chi-square rtWEp 

TSP A G 381 - 0.061 0.031 0.04'>9 0.23 4.'>896 33.75% 61.67% 0514 0.426 

MRS A G 198 -0.0'>5 O.Dl8 0.0026 0.24 6.l4% 35.71% 58.15% 0339 0.0561 

Meta·al\alysls A G 11 /9 -0.0~/ 0.016 0.0003 0.24 0 0.94/ 

A 1/ A2: effect allcle/non<cfl'ect allele. Ill: $ample siw, BETA: es1imat"d beta coefficre.nt. SE: standard error of beta, P: p-va!ue for beta, MAF: minor allele frequency, 
HetP: p-value for Cochran's Q statistic, HetlSq: t' heterogenelt}I inde~. TSP: twin & sibling paniclpants, MRS: Marine resiliency study 
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KLKB1: p=0.0036 

F12: T=24%/C:76%: HWE p=0.55 
KLKB1' G:48%/A=52%; HWE p=0.47 
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Plasma active renln (pg/ml), 

F12 (rs1801020, S'·UTR C46T) effects 

Fig. 1 rrrcct of polymorphisms 1n the l<LABI (Asnl24Ser) and F12 
(~' \fTR C46n loci on circulating levels or active renin in UCSO 
twcns/!>lblrngs and 111 MRS subieos. PclymQ1Phisms at F12 and 111.XBI lod 
inOuenced plasma active renin levels in two lndepenoem cohorts CMlfan 
and mi111n~ E.,"'(h SNP was In Hardy Wetnbe<g equilibrium wnh p > 0.0:. 

Digestion of human recombinant pro-r.enin with kall ikreih 
(KAL) yields active renin and the pro-peptide byproduct 
MALDl-TOF analysis of KAL d igested pro-renin dis­
played two peaks of mh 36,861 and 5100, corre­
sponding to the theoretical masses of active renin and 
pro-peptide respectively (Fig. 2, lower panels). In 
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control reaction, where pro-renin was incubated in 
absence of KAL. MS chromatogram showed a single 
penk .of rn/z 44,255, representing the intact pro-renin. 
(Fig. 2, upper panel). In order to idenlify the se­
quence of the digested products, the digestion mLx­
ture was subjected to SDS-PAGE on a 10 % gel to 
separate high molecular weight pro-renin and active 
renin, and on a 4-12 % gradient gel to separate low 
molecular weight pro-peptide fragment. A faster mi­
grating band compared to that of pro-renin appeared 
only in the KAL digested sample (Fig. 3a, marked 
with arrow 2). Generation of a low molecular weight 
fragment of - 5 kDa was evidenced after digestion of 
pro- renin with KAL (Fig. 3a, right panel, marked with 
arrow 3). Fragments marked with arrow 2 and 3 were 
cut out from the gel. trypsin digested and subjected 
to LC-MS analysis for identification. Peptides identi ­
fied from gel fragment 3 showed significant coverage 
on the N and C.terminal of pro-peptide sequence 
(Fig. 3b), whereas same from gel fragment 2 showed 
coverage on active-renin (Fig. 3b). Since LC-MS analysis 
from gel fragment 3 identified some active ren.in sequence 
and gel fragment 2 identified some pro-peptide sequence, 
we quantified the data by normalizing the total sum of 
spectra for pro-peptide and active renin observed in gel 
fragment 2 and 3 by their amino acid length. Quantifica­
tion of mass spec data showed a significant enrichment 
(IJ-00-fold) of pro-peptide to active renin ratio in gel frag­
ment 3 over gel fragment 2 (Fig. 3c). 

I~ 44,255 ['"' l } ~\.-.._ ... ....,, 1.o• 1110b....,.•..itb"'' """*""b""'""*"""''J"'l.illw-lil'w...""llo,A~i..-·-~,, Pro-renin 
_ -~- • (no digestion) 

.A:Lr';') '41"~! ..Ul"..U 

'? 36,861 j'"'" } 
:1""t"""' ""'"""'"""1 

............... a ....... + ...... """'' _ • ._.. ..... ++ ........ _ ......... .,i-...• "'Iii' r ~~:~e 
~ :t.i6JOO ~ -....~ -.,,.. ... ~ 

rr-<} Pro-
peptide 

, .... ~ 

4957 

L Jt:O 
""' ..... 

Mass (m/~) 

Targd mh; Observed mh E~11cttoo nevintion (% 1 

Pro-rcnin 44,255 42,324 4.6 

Active rcain 36,861 37,237 1.0 

Pro-peptide 5110 5105 0. 1 

KAL 
digestion 

Fig. 2 Mass spectrometric analysis of 1he KAL digested samples of recombinant pro ren1n. Recombinant pro-renm was incubated in absence 
(1 1ppe1 nanel) or presence (mlddle and bottom panel) of KAL in the .may buffer as men1ioned before The digestion ml~ture was acidified and 
purified through Zlplip and >Ubjected to MALOl-TOF analysts 1n linear mode. ObseNed masses were compared with the theoretical ma~s 
predicted by ProteinProspector program and are shown In the table 
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C Quantifiutlon of Mass spec c:lnta. Gel bands 2 and 3 ~re subjected to trypsin digestion and LC· 
MS/MS analysis. Total Sum represents the sum of each peptide hit with confidence 99 %. 

Column· Column- Column· Column- Column-S Column-6 Column-
1 2 3 ' 1 

Row· Target Amino Total Total Pro-peptide Active renin PIA 
1 acid Sum o r Sum of (P) (Amino (Aj (Amino ratio 

length pro· Active acid length acid length 
peptide renln normalized n0<maJl2t1d 
spectra spectra spectral spectral 
obsetved o~enred count) count) 

(tC3R2/C2R2) 

Row· Pro- 43 130 26 3.02 .076 39.5 
2 peptide (=CJR2/C2R2) {=C4R2/C2R3) 
Row· Active 340 8 646 ,186 1.9 .097 
l renln C=C3R3/C2R21 (=-C4R31C2R3) 

Fig. 3 Molecular mass analysis or fragme111~ generated by KAL dig~tion or pro-ren1n, identification of active renin and pro-peptide fragmcnrs. 
a Recombinant pro renm was digestt..'Cl Wilh KAL as described rfl Fig land subjected 10 SOS PAGE; 10 % gel (felt panel) for separation or adive 
renin from pro-rcntn and 4-12 % gel (right panel) for 1den110c.auon of lov,oer {-) kDa) lragment). Fragments were numbered as 1 (pro rcntn), 2 
(,iaivc 1enl11) 11nd 3 (pro·prplld<.') Ml and M2 are 5DS PAGE molocular weight ~tand~rds 111 hroad range and low range respectively b Fragment 
;;: and 3 were cut out and subjected LtJ 1rypsin digesllon and LL-MS/MS analysis separately for lden11fica11on, Peptide coverage (bold lypel 
ldcntiflcd by MS/MS 1n the termini ol pro·pt'plide (from fragmern 3) c1nd active nmin (from f1agmen1 2) l~ ~hown. c Quant1fkat1on of the MS 
data The 1c11JI sum of pro pcptidC! and ac tive f<.>nin spec1ra observcll we1e 11ormal1tect by c1·1e amino add lf'l\glh (43 fo1 pro·peptide and 340 
for the illt ive ren1n) 10 1epresent the pro pep11de to acl f\/e ren1n rn110 In gel f1a9ments 2 or 3 

KAL digested pro--renin cleaves angiotensinogen substrate 
to generate angiotemin I 

Active renin digests substrate angiotensinogen to gen­
erate angiotensin I (Ang I). We tested the ability of 
KAL digested pro-renin to digest angiotensinogen. 
The pre-angiotensinogen 1- 14 tetra deca peptide 
(AGT) was incubated with the KAL-digested pro­
renin. Analysis of the digestion reaction containing 
AGT and KAL revealed one major peptide of m/'t. 
l759.9 (Fig. 4a, upper panel). Incubation of pro-renin 
with KAL followed by the addition of AGT generated 
a major peak of m/z L296.81 (Fig. 4a, lower panel). 
MS/MS analysis of the precursor mass 1759.9 and 
1296.8 confirmed the sequence of these two peptides 
as amino acids 34-47 and 34-43 of human angioten­
sinogen (Fig. 4b). Quantification of MS data suggest -
96 % generation of Ang I peptide in reaction containing 
KAL, pro-renin and AGT, whereas only 21± % in presence 
of pro-renin and AGT and 8 % in presence of KAL and 
AGT. TI1e generation of Ang I or AGT 1-10 peptide of 

m/z 1296.8 was not detected in digestion reactions con­
taining only KAL, pro-rerun, AGT or in KAL and pro· 
renin combination (Fig. 4c). 

Renin co-localized with KAL, in kidney JG cells and their 
renin secretory granules 

lmmtmoAuorescence experiments of mouse juxta.glo­
merular cells (Fig. Sa) as well as in mouse kidney sec­
tion (Fig. Sb), was used to establish renin's subcellular 
co-localization with its processing enzyme KAL. The 
immunofluorescence micrographs showed that renin 
and KAL co-localized partially as evidenced by the 
orange/yellow Ouorescence in the overlay figures. 
Pearson coefficient of co-localization was 0.l 5 for 
Asl.4 cells and 0.5 for the kidney section. 

Endogenous expression of KLKB1 and REN 
After confirming by in vitro assay that KAL processed 
prorenin to active renin, we analyzed how the expres­
sions of KLKBJ and REN genes might b e correlated 
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fig. 4 Cie11eratfon of Ang I from renin substrJle letradecapeplide (pre-anglotensinogen 1-14) by KAL activated pro-renin. a AGT was incubated 
w11h KAL \upper panel) and with pro·renin ano KAL (lower panel) as described In methods lTie reao1on digests were purilled through ZipTip 
and subjected to MALl) I TOF analysis. b TOF/fOF analysis of lhe precursor mass 1759.9 and 1296.SI c Quamlficatlo1' of the MS scans, 
Tl'e % conversion of AGT (1-14 to 1-10) was quantified from the relative intensity of the Ang I peptide under different 
experiment~! cond1t1ons 

under various physiological condilions. REN and 
KLKBJ mRNA expression data were collected and an­
alyzed for in mouse As4.l cells (Fig. 6a) and adrenal 
tissues of rodent genetic hypertension models: blood 
pressure low (BPL) and blood pressure high (BPH) 
mouse models and normotensive Wistar-Kyoto (WKY) 
and spontaneously hypertensive (SHR) rat models (Fig. 6b). 
Jn As4. I cells feedback inhibition of renin expression 
was observed by the addition of interleukin 1-13 or 
hydrogen peroxide, concomitantly KLKBJ expression 
remained unaltered. The hypotensive phenotype of BPL 
mice triggered renin expression, - 4 fold higher com­
pared to hypertensive BPH mice. However the expres­
sion of KLKBl did not differ significantly amongst BPL 
and BPH mice. The normotensive WKY rats have sig­
nificantly higher KLKBl expression (- 5.5 fold) com­
pared to the hypertensive SHR rats with more or less 
similar level of REN mRNA expression in both rat 
models. Thus regulation of blood pressure under 

various physiological conditions may involve modula­
tion in the expression of either REN or KLKBJ.. 

Discussion 
fn vitro studies have demonstrated that proteases such 
as trypsin, plasmin, pepsin, kallikrein and several others 
activate zymogen pro-renin to active renin [35- 38]. 
Studies before the era of mass spectroscopy suggested 
involvement of KLKBl and fXUa in pro-renin process­
ing 139- 41 ]. Genetic variation at the KLKBl locus (en­
coding for plasma pre-kallikrein or Fletcher factor; EC 
3.4.21.34) was previously most widely investigated for 
its roles in coagulation and allergy. We demonstrate 
using in vitro enzymatic assay the ability of active pro­
tease I<AL in processing pro-renin - renin. A second 
association of renin activity and the protease F/2 locus 
(encoding for Factor XU or Hageman factor; EC 
3.4.21.38) suggest.s a cascade of enzymatic events 
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(FXlla -+ KAL) in control of pro-renin acLvation. Gen­
eration of active renin by the cascade thus ;xovides evi­
dence of a site for BP regu.ation. 

The KLK/31 locus hes directly benea:h a previously de­
scribed LOD peak (LOO = 3.2) for BP on chromosome 8 
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KLKBJ single nucleotide polymorphisms (SNPs) re­
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in exor\ 5 reslllts in an amino acid substitution 
Asnl24Ser (14, 33). This mutation in the apple 
domain 2 of heavy chain reduces the binding of t<AL 
to its substrate HMWl<, and therefore this SNP was 
chosen to investigate its association with prorenin 
processing. Indeed, an immunoassay specific for active 
renin revealed that Ser/Ser homozygotes had lower 
circulating active renin (fig. 1)1 consistent with dimin­
ished pro-renin deavage by a less active Ser allele. 
Previously, rs3733402 has shown strong association 
with pre-pm-endothelin-1 and pre pro-adrenomedullin in 
the Prevention of Renal and Vascular End stage dis­
ease (PREVEND) study [43]. In the 1·ecent study by 
Lieb et al. the top SNPs identified were rsl2374220, 
an intronic variant in the TENM3 gene, rs5030062 in 
the intron 6 of kininogen 1 gene and rs4·253311 in 
intron 11 of the kallikrein B (KLKBJ) gene. The in­
tronic SNP rs425331 l provided no evidence for asso­
ciation with renin concentrations and e~plained 

0.87 % of plasma renin activity variance [441. In our 
study MALDI mass spectrometry documented the 
formation of active renin and the pro-peptide after di­
gestion of pro-renin wi.th KAL (Fig. 2 & Fig. 3). Fur­
thermore the sub-cellular co-localization of ren.in with 
KAL suggests molecular interaction between these 
two proteins (Fig. Sa &b). Renin immunoreaclivity 
has previously been shown in the cytoplasmic gran­
ules of cultured JG cells and in kidney sections [45]. 
The cleavage sites involved in pro-renin processing in­
clude lysine-arginine, which is the recognition site of 
plasma kallikrein [46]. Our geneti.c and biochemical 
data suggests an enzyme-substrate reJation between 
KAL and prore.n.in. This suggests the possible existence 

Renal juxtaglomerular (JG) cell 

Page 9 of 11 

of feedback regulation at the molecular level in the 
events leading to active renin generation by KAL and 
BP regulation. 

l<AL is a glycoprotei.n that takes part in the surface 
dependent activation or blood coagulation, fibrinolysis 
a.nd kinin generation. It is synthesized in the Liver and 
secreted into the blood as ptekalllkrein, which is then 
converted to active plasma kallikrein by factor FXJJa 
[47). The C46T 5'-UTR polymorphism associated with 
Hageman factor has been described to be associated 
with its plasma concentration and thrombotic risk 
(48, 49]. The KAL protease might catalyzes the con­
version of HMWK to bradykinin in one hand, and 
the active renin on other hand. The downstream tar­
get angiolensin converting enzyme (ACE) then modulates 
the concentration of angiotensin Jl, the key player of the 
RAAS system, and bradykinin, a component of the 
kallikrein-kinin system in opposite direction, therefore es­
tablishing a direct interaction between kallikrein-kinin 
and renin-angiotensin system [50, Sll 

The genetic variation in tl1e Fl2 and KLK/31 loci 
direclly affecting their amino acid sequence could ul­
timately influenced the processing, secretion or circu­
lation of the active renin protein, which in turn 
mediates the BP phenotype. Allelic effects might also 
act on the cluster of characteristics associated with 
cardiovascular risk for which plasma renin is a bio­
marker. In the coagulation system. it has been re­
ported that even the homozygous deficiency of the 
KLKBJ loci results in no discernible coagulopathy 
[52]. In treatment of hereditary angioedema inhibition 
of KAL does play a beneficial role, perhaps by inhib­
ition of bradykinjn formation f53]. 

Pro-KAL 
FXlla ---._., Pro-Renin 

Active KAL ~"' Angiotensinogen 
Active Renin -----+ ~ 

l 
Angiotensin-1 
"'~ACE 

Anglolensln-11 

"' "'BP it BP 
(-) Feedback 

Fig. 7 Hypothetical schematic represenling acHvaLlon or pro ren1n by a proteolytrc enzyme cascade oi FXlla-> KAL, wi th consequences for 
regulation of BP. Pro-renin processing within the secretory granule of renal juxlaglomerular cells by sequential enzymatic events catalyzed 
by r11 and KAL 
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Advantages and limitations 
Here we report a comprehensive GW AS showing cor­
relation between polymorphisms at two independent 
loci (KLKBJ rs3733402 and Fl 2 rs 180 l020) and 
plasma renin activity. Cellular and biochemical evi­
dence is provided to establish that correlation. To our 
knowledge this is the first report of SNPs in two in­
dependent loci with significant trait association with 
activation of renin-angiotensin system. This study fo­
cused on the best characterized SNP (rs3733402) in 
the exon 5 of KLKBl gene. Although association of 
kallikrein with renin activation has previously been 
described, adequate information on direct in vitro 
protease biochemistry was lacking. Therefore we used 
a mass spectrometry approach to characterize in vitro 
digestion of prorenin by KAL to reestablish kallikrein 
association with prorenin processing. In the scenario 
of this genetic association, the efficacy of digestion of 
pmrenin by mutant KAL (Asp l 24Ser) needs to be 
compared with that of the wild type KAI.. We have 
not addressed in these populations the active plasma 
rerun association with the previously described in­
tronic variant at KLKBJ (rs42533ll) and other SNPs. 
futt.Lre studi.es will explore the associalion of these 
two SNPs with BP, renal and/or metabolic traits. 

Conclusion 
Our findings draw attention to lhe role of KAL as a 
pro-renin convertase and suggest a potential target 
for inhibition of the rate-limiting step in the RAS 
pathway. Polymorphisms at the KLKBJ (rs3733402) 
and F12 (rsl801020) loci are associated with low ac­
tive plasma renin activity. Genetic. cell and biochem­
ical studies suggest a cascade of enzymatic events 
involving factor FXlla activation of prekallikrein to 
active kallikrein in control of pro-renin activation. 
Thus plasma kallikrein presents potential as novel 
therapeutic target for blood pressure regulation with 
implications of KAL inhibition for treatment of 
hypertension (Fig. 7). 
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Research Article 
HIGH AND LOW THRESHOLD f OR START LE 

REACTIVITY ASSOCIATED WITH PTSD SYMPTOMS 
BUT NOT PTSD RISK: EVIDENCE FROM A PROSPECT IVE 

STUDY OF ACTIVE DUTY MARINES 

Daniel E. Glenn, Ph.D., 1•1· t Dean T. Aches01), Ph.D., u. t Mark A. Geyer, Ph.D.,2•3 

C:iroline M. Nievergelt, Ph.D.,u Dewlecn G. Baker, M.D., l.l Victoria B. Risbrough, Ph.D., U* and 
MRS Team1·u 

Background: Heightened st.m'tk respouse is 11 SJnnptom of PTSD, b11t evidence 
for exaggerated startle in PTSD is inconsistent. This prospective study aimed 
to clarijj1 whaber altered startle renct:ivity represe11tf a trait 1isk-Joctor for de­
veloping P'I'SD or n marker of cmnnt PTSD symptoms. Methods: Mnrines 
aud Navy Corpsmen were assessed before (n = 2,)71) and after ('n = J,632) 
deployments to Iniq or Afglumistnu with the Clinician-Administered PTSD 
Scale (CAPS). A predeploymeut stmtle-threshoUI task was completed witb star­
tle probes presented over 80-114 dB{ A] levels. l ,nterrt class mixture modeling 
identified three growth classes of startle pe1forn11m ce: ''high." "luw," mul •1.111od­
ef'ate" th resho/Jl classes. Zero-i11flt1ted negt1t:ive bium11ial regression was used to 
assess 1·e/ationsbips between pre1Leployme11t stmtle t,hresbold mui pre- and fJost ­

deployment psychiatric symptoms. Results: At predeployment, the low-threshold 
class had higher PTSD symptom scores. Relative to tbe modemte-tbresbold class, 
/.ow-tbresbold class mmibership was associated with decreased likelibootl of being 
symptom-free lit predeployment, bused on CAPS, with partic11far associatio11s 
with numbing anti b)1perarousal s11bscnles, whereas higb-thresbold class 1i1tmi­

bersh ip was associated with 11iore sevl>rc predeploymcnt PTSD symptoms,, in pnr­
tu:ular avoidance. Associations between 1-0w-thresbold membcrsbijJ awl CAPS 
symptoms were ;ndepend.eut from mensun!s of t:nmma burden, wbereas m;soci­
ations between high-threshold 11um1bership and CAPS were not. Predcployment 
stt1rtle threshold did not predict. pondeploynumt symptams. Conclusions: Tbis 
st:udy fo1md that both low startle threshnld (heightened reactivity) n11d high star­
tle threshold (blunted renctivit)~ were n,fsodntcd with greater current PT SD 
sympt011iatology, suggesting tb111 startle reactivity fr nssocia:ted witb 1.71rre1lt 
l'TSD ratber tb11n a risk mm·kerfor tlevelopirtg PTSD. Depression aud Anxiety 
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P TSD is <.:ommon in veterans across war eras; cur­
rent prevalence estimates iodudc 12.2% (Vietnam 
War),1 11 10.1 % (Persian Gulf\iVar),Pl and 23% (Oper­
ation Enduring Freedom/Operation Iraqi Freedorn)l3l 
and are higher for combat veterans, who have a l .5-
3.5-folJ increased risk for PTSD re lative to nonde­
ployed veterans.I~] Although evidcnce~based treatments 
for PTSD exist, only 40-50% of patients are treatment 
responsive.IS-SJ Mixed treaauent response rates may be 
partly due to heterogeneity of symptoms and underly;ng 
pathology.191 Both trcatrnent and prevention strategies 
might be improved hy identifying biomarkers associated 
with specific symptom dorn:iins :mcl with prospective risk 
for PTSD development, enabling more efficient rnrgct­
in.g of intcrveations.1101 'fbe startle response might be 
such a candidate biomarker, but it is unknown whether 
alrcred startle responding represents a "trait" or "state" 
biomarke r for PTSD, 

The startle response is an operntional measure of 
threat :rnc:icipation linked ro fL-ar <.:ireuit activation in 
humans and animals (e.g.,1 11 • 121), Heightened startle re­
sponding is a commonJy endorsed symptom of PTSD 
that has been a long-standing critt:rion within the evolv­
ing versions of the DSMinduding DSM.-5.113• l-11 Empir­
ical evidence for exaRgerated startle magnirude in PTSD 
is mixed, however, I · 161 with a mcta-nnalysis indicatinjf 
only modest increases in baseline scanle reactivicy.11 

There are sever.ii potential reasons for modest associa­
tions. Startle hyperreactiviry and hyporeactivity may be 
experienced by djlferent subgroups of PTSD patients 
with distinct trawna-reJated pathology or trauma his­
tories (e.g) 18l). For example, PTSD resulting from a 
single rrauma may be characterized hy elevated startle 
reactivity whereas PTSD following multiple traumas is 
<.:haracterized by diminished physiological rt~ctivicy.P0l 
Furthermore, startle reactivi ty differences may not re­
flect current PTSD symptom state, but instead indicate 
increased risk of developing PTSD. There is circum­
stantial evidence for au association. of startle reactivity 
with anxiety disorder risk: (1) offspring of anxiety disor­
der patients have increased startle reacrivi ty compared to 
offspring of nonanxious parenrs12~221 and (2) increased 
startle is linked to childhood trnuma , a strong PTSD 
risk foctor.1171 Twu prospective studies were contradic­
tory in supporting increased baseline startle reactivity 
as a PTSD risk facror,l23•241 alt.bough these studies were 
relatively small (11 = 99 and 13 8) an<l had few subjects 
with a Jjagnosis of PTSD. Thus, it remains unclear if 
starcle reactivity is a marker of srarc PTSD symptoms or 
a rrait m:irker of PTSD risk. 

SeJf- reporte<l "incre-Jsed startle" in PTSD subjects 
may refer to elevated probabilicy of b<iving a startle 
response under subthreshold conditions rather than 
simply heighteneJ smrtle magnitude (e.g.,l25J). Patient<; 
may report elevated startle because the stimulus in­
tensity needed to induce startle responding is lower, 
chus increasing the probability of startle across u wider 
range of stimuli rather than showing greater rC!sponse 
magnitude per se. Thus, to parse out differences be­
tween Startle threshold versus response magnitude, we 
examined startle reactivity across a range of intensities 
to identify overall m:1gn.itude differences and changes in 
tbe threshold to indu<.:e a response. \,Ye exiunined data 
extracted fron1 the Marine Resiliency Study (MRS),1161 

a large prospective srudy of active duty service members 
to test the hypotheses that ( I) startle reactivity is 
associated with Cltrrent PTSD symptoms and at.her 
stress-related sympt0ms and (2) predeployment startle 
rea<.:tiv.ity predi<.:ts pnstdeploymcnt symptom devclop,­
ment. Since PTSD 1s a heterogeneous conclition,117.-8] 

we examined associ•1tions of startle with overall PTSD 
symptoms and DSM-IV symptom clusters using a 4-
factor modeJl291 (re-experiencing, avoidance, numbing, 
hyperarousal), and wich general anxiety and <lt:prcssion 
symptoms. 

METHODS 
STUDY DESIGN AND PARTICIPANTS 

MRSP61 is ,1 IMgicudinal study of 1,600 V.S. Marines •ind Navy 
Corpsmen (typically trt'1!0nghid.ingcoll\bat wuUJldccl) ~round cumbaL 
deplu)~nents to J.1114 or. \fghanist:an (I · month predcplo)'mlillt, innne­
diately post<lepluymcnt, a11<l -3- and -6-munths posnleployrm:ni). 
lnstimrional review hoards of the Uni\•crsity of Cali fornia San Diego, 
VA San Oicgo Rc.sc11 rch Service, 3nd Na\'a l I lcalrh Rcs<:arch Center 
approved the ~rlldy, a11d written infoi:rned consent w:1s obtained from 
all ranidpants. 

Of the 2.5(/2 purticipnms with v:llid predcplo;111cnr startle rcnctiv­
icy, 2,57 l completed prcJc;ployment psychiatric mc:1surcs find l ,632 
completed psychiatric measures at 6-mooth pvstdepl11yn1cnt. ,-,, test 
both hypot.hescs, we used predeploynient srnrtle data (l11rgl!St N). To 
predict PTSO-risk, we used predeploymenc stnrue 10 predict symp­
toms n1 the 6-monrh 1imc point (reAccting greatest chronidLy nftcr 
m111ma). 

MEASURES 
Complete MRS 1m:thods are described elsewhercl:!<•l; 

only measures relevant to che present study arc presented 
here. 

DeprcssioTI 1md t l/l,yfrty 
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STARTLE THRESHOLD TEST 

Stimuli and Apparatus. Startle pulses were de­
livered using ;,i San Diego Inso-umc11ts (San Diego, 
CA, USA) SR-IIRLAB &\'1G system as previously 
describcd.f3o-321 EMG data (1-Kllz sampling rare) were 
amplified, rectified, band- pass filtered ( I 00-l .OOO Ifa), 
and smoothed (5-pt)int rolling-average). All trials were 
reviewed by trained technicians using standard methods 
to remove artifact (e.g., responses that began before or 
100 ms after probe onsi:t were removed). Det:ails are in 
supplementary m;1terials. 

Experimental Procedure. Prior to startle testing, 
hearing threshold was examined using 100, 500, 3,000, 
and 6,000 ITz rones at 35 dB[A) via a Grason- Stadler Au­
diometer (l!:<len Prnirie, MN, USA). The startle tlu·esh­
old t}lSk was modeled after prior research.1251 After a 
5 min acclimation, four 11 4-dB[A] broadband pulses 
were presented to assess "ma.'dmal" srartle reactivity 
scores. Scirtle probes were then presented in pseudo­
random order across six intensitic.~: 80, 85, 90, 95, 100, 
anJ I 05 dB[A] (5 pulses/trial-type). Prohes had instan­
taneous rise/faU time, were 40 ms in duration, with in­
tertri111 interval 'd\7 erage of 15 s. A 70 dB lAJ broaJband 
background noise was continuous. 

ASSESSMENT OF PSYCffiATRIC SYMPTOMS 

P osrtrawnatic Stress Disorder. Precleployment 
and 6-month postdeployment PTSD symptom severity 
was assessed using the Clinician-AdO"tinistered PTSD 
Scale (CAPS),1331 a structured diagnostic interview de­
sjgncd to assess DSM-fV PTSD symptomsi3+-3GJ with 
bjgh convergent and divergent valiJjty.l371 {ntcrrater 
reliability was high between CAPS interviewers and 
trained observers making independent ratings, witb an 
inrr:1class correlation coefficient= 0.99 (11 = 261). CAPS 
was scored as zero if participants did nor endorse any 
criterion A traumatic events accor<ling co DSM-fV on 
the Life Event Checklist (LEC),L361 u survey of criterion 
A events experienced or win1essed (0-16 range). CAPS 
total score (0-136 range) served as a continuous mea­
sure of PTSD symptoms. Four CAPS saoscales were 
also cakulatedl:Z'll: re-experiencing (B 1-5), hyperarousal 
(D l -5), avoidance (Cl-2), and nwnbing (C4-6). DSM­
N PTSD diagnostic criteria were defined as endorsing 
at least one crirerion A event, one cluster B !>ymprom, 
three cluster C symptoms, and two dusre.r D symptoms 
whereas "subth resholct" PTSD was defined as endnrsing 
at least one criterion A event, one cluster B :>yIDptom, anJ 
either three duster C or two cluster D symptoms.139.401 

A.n.riety. Predeployment and 6-111onth posrdeploy­
ment nnxiety symptoms were assessed with the 13eck 
Anxiety Inventory (BAJ),14 11a21-item questionJ1:1ire (0-
63 range) of general cognitive and somaric anxiety !>)'mp­
toms experienceJ within the pnst week with divergent 
aod discriminant validity.f4ZJ BAI cognitive (itents 4, 5, 
9, IO, 14, l(i, 17) andsomaric(irems l - 3, 6-8, 11- 13, 15, 
18- 21) subsca lcs were also cakulatecl. 

Drpn·rrio11 nnd. ·foxiel)• 

Depression.. Predcployment and 6-month pnsrde­
ploymeur Jepressive symptoms within rhe past 2 weeks 
were asscsscJ with the Beck Depression fnventory II 
(BDJ-TI),l~ 3l a 2 1-itcrn questionnaire (0-63 raJ1ge) with 
strong clis1.:riminant, convergent, and content validity.1·1'11 

Childhood Trnwmn. Traumatic experiences during 
childhood were assessed at prcdeploymem with a mod ­
ified Childhood Trauma Questionnaire (CTQ),1·151 a 
34-jrcm questionmiirc (25- 170 ranffie) with sa-ong dis­
criminant and convergent validity.!· li,'17] 

Deployment: Stress and Combat Exposure. 
Stressful experiences during comhat and deployment 
were assessed at 6-months postdcployrnent with four 
scales from the Deployment Risk and Resilience 
lnvcntory-2 (DRRT-2; Postbattle Experiences, Combat 
Experience. Deployment Concern, Difficult Living and 
V\Torking Environment), with high criterion validity and 
intemaJ consistency (0.92).HSI 

ANCESTRY 

To control for associations of race with startle rcnc­
tivity (e.g., 1491), we used a genetically derived ancestry 
\l;lriahle as a covariate.1501 Participants were phced into 
four groups: Caucasian (N = 1,588); African -American 
(N = 161); Hispaqie and Native American (N = 459); 
and Asian/Other (N = 363; details in supplementary 
materials). 

STATISTICAL ANAI .YSTS 

Analyses were conducted ustng statistical software 
package R, version 3.1.1 ,1511 and Statistical P~ck.age 
for the Social Sciences, SPSS version 2 I .O.O.L'21 Tt> 
best :rnal.ft.e curvilinear response differences in prede­
plnyment startle magnitude as startle stimulus intensity 
increased, a Latent Class M.ixrure Model (LCt\.1.M; R 
package lcmm)1531 was used. This approach em1bles 
identification ofhornogenous subgroups o f participants 
within the full cohort thar fol lowed unjque rrajectorics 
of st11rtfo magnitude increases across stimulus intensi­
ties. Group rncmbershjp classifications were rhea used 
as an independe11t variable to indicate participant star­
tle rcndency across stimulus intensities. The model was 
constructed iteratively, with curvilinear rrajecwry being 
specified and additional groups being added unti.I modd 
fit either no longer improved or membership in any cbss 
dropped below 10% of the sample. 

MRS measures of psycbjatric symptoms (CAPS, BAI, 
BDI-Jl) at predeploymenrnnd 6-rnonth postdeploymenc 
were positively skewed, overdispcrsed, and had an ex­
cess of zero scores, as previously reported.lHI Hence, 
zero-inflated negative binomial regression (ZINBR) was 
the appropriate analytic method. ZINBR uses 111axirnurn 
likelihood to modd outcomes via cwo component mod­
els: logistic regression (zero model) predicting proba­
bility of n 7.ero sea.re, and negative binomial regression 
(count model) predjcting total score. 

Prcdepluymcnt startle threshold class was included 
as a factor in ZJNBR analyses co JJredict symptoms at 
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TABLE I. Comparisons of characteristics and psychiatric symptoms between startle threshold classes 

PredepltJymcnt i:h:1r3cterisric 

Age' 
Anccstryh, % 
C1111c11si1111 

• 4frirnn-Americon 
l lisp1111ic/Nntive A me1icn11 
.4.sum/Orher 
Mnrir.11 s1arusL. % 
Nroer 1'\i/{lrried 
Married 
Divorwi 
&pa rated 
CTQ' 
Chiltlhnnd Physicnl 11b11se 
Cbiftlhood .rex1111' abuse 
Lifonme u:aum;i (I.EC)" 
Mom:hs spcu.l in military' 
Months remaining in enlistment' 
Any previous dcploymeni:l., % 
Tomi prcvi1Ju.s deploy111ems" 
Total Lifetime TBl wiLh LQC• 
CAPS• 
lli\P 
BDl- 11" 
PT'SD 1liagnusis, m11litionalr, %h 
PTSD diagnosi~. subsyndromalg, %b 

Posrdcplnymcnl chai-J.ctcriscic 
DRRJ-2' 
Co111b11t 11111/ pastb11rtlr e.\"{Jl."rienr:r• 
CAPS' 
BAl° 
nm-u• 
£YrSD diagnosis, m1dicionalr, %" 
PTSD diagnosis, suhsyndromalg , %~ 

•onc-w3y A.NOVA an3lyses performed. 
bCh:J-sqoarcJ resr of disinoution performed. 

High-1.hrcsholcl 
(11 = 1.3 IS) 

22 .69 (J .r.2) 

55.3 
S.5 
l!U 
17.11 

62.3 
35.1 
J.5 
l.l 

40.65 (14. l 5) 
8.8 (4. l ) 
5.() (2,2) 

4.96 (3.13) 
36.28 (36.0S) 
17.67 (13.3 1) 

49.5 
0.84 ( I.I ) 
0.59 (0.99) 

7 .02 (12.94) 
5.99 (5.7 1) 
6.47 (7.74) 

3.8 
7.8 

1-1 igh-tlirc..~hol1l 
(11= 835) 
0. l (U.80) 

0.30 (O.B) 
9.67 (16. 12) 
4.79 (7.84) 
s.n (7.10> 

5.6 
10.4 

.'\11odt.:ratc-thn:.~hol d 

(ti = 987) 

22.!IR (3.42) 

68.9 
+.2 
17.0 
9.9 

61.2 
34.4 
3.0 
1.5 

40.12 (13.59) 
8.8 (4.0) 
5.6(2.1) 

5.1 l (3.26) 
35.60 (34.40) 
17.74 (1 3.26) 

5 1.7 
0.86 (1. 1) 

0.64 (0.94) 
6 .03 ( J0.80) 
5.99 (5.!11) 
6.61 (7.77) 

3.1 
6.5 

Moderate-threshold 
(11 = 632) 

- 0.oJ (0.8 1) 
0.29(1LB) 

9.37 ( l5.5 7) 
4.77 (8.0?) 
4.85 (6.74) 

5.2 
10.6 

Low-chrt:sholJ 
(11=266) 

22. 93 (3 .20) 

(11!.0 
2.6 
19.2 
10.l 

59.0 
36.8 
2.6 
1.5 

~9.05 (12 .59) 
8.6 (3.7) 
5.5 (2.0) 

~.-14 (3.74) 
37.54 (31.72) 
26.59 (13.87) 

58.6 
0.97 (l.2) 
0.53 (0.85) 

8.68 (13.84) 
6.82 (6. 15) 
7.45 (7.94) 

5.6 
I J.3 

I .ow-d1reshold 
(n == L65) 
0.07 (0.85) 
0.32 (0.24) 

9.73 ( H.80) 
-t89 0 -04) 
S.86 (6.56) 

5.3 
l LS 

.26 

.2~ 

.76 

.87 

.08 

.70 
.43 

.03d 
.20 
.18 

.oose 
.09 
-17 
. 15 
.oJh 

.17 

.3-1 
_94 
_9g 
.II 
.95 
.S7 

"Posr hoc tests indicate lower pC(>pon:ion or high-threshold participants were Cauc.1sian and a higher proportion were African-Arncric.1n and 
Asian/Other (P < .001), higher proportion oC modernte-rhrcshold participants were Cauc:isinn nnd a lower proportion were African-American :rnJ 
A~ia11/01 her (P < .00 I), and higher proportion oftnw-diresholcl pnrticip~nrs were C:iucasi3n (P = .03) and a lower proportion were African-American 
(P = .0 1). 
dPost hoc tests indicate 3 higher pcrccnmgc of participants in the lvw-tbrcshold than high-threshold dass with prc•~ons deployment e.'11ericace 
(P= .023). 
' Pose hoc test~ indic:m: lower score in mmfer.tte-chrcs'hold dnss thnn lnw-rhreshold class (P = .005). 
(TrJdirionnl PTSD criteria: criterion A evcnr, M least l ch1srer B S}'Tllptom, 3 cluster C symptoms, nnJ 2 duster D sympcoms, wirh min~imum 
frequency mtings of I and mini.mum inreusity racings of 2 on CAPS. 
GS11lisyndromal PTSD critt'.ria: cri terion A eve:nr, 3t le3st l duster 3 symprom, 3 cluster C or l clu~er D symptoms, with ruinimum frequency 
ratings of l 3mJ minimum iotcnSiry ratings of2 on CAPS. 
hPosc hoc tests indicate higher pro11ortion of participants in the low-threshold class tl1an modc.ratc-rhrcshold class 1ucL subsyndromal PTSD t:riteria 
(P =.02). 
Signifimm associations arc highlighted in bold. 

either predeployment or 6- inonth postdepJoyment. Be­
cause the moderate-startle class displayed the lowest prc­
deploymenc CAPS scores (T a hie J ), it was chosen as 
the referent group in ZINBR analyses to detect symp­
tom increases in the other classes. Ancestry and deploy­
ment history differed between sta rtle th.reshoJd classes 

(Table l), thus the.se variables were included in the 
model. Number of corrcctresponses on the hearing rest 
was included to acc01mt for hearing differem:es potcn­
tia]Jy affecting startle reactivity. A composite ofDRRI-2 
scales was included to a<.:count for differences in com­
bat and deployment e.xpericnce. An interaction between 

Deprmi<m 1111d t lnxit'ty 
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DRRI-2 and sta rtle class was examined bur it did not i1n­
prove the model.. MuJciple other potentiaJ confounders 
were evaluated, indudfr1g predeployrnent depression (via 
BDT-11), sleep quality, caffei ne and tobacco nsc, and crnu­
matic brain injury (TBI), but none improved the model. 

Startle threshold cl:is.5 membership at predeploymcnt 
was the primary predictor variable. The zero and count 
models were primarily used ro predict responses on 
CAPS and CAPS subs<:l.lfos (re-experiencing, avoidance, 
numbing, hyperarousal) at both prcdeployment and 
6-month postdcployment. Seconda1y ZINBR models 
including traum::i history vaTiables (CTQ and LEC) 
were conducted ro examine effects of childhood and li fe­
time trauma burden on the relationship between startle 
th reshold and PTSD syltlptoms. AdditionaJ secondary 
analyses predicted predeployment and 6-rnond1 post­
cleploymenr responses on BA1, BAJ subsc:ales (somatic, 
cognitive), and BDT-Il 

ZERO MOlJEL: PREDlCrCNG ABSENCE OF 
PSYCHIATRIC SYMPTOMS 

Exponentiated coefficients of the zero model were in­
terpreted as odds of a zero score. The zero model inter­
cept rt.flecrs the base probability of having a zero score 
given that a p:ircicipant was in the moderate-threshold 
class, Caucasian, never before deployed, wjth avernge 
hearing. Average DRRI-2 and PTSD symptom sc.:ores 
<lt prcdcployment were also referent~ when predicting 
6-month postt.leployment scores. 

COUNT MODEL: PREDICTING TOTAL 
PSYCHlATRJC SYMPTOMS 

Exponentiated coefficients <,f the rnunr model repre­
sent multiplicative change in predicted measure score 
per unit change in a given predjcror. The count model 
intercept reflects a predicted ~ymptom score given die 
same referents as described for the zero model. 

RESULTS 
STARTLE THRESHOLD CLASS 

The LCM/\ll showed three distinct classes of gruwth 
across stimuJus intensity levels (Fig. I ). The high­
threshold class (5 1.3 % of participants) was characterized 
by relatively flat trajectory, only rising in magnirude at 
the highest d13[AJ levels. The moderatc-thrcsholJ dass 
(38.4% of participants) was char<lcterized by a slope of in­
creasing startle magnitude across dB[Al levels. The low­
threshold class (10.3 % of participants) was characterized 
by an abruptly steep slo pe, distingujsh::iblt: even at low 
dB[A l levels. 

SANIPLE CHARACTERISTICS BY STARTLE 
THRESHOLD CLASS 

Overviews of pre- and postdeployment MRS co­
hort characteristics have been reported previously.l25· '151 
Precieploymem demographic and descriptive data arc 
pres<.:nteJ for each startle threshold class (rahle I ). 
C hi-squared tests indic::ited sig n.il:icwt predeployment 
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Figure I . J\{can stArtlc threshold cl.'tSs response across decibel 
level, ± 1 SEM. Smrtle class t.rnjecmrics identified using L·ttent 
Cl:iss Mixture Model. 

diffcnmccs herurecn startle threshold classes in racial an­
cestry (x2 (6, 11 = 2,592) = 72.95; P < .001). More 
participants in tbe low-threshold class had been previ­
ously deployed compared to other dasses (x 1 (2 1 11 = 
2,585) = 6. 96; P = .03). Startle threshold classes did 
not differ at pre::dcployment in age, marital status, total 
number of prior deployments, rntal months spent in the 
milit-ary, wral months remaining in military enlistment, 
total lifetime TBT with loss of consciousness, or child­
hood trauma measures. The low-threshold class tended 
ro have more li fetime Lr:mma (P < .08). 

Pre- and postdeployment measures of psychiatric 
sympwms arc presented for each threshold class 
(Table 1). One-way analysis of variance (ANOVA) in­
dic:ned significrnt threshold class differences in CAPS 
nr prcdcploymcnt (F (2, 2,586) = 5.3 1; P = .005) but 
not postdcploy111ent. Deployment trnuma did iiot dif­
fer across classes. AJthougb classes did not djffer in 
the percent meeting DSM-N PTSD Jiagoostic crite­
ria at predcployment (3 . 7% of partitipanrs), significantly 
more participants met subthreshold PTSD in the low­
threshold compared to moderate-thresho ld class (x 2 (2, 
u = 2,592) = 6.84; P = .03). There were nQ class differ­
ences in fuJI or subthresbold PTSD at postdeployment. 
Threshold classes did not differ on BAJ or BDI-IJ. 

ZERO-INFLATED 1\TEGATIVE BINOMIAL 
REGRESSION 

For clarity, we have only depicted ZINBR results for 
threshold class as a predjctor o f PTSD at predepJoyment 
(Table 2) an<l postcleployment (Table 3) in the body of 
the paper. FulJ modeJs wjtb a!J predictors arc included 
as supplementary materials. 

RELATIONSIDP BETWEEN STARTLE 
THRESHOLD AND CURRENT PTSD SYMPTOMS 

Count Model. Tn participants endorsing PTSD 
symptoms, high-threshold class membership increased 
precleployment predicted CAPS score by a factor of l.l 4 
(14%; P = .04), CAPS-reexperiencing by a factor of 
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TABLE 2. Z ero-inflated negative hinomial regression p redicting predc p loymcnt CAPS total score and subscales 

0111<:ome measure Model Variable' Escirnn1c (SE) P-v:1 l11c Predicted mcasurc t0t"Jl11« Ratio (95% Cl)~ 

CAPS tat:1I Count (lnrercept) 2.9() (0.2 1) <.00 1 '1.96 (8.07-12.29) 
l figh-rhreshold' 0. 14 (0.06) .04 1.14 ( 1.01- 1.29) 
Low-threshold 0. 17 (O. lO) .OS l.18 (0.98--1.43) 

Zero (Intercept) - 0.6.l (0.35) .07 53.05% (44.32-6 l.59%) 
l·ligh-t:hresbold 0.03 (0.09) .76 1.0:? (0.86-UJ) 
Low-threshold" - 0.38 (0 .15) .01 0.68 (0.50-0.92) 

Ci\ PS-rccxpe('iencing Count (lnccrccpL) 2.17 (0.2 1) <.001 5.17 (4.J 9-6.38) 
High-threshold' 0. 18 (0.07) .OJ 1.20 (1.05-1.36) 
Luw-cl1rcshold 0. 14 (0.11) .17 1.15 (0.59-l.:?6) 

Zero (T ntcrcept) 0.14 (0.3<1) .68 64.36% (56.25-7 l.73%) 
lligh-tb rcsbold 0.1:? (0. 10) .:?:? 1.1 3 (0.93-1.36) 
I .ow-threshold 0.02 (0. 1 'i) .88 1.02 (0.76-139) 

CAPS--11voidnnce Co um (lntercepr) 1.36 (0.14) <.001 4 .. m (3.30-5.34) 
High-thresholil" 0.16 (0.07) .02 1.17 ( 1.02- 1.3 5) 
L(1w-Lhn:sbolJ O. l tl (0. 11 ) .38 l.l 0 (0.89-IJ6) 

7..cro (I nLcrcept) 0.74 (0.39) .06 711.28% (72.14-84.96%) 
r ligh-tbrcsl11Jlil 0.06(0.11 ) .57 1.06 (0.86-1.32) 
Low-thrcshu ld - 0. 11 (0.17) .52 0.89 (0.63- 1.26) 

CAPS-numbing Co um (lmcrcepr) 1.87 (0.12) <.00 1 (I.().! (4.83-730) 
I-ligh-1hre$holcf 0.2 1 (0.08) .0 1 1.24 (1.06-1.44) 
Luw-threshold O.OB (0. 11 ) .46 1.08 (0.88-1.3 3) 

Zero (lntc.rcept) O.ll? (0.40) .03 R9.74% (85.43-92.88%) 
l-ligh-rhrcshold 0.06 (0. 13) .60 1.06 (0.83-J.36) 
Low-threshold" -0.58 (0. 1 S) < .001 0.56 (0.40-0. 79) 

C1WS-h)'pernrous:1l Count (lnrcrcept) 2.29 (0.J II) <.Oll i 7.3 1 (6.23~SS) 

High-threshcJ((I 0 .02 (0.05) .73 1.02 (0.9 1- Ll 3) 
L<>w-thrcshold - 0.0J (0.0~) .72 0.<17 (0.84- 1.1 3) 

7.crn (I mcrcepr) 0.33 (0.H) .33 79.9-1-% (73.93-84.85%) 
High-threshold - 0. l.? (0. 19) .2 1 0.88 (0.73-1.07) 
Low-threshold" - 0 .57 (O. IS) < .00 1 0.57 (0.42-0. 76) 

"Mmlenue-thrcshold memhcr.1hip used as referent group for high-threshold ~nil low-direshold cbss mcmbcr~hip. 
h1':Sti11rnre for parcicip.1nt who is C1111casia11, never beforc dcploycJ, with 9vcr:1gc hc:tring. 
<"f1or the Lero model, base prnhtLhiliry 11f ~ prctlictcd score nf (). 
J95% C<Jnfidencc inrerval for prctlictor C<Jcflicicnr. Cou.m 1111Jdcl cocl1ic1cnts in<licacc 11111ltiplicativc: dr:ingc 111 predicted measure s~'Qrc per uniL 
dmnge i11 pt'cdictor. Zero model C•Jcffici.;nts intlic:1tc pn:dicu:<l factor d1~111gc in odd.~ of 11 7.tro score for measure per unit chnnge in predictor. 
• Prcdic:wr P-11alt1c < .05 
SigniliCllll associations ;1rc higblig)lcc<l in huJJ. 

1.20 (20%; P = .01), CAPS-avoidance bya factor of 1.1 7 
(17%; P = .02), :ind CAPS-numbing by a factor of 1.24 
(24%; P = .003), but was not associated with CA.PS­
hypcrarousaL Low-threshold class mem bership did not 
significantly predict CAPS. 

Zero Model. 1 Tigb-threshold class membership did 
not significantly affect prcdt!ploymcnt odds of a zero 
score on CAPS or CAPS-subscales. Low-threshold class 
membership decrease<l prcdcployment odds of a zero 
score on CAPS bya factorof0.68 (32%; P= .01), CAPS­
numbing bya factor of0.56 (44%; P < .001), and CAPS­
hypernrousal by :i foc~orof0.57 (43%; P < .001), but did 
not affec:t odds of z.cro scores on CAPS-rccxpcricncing 
or CAPS-avoidance. 

RELA TIONSHJP BETWEEN STARTLE 
rnJR.ESHOLD AND FUTURE PTSD RISK 

Nerther hjgh-threshold nor low-threshold class mem­
bership :it predepluyment were significantly associated 
witl1 postdeploymellt CAPS in the count or zero models. 

Secondary Analyses. For full resulrs of secondary 
models sec supplementary materials. vVhen tnmma­
burden measures were indud.ed in ZJNBR models, 
associations between low-tl1reshold class and PTSD 
symptoms remained significant (Ps = <.00 1- .01 ). 
H igh-threshold class association with CAPS- avoidance 
also remained significant (P = .04) whereas associations 
with CAPS-total, CAPS- reexperienci.ng and CAPS­
numbing did not. Removing participants thar denied 
ever experiencing a category A event (N = 80, 3%) 
from the ana lyses did not change the findings (data 
nOt shown). Fur pred icting anxiety ;md depression, 
low -thresho ld class membership decreased the odds of 
a zero score for BAI-somatic by a factor of 0.64 (36%; 
P < .04) whereas class membership was not associated 
with BDI-IJ. To examine if o·auma burden is related 
to startle threshold among individu:iJs with PTSD , we 
examined class differences in CTQ and LEC amop.g 
PTSD cases. Indjviduals meeting predcploymenc 
diagnosis for PTSD endorsed more childhood o-auma 

Dr prcr.ri<m cmd 1I11.i:icry 
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TABLE 3. Zero-inflated a egative binomial regression predicting 6-months postdeployment CAPS tot-.tl score and 
subscalcs 

Ouu;u111c me-Jsure Model Variablc·J Esti111!1tc (SE) !'-value.: Predicted 1111 .. ':lsure coral'"" Ratio (95% Cl)'1 

CAPS Iota] Cuunt {lnn:rccp~) 2.56 (0.21\) <0.00 1 ll.00 (9.25-15.56) 
I flgh-t.hrcshold 0.o-l· (U.07) 0.53 J.04 (0.Yl-1.20) 
I .ow- threshold -0.05 (0.11} 0.66 0.95 (0.767-1.l l!) 

Zero (I ntcrccpc) 0.80 (OAS) 0.10 43.7 1% (31.46--55.66%) 
1 ligh-thrcshold - 0.oJ (0.14) 0.78 0.97 (0.75-1.24) 
l.ow-thrc.~hol,f - 0.12 (0.12) Q.5CI 0.89 (0.58-1.35) 

CAl)S-recxperiencing Co11nr (lmcrccpr) l.S I (0.2?) <0.001 5.67 (4.24-7.57) 
TTigh· Lhrcshold 0.0-1- (O.OR) 0.56 1.04 {0.90-J.2 I) 
Low-thrcsholt.l - 0. J 2 (0. 12) 0.29 <).$8(0.7Q....l.11) 

Zero (Intercept) t.4{1 (0.48) 0.002 68.64% (~7.52-77.'J6%) 

I J igh-thrcslmlu - 0.06 (0.13) 0.63 0.94 (0.73-U I) 
Low-threshold - 0.38 (0.21) 0.<>7 1).68 (0.45-1.03) 

CAPS-1woi1lnnc1; Count (Intercept) l.72 (0.30) <0.00 1 ·+.46 (3.3~.02) 

1-1 igh-rhreshold 0.04 (().08) 0.63 1,04 (0.SS-1.23) 
Lmv-t.hrcshuld -0.01) (0.13) CJ.49 0.92 (0.7 1-1.18) 

Zern (T ntcrcept) 1.0~ (0.52) <.0.001 $6.46% (79.16-9 1.49%) 
H 1gh-rhreshol1l - 0.21 (0,15) 0.15 0.81 (Q.6 \-1.08) 
l,ow· tlm:shold - 0.37 (0.13) 0.10 ll.69 (0.44-1.08) 

CA.PS-11u111biug Cnum (I ntcrcepr) 2.()9 (0.36) <0.001 l>.45 (4.50-9.25) 
ll igh-rhrcsholcl 0.15 (0. 10) O.l3 LI 6 {0. 9(1-1.40) 
L11w· thrcshold 0,0 I (0. 15) 0.96 1.0 I (0.75- 1.35) 

ZcriJ (IJ1tt:rccpl) 3.36 (0.63) < O.()C)I 89.06% (81.02-93.77%) 
1 ligh·threshokl - O.l+(0. 15> 0.37 0.87 (0.64-1.18) 
l .ow-1hresholcl 0.00 ({US) 0.99 1.00 (0.6 l-1.65) 

Ci\PS-hypcrarnu>al Cr•unr (Intercept) 2.26 (0.20) <.0.001 8.24 (6.75-10.07) 
l ligh-rhrt!Sh11ld 0.02 (O.l)li) 0.76 L02 (0.9 1- 1.14) 
L11w-1.hrcsbold - 0.05 (0.09) 0.61 C).96 (O.!!O- l.I+) 

Zero {l11tercepc) 0.')2 (0.47) o.os 'i"9.71% (48.09-70.34%) 
High-threshold 0. 17 (0. 12) 0.17 I. LS (0.93- 1.51) 
L11,v·thrcshold om (0.20) ().94 I .02 (0.68-1.51) 

"Mudtlra1c-ducshol<l mumbcrship used .1s referent gruup for L-ligh-thresh1?l<l .111d Luw· tlireshulll clnss membership. 
h1·:s1imatc for parricipunt who i:> C.111c:i~i~n. never licforc <lcployccl, wi1h "vcr:it,rc hc.:aring and DRRI, 3nd whh u:ro scores on measures at prcJc-
ployrnent. 
°For the -iero model. li:ise probability nf a prtclitted score of Cl. 
'195% confidence inrcrv11I for prediccor 1:odncient. Coun: 111odcl codncic.:nL~ indic-Jre n1t1ltiplicative ch11nge in predicted measure score per L111it 
ch:111gc.: in prcdicmr. Zero model cucfficic11ts indicate predicted factor change in udds of a zero score for mL.-:isurc.: per unit change in prcdicror. 

(P < .001) :ind physical abuse (P = .001) in che high­
tbrcsbold class, but there were no class d ifferences for 
LEC. 

DISCUSSION 
This srudy ex:imined if differences in startle threshold 

are associared with PTSD symrcom severity (PTSD 
state) :rnd/or are predictive of trait risk for devcJoping 
PTSD after deployment. Starck responses were fit1:cd 
ioto three distim:t growth classes across stimuJus inten­
sity lcvds, with class('s defined by high1 moderate, and 
low thresholds. ZINBR modcls indicated rbar relative to 
moderate-threshold, h.igb-thrcshol.d class me:mbership 
at prcdcploymcnt was assotiatctl wjth more severe 
predeployment symptoms on CAPS-total, CAPS­
rec.xperiencing, CAPS-avoidance, and CAPS-numbing. 
Relative to moderate-threshold, low-threshold cbss 
membership was assoi;iated with decreased likelihood of 

Dr/wr1.ri1111111ul Auxit·ty 

being symptom-free at predeployment on CAPS-mt:il, 
CAPS-n11m bing, CAPS~hyperarousal , and BAI-somatic. 
These findings suggest that low-startle threshold may be 
associated with increased likeijhood of endorsing current 
PTSD and anxiety symptoms, whe.reas high -threshold 
responding is associated with increased PTSD severity 
once symptoms emerge. Previous research supports 
rbat "baseline" EMG startle reactivity is associated with 
PTSD syn1ptom state that can remit after treatment,1551 
aJthough there are some inconsistencies likely due to 
methodological differences.1561 Predeployment startle 
threshold class did not predict posrdeployment psychi­
atric symptoms, suggesting that srartle threshold does 
not represent a trait risk-factor for developing PTSD o r 
anxiety. The large cohort size and pre- and postdeploy­
ment assessments used here build on previous prospec­
tive research finding rhat startle sensitization develops 
aJong "'~th PTSD symptoms rather than representing 
a preexisting risk factor.ISil PTSD risk has been asso-
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ciarcd, however, with startlc in rcsponsc to conditioned 
fear-wes or aversive st-imu li,1141 suggesring that F.MG 
responses dm1ng threat may probe di ffcrenr mcchan isms 
of PTSD risk than "baseline" st:irrle tasks. Neirlier 
current depression nor development of depression 
symptoms were predicted by threshold dass, consisrent 
with previous findings rhac altered st:i rtle response is 
:1SSociated with fear and anxiety but notdepression.L58-60J 

The association of current PTSD symptoms with 
both low and hjgb startle thresholds is consistent with 
!inc.lings that 111au.y PTSD parientS show exaggerated 
startle reactivity similar to ocher fear-based disorc.lers, 
whereas PTSD patients with particularly severe trauma 
hismries demonsrr:ne blumecl startle similar to disorders 
of pervasive apprehension and uegativc affec.t. llS. l91 Our 
finding that low-tbre.~hold responding was ~ssociatcd 
with PTSD and somuic anxiery symptoms is consistent 
with a fear-1.Jascd PTSD presentation . That high­
drrcshold reactivity was associated with mtlre severe 
PTSD symptoms but not an,,;ery symptoms is consis­
tent with the ide:.1 that a subset of PTSD patients show 
tjj111inished defensive responding. In second:'lry analyses, 
low-chreshoJd smrde was associated with CAPS-wrnl, 
-numbing, and -hyperarousal symptoms above and be­
yond variance accounled for by chiJdhood and lifetime 
trauma. suggesting that elevated startle rcacti\<ity devel­
ops independently !Tom tr:mma exposure. Alternatively, 
when accounting for tranma burden high-threshold 
startle on.ly remained prcdit.:tivc for avoidance:, but not 
CAPS-total or re-ei<periencing symptoms. There were 
n11 differences betwecn threshold classes on measures of 
lifetime trauma burden or depression, although among 
the 96 individuals who met DSM-lV criteriH for PTSD 
at prcdcployment, th0se with high starrlc threshold 
had greater history of childho1;d trauma aml physical 
abuse. Together, tlle!iC resulu; suggest that PTSD 
following high childhood :md lifetime trauma Lurden 
m;iy be characterized hy <limiuished physiological 
reactivity, with trauma burden accounting for rnuch 
of the association between blunted startle anti PTSD 
se,rerity, whereas elevated startle may be associated 
with PTSD symptoms independent from trauma 
history. 

These Gndings suggest that a moderate startle­
rhreshold may jndicate minimal current PTSD symp­
tom~ltology relative ro bigb or low startle th1·esh11lds, 
and may have jmport-ant implkacions regarding the re­
lationship between PTSD and abnormalities in startle 
response neurocircuit1y. Smrtle reacti0ty is modulated 
by the amygda la and bed nucleus of the srria tcrmionljs, 
via projections to nodes of the primafli start-le circujt 
in the brainsrem that mediate smrde.l 1J Exaggerated 
startle reactivity is pucative ly related w amygdab hy­
pcrac:tivityin PTSD (e.g., (li21), but several different neu­
robiological processes might cona-ibute ro Jow starrle 
being associated with increased psychiatric symptoms. 
During severe stress, che periaqueducc1l gray (PAG) in­
hibits startle in favor of other defensive bchnviors re­
sulting in an inverte<l-U shaped dose-response funcrirm 

between scresso1· intensity and st-.irdc re.;;ponse.f63·641 Sig­
naling pathways linked to inverted U-shapcd effects on 
st::irtlc reactivity tbat <ITC abnonnal in PTSD inclut.k 
cordcotropin re leasing factor (CRF) an<l glucocorticoid 
signaling. I)TSD patients exhibit increased CRF levels 
in cerebrosf.inal fluidf65-6SJ and increased g lucocorticoiJ 
sensitivity.I 9l Modcr:ite CRF and gluc<1corticoid lt.:vcls 
induce increased startle whereas high doses induce re­
duced srnrtle reactivityf70-731 CRF-induced inhibition or 
potentiarion of stan:le also depend oo neural sources of 
CRF hypersig11aling.l74J Future research is needed ro 
detenniuc if these neural circuits and signaling path­
ways are linked to different startle thresholds. Dnder­
sranding the ncurobiulogit.:<ll mechanisms influencing 
startle threshold might help identify separate functional 
pathologies across PTSD and other anxiety disorders. 

This study has impon:antlimitations. First, this cohort 
was entirely male so it is unknown if the findings are 
applicable to females, particularly given recent gender 
Jjffc.renc.:cs found in the relationship between startle .re­
activity and PTSD.1751 Second, this cohort was young, 
generalJy healthy, and highly screened, aU of which may 
limit gencra)iz,1bilily. Third , the rypes of traumas foced 
by this military cohort may differ from traumas ex­
perienced by civilians. Fourth, participants developing 
symptomatology postdeploymcnt may have been less 
likely ro remain in the military until postdeployment as­
sessment. Few study participants met PTSD diagnostic 
criteria at pre- or postdeploymcnt, thus th.is study may 
have been underpowered tO delect the relationship b~ 
tween startle threshold and .severe PTSD symptoms. 

Overnll, these findings indicare that distinct pat­
terns of startle reactivity across high ;rnd suhthrnshold 
stimuJus i11tensity arc associated with current PTSD 
symptom "state," but not with rn1it risk for developing 
psychiatric symproms. Moderate startle-threshold was 
associated with fewer cun-Cnt PTSD symptoms relative 
to low- and high-thresholds. Fururc research should in­
vestigate the 17:lationship between lifetime trauma bur­
den and PTSD symprom severity with blunted srartle 
responding. AtlditionaUy, future research should exam­
ine the biological underpinnings of startle threshold as an 
intermediate phenotype for PTSD state.. Improved un­
derstandiJ1g of startle Md other PTSD-related biomark­
crs may facilitate targeting of treatment and prevention 
stn1tcgies. 
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Abstract The use oE quantitative, laboratory-based measures of threat in humans 
fo r proof-of-concept studies and target development for novel drug discovery has 
grown tremendously in the last 2 decades. ln particular, in the field of posttraumatic 
stress disorder (PTSD), human models of fear conditioning have been critical in 
shaping our theoretical understanding of fear processes and importantly, validating 
findings from animal models of the neural substrates and signaling pathways 
required for these complex processes. Here, we will review the use of laboratory­
based measures of fear processes in humans including cued and contextual condi­
tioning, generalization, extinction, reconsolidation, and reinstatement 10 develop 
noveJ drug treatments for PTSD. We will pdmarily focus on recent advances in 
us ing behavioral and physiological measures of fear, di scussing Lheir sem:itivity as 
biobehavioral markers of PTSD symptoms, their response to known and novel 
PTSD treatments. and in the case o f d-cycloserine. how well these findings have 
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1 Introduction 

1.1 Posttraumatic Stress Disorder Prevalence 
atzd Treatment Options 

Posttmumatic stress disorder (PTSD) affects 7- 8 % of die general US population and 
is higher in recently deployed combat veterans (up to 20 %) (Thomas et al. 2010). 
Mental disorders, in paiticular PTSD, are associated with higher rates of physical 
symptoms, chronic physical iJlness, and overal l mortality (for review see Baker et a l. 
2009). Research shows that this increased liability of physical disease trans laies into 
greater non-menta l health medical service utilization (e.g .. O'Donnell et al. 2013), 
creating substantial burdens for the patients, families, and societa l resources. Best 
evidence treatmen t for PTSD incl udes cognitive behavioral therapies, i.e. , cognitive 
processing therapy (CPT) and prolonged exposure (PE), and psychotropic medica­
tions (Institute of Medicine 2014). Although cognitive behavioral approaches have 
proven efficacy for PTSD, non-response can be as high as 50 %, leaving unre­
sponsive or partially responsive patients with PTSD reliant upon pbannacotherapy 
(Baker et al. 2009: Institute of Medicine 2014; Berger et al. 2009). As with many 
psychiatric disorders, the pbannacological tool ki t for PTSD treatment is re latively 
small, predominantly selective serotonin or norepinephrine reuptake inhibitors 
(SSRI/SNRT) and adjuncti ve treatments such as prazosi n, a sympatholytic drug with 
alpha- I receptor blocking activity (Baker et al. 2009; Steckler and Risbrough 20 12). 
These medications also have high non-response rates as well as side effects (Baker 
et al. 2009; Steckler and Risbrough 2012). There is an unquestionable need to 
advance development of new treatments for PTSD, with part of this effort lyi_ng in 
developing innovaLive approaches to drug development in clinical popu.laLi0t1s. 
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One of the difficullies of identifying biological mechanisms for PTSD, ~md thus 
in tum developing beneficial treat ments, is the heterogeneous patient population 
aud wide spectrum of potential symptoms. According to tl1e DSM-5 (American 
Psychiatric Association 2013). PTSD now comp1ises 20 individual symptoms. 
These symptoms are grouped into four symptom clusters: persistent intrusive 
memo1ies of the trauma. hyperarous:il and reactivity, avoidance of stimuli related to 
the trauma event, and negative alterations in cognitions and mood. Thus, there is a 
wide range of symptoms that can be endorsed to comp1ise a PTSD diagnosis, with 
many possible patterns of symptom type and seve(i ty across t11ese clusters 
(Galatzer-Levy and BryanL 2013). This heterogeneity suggests tllat several potential 
biolog ical mechanisms could d1ive the development of PTSD. This multiplicity or 
potential biological mechanisms will induce substantial variance in bow any given 
treatment will affect a patient's treatment response. 

As such, the potential for numerous different underlying patllologies in patient 
groups makes identification of specific mechanisms across the population very 
difficult. One approach to this problem is to identify biological or behavioral 
phenotypes that are highly represented in the diagnostic class compared to specific 
symptoms so as to target a "core" biological pathway that is disrupled in most 
patients. This approach assumes tllat the heterogeneity is due to noise in tlle 
self-report measurements of symptoms and how thi;!y are experienced and/or 
articulated, but perhaps only a few biological mechanisms actuall y drive clinical 
dysfunction. The second potential approach is to identify phenotypes that are rel­
evant to particular symptom classes tllat are most severe in a given individual. This 
approach assumes that certain discrete phenotypes may better classify dimensions 
of specjfic symptoms experienced by subpopulations within the diagnostic group as 
a whole, each witll potentially differing biological mechanisms (Schmidt 2015). 

Development of laboratory-based behavioral measures of disease-related pro­
cesses is a critical component of the evolution of trans lational research (Bowers and 
Ressler 20 15). These tasks can bridge complex clinical presentations witll discrete 
biological mechanisms (Braff 20 l5; Gottesman and Gou ld 2003; Rasetti and 
Weinberger 201 L; Risbrough 2010). This straregy is now endorsed by che Research 
Domain Cri teria (RDoC) project by the National Institute for Mental Health 
(Cuthbert and Tnsel 2013). Similarly, industry and academia have now increasingly 
turned to biological and behavioral markers in initial proof-of-concept studies to 
identify efficacy across specific emotfonal and cognitive constructs of PTSD to 
guide future phase Tl clinical trial designs. Here. we will discuss the promise and 
pitfalls of commonly used laboratory-based measures of conditioned fear processes 
to support noveJ drug deveJopment for PTSD. 
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1.2.1 Benefits of Validated Behavioral Phenotypes to Complement 
Symptom Assessment5 

(1) Objective, quantifiable assessments of function compared to self-report. 
(2) Often bave well characterized biological mechanism(s) and neural circuit(s). 
(3) Responses are predictably controlled by specific experimental parameters in 

keeping with their use as an operational measure of a defined construct 
(e.g .. anxiety, fear, arousal). 

(4) Observable behaviors enable cross-species translation to lower order organ­
isms for direct mechanistic studies and dmg development (Donaldson and Hen 
20 15). 

(5) Compared to symptoms, laboratory -bai;;ed measur~ are observable across 
healthy controls and clinical populations, supporting efforts to disentangle 
mechanisms that cause ri sk versus mechanisms related to symptom onset and 
severity. This point is particularly important for informing u·eatment approa­
ches, e.g., prophylactic versus therapeutically. 

(6) Unlike symptoms, behaviors can be measmed in unaffected relatives Lo a.id in 
identification of genetic risk factors [e.g., behavioral endophenotypes or 
intermediate phenotypes (LenL.enweger 20 I 3)J. 

(7) Because they are typically based on continuous measures, they offer more 
statistical power than dichotomous diagnostic classes. 

(8) Most importantly for drug discovery, they may probe a more specific con­
ceptual target for pham1acotherapy indicated by preclinical studies (e.g .. 
effective for enhancing fear exlinction). Thjs last point is the primary reason 
behavioral test.5 are being used more frequently , as they may offer a greater 
abi ljty to translate drug effects that are based oo specific circuit actions and 
behavioral effects in preclinical models. 

1.2.2 Limitations 

(1) Lack of specificity: lt is often the case that some indi vi duals with disrupted 
performance in a behavioral task may not show overt functional deficiLs or 
cLinical presentation. For example, menstrual cycle phases are associated with 
reductions in fear extinction in healthy women (Glover et al. 2015; Milatl et al. 
2006). 

(2) In the context of genetic studies, even relatively "simple" or cliscrete 
laboratory-based behaviors do not guarantee greater he1itability or simpler 
genetic arcnitecture than the disorder (G reenwood et al. 2007), as would be 
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hoped from an intermediate phenotype or endophenotype. For example, even a 
behavior as simple as the startle reflex may be modulated by a huge an-ay of 
biological pathways (Zhang et al. 201 1 ). 

(3) Behaviors that initially seemed relatively simple in tenns of core neural circuit, 
e.g., extinction requi ring prefrontal cmtex activation of inhibitory circuits io 
the amygd,tla, can have extensive modulatory circuits that may play a s tronger 
role in how th.is phenotype is altered in a given disorder compared to the "core 
neural circuit" (Acheson et al. 20 15c; Maren and Holmes 2015; Milad et al. 
20 13). Thus. using behavioral performance as a proxy for the function of a 
specific neural circuit or brain region is limited unless it is accompanied by 
other information such as fonctional imagiDg. 

Here, we wi ll review the state of the ar1 in laborato1y-based measures of fear 
response in assessing symptom state and response to treatment in healthy controJs 
and PTSD patients within the fear learning domains. We wiJJ also offer some 
practical considerations for study design and interpretation pitfall.s for future 
planning of drug efficacy using these measures. 

2 Learned Fear Processes 

One of the predominant featmes of PTSD symptoms is robust, uncontrollable 
memoties of the traumatic event. i.e., re-experiencing. Secondly, external or 
internal cues that act as trauma reminders induce re-expedencing with flashbacks 
and dissociation at the most severe end of the spectrum, as well as strong emotional 
and physiological fear responses including intense anxiety m1d panic. 
Unsurprisingly, the disorder is associatetl with implicit and expUcit strategies for 
cue avoidance, which can be disrupti ve to daily function and inte1fere with 
long-term recovery. Thus, PTSD may be caused at least in part by disrnption in one 
or more elements of the learned fear process (Lissek and van Meurs 20 14). Here, 
we will describe common laboratory-based measures of these processes, their 
relationship to symptom clusters and predictive validity for i:.n1bsequent clinical 
trials if avai lable. response to phannacological treatment in both controls and PTSD 
patients, and considerations of their use in drug development studies. 

2.1 Fear Conditioning and Cued Recall 

Laboratoiy-based tasks to elicit Pavlovian fear conditioning in humans induce 
learned fear typically by presenting a v isual conditioned stimuli (CS), such as 
simple shapes or images in combination with an aversive uncond.itioned stimulus 
(US) such as shock to the wrist or air puff to the throat. Operational measurement of 
fear respondjJ1g to the CS+ (CS associated with US) is derived by comparing 
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behavior or physiological responses to the CS+ compared to CSs that are not 
presented with Lhe US (i.e., safety signal , CS-) or when no cues are presented. 
Vatiations include examining responses to "coJ1textual" versus discrete CS+ 
Lto examine phasic versus sustained fear responses (Garfinkel et al. 20 14; Glenn 
et al. 2014; Grillon et a l. 2006)). 

2.1.1 Do PTSD Patients Exhibit Increased Fear Learning/Expression? 
Is Fear Learning/Expression Related to Specific Symptom 
Clusters? 

The short answer is jt depends on the measure. PTSD patients exhibit increased 
potentiated startle responses to discrete fear cues (B1facione et a l. 20 14: Norrholm 
et al. 20l 1) and contextual fear cues (Grillon et al. 2009b)~ however. increased fear 
is not consistently detected using other behavioral or physiologicaJ measw-es such 
as self-report or skin conductance response (SCR) (Glover et al. 20 L J; MiJad et al . 
2008). This diJTerence may be rela ted to specific fear c ircuitry that is be i.ng probed 
by these behavioral measw·es, as startle reactivity is thought to reflect "au tomatic" 
fear conditioning processes that do not rely on contingency awareness. while SCR 
and self-report reOect fear processes Lhat requi re contingency awareness (Jovanovic 
et aL 2006; Tabbert et al. 2006). Given Lhat increased startle reactivity is commonly 
described by patiems (DSM-IV, DSM-5), startle measures of fear may specifically 
probe abnom1aJ circuits and mechanisms in PTSD that drive "automatjc" fear 
responses (Grill on 2009). As might be expected, increased f ear-potentiated startle is 
associated with high levels of re-experiencing symptoms in PTSD patients 
(Norrholm et al. 20 11 ) and attentional bias to threat (Fani et a l. 2012). However. in 
a study that directly compared fear acquisition across subjects with PTS D, general 
anxiety, or depression symptoms, increased fear expression was s ignificantly higher 
in individuals with general cognitive and somatic anxiety symptoms rathe( than 
PTSD or depression symptoms (Acheson e t al. 20 I Sb). Greater conditioned fear 
expression h~s also been reported in other anxiety disorders, such as panic disorder 
(Grillon et al. 2008) and bipolar disorder (Acheson et aJ. 20 J 5c). Thus, increased 
fear expression may reflect a biological abnormality in subpopulations of anxiety 
and mood disorder patients, crossing diagnostic classifications. 

2.1.2 Is Conditioned Fear Responding Sensitive to Drugs that Are 
Effective for PTSD? 

A reasonable question when considering a laboratory-based task for drug discovery 
is whether the task shows predictive validity for known therapeutic compounds. 
Unfortunately, Lhere is disappointingly little work in this area. Jn healthy controls, 
fear-potentiated startle responses to cues with moderate contingency prediction 
which are thought to elicit sustained anxiety are attenuated by sub-chronic (2 week) 
SSRJ treatment and acute benzodiazepine treatment, while cues with 100 % 
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contingency for the aversive US 1-u-e not (Acheson et al. 2012b; Grillon el al. 2006, 
2009a). Fear conditioning as assessed by sk.in conductance is unaffected by 
sub-chronic SSRI treatment (Bui et al. 20 L3). These data suggest that 
fear-potent1ated startle has predictive validity as a laboratory-based measure of fear 
acquisition/expression for PTSD under ce11:iin conditions, particularly when cues 
elicit more prolonged anxiety-like responses which may be activatiug differential 
neural circuits [e.g., bed nucleus s1:1ia tenujoaJis, for review see Avery et al. (20 15) 
and Burghardt and Bauer (2013)j. Does this mean djsc.:rete fear conditioning tasks 
are not predictive for PTSD therapeutics? Perhaps, but an alternative explanation is 
that curren t treatments. which work in 50 % or less of the population (Berger et al. 
2009), are unable to treat this particular facet of the clisorder and thus are not useful 
positive <.:ontrols. Fmther evidence for predictive validity fo r SSRl effects in 
patients i,s that acute SSRT treatment potentiates fear expression in cond itioned fear 
models, similar to ac.:counts of increased anxiety symptoms in patients in the injtiaJ 
phase of SSRl treatment (Garcia-Leal et al. 2010; Gritton et al. 2007; Silva et al. 
2001). Effects of prazosiJ1 , used for treating nightmares in PTSD patients and which 
has some efficacy in animal models of conditioned fear respondjng, have not been 
stuclied yet in these human models (Do Monte el al. 20 13; Raskind et al. 20 13). 
This lack of data is partJy due to the requirement for incremental dosi ng increases 
over weeks to reach therapeutic levels necessary for efficacy for treatment of 
nightmares in PTSD, reducing the feasibility of using this compound for validation 
stuclies. Effects or behavioral therapy on conditioned fear are also relatively 
untested. One small study found no significant reductions in potentiated startle lo 
trauma-related cues after exposure therapy despite >50 % reduction in symptoms 
(Robison-Andrew et al. 2014); however, another larger study did find that exposure 
therapy reduced trauma-potentiated stai1le (Rothbaum et al. 20 14 ). Overall, the 
evidence for predictive validity in terms or sensilivity to SSRI lreatmenL is sug­
gesrjve, but there are cleur nuances to the parameters and dosing strategy that must 
be considered if these model s are to be used. 

2.J.3 Does Fear Conditioning Predict Treatment Response'! 

Again, there is very little work in this area. One small pilot study (11 = 9 - JO/group) 
showed that on ly patients that show discrimination in SCRs between the CS+ and 
CS- respond to SSRI treatment (Aikins et al. 2011). Tbese data suppo11 the spec­
ul ation that cue discrimination may probe neural circuit<; that are responsive to SSRJ 
treatment, but more research is needed to confli:m this preliminary finding. 

2.1.4 Is There Evidence for Fear Conditioning to Be an "lntermediate 
Phenotype ' Associated with Genes that Confer Risk for PTSD? 

There is some suggestion that genes that confer risk for PTSD are also associated 
either with heightened fear conditioning or with disruption io ability to inhibit 
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conditioned fear io humans Lsee next section below aod see Skelton et al. (20 L2) for 
review of genetic approaches to fear learning phenotypes]. Examples are genes 
involved in noradrenergic (ADRA2B), serotonergic (SLC6A4), and catecholamine 
signaling (COMT), in cellular signaling pathways that suppo1t neural plasticity 
LPRKCA am.I WWC1: for review see Wilker et al. (20 14)], and in geoes involved in 
lhe neuroendocrine stress response [PACAP/PACJ, Ressler et al. (2011)) and 
opioid signaling (Andera et a l. 2013). Thus far. however, only candidate gene 
studies have been conducted on fear acquisition aocl expression phenotypes, no 
genome-wide association sn1d ies have been publi shed yet 

2.2 Fear Extinction, Reconsolidation, and R einstatement 

Fear conditioning is vital for survival, en<1bling threat predjction and consequent 
behavioral responses to avoid harm. As cues become less predictive of aversive 
stimuli , however, organi sms adapt to this change with reduced conditioned 
responding termed extinction. The process of fear extinction is subserved by a 
hippocampal- amygdala- prefrontal cortex circuil, with the prefrontal cortex acti­
vation of inhibitory c ircuits in the amygdala resulting in reduced fear responses to 
previously learned fear cues (for review see Mi lad <1nd Quirk 2012). ExtincLlon does 
not mocLify or "erase" the original CS- US association, but instead represents new 
inhibitory learning that actively competes with the 01i ginal excitatory CS- US 
associative memory (Bouton 1993). This hypothes is is supported by a number of 
return of fear phenom ena including re instatement of conditioned fear, in which 
following fear extinction a b1ief re-exposure to an unpaired US induces fu ll 
recovery of the original conditioned fear response (Haaker et al. 2014: Myers and 
Davis 2002). Modification or the oiiginal fear memory can occur, however, via 
reconsolidati on, a peiiod in which a memory is acLivated and is thus transiently 
labile. tJ1ought to subserve an "updating" fuaclion [see following sections below for 
further details (Nader 2015)J. 

2.2.1 Do PTSD Patients Exhibit Changes in Fear Extinction 
Processes? 

PTSD has been described as a disorder characterized by a fai lure in extinction . Most 
trauma survivors exhjbit PTSD symptoms initially after the traumatic experience~ 

however, over time most survivors (80-90 %) wiJI return ro nonnal func.:tioning, 
while a small subset continues to ex hibit robust, debilitating trauma memories that 
interfere with normal function ing (Rothbaum et al. 1992; Rothbaum and Davis 
2003). Extinction is a c ritical component to the efficacy of exposure therapy for 
PTSD, which exposes the patient to n·auma-re lated memories and/or cues both in 
the clinic and in vivo (Craske e t al. 20 14) . 
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PTSD patients exhibit reduced fear extinction Leaming and retention in the 
laboratory, indicating thac poor extinction of fear responses to trauma-related cues 
may he a mechanism underlying PTSD (Acheson el al. 20 I 5b; Mi lad el a l. 2008; 
Norrholm et aJ. 20 I I). ln a recent comparati ve study across subjects reporting 
primaril y PTSD, general anxiety, or depression symptoms, extinction defici ts were 
only observed in subjects with PTSD (Acheson et al. 20 I Sb), suggesting that poor 
extinction is specifically related to tsauma-related symptoms as opposed to general 
symptoms of low mood or mminative anxiety. PTSD patients also exhi bit func­
tional and structural abnormalities in the fear extinction network including the 
hippocampus, amygdala, and fron tal co1tex lfor rev iew see Acheson et al. (20 12a), 
Shvil et al. (201 3)]. During extinct.ion lemning, PTSD is associated with reduced 
activation of the ventral medial prefrontal cortex and increased acti vation of the 
amygdala and dorsal anterior cingul ate, suggesting reduced inhibitory modulation 
by cortical inputs to fe<u· circuits (Sh vii et al. 20 13). Twin studies suggest that poor 
extinction observed in PTSD is associated with symptom state, rather than a 
vulnerability trait for PTSD (but see Lommen et aJ. 2013; Milad et al. 2008), 
suggesting it could play a ro le in maintenance of PTSD symptoms once they 
emerge. Hence, phnnnacological enhancement of the neuroplasticity of this circuit 
is or particular interest fo r novel therapeutic approaches to PTSD, particularly in 
conjunction with exposure therapy. 

2.2.2 Pharmacological Approaches for Fear Extinction in PTSD 

There has been an explosion of basic and clinical research on mechani sms of fear 
extinction, with a l.arge literature on the cell signaling mechanisms that mediate and 
modulate fear extinction learning and recall. This literarure has recently been com­
prehensively reviewed (Maren and Holmes 2015 ; SjngewaJd e l al. 2015); thus, here, 
we wi ll focus on a brief synops is of the useof d-cycloserine (DCS), as this treatment is 
the most advanced, providing a primer in the successes and difficulties of translating 
animal and preclin ical findings in fea r behavior to clinical treatment strategies. 

The concept of developing adjuncLive phannacoLherapies for cognitive or 
exposure-based therapies was largely driven by the work of Michael Davis and 
Kerry Ressler. They first showed that DCS, a partial NMDA receptor agonist, 
administered during extinction training resulted in enhanced fear extinction recall in 
an imals. Subsequently, they showed that DCS administered during virtual 
reality-based exposure therapy for fear of heights significaml y increased the ther­
apy's efficacy i.n reducing phobia symptoms (Ressler et al. 2004; Walker et al. 
2002). These seminal papers more than a decade ago led to n burst of activity across 
a number of disorders, showing initial increased efficacy of DCS treatment for 
exposure therapies for phobias, panjc disorder, and obsessive compulsive disorder 
w hich has been confirmed by two meta-analyses (Bontempo et al. 20 12; Norberg 
et a l. 2008). "High-throughput" clinical trials have been developed to test efficacy 
of drugs for enhancement of exposure-based therapy (Rodebaugh and Lenze 2013; 
Rodebaugh et al. 20 13 ). However, the translation to exposure therapy effects in 
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PTSD patients is less compelting. Four studies have examined DCS enhancement 
of exposure therapy, with either positive effects (Difede et al. 2014). equivocal, or 
marginal effects (de Kleine et al. 20 l 2; Roth bau m et al. 20 14 ), negative effects 
(Scheeringa and Weems 2014), or even deleterious effects (Litvin et al. 2007). 
These mixed re~ults have suggested a number of potential issues that need con­
sideration when designing treatmenl trials for DCS (and other putative extinction 
enhancing treatments): (1) are tbe effects of DCS more on :ipeed of response rather 
than magnitude of response to exposure, two differing hypoLheses that will require 
djfferent expetimental designs/analysis lo probe eflicacy; (2) what is the con-ect 
dosing/timing of treatment; (3) does DCS's cognitive enhancement promote inhi­
bitory learning to the extinction context, which might subsequently contribute to 
contextual renewal of fear (Vervliet 2008); and (4) does DCS need to be targeted 
toward only the successful i-herapy sessions lfor a detailed l'eview, see Hofmann 
et aL (2015)]. This latter issue is because DCS is a broad cognitive enhai1cer, it can 
enhance both fear teaming and extinction learning (Lee er al. 2006); thus, if the 
exposure session is unsuccessful in promoting extinction, ii could instead promote 
reconsolidation (i.e. , strengthening of conditioned fear to trauma memories and 
cues) that is then increased by DCS treatment. Thus far. however, predicting a 
"successful" session versus an unsuccessfuJ one has been elus ive. A lternatively, 
other groups are working to identify prescriptive variables that predict which 
subjects would most benefit from trealment, i.e., lbose with the most severe PTSD. 
specific symptom classes, or other traits (de Kleine et a l. 20 12, 2014). 

lt is worth notiug that in humans, DCS has generally been found to be more 
efficacious in adjunct tri als with exposure therapy in patient populations, compared 
to enhancing extjnction of conditioned fear produced in the laboratory in healthy 
controls. One study (Kuriyama et al. 201 I ) out of 3 found DCS (and valproic acid) 
to enhance extinction. This study was the only one to utilize a reinstatement 
component, with DCS during extinction training affecting not within -session 
learning or recall , buL instead suppressing reinstatement. DCS was ineffective in 
studies that limited their design to testing exlinction acquisition and 24-h recall 
(Guastella et aJ. 2007; Klumpers et al. 2012). l t has been suggested that U1is lack of 
translation of DCS effects on extinction in animals to extinction in healthy human 
subjects may be because extinction protocols in the laboratory are not probing 
"automatic" learned fear and extinction processes, but are instead governed by 
top-down executive f-uuctions (Grillon 2009). More recent studies, however. sug­
gest that extinction in healthy controls is sensitive to putative extinction enhancing 
drugs such as cannabiooicl receptor agonists and oxytocin (Acheson et al. 20 13; Das 
et a1. 2013: Eckstein et al. 20 14; Rabinak el al. 2013), which suggests that these 
tests are "trnns lationul' . in that tJ1ey are sensiti ve to drugs that have shown efficacy 
in animal extinction studies (Singewald et al. 20 15). Whether these drugs can then 
also make the leap to enhancement of exposure therapy or PTSD treatment is thus 
far mixed. Efficacy of cannabinoid receptor agonists for treating PTSD symptoms is 
promising (Cameron et al. 2014; Roitman et al. 20 14), whjle oxytocin effects on 
exposure therapy are less dear (Acheson et al. 201 3, 2015a; Guastella et al. 2009; 
Acheson and Risbrough 2015). 
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2.2.3 Is Fear Extinction Sensitive to Drugs that Are Effective 
for PTSD? 

A lthough the bulk of pharmacology directell al extinction processes has been of 
drugs that are hypothesized to specifically act on this mechanism, it is fair to ask 
whether extinction is sensitive to current treatments. Chronic lfooxeti ne in rodents 
facilitares extinction learning and extinction memory recall , particu larly in females 
(Deschaux e t al . 20 11 ; Fitzgerald et al. 2014; Lebron-Milad et al. 201 3), and 
escitaloprarn enhances extinction in healthy humans (Bui et a l. 2013), suggesting 
that examining effects of a drug on extinction may pred ict efficacy as an overall 
treatment beyond use as an adjunctive treatment with therapy. Paroxeline tran­
siently enhanced effects of exposure therapy (Schneier et al. 2012); 11owever, other 
studies show no efficacy of SSRis to enhance exposure therapy in PTSD (foa et aL 
2005; Hetrick el al. 20 I 0). Tt should be noted lh3t when undergoing exposure 
therapy, many opportunities for exposure are outside of tJ1e Lherapist's office via 
"homework" developed to promote in vivo exposure in the patient 's environment 
Lin additi on to imaginal exposure in prolonged exposure] ; thus, a drug that can be 
given chronically may actually be more effecti ve than a drug limi ted to exposure 
session treatments. Based on lessons learned from DCS in terms of potential 
unintentional enhancement of fear leaming/reconsolidation, chronic treatment wi ll 
depend on how selectively the drug acts on fear extinction met:hanisms versus 
broader mechanisms of neural plasticity. (Besides its non-se lectrve effects ou 
extinction, DCS cannot be given chronicaUy due to rapid tolerance.) An example of 
a potential target with more selective effects on extinction enhancement are agonists 
of the cannabinoid I receptor, in particular drugs that enhance endogenous ligand 
availability via inhibition of degradation (Steckler and Risbrough 2012). 

2.2.4 Does fear extinction performance predict treatment response? 

Currently, it is unknown whether extinction performaoce or other markers of 
exti nction (e.g., ventral medial frontal cortex activation during recall) predict what 
type of u·eatment (e.g., pharmacology versus exposw·e therapy) or how much 
treatment (e.g., how many exposure sessions) might be most beneficial for patients. 
This question is of great interest in terms of supporting personalized medicine 
approaches and is actively being pursued by a number of research groups. 

2.3 Reconsolidation and Reinstatement 

ReconsoLidatioo occurs when a memory is reactivated resulting in a period of 
transient lability of the underlying neuroplastic mechanisms supporting the 
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memory. During reconsolidation, old memories can be strengthened or disrupted by 
drugs that modulate consolidatio11 mechanisms. The best characterized manipula­
tion of reconsolidation of conditioned fear is via noradrenergic manipulations, with 
propranolol , a beta-a<lrenergic receptor antagonist, disrupting reconsolidation and 
subsequent conditioned fear responses in both animals and humans [for rev iew see 
Otis et al. (2015)]. A recent meta-analysis indicates that propranolol is effective for 
blocking both consolidation and reconsolidation of fear memories in heahhy 
humans (Lonergan et al. 2013). Recent studies however suggest that expetimental 
design may be critical , with efficacy of propranolol given before memory reacti­
vation having Limited effect (Wood et al. 2015). Sevenster and colleagues showed 
that propranolol effects were only observable in conditions in which reconsolidation 
occurTed under prediction uncertainty (i.e. , the CS+ may or may not be followed by 
the US), suggesting that reconsolidation Q11ly occurs if the memory is actively being 
updated with new information (Sevensler er al. 20 12). This group also cleverly 
showed lhnt reconsolidarion can be triggered nol just by lhe specific CS+. but also 
by a semantically si1uilar stimulus. Memory reaclivatlon hy semantically similar 
stimuli was sensitive lo propranolol disruption (Soeter and Kindt 2015). This 
finding supports the feasibility of reconsolidation-bused tl1erapy, given the difficulty 
in accurately reconstructing trauma specific cues. 

Reinstatement is when previously extinguished conditioned responding is "re­
instated" after re-exposure lo a US (Rescorla and Heth L 975). This phenomenon 
supports the now established view that extinction lraining does not "erase" the fear 
memory, but i11stead creates a competing CS- "No US" association with lhe original 
CS-US association. This CS-"No-us·' association is further complicated by its 
dependence upon the extinction training context (Bouton 2014; Bouton and Todd 
20 14.) Studies of fear reinstatement in humans are relatively new and thus far 
primarily in heallhy human controls (Dirikx et al. 2007; Hermans et a.I. 2005; 
Nemnann 2008; Sokol and Lovibond 20 l 2). Preliminary evidence suggests that 
cannabinoid receptor agonfats given during or immediately after extinction training 
may suppress reinstatement (Das el al. 2013). There is an excellent review of 
cun:ent findings , methodology. and considerations for developing reinstatement 
protocols for drug development from the Lonsdorf laboratory (Haaker et al. 20 14). 

2.4 Contextual Modification and Generalization of Learned 
Fear and Extinction 

Pavlovian fear conditioning occurs not only co discrete cues associated with a 
trauma, but also to tJ1e context in which a trauma occurs. The definition of what 
constitutes an associative contex t remains broac.1, but typically includes al least one 
of the following qualities: (l) unpredictable prediction of the US: (2) longer 
duration rhan a common discrete CS: and (3) complex, muJtimodal features. 
Contexts have been operationalized in numerous ways in laboratory task~ 
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including the experimental setting i tself, a virtual reality selling, pictures of rooms, 
and simple cues with an unpredictable US association (e.g .• Alvarez et al. 201 l ; 
Armony and Dolan 2001; Bouton et al. 2006; Glenn et al. 20 14; Gtillon 2002; 
Etfting and Kindt 2007; Neumann et al. 2007). 

2.4.1 Do PTSD Patients Have Altered Contextual Fear Learning? 

There is substantial research on contex tual fea r learning in animal models of PTSD 
(e.g., Daskalakis et al. 2013), though laboratory research on tontextual learning io 
PTSD patients remai ns limjted. E levated startle response to unpredictable contex­
tual threat has been found in PTSD patients (Grillon et al. 2009a, b). This finding 
suggests that PTSD patients may have elevated sensitivity to unpredictab le threat, 
which contributes to sustained tonic "ilJlxiety1' responding, associated with activity 
in the bed nucleus of the stria terminalis (Walker et a l. 2003). 

Successful fear Jeamjng about multimodaJ contextual features depends upon 
configural processing i_n which a single coo:figural representation binds together 
numerous co-occurring contextual elements (e.g., Rudy et aL 2004). Configural 
representation is a hippocampus-dependent learning process suppo11ing identifica­
tion of whether a context is similar ("pattern completion") or dissimilar ("pattern 
separation") to a previously encountered context. f mpaired connguraJ processing of 
a rraumatic context has been theoLized to contribute to contexcual overgeneraliza­
tioo of fear experienced in PTSD (Acheson et al. 20 L2a, b; Glenn eta!. 2014). Few, 
if any. stuilies have directly examined configura1 fear learn ing processes in PTSD 
patients. A fear conditioning study using two-dimens ional images of 
similar-looking rooms as distinct contexts found that PTSD patients demonstrated 
poorer differentiation than healthy controls between threat versus safe contexts in 
contingeocy ratings (Steiger et a l. 2015). The authors note that the contextual 
stimuli used in this study were re latively simple static photographs of rooms 
(hallway, library) so contextual differentiation in this task may not have req uired 
configuraJ processing. For example, it would have been possible to distinguish 
between contexts by attending to a single contextual element (the presence or 
absence of books on the walls) without considering the overall configurations , 
meaning that this task did not necessarily evaluate hippocampus-dependenl con­
textual fear lea.ming deficits in PTSD. Configural learning deficilS have been found 
in PTSD combat veterans. and their non-trauma exposed twi ns relative to 
non-PTSD combat veterans (Gilbet1son et a l. 2007), though this study utilized a 
"cube and paper test'' which did not examfoe contextual leamfog in re lation to fear 
cooilition ing. 

PTSD patients have been shown to exhibit deficient extinction of contextual fear 
(Steiger et al. 2015). There is an extensive literature on contex tual modulation of 
extinction and return of fear in patients with anxiety disorders (e.g .. Vervliet et al. 
20 I 3) and some evidence of altered contextual modulation of extinction in PTSD 
patients (Rougemont-Bi.icking el al. 2011 ). 
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2.4.2 Do PTSD Patients Have Altered Generalization of Fear? 

Generalizatio11 of fear ·is U1e process whereby conditioned fear responding occurs 
not only to stimuli directly associated with the US, bur also to stimuli similar Lo the 
CS (e.g., Dunsmoor and Paz 2015; Dymond et al. 2014). Fear generalization is a 
particularly relevant process for PTSD as much of the fear experienced by PTSD 
patients is triggered by encountering genernli7,ation stimuli (GS) which act as 
reminders of the trauma due to similarity to the original conditional stimuli, rather 
than through encountering the actual stimuli directly involved in the trauma. 
Laboratory assessment of fear generalization typically includes two phases: ( l) <J 

standard differential fear conditioning phase involving both a CS+ repeatedly 
predictive of aD aversive US and a CS- never paired with the US and (2) a gen­
eralization test measuring responding to GSs with varying levels of simiJarity or 
relatedness to the CS+. The CS+ and CS- in generalization tasks commonly differ 
along a particular observable gradient, such as size or color (e.g., small circle/large 
circle, black square/white square), but there bas been extensjve research on 
non-perceptual forms of generalization as well including category-based, semantic, 
and symbolic fear geoeraLization I for reviews see Dunsmoor and Paz (2015), and 
Dymond et al. (20 l 4 )]. Through such methodology, a generalization gradient js 
generated, incLicating the extent to whjch strong conditional responcliog occurs only 
to GSs very similar to the CS+ (steep gradient) versus responding to GSs with high 
and low CS+ similarity (shaJlow gradient). 

Despite a robust literature on fear generalization and a sound rheoretical basis for 
Lbe relevance of generalization to PTSD. laboratory research on fear generalization 
in PTSD patients is extremely limited. Relative to healthy controls, PTSD patienLs 
as well as panic disorder and generalized anxiety disorder patients show shallow 
fear generalization gradients, indicating overgeneralization of conditioned fear 
(Lissek et al. 20 10, 2014a: Lissek and van Meurs 20 14). These data a.re in line with 
findings that subjects wilh PTSD do not show physiological disc1imination between 
CS+ and CS- cues. even though they report contingency awareness perfectly 
accurately (Acheson et al 2015b; Jovanovic et al. 20 l2). 1l1is deficit in "automatic" 
fear discrimination between safe and threat cues appears to be specific lo PTSD 
symptoms compared to generalized anxiety or depression symptoms (Acheson et al. 
2015b). Thus, pharmacological enhancement of cue discrimination may be an 
effective strategy for a number of anxiety disorders. not jus t PTSD. 

Recent neural models of fear generalization identify hippocampal substrates 
involved in both pattern completion (CA3 region, involved in recognizing a GS as 
simjlar to previously encountered CS+) and pattern separation (i.e., dentate gyrus. 
involved in recognizing a GS as dissimilar from previously encountered CS+), 
while subregions of the central and lateral amygdula, tbe bed nucleus of the sbia 
terminaLis, and the venlromedjaJ prefrontral cortex have been implicated in 
expression of generalized fear (Besnard and Sn.hay 2015; Dunsmoor and Paz 2015: 
Lissek et al. 2014b). lt is noteworthy that models of pattern completion and sep­
aration in fear generalization are sim.i lar to hippocampus-cenlered models of con­
textual fear learning (K11eirbek et al. 20 12; Rudy et al. 2004). Con.figural learning is 
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thought to encode complex, multimodal fea tures of the trauma environment., 
however, while the Lenn fear generalization is typically used in relation to dis­
crimination across relatively simple stimulus gradients. Greater generalization of 
simple stimuli may be expected when configural learning of contextual information 
is impaired such that context learning must be learned through elemental repre­
sentation, a learn ing process in which individual contextual elements are not bound 
together but independently associated with the negative outcome (Maren et aJ. 
J 997; Rudy et al. 2004). 

2.4.3 Are Contextual Fear Learning and Fear Generalization 
Processes Sensitive to Drugs that Are Effective for PTSD'? 

No research to date has examined drng effects on contextual fear learning or fear 
generalization prncesses in PTSD patients, though preliminary experimentaJ 
research suggests that acu te glucose consumption may enhance retention of dif­
ferential configural fear learning (Glenn et al. 2014). In heaJthy subjects, acute 
administration of I mg of the benzodiazepine alprazolam reduced sustained startle 
responding in both predictable and unpredictable "context" periods, but did not 
alter responding to discrete cues associated with predictable and unpredictable 
threat (Grillon et al. 2006). These findings tentatively suggest rhat acute beazodi­
azepi11e admi nistration might reduce sustained contextual anxiety in PTSD patients, 
though they do not indicate treatment effects fo r sensitivj1y lo unpredictable threat. 

Findings from animal research are mjxed regarding medication effects on con­
textual fear learning. One recent review concludes that both acute and chronic SSRI 
adminislration reduce plasticity in the hjppocarnpus and decrease expression of 
contextual fear learning (Burghardt and Bauer 20 13), while another review suggests 
that chronic antidepressant administration enhances configural learning processes 
through promotion of neurogenesis in rhe dentate gyrus (Castreo and Hen 20 13). 
Given the involvement of pattern separati on and pattern completion in both fear 
generalization and contextual fear learning, there is reason to expect that drugs 
promoting neurogenesis in the dentate gyrus might be used to both improve con­
fi.gural learning of contextual information and decrease overgeneralization of feared 
stimuli in PTSD patients (Besnard and Sahay 20 15; Castren and Hen 20 13). No 
research has directly examined drug modulation of contextual fear extinction in 
PTSD. though it has been argued that DCS promotes contextual safety learning 
(VervJjet 2008; Woods and Bouton 2006). Theoretically, drugs Lhat improve pattern 
completion and separation could be used prophylactically during or immediately 
following trauma to improve specificity of learning and prevent overgeneralization 
of contextual or discrete fear (Glenn et al. 2014). Conversely, such drugs may be 
contraindicated for use iu conjunction with exposure therapy for PTSD and other 
anxiety disorders given concerns that greater contextual specificity of fear extinc­
tion learning increases Lhe probability of contextually mediated renewal of fear 
(Bouton et al. 2006: Vervliet et al. 2013). 
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2.5 Practical Considerations Wizen Using Learned Fear 
Processes as a Marker of Drug Efficacy 

Because fear conclitioning involves active learning, consolidation, and recall, 
treatment regimens will have c1itical consequences on how drug effects can be 
interpreted. Whether a treatment is hypothesized to block fear consolidation (i.e., 
potential utility as prophylactic) versus simply block fear expression (i.e., thera­
peutic utility) is a key component to appropriate study design. Sub-chronic or 
chronic dosing regimens are the norm for initial early phase studies. Animal studies 
of when the drug is most effective. either at blocking fear conditioning or at 
expression, are critical in planning interpretable fear conditioning studies across the 
dosing timeline (e.g., condition before or during dosing to test drug effects on 
expression versus conditioning, respectively). There is a s imilar issue for studies of 
extinction, with a note of caution from our own studies on oxytocia effects on 
extinction. To test the effects of oxytocin on extinction, we employed a common 
2-day protocol; on the first day, fear conditioning was followed by drug treatment 
and subsequent extinction training trials, witb the fear recall test 24 h later. We 
found a significant increase in extinction recall in the oxytocin group (i.e., Jess 
fear than placebo), suggesting a potential enhancement of extinction encoding/ 
consolidation (Acheson et al. 20 13). A recent study using fMRI with a very similar 
1-day design of fear c011ditioning being followed by treatment and extinction 
training confirmed that within-session extinction could be enhanced by pretraining 
oxytocin (Eckstein et al. 20 14). These findings supported subsequent examination 
of oxytocin to enhance extinction-based therapy. However, a preliminary study we 
conducted in spider phobia subjects indicated that oxytocin treatment has the 
opposite effect than expected, and it interfered with exposure therapy effects, with 
placebo treated subjects exhibiting better long-term reductions in phobia symptoms 
than the oxytocin-treated subjects (Acheson et al. 2015a). lt is not clear wbet11er this 
lack of translation is due to a potential design problem in the exposure therapy t:riaJ , 
including too short an exposure regimen (1 session), or whether our interpretation 
of oxytocin effects in laboratory-based tasks was eLToneous. An alternate inter­
pretation is that oxytocin treatment, administered soon after fear conditioning, could 
instead have disrupted consolidation of the fear memory (Acheson and Risbrough 
2015). Thus, what was interpreted as effects on iroprovjng extinction training/recall 
may have actually been interfered with fear consolidation , and only a test design in 
which conditioning and extinction are separated more widely in time (i.e., 24 h) can 
be sure of the correct interpretation. A 3-day design, with conditjonjng, extinction, 
and recall on separate days, is of course more difficult in terms of retraining sub­
jects; however, such a design will greatly enhance accurate interpretation. 

An additional concern in terms of drugs effects on fear extinction is whether 
inhibitory learning processes are exped ited (i.e., faster redaction in fear) or made 
more robust to relapse. It has recently been noted that in exposure lherapy, the extent 
to which reductions in fear are long-lasting and resistant to relapse may be of greater 
c llnical value than the sheer magnitude of decrease in fear (Vervliet et aJ. 2013). 
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This same consideration should be given to evaluating drugs targeting fear extinc­
tion, with designs thul incorporare assessment of long-term recaJI and resistance to 
return of fear_ 

3 Summary 

In conclusion, the use of laborato1y-basecl measures of fear processes has otf ered 
the promise of exciting new targets for PTSD_ Although tl1e field continues to have 
gaps between findings in laboratory-based fear and effects in exposurn-basecl 
Lherapy (e_g., DCS and oxytocin), parallel work in betLer defining DCS effects on 
fear processes and how these effects might both impede and facilitate exposure are 
currently underway. Using laboratory measures of fear learning processes to predict 
u-eatment response in patients is also potential evolution of the utility of fear-based 
tasks in infonuing treatment approaches. As discussed above, careful evaluation of 
study design and treatment approaches within the fear learning/extinction contin­
uum will be critical in early-phase proof-of-concept studies. Designing studies with 
assessment of long-term recall/resistance to reinstatement will also be c1itical in 
evaluating drug effects either on fear consolidation (inhjbitory) or on fear extinction 
(enhancement or improved generali zation) for the chances of efficacy in the clinic. 
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BACKGROUND: Neuropeptide (NPY) is abundant in mammals, where it contributes to 
diverse functions centrally and peripherally. Its wide brain distribution provides a 
plausible substrate for its relevance to stress. Despite an increasing interest in NPY as 
a moderator of stress in humans, the extent to which plasma and cerebrospinal fluid 
NPY concentrations are accurate reflections of each other is poorly understood. 

OBJECTIVES: The objective of this study is to more thoroughly characterize NPY 
CSF/plasma concentration relationships. 

METHODS AND RES UL TS: Eleven healthy male civi lian study volunteers participated 
in a 24-h serial CSF and plasma sampling study. All met study inclusion criteria based 
on physical examination, mental health (DSM-IV) interviews. At BAM the morning after 
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admission, a catheter was 
inserted via a 17-gauge Touhy 
needle into the L4-L5 lumbar 
space. Between 11 AM on day 
one CSF (and plasma, from 
an indwelling venous catheter) 
were collected. All fluids were 
stored at -so0 c until assay of 
(hourly) samples. As observed 
in prior studies, group mean 
(SE) CSF NPY (cNPY) levels 
[792.1 (7.80) pg/ml] were 
higher than plasma (pNPY) 
levels [220.0 (3.63) pg/ml]. 
Lagged cross-correlation 
(CFF) analysis showed no 
statistically significant cross­
correlations between cNPY 
and pNPY at the p ~ .05 level 
[see Figure]. Average 
pNPY/cNPY concentration 
ratios ranged from .20 to .40 

across study subjects. The pNPY/cNPY ratios appear to be individual specific and 
consistent across the 24-h time period. cNPY circadian components were not 



detectable owing to a large positive linear trend. 

CONCLUSIONS: These findings suggest that interpretation of the physiological 
significance of plasma NPY concentrations in human NPY stress or resilience studies 
must account for the lack of correlation between plasma and CSF NPY concentrations. 



NPY: Low Cerebrospinal Fluid (CSF) Levels in Posttraumatic Stress Disorder in 
Comparison to Combat and Civilian, non-combat Control Subjects 
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BACKGROUND: The NPY system is associated with behavioral resilience to stress 
exposure in an animal model of Posttraumatic Stress Disorder (PTSD); its role in the 
humans with PTSD is being explored. 

OBJECTIVES: The key objective of this 24-hour serial CSF study of NPY in PTSD was 
to replicate and expand upon a prior single time point PTSD study showing low CSF 
NPY, by evaluating basal 24-h NPY concentrations across three study groups, civilian 
volunteers and combatants of the Iraq and Afghanistan conflicts with and without PTSD. 

METHODS AND RESULTS: Participants were 26 age-matched , males, 12 with PTSD, 
14 healthy deployed and 11 civilians. After CSF catheter insertion, beginning at 11AM 
on study day one, CSF was collected every half hour for 24-h from an indwelling CSF 
catheter, as was plasma from a venous catheter. Fluids were stored at -so0 c until 
assay. Group demographic comparisons using FDR-adjusted p-values showed no 
statistically significant differences across study groups regard age or BMI. Using linear 
mixed-effect models, differences in NPY-CSF concentrations were statistically 
significant [p-value for existence of group effect 0.0234; the difference in levels between 
healthy civilian volunteers and PTSD subjects was statistically significant (p = 0.012) but 
deployed healthy subjects were not statistically significantly different from either of the 

o ~ N::r>CG!r.o:n Cor1rol 
~ - CD<l"Cs Crr<ra' 

....- PfSti 

0 

"' co 

NPY in CSF other two groups]. Additionally, 
cNPY increased at an estimated 
rate of 5.5 pg/mUhour (p <0.0001) 
but tests for interaction showed no 
statistically significant differences 
in the linear trends among the 
three subject groups. 

11AM IPM 3PtA &Pl.I IPM DPM llPl.l t~M 3AM SAM 7AM 9A"I I I~ 

CONCLUSIONS: These 
findings suggest that NPY may be 
involved in behavioral resilience to 
stress in humans, thus may be a 
good target for interventions for 
prevention or early intervention . 

Time (h) 





Prospective assessment of psychophysiological risk factors for PTSD 

Risbrough V; Baker D, Nievergelt C; Litz 8 ; Nash W; Perez J; Geyer M 

University of California San Diego; National Center for PTSD, Boston VA 

Rationale/Statement of the Problem: There is an urgent need to develop biological and 
behavioral predictors of PTSD risk/resilience in indtviduats with high trauma exposure such as 
active duty military. First we will briefly review psychophysiological risk factors for PTSD. 
Second we will describe preliminary data from a prospective study of active duty Marines 
examining psychophysiological responses before and after deployment to Iraq or Afghanistan. 
Third we will discuss our cross-species work in animal models of PTSD risk/resilience to inform 
these study findings. 

Methods: This study was conducted as part of a 4 hr battery (clinical, psychosocial, laboratory 
and psychophysiological assessments) conducted both before. and 3 mo and 6 mo after 
deployment (Marine Resiliency Study) in >2500 Marines. Here we examined (1) effect of 
deployment overall on physiological reactivity measures on baseline startle, prepulse inhibition 
and affective modulation of startle). and (2), comparison of pre-deployment startle reactivity 
across subjects matched for combat exposure with and without PTSD symptoms 3 mo post­
deployment. 

Results: We observed small but significant increases in baseline startle and increases in 
prepulse inhibition after deployment. Startle potentiation to aversive images was also 
significantly increased after deployment. Importantly, baseline startle magnitude before 
deployment was significantly greater in subjects that went on to develop PTSD symptoms after 
deployment compared to their combat-matched controls. 

Conclusions: These results support previous reports suggesting that startle reactivity may 
probe trait biologica l processes that confer risk for PTSD symptoms. To complement these 
findings we (1) are conducting a similar prospective study to determine if fear conditioning and 
extinction performance predicts deployment-related stress disorders and (2) have developed a 
homologous rodent model to aid identification of potential epigenetic mechanisms underlying 
psychophysiological and fear processing risk factors. 



agnetoencephalography (MEG) source imaging 
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The genera io_ra-0f:-ME<Fsigna 

Neuronal currents in axons and 
dendrites 

Presynaptic 

-G---+-7'---

~. 
Action potentials: 

Fast: no/little 
temporal 
summation 

Cancellation: fields 
diminish rapidly 

Postsynaptic 

uronal furrent in gray-matter n~ns · 

Parallel dendrites 

; 

Pyramidal cells: parallel orientation 
=> spatial summation 





~ 
MEG's - ~ers-pmialiueal~ati.o.n ccurac (2-3 rrun}-th~h 

- - - -
density EEG (in cm) is due to MEG's insensitivity to 

conductivity profile of the head tissues 



Non-invasive MEG Technique with 1 ms Temporal Resolution and several 

~========~n1ttai-Ke~l~u~t-~1o~n~i~n~Cortex ~~ 
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Earth's steady field 

Thermal noise of the bod 
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0.001 0.01 0.i 1 10 100 1000 

Frequency (Hz) 

MEG SQUID Sensor Array 

Installed at UCSD 

Shielding 
factors: 

0.01 Hz: 65dB 

0.1 Hz: 73dB 

1 Hz: 108dB 

10Hz: 160dB 

Elekta/Neuromag VectorView Whole Head MEG System with 
306 Channels at the UCSD MEG Center 
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~~~ff~n referrea~ir1visi!UeJnju[ies;_Q_eJectim-g:MilCI T-BI is 
Challenging using Conventional Neuroimaging Methods 

• Traumatic brain injury (TBI) is a leading cause of sustained 
impairment in veterans, military personnel, and civilian 
populations. 

Mild TBI (mTBI): injuries are difficult to detect (injuries 
visible on only io% of conventional MRis or CTs) . 

Axonal injury is a leading factor in mTBI. Conventional CT 
and MRI are mainly sensitive to blood product, and less 
sensitive to axonal damage itself, hence they underestimate 
tl1e prese11ce of axo11al iI1jury, especially in mild Till cases. 

• Injured brain tissues in mTBI patients generate 
pdll1ologicdl slow-wave n1ag11etic sig11al tl1at ca11 be 
measured and localized by MEG (Lewine et al., i999, 2007). 

Integrate gray-matter MEG slow-wave with white-matter 
diffusion tensor imaging (DTI) findings in mTBI (Huang et 
al., 2009) 

Mild TBI: CT and MRI 

• Negative 

• Positive 
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Abnorma _.esting.-s. EG Slow-waves in gray-m~~ (~. 

- aves) are Characteristics of e lo-gical Injuries in the Brain, 

•Stroke 

•Brain tumor 

•Epilepsy 

•Traumatic brain 

resulting from axonal injury 
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hat is the neurophysiology for resting-state 
MEG slow-wave generation (1-4 Hz) in TBI? 

Animal studies in cats revealed the slow-wave (delta­
band i-4Hz) were due to De-afferentation in gray­
matter, caused by axonal lesions in white matter 
(Gloor et al., Neurology, i977; Ball et al., 
Electroencephalogr. Clin. Neurophysiol., i977). 

Is it possible that abnormal MEG slow-waves in mTBI 
patients are also due to de-afferentation from axonal 
injury? 

Our MEG-DTI integration study examines slow-wave 
in gray-matter and axonal injury in white matter 
(Huang et al., Journal of Neurotrauma, 2009) 



Tensor Imaging (DJI) 
~ is an MR imaging technique based on the Brownian 7notion of water 

through tissues 
• It measures how easy that water molecules move along the direction of 

white matter fibers versus the directions perpendicular to the fibers. 
• TBI causes tissue shearing in the white matter fibers that leads to reduction 

of DTI signal. 

Dxx Dxy Dxz 
D= Dyx Dyy Dyz 

Dzx Dzy Dzz 

FA= ~3[(~ - I)+ (Ai -I)+ (Ai -IJ] 
~2(~ +A-; + ~ ) 



MEG-DTI 'nd.i1ag.s-in Mild TBI due to Sport-relate~~e 
1story: 17-year old football player, 3 mTBls. Symptom-s:-prog-ressive headaches. 

dizziness, extreme fatigue while performing any mental task, altered sleep, 
memory problems, changes in speech. 
Evaluation: Multiple CT & MRI scans negative. 

rs-MEG results show abnormal slow-waves generated from 
two regions in a TBI patient: 1) left column -- left lateral 
superior-posterior temporal region , 2) right column --- right 
inferior-temporal areas. Color threshold p<0.01 . 

Huang et al. , J Newotrauma. 2009 Aug;26(8):1213-1226. 

Left column: coronal and axial view show abnormal 
DTI in superior-posterior temporal lobe of the left 
hemisphere in a TBI patient. Right column: abnormal 
DTI in inferior-temporal lobe as part of the inferior 
longitudinal fasciculus of the right hemisphere. 
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Exam· ·n9=tlie:Positive Detection R ter1>f --Mild TBI using resting-state MEG 

• Resting-state MEG data (spontaneous recording with eyes­
closed for slow-wave detection) were collected using the 
Elel<ta-N euromag Vector View whole-head MEG system. 

• Group I contains 23 mild TBI patients whose injuries were 
caused by blast, all with PCS; 

• Group 2 contains the 22 mild TBI were injured with non­
blast causes (i.e., motor vehicle accident, sports, and fall) , 
all with PCS 

Group 3 contains io moderate TBI that were not blast­
related, all with PCS. 

• Group 4 contains 44 age-matched healthy control subjects. 

Huang et al. , Neurolmage, 2012, 61 (4):1067-1082. 



~~ 
~~G=Slow-wave Source lmC!gj.ng---~ 

;..---

Resting-state MEG data were analyzed using our new improved frequency­
do1nain VESTAL method to obtain the source images for the low-frequency 
range (1-4Hz). Normative Database from healthy control subjects were used to 
detect abnormal slow-wave generation in TBI patients. 
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~ 
MEG Slo -wav.e_ectsit ive Detection Ra_~or-'1"81 
~ positive-finding rates for different TBI groups were -calculateCl-at the threshold of oo/o 
- false-positive rate in healthy control subjects. 

;r In the mild TBI group caused by blast, the MEG positive-finding rates was 96%. 
~In the mild TBI group with non-blast causes, the MEG positive-finding rates was 77%. 

,. In the moderate TBI group, the MEG positive-finding rate was 100%. 

-, In the combined mild TBI group (blast+non-blast), the MEG positive-finding rates was 87%. 
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..... 

concussive Symptoms 

Nslow-wave sum is significantly correlated with 
Nrcs sum (r=+o.27, p<o.os) in SS TBI patients 

Regarding Individual PCS, Nslow-wave sum 

significantly correlated with Personality 
Changes (e.g., social problems) (r=+o.32, 
p<o.os), Apathy, (r=+o.36, p<o.01), and 
other visual difficulties (r=+o.27, p<o.os). 

Huang et al. , Neurolmage, 2012, 61(4):1067-1082. 



~ Positive-detection Rates: MEG slow­
waves in TBI patients has 87% positive­
finding rate in lllild TBI and 100% for 
llloderate TBI groups. 

Mild TBI: MEG 

• Negative 

• Positive 

)l> MEG slow-wave findings correlate with ~----~ 
post-concussive sylllptollls 

Huang et al. , Neurolmage, 2012, 61(4):1067-1082. 



~~J-Ag=M-E&sOO+ce imagirig mark~o.~P~ 
Study I 

Resting-state MEG recording with eyes-closed 

44 Healthy Controls 

21 Veterans diagnosed with PTSD (CAPS total: 53-
92) 

MEG source iITiaging for gaITIITia band activity (30-

100 Hz) 



F~QL~boeacLSource Amplitude lma~~2f B~ 
ythms for Different Frequency-Banas-since German 

Physiologist Hans Berger in 1924? 

Whole brain rs-MEG source-amplitude images averaged fro1n 41healthy subjects in 
-152 atlas coordinates from Fast-VESTAL in alpha (first row), beta (second row), 

ga1mna (third row), and low-frequency (delta plus theta, fourth row) bands. 
Huang et al., Neurolmage, In press 



mma-band hyper- and ypo--ac rv1f 1es in PTSD 
vs healthy controls {t-test, corrected p<.01) 

•Hyper-activity: L-R Amygdala; Anterior cingulate; R insular cortex; R 
frontal; R temporal lobe 
•Hypo-activity: inferior medial frontal lobe 



Jd=a~e10pir)g MEG source~k§" for 
PTSD: Study II 

Resting-state MEG recording with eyes-closed 

• 38 EOD Marines with CAPS total: 0-75 

• Colllpute correlation between MEG source 
illlaging for galllllla band activity (30-100 Hz) and 
CAPS total score 



Positive and Negative ·correlations between MEG gamma­
band activity with CAPS Total Score (corrected p<.01) 

•Positive correlations: LAmygdala; Anterior cingulate; R frontal ; R temporal 
lobe; R parietal areas 
•Negative correlation: inferior medial frontal lobe; L parietal area 



~ 
~ttm-mary: MEG Ga~~fe~ 

Network imaging marker for PTSD 

In Veterans with PTSD, MEG ga111111a-band source 
i111aging showed hy-per-activity in a111ygdala, ACC, 
and other regions in fear networl<, but hypo-activity 
in inferior Illedial frontal lobe. 

In EOD Marines, MEG ga111111a-band activity in L 
a111ygdala, ACC, and other regions showed positive 
correlation with CAPS total score, but inferior 
Inedial frontal lobe showed negative correlation 
with CAPS total score. 
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UCSD Metabolomics Overview 

Blood I Urine I Tissue 
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MRSll-Study design 

128 
Unaffected 

Pre­
deployment 

Subjects 

VO 
-1 month 

Pre-deployment 

Combat 
Deployment 

in Iraq or 
Afghanistan 

- 7 month 
Deployment 

Phenotype: based on CAPS 

53 
PTSD 

V2 
-3 months 

Post-deployment 

52 
PTSD 

V3 
-6 months 

Post-deployment 

~ ~~ 
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Metabolomic Diagnosis of PTSD-
Partia1 Least Squares Discriminant Analysis (PLSDA) 
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Metabolomic Diagnosis of TBI 
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Metabolomic Assessment of 
PTSD Risk Before Deployment 
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Metabolomic Risk Stratification for PTSD 
(US Data for Deployment to Middle East Theaters*) 

50-70°/o 
Develop 
PTSD 

~ 90o/o 
Develop 
PT 

*Calculations based on 
an a priori risk of 20°/o 

PTSD Risk 
Group 

• Low 

• Med 

• High 

S 10°/o 
Develop 
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Metabolomic Features of PTSD­
Pathway Enrichment Analysis 
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Metabolomic Features of TBl­
Pathway Enrichment Analysis 

TBI PTSD 
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Pathways Enriched in Predeployment 
Marines Who Later Develop PTSD 
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Predictive Pathways 
1. Phospholipids and Sphingolipids 
2. 1-Carbon Metabolism 

Formate, Glycine/Serine, methylation 
3. Neurotransmitter synthesis 

Catacholamines, Serotonin, 
Glutamate, GABA 

4. Purinergic Signaling 
5. Urea/NO Cycle 
6. Vitamin metabolism 

86, Thiamine, Folate, 812 
7. Glutathione, Cysteine, Methionine 

UCSD 



Conclusions NextGen Metabolomics 
Interim Analysis of MRSll Samples 

• Diagnosis of PTSD 
» 20 metabolite biomarker signature 

• Diagnosis of TBI 
» 24 metabolite biomarker signature 

• Predeployment Risk of PTSD 
» 30 metabolites biomarker signature predicts risk 

» Stratifies Marines into Low, Medium, and High-risk groups 

• Low: < 10% 

• Medium: 50-70% 

• High: > 90% 
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CRP as Predictor of PTSD Risk 
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Inflammation 

•!•Inflammation is associated with: 
~ Metabolic syndrome 
~ Atherosclerotic cardiovascular disease 
~ Depression 
~ Decreased Heart rate variability 

•!• PTSD is associated with: 
~ Metabolic syndrome 
~ Atherosclerotic cardiovascular disease 
> Depression 
~ Decreased Heart rate variability 
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Trauma and Inflammation 

•!•Studies support an association between trauma exposure 
with increased peripheral inflammation 

•!• O'Donovan A, Neylan TC, Metzler T, Cohen BE (2012) 
~ Prospective study of patients with stable CVD (n=979) 
~ Inflammation was indexed by a composite score incorporating 

the inflammatory markers interleukin-6 (IL-6), tumor necrosis 
factor-a (TNF-a), C-reactive protein (CRP) and resistin. 

~ Higher trauma exposure was associated with elevated 
inflammation at baseline (~=.09, p=.01) and 

at five-year follow-up (~=.09, p=.03). 
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PTSD and Inflammation 

•!•Observational studies largely support an association of 
post-traumatic stress disorder with increased peripheral 
inflammation 

•!• Spitzer C, Barnow S, Volzke H, et al (2010) 
)- Cross sectional study; 3049 adults living in the community 
)- PTSD positive participants had significantly higher odds for 

elevated CRP values than those without PTSD (OR=2.27; 95o/o 
Cl: 1.32-3.93). 

!•Heath NM, Chesney SA, Gerhart JI , et al (2013) 
)- Cross sectional study; 139 urban women who have a high 

likelihood for having experienced interpersonal violence 
)- Individuals who experience clinical levels of PTSD exhibited 

higher CRP levels, and this relationship held after adjusting for 
comorbid depression 



PTSD and Inflammation 

•!•Observational studies largely support an association of 
post-traumatic stress disorder with increased peripheral 
inflammation 

•!• Plantinga L, Bremner JD, Miller AH, et al (2013) 
> 238 male middle-aged military veteran twin pairs (476 

individuals), selected from the Vietnam Era Twins Registry 
·~ 12.4°/o of participants had a lifetime history of PTSD 
~ Assessed inflammation using multiple measures including levels 

of high-sensitivity C-reactive protein (hsCRP) 
> Elevated hsCRP associated with PTSD, and the association 

may be confounded by shared non-genetic, antecedent familial 
and environmental factors 

~ - (i) 
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Translational Study: PTSD and Inflammation 

•!•Findings suggest possible functional relevance of TLR9 in 
protecting stressed mammals from overreacting to 
traumatic experiences 

•!• Zimmerman G, Shaltiel G, Barbash S, et al (2012) 
~ Cross sectional study; 37 PTSD/37 Control Subjects: Association 

of serum interleukin-1 ~increases with symptoms severity and 
volumetric brain changes in post-traumatic stress disorder 
patients 

~ Manipulated both inflammation and anxiety in predator 
scent-stressed mice by peripheral administration of both 
mEN101 and BL-7040, which emerged as selective TLR9-
mediating activators of an alternative NFkB pathway 

~ Suggest that moderate activation of TLR9 suppresses peripheral 
levels of brain penetrating cytokines and minimizes the 
behavioral consequences of acute stress exposure 

LICSD 



Marine Resiliency Study 

•!•Marine Resiliency Study (MRS) is a prospective (from 2008) 
field study of approximately 2,600 Marines and Sailors 
deployed to Iraq or Afghanistan 

Pre-Deployment 

Visit 0 

N = 2593 

Post-Deployment 
1 week 3 months 6 months 
\/isit 1 \/isit 2 \/isit 3 

N = 2231 N = 1198 N = 1645 

< 
UCSD 



MRS Data Sources 

Psychological assessments 

Historical 
• Self-report questionnaires 
Neuropsychological 
• Neurocognitive performance 
Psychiatric and medical 
• Clinica l interviews 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Hemodynamics 
• Pulse and blood pressure 
Imaging 
• MEG/DTI 
Psychophysiology 
• Startle reactivity, Fear 
learning and extinction 

MRS 
Secure database 

<---
Genomics 

• GWAS (complete data) 
• Methylome (subset) 
• Epigenome (subset) 

Career History Archival 
Medical and Personnel 

System database 

Military archives 
• Med ical diagnoses 
• Hospital izations 
• Outpatient healthcare visits 
• Duty status 
• Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
• Saliva 
•Urine 
•DNA / RNA 



ZINB Distribution 

• CAPS total score is not a normally distributed trait in MRS. The trait cannot 
simply be transformed to normality because there are too many zero value 
scores 

• Zero inflated negative binomial (ZINS) distribution: ZINBR best statistical 
model 

Histogram of CAPS score at V2 
600 

500 

400 

N subjects 300 

200 

100 

0 20 40 60 80 100 120 140 

CAPS total score CE 



Is a proxy for inflammation (CRP) a Risk Factor for PTSD? 

Plasma CRP level 

Pre-deployment 
PTSD symptoms 

Cohort (Battalion) 

Pre-deployment 

A Prospective Analysis 

Combat-relate 

3-months post­

deployment 

PTSD symptoms 

Post-deployment 

Participants: Baseline plasma CRP concentrations were 
included from 2,484 subjects (97.2°/o) and baseline CAPS 
score from 2,533 (99.1%) c~·" < 
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Is a proxy for inflammation (CRP) a Risk Factor for PTSD? 
A Prospective Analysis 

•!• Additional considerations 
~ Potential confounders were selected for inclusion in regression modeling on 

the basis of their univariate association, at a lenient significance threshold of 
p<0.2, with both the outcome (post-deployment CAPS), & predictor of interest 
(plasma CRP concentration). 

_>.. Potential confounders were selected for inclusion in regression modeling on 
the basis of their univariate association, at a lenient significance threshold of 
p<0.2 

~ Confounders considered: Depression (BDl-11), Anxiety (BAI), Alcohol Use 
(AUDIT), Tobacco Use, Body Habitus: baseline waist circumference, body 
mass index (BMI), and blood pressure (BMI), baseline military characteristics 
(history of prior deployment, duration of service, rank) and demographics (age, 
race, education, marital status) 

~ None of these potential confounders met criteria for inclusion in regression 
models 



ZINB model results 

CAPS at visit 2 as predicted under a ZINB model (Eraly et al., under review) 

Zero model I Count model 

Parameter OR 95%CI P value Fold-change 95% Cl P value 
Overall 

P value 

Intercept I o.879 1.527 - 3.800 0 10.892 9.747 - 12.171 0 0 
Cohort 1 I 
Cohort 2 I 0.296 0.183 - 0.479 0.016 0.915 0.809 - 1.035 0.354 0 
Cohort 3 I o.329 0.195 - 0.555 0.035 0.755 0.662 - 0.861 0 0 
Cohort 4 I 0.52 0.292 - 0.928 0 0.97 0.843 - 1.117 0 0 

CAP SO I 1.091 1.075 - 1.119 0 1.02 1.018 -1.023 0 0 
CES I 1.029 1.005 -1.054 0.019 1.009 1.004 -1.014 0.001 0 
PBE I i.011 1.026 -1.131 0 1.039 1.026 -1.053 0 0 

log CRP I i.501 1.153 -1.969 0.003 1.062 0.991-1.138 0.086 0.002 

• For each predictor variable we obtain two sets of coefficients: One for it's 
prediction of zero and another for it's prediction of count 

• CRP was not significantly correlated with baseline CAPS, BDI, or BAI scores (the 
Spearman correlation coefficients and corresponding p values were, respectively: 
0.012, p= 0.536; 0.001, p= 0.954; and -0.001, p= 0.973}, indicating that CRP it is 
not a mediator or proxy for the effects of one of these other predictors on CAPS 

'"'~'"'"""'""" U~D ~ 



Grouping subjects using CAPS DSM-IV diagnosis: 

• As an alternative to modeling based upon raw score, we instead used 
diagnosis to group subjects and use ordered logistic regression to model the 
data 

• There are 3 groups in order of severity: No diagnosis, partial PTSD 
diagnosis (stringent or lenient criteria) , or the DSM-IV based PTSD 
diagnosis 

Quantity of subjects within each CAPS group at V2 
1500 

1000 

500 

0 
No PTSO Ox Partial PTSO Ox Full PTSO Ox 

N=1471 N=277 N=117 

-~ 
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Is a proxy for inflammation (CRP) a Risk Factor for PTSD? 
A Prospective Analysis 

Using the ordered logistic model gives us a similar inference to the ZINBR 

Mean (+/. 2 SEM) adjusted values of 
CRP by CAPS group 

1.4 

1.2 
:::J' -.. 
0) 

E 1.0 -(/) 
(1) 
::> -ro o.a 
> 

0.... 
a::: 
u 0.6 
0 
..-
Ol 

.3 0.4 

0.2 

0.0 
No PTSD Dx Partial PTSD Dx Full PTSD Dx 

CAPS at visit 2 as predicted under an ordered logistic model 

Cohort 2 0.846 0.537 - 1.347 0.475 
Cohort 3 0.514 0.314 - 0.845 0.008 
Cohort 4 0.923 0.552 - 1.553 0.762 

CAP SO 1.053 1.045 - 1.062 0 
CES 1.035 1.019 - 1.051 0 
PBE 1.103 1.058 - 1.151 0 

log CRP 1.3 ~: 1.026 - 1.646 ::::0 .. 029 I 



Conclusions 

•!•Findings suggest that levels of this inflammatory marker 
may predict resilience versus risk for PTSD symptom 
emergence, and thus could have implications for 
preventative interventions 

•!• We report a significant effect of baseline CRP on post-deployment 
PTSD symptom emergence in Marine and Navy combatants 

•!• CRP was not correlated with baseline measures of depression, 
anxiety, or PTSD, indicating that it is not a mediator or proxy for one 
of these other predictors 

In this study, CRP predominantly influenced the likelihood of subjects 
endorsing th~ presence vs. absence of PTSD symptoms rather than 
the extent of symptoms 

~ 
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MRS & MRS-II 

•!•Marine Resiliency Study (MRS) is a prospective (since 
2008) field study of Marines and Sailors deployed to Iraq or 
Afghanistan 

•!• Established with support of Marine Leadership (HQMC) 
•!•Study of predictors of risk and resilience predictors in PTSD 
•!•Currently the only American military project that fully 

conforms to Institute of Medicine Guidelines for combat 
stress studies 

'--sdt 
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Marine Resiliency Study & MRS-II 

MRS: 2008 - 2011 Cohorts 1-4 Data collection complete 

Pre-Deployment Post-Deployment Post Second Deployment 
1 week 3 months 6 months 

Visit 0 Visit 1 Visit 2 Visit 3 Visit4 

7 months 7 months 
-

Index Deployment I Second Deployment 

w \I \1 

N = 2593 N = 2231 N = 1898 N = 1645 N = 203 

MRSll: 2011- 2013 (Pis Baker, Risbrough, Geyer) Cohorts 11-13 

Cohorts 11-12 

Pre-Deployment 

Visit 0 

7 months 

Post-Deployment 
Visit 1 

Index Deployment 

N = 1190 N = 428 plus August 2013 

Cohort 13 (control group) 

No Deployment 

VisitO Visit 1 

7 months 

No Deployment 

N = 195 June 2013 

Timeline and Enrollment 



MRS Data Sources 

Psychological assessm~nts 

Historical 
•Self-report questionnaires 
Neuropsychological 
• Neurocognitive performance 
Psychiatric and medical 
•Clinical interviews 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Hemodynamics 
• Pulse and blood pressure 
Imaging 
• MEG/DTI 
Psychophysiology 
•Startle reactivity, Fear 
learning and extinction 

MRS 
Secure database 

Genomics 

• GWAS (complete data) 
• Methylome (subset) 
• Epigenome (subset) 

Career History Archival 
Medical and Personnel 

System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
•Outpatient healthcare visits 
• Duty status 
•Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
•Saliva 
• Urine 

•DNA/ RNA 



MRSll 2-corner subject selection criteria 

Both cases and controls had to meet the following: 
Had to have "use visit" criteria 1 (index deployment 1; refer to 'Grievance list'). 
Had to do the CAPS at predeployment visit (VO). 
No CAPS DSMIV PTSD Diagnosis at predeployment visit. 
No CAPS partial PTSD stringent diagnosis at predeployment visit. 
CAPS score 39 or lower at predeployment visit. 

Cases additionally had to meet the following: 
Cases had to meet at least one of the following (item 1or2): 
CAPS DSMIV PTSD diagnosis at V2 and/or V3, 
CAPS partial PTSD stringent diagnosis with CAPS score above 39 at V2 and/or V3. 

With the exception of 'Ming' or 'demo 2' project subjects, who if in absence of meeting either of the 
above, needed to meet at least one of the following (item i or ii): 

CAPS partial PTSD stringent diagnosis. 
CAPS partial PTSD lenient diagnosis and CAPS score above 39 at V2 and/or V3. (n=16 subjects 
added). 

177 cases meet these criteria. 

Controls additionally had to meet the following: 
Controls had to meet all of the following items (1 to 4) 
No CAPS DSMIV or partia l PTSD stringent diagnosis at any additional timepoint (V2,V3) 
No CAPS score above 39 at any visit. 
CAPS done at all visits (VO,V2,V3) 

With the exception of 'Ming' control subjects, who only needed at least one post deployment CAPS (n = 21 
added). 

CES >= 20 and/or PBE >= 8 . 
With the exception of 'Ming' control subjects, who were kept even if they did not meet this particular cutoff 
(n= 15 added). 

346 controls meet these criteria. - (j)• ·--<. I 
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Increase in urinary norepinephrine levels over time 

* 45 

* * 
40 

35 

30 

25 

20 N=516 N=484 N=463 

Pre-deployment 3 months post 6 months post-
deployment deployment 

LINEAR MIXED MODEL 

OUTCOME: Norepinephrine levels 

PREDICTORS F-value 

Assessment 54.96 

Age 0.10 

Prior deployment 0.86 

Cohort 3.97 

BMI 0.02 

Ancestry component 1 5.06 

Ancestry component 2 0.01 

Ancestry component 3 0.06 

VA I Defining 
HEALTH EXCELLENCE 
CARE in 1.hc21~1 Ccut111y 

<.0001 

0.749 

0.354 

0.008 

0.891 

0.025 

0.923 

0.801 
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Stress predicts increase in plasma norepinephrine level 

45 COMBAT 

........•........................... ·····~· ·· ... .. 

Pre-deployment 

(N=484) 

3 months post -
deployment 

(N=463) 

6 months post­
deployment 

LINEAR MIXED MODEL 

OUTCOME: D. Norepinephrine 
(pre- to post-deployment) 

PREDICTORS 

Assessment 

Combat stress 

Age 

NE (pre-deployment) 

Cohort 

BMI 

Ancestry component 1 

Ancestry component 2 

Ancestry component 3 

e VA I Defining 
l HEALTH EXCELLENCE 

CARE iu the 2i:.'t Cent my 

F-value 

32.15 <.0001 

15.44 0.000 

1.08 0.298 

0.12 0.730 

17.94 <.0001 

0.12 0.730 

2.60 0.107 

1.18 0.279 

0.75 0.387 

cs;; 
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Changes in salivary cortisol levels over time 

* 
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(522) 

Pre-deployment 

* 

II 

,.. 
.... 

{494) 

3 months post­
deployment 

* 
I 

~ ..... 

(458) 

6 months post­
deployment 

LINEAR MIXED MODEL 

OUTCOME: Cortisol levels 

PREDICTORS F-value 

Assessment 24.38 

Age 1.62 

Cohort 4.04 
Tobacco consumption 1.37 
Alcohol consumption 0.20 
Time of day 90.19 

Ancestry component 1 0.13 

Ancestry component 2 0.41 

Ancestry component 3 1.58 

VA I Defining 
HEALTH EXCELLENCE 
CARE iJJ lhc 21st Ccutury 

p 

<.0001 

0.203 

0.007 

0.242 

0.652 
<.0001 

0.717 

0.520 

0.209 



Sallvary cortlsol changes over time In PTSD cases and controls 

0.08 

0.075 

0.07 -

0.065 

0.06 
Cases(develop PTSD) 

- Controls(No PTSD) 

Overall no significant 
difference between cases 
and controls 

0.055 -1---------~-------~-------~ 
Pre-deployment 3 months post-deployment 6 months post-deployment 

N 

Pre-deployment 

3 months post-deployment 

6 months post-deployment 

controls cases 

346 
338 
317 

176 
156 
141 e VA IDe!inins 

HEALTH EXCELLENCE 
CARE i11lhc21StCcnlu1y 



Acknowledgements 
Marine Resiliency Study 

• Dewleen G. Baker M.D, co-Pl, 
UCSD/CESAMH 

• Mark Geyer Ph.D., Co-I, UCSD 
• Paul Hammer M.D., Co-I, DCoE 
• Gerald Larson Ph.D. , Co-I , NHRC 
• Brett Litz Ph.D., Co-Pl, Boston VA/BU 
• Jennifer Webb-Murphy, Co-I, 

NCCOSC 
• William Nash, Co-Pl, UCSD 
• Caroline Nievergelt, Ph.D., Co-I, 

UCSD 
Daniel O'Connor M.D., Co-I, UCSD 

• Victoria Risbrough Ph.D., Co-I, 
UCSD/CESAMH 
Nicholas Schork Ph.D., Co-I , Scripps 
Institute 

• Jennifer Vasterling, Ph.D., Co-I, 
Boston VA/BU 

• MRS Research Team 

MRI-II 
• Dewleen G. Baker M.D., 

UCSD/CESAMH 
• Mark Geyer Ph.D., Co-I, UCSD 
• Victoria Risbrough Ph.D., Co-I, 

UCSD/CESAMH 
• Caroline Nievergelt, Ph.D., Co-I, 

UCSD/CESAMH 
• Daniel O'Connor M.D., Co-I, UCSD 
• Robert Navaiux M.D., Ph.D. , 

UCSD/CESAMH 
• Richard Hauger M.D., Ph.D., 

UCSD/CESAMH 
• Sarni Ali Ph.D., UCSD 
• Mingxiong Huang Ph.D., UCSD/VA 
• Jennifer Vasterling, Ph.D., Co-I , 

Boston VA/BU 
• Gerald Larson Ph.D., Co-I, NHRC 
• MRS-II Research Team 



MRS Funding 
• Marine Corps 

Acknowledgements 
MRS-II Funding 

• Marine Corps 

• Navy Bureau of Medicine 

• VA Health Services Research and 
Development 

• Administered through Navy Bureau 
of Medicine 

Data Collection Assistance 

• CESAMH 

• NC COSC, San Diego 

u~o @)' 



Acknowledgements 

Special Thanks to the Marine and Sailor Volunteers 

of the 

MRS and MRS-II 



Is Deficient Sensorimotor Gating a Pre­
Existing Factor in Those That Develop 

PTSD After Combat Deployment? 
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PTSD is a Major Public Health Concern 

• > 2.4 Million troops 

deployed to OIF/OEF 

• fV8% PTSD prevalence 

(Hermann et al., 2012) 

• Identifying prospective 

risk/resilience factors 

critical for prevention and 

treatment efforts 
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Sensorimotor Gating: 
Acoustic Prepulse Inhibition 

• Stable, heritable measure 
of "pre-concious" filtering 
processes 

• Brainstem circuit 
modulated by cortical and 
su bcortica I regions 

• Deficient across number 
of psychiatric disorders 
- Unknown role in PTSD 

• Hypothesis: PPI 
performance is 
prospective factor for 
PTSD development 

70 
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Participants with PTSD After Deployment 
have ~ PPI both pre and post deployment 
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High "Trait" PPI Performance Reduces 
Probability of Chronic PTSD 
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High "Trait" PPI Performance Reduces 
Probability of Chronic PTSD 
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Summary/Implications 

• PPI appears related to likelihood of chronic PTSD 
following combat 

• Instead of deficient PPI predicting risk, high PPI 
performance appears to confer resiliency 

- rv 2/3 ~ in predicted probability 

• Future Directions - May be useful endophenotype 
for identification of circuits and pathways 
conferring~ stress resilience 
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PTSD Is a major heallh concern arising 
from the w ars In Iraq and Afghanistan 
Trealmenl/preventlon efforls require an 
understanding or the under1ylng 
neuroblologlcal processes Involved 

• Critical to ID components of PTSD-relaled 
phenotypes lhal are pre-exisllng factors 

Prepulse lnhlbl!ion !PPll 
Measure or sensorimolor gating end pre­
attentlonal Information processing (Geyer 
& Braff, 1987) 
Acoustic ' prepUlse" 30-300 ms before a 
startling stimulus reduces slarlle 
magnitude, possibly 'Jla direction of 
attentional resources toward the prepulse 
creating a "gate• (Swerdlow et al .. 1999) 
We/I-defined neural circuit modulated by 
both subcorllcal and cortical regions 

Deficient In a number of ilisorders, lhough 
role In PTSO currently unclear 
Hypo!hesis· 0encrent sensorirnotor gating 
(I.e .. PPf) Is a pre-existing rector in 
development of PTSD 

Methods 
Data collected as part or the Marine Resiliency 
Study (MRS)! a prospective study of Marines 
deploylng to raq of Afghanistan 

Assessment YOOts 
1 Pre-Deployment 
2. 3 months aftl!f return 
3. 6 months after return 

Measures 
PP/ task (See Acheson et al ., 2012) 

lnlersUmulus Intervals (is~: 30, 60 & 
120ms 

Clinician Admfnfstered PTSD Scale (CAPS) 
Establish PTSD diagnosis 

Deployment Risk and Res/lience lnventory-2 
(DRR/·2) 

Assess deployment-related stress aod 
trauma 

Traumatic Brain Injury (TB/) Interview 
Deployment TBI (defined by LOS or AMS) 

... .. ~ 
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I Sample and Exclusions I 
1,496 Marines and Navy Corpsmen from 
4 separate Infantry Battalions 

143 (9.5%) excluded: poor startle 
response/tecllnfcal problems 
126 (8.4~) excluded : met PTSO 
diagnostic crilerfa pre-deployment 

PTSD Incidence by PPI 
Performance 

PPI With Without 
Performance PTSD PTSD 

Top 25% 5 286 
(1.7%) 

Bottom 75% 41 895 
(4.4%) 

Total Sample 46 1, 181 
(4%) 

x2 = 4.3, p < .04 

Mixed Model Analysis of PPI and Baseline Startle 

c •o 
~ ! 30 

T 

.!l 
&. 20 

£ 
$ •O 

PTSD Effect 
F(1, 1348)=7.74, p < .005 

No Significant Effects 
It = p < .05 

70 

10 

• 

lsleO 

PTSD x lsi Effect 
F(2,5608)=3.56, p < .03 

Block Effect 
F(2,7841)=264.82, p < .0001 

Logistic Regression Analysis 

Predictor {! Wald I! Qd~s Ra11Q 95"{~ Cl (UL - LL} 

Pre-Deployment CAPS .04 12.8 <.001 1.04 1.02 1.06 
Symptom Severity 

Deployment Stress (DRRl-2) .53 6.65 <.01 1.7 1.61 3.39 

Deployment TBI 1.24 12.6 <.001 3.44 1.74 6.8 

Top 25% PPI Performance -1.1 4 5.39 <.02 .32 .123 .837 

Data Analysis 
ff] 
·100-[100 x (mean prepulse lriaVmean startle trial)) 

QRRl-2 Composjte Score 
•Calculated by computing a Z·score for eacti subscale 
and averaging across all 4 subscales 

Combat Experience, Post-Batlle Experience, 
Perceived Threat, Difficull Workingfllving 
Environment 

Mixed Effects Models 
•PPI and Baseline Sterlle 

Fixed Factors: 2 (PTSD) x 3 (Slartre Block or 
Isl) x 3 (Visit) 
Random Factors; Subjects within Bauanon 

Logistic Regression Factors 
··Trait' PPI: average of fsi30 and lslSO across all vlsUs 
•Top QuartJle defmed as 'High Performers' 

•Also pre-deployment symptoms. deployment stress, 
and TB! 
•Bettaijon did not slgnlficanlJy Improve model 

Main Results and Summary 

Mixed Effects Models 
•PPI In No PTSO > PTSD~ across all visits and ISi 
•Overall group difference at bolh 30 and 60 m~ isl 
•No effecl of, or Interactions wilh, Visit 
·No effecl of PTSD on baseline startle or habituation 

Logfslic. Regression 

· Toe quartfle PPI performance appears lo confer 
res1fiency , reducing predicled probabiriUes by -213 
across all levels of the other predictors 

Summarv 

•PP! appears to be related lo the likelihood of 
developing PTSD following combat 
•High PPI performance may represent a pre-existing 
resilience factor In this sample 
•PPI may be a useful endophenotype for rurlher 
invesllgation of biological mediators or resiliency to 
stress injuries 

I Funding 

Navy BUMED, VA HSR&D, 
Marine Corp, NH RC 
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Context: History and Background MRS-II 
•Army Study to Assess Risk and Resilience in Service 
Members (STARRS) 
• Initially established as a suicide prevention study 
• Largest study of active duty military ever established; 5 year study (2011-2014) 
• Expanded to include overall mental health risk and resilience factors as well as 
suicide 

• Marine Corps was included within Army STARRS, but the 
Marine Corps sought a study specific to Marines and Marine 
Corps culture 
• But the power (number of Marines) is too small to 
successfully complete an entirely separate study focused on 

uicide prevention 
The Marine Corps, the National Institutes of Mental Health 

(NIMH), and Army STARRS jointly decided to leverage the 
already existing Marine Resiliency Study as a separate, but 
coordinated study with Army STARRS 



Progress and Development MRS-II 
•Coordination of the Marine and Army STARRS study was 
assigned to Marine Family Behavioral Health Branch, 
HQMC 

• MRS II developed through joint discussions of HQMC, 
NIMH, VA San Diego and UCSD researchers 

• Memorandum of Agreement developed between HQMC 
with NIMH to oversee the conduct of the study. 

Funding for MRS II through Advanced Medical Programs, 
aval Medical Research Center 

•Data collection began Sept 2011 , is ongoing 
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Contact Information 

• HQMC POC: John Hartmann 

•MRS II Pl : 

Program Analyst 
Behavioral Health Branch 
john.hartmann@usmc.mil 
Office 703-784-1272 

Dewleen Baker M.D. 
Research Director, CESAMH 
VA San Diego Healthcare System 
dgbaker@ucsd.edu 
Office: 858-552-8585 ext 2230 
Cell : 513-314-5171 

•Military Liaison: LtCol John Hall (Ret) 
jha9030811@aol.com 
Study Cell: 969-214-5435 



MRS & MRS-II Longitudinal Data Sources 

Psychological and 
Behavioral assessments 

Psychiatric and medical 
•Clinical interviews 
Historical 
•Self-report questionnaires 
Neuropsychological 
•Attention, Memory, Executive 
Function, Reasoning, Social 
Cognition {AMAM & GUR) 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
•Startle threshold and 
habituation, fear 
conditioning and extinction, 
heart rate variability 

Metabolomics 
Imaging {DTl/MEG) 

MRS 
Secure database 

Genomics 

• GWAS {complete data) 

Career History Archival Medical 
and Personnel System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
•Outpatient healthcare visits 
• Duty status 
• Separation date and reason 

Biobank 

Biological samples 
• Blood {whole blood, plasma) 
•Saliva 
•Urine 
•DNA/ RNA 

• Methylome {subset, pre-post) 
• Transcriptome {subset, pre-post) 



MRSll Brief Topics 

• Contribution of deployment-related TBI event and 
post-deployment PTSD 

• Diffusion Tensor Imaging (DTI) and 
Magnetoencephalogram (MEG) findings and 
plans 

Other analyses in process 
• Blood biomarkers - early findings, 

metabolomics 



Deployment-related TBI endorsement was variable 
across deployments, but was high in some battalions 
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Cohort 1 Cohort 2 Cohort 3 Cohort 4 Total 

Combat 
Experience Scale 

Cohort 1 6.5 

Cohort 2 6.9 

Cohort 3 13.2 

Cohort 4 22.7 

Total 12.9 

'VAC,F.rtl<CE~HCE -=- e 
c:>~ ~ , . •·~~~ UCSD .~ 



Marine Resiliency Study Findings 

Association Between Traumatic Brain Injury and 
Risk of Posttraumatic Stress Disorder in Active­
Duty Marines 
Yurgil KA, Barkauskas DA, Vasterling JJ, Nievergelt CM, Larson GE, Schork 
NJ, Litz, BT, Nash WP, Baker DG for Marine Resiliency Study Team 
JAMA Psychiatry 2014 71(2):149-57 

• At the pre-deployment assessment, 56.8°/o of 
participants reported prior TBI & At the post­
deployment assessment, 19.8o/o reported a 
deployment-related TBI 

• Deployment-related TBI nearly doubled risk 
for post-deployment PTSD 



Rationale for MEG study 

~ War-related TBI is not new. TBI became prevalent 
during WWI/II and is a signature injury in the 
OEF/OIF/OND conflicts 

~ Self-reported TBI and PTSD symptoms 
•!•Are invisible injuries 
•!•Show considerable overlap 
•!•Diagnoses are hard to disentangle clinically 

Medicine is developing better tools to: 
•!•Visualize PTSD & mTBI injuries and 

discriminate between them 



MEG Study 

MRS-II MEG Study 

o Funding: VA Merit Review Grants (Pl: Huang, Lee, Canive), 
Marine Resilience Study-II (MRSll Pl: Baker, Exploratory 
MEG Project Pl: Huang; Co-I: Victoria Risbrough), NFL (Pis: 
Huang, Lee), McDonnel Foundation via Brain Trauma 
Foundation (Pl: Ghajar; site Pis: Lee, Huang) 

o Investigator Collaboration: VA San Diego Healthcare System, 
and University of California San Diego. 

Mingxiong Huang 
Victoria Risbrough 
Dewleen Baker 
Annemarie Angeles 
Ashley Robb 

Roland Lee 
. Sharon Nichols 

Mithun Diwakar 
Tao Song 
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The generation of MEG signal from neuronal current in gray-matter neurons in cortex 

Neuronal currents in axons and 
dendrites 

Presynaptic 

G 

-l-. 
Action potentials: 

Fast: no/little 
temporal 
summation 

Cancellation: fields 
diminish rapidly 

Postsynaptic 

Parallel dendrites 

,,• 

Pyramidal cells: parallel orientation 
=> spatial summation 
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MEG's better spatial localization accuracy (2-3 mm) than high 
density EEG (in cm) is due to MEG's insensitivity to 

conductivity profile of the head tissues 
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Non-invasive MEG Technique with 1 ms Temporal Resolution and several mm 

MEG signal is weak 
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Spatial Resolution in Cortex 
I MEDCO Multiple Layer Magnetic Shielded Room 

Installed at UCSD 

Shielding 
factors: 

Thermal noise of the bod 

0.01 Hz: 65d8 
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Elekta/Neuromag VectorView Whole Head MEG System with 
306 Channels at the UCSD MEG Center 



Mild TBI is often referred as an invisible injury: Detecting Mild TBI 
is Challenging using Conventional Neuroimaging Methods 

• Traumatic brain injury (TBI) is a leading cause of sustained 
impairment in veterans, military personnel, and civilian 
populations. 

Mild TBI (mTBI): injuries are difficult to detect (injuries 
visible on only io% of conventional MRis or CTs) . 

• Axonal injury is a leading factor in mTBI. Conventional CT 
and MRI are mainly sensitive to blood product, and less 
sensitive to axonal damage itself, hence they underestimate 
the presence of axonal injury, especially in mild TBI cases. 

• Injured brain tissues in mTBI patients generate 
pathological slow-wave magnetic signal that can be 
mcas11rcd and localized by MEG (Lcwinc ct al., i999, 2007). 

• Integrate gray-matter MEG slow-wave with white-matter 
diffusion tensor imaging (DTI) findings in mTBI (Huang et 
al., 2009) 

MildTBI: CT and MRI 

• Negative 

• Positive 



Abnorma ~t~ng-state_MEG'Slow-waves in gray-matter (1~ 
__.de -=aVeS) are Characteristics of Neurotogicaf-lnl11i'1e5 in the Brain, 

:::: resulting from axonal injury 

•Stroke 

•Brain tumor 

•Epilepsy 

•Traumatic brain 
. . 
injury 



MEG Resting-state Slowing in a mild head 
trauma patient a with normal MRI 

Dipolar Slow Wave Milti Heali Tra11111a 



What is the neurophysiology for resting-state 
MEG slow-wave generation (1-4 Hz) in TBI? 

• Animal studies in cats revealed the slow-wave (delta­
band 1-4Hz) were due to De-afferentation in gray­
matter, caused by axonal lesions in white matter (Gloor 
et al., Neurology, 1977; Ball et al., Electroencephalogr. Clin. Neurophysiol., 

1977). 

Is it possible that abnormal MEG slow-waves in 
mTBI patients are also due to de-afferentation from 
axonal injury? 

• Our MEG-DTI integration study examines slow-wave 
in gray-matter and axonal injury in white matter 
(Huang et al., Journal of Neurotrauma, 2009) 



Diffusion Tensor Imaging (DTI) 
• DTI is an MR imaging technique based on the Brownian motion of water through tissues 

It measures how easily water molecules move along the direction of white matter fibers 
versus the directions perpendicular to the fibers. 

• TBI causes tissue shearing in the white matter fibers that leads to reduction of DTI 
signal. 
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MEG-DTI Findings in Mild TBI due to Sport-related Accidents 

History: 17-year old football player, 3 mTBls. Symptoms: progressive headaches. 
dizziness, extreme fatigue while performing any mental task, altered sleep, 
memory problems, changes in speech. 
Evaluation: Multiple CT & MRI scans negative. 

rs-MEG results show abnormal slow-waves generated from 
two regions in a TBI patient: 1) left column -- left lateral 
superior-posterior temporal region, 2) right column --- right 
inferior-temporal areas. Color threshold p<0.01. 

Huang et al., Journal of Neurotrauma, 2009. 

Left column: coronal and axial view show abnormal 
DTI in superior-posterior temporal lobe of the left 
emisphere in a TBI patient. Right column: abnormal 

DTI in inferior-temporal lobe as part of the inferior 
longitudinal fascicu lus of the right hemisphere. 



Examining the Positive Detection Rate 
of Mild TBI using resting-state MEG 

• Resting-state MEG data (spontaneous recording with 
eyes-closed for slow-wave detection) were collected 
using the Elekta-Neuromag VectorView whole-head MEG 
system. 

• Group 1 contains 23 mild TBI patients whose injuries 
were caused by blast, all with PCS; 

• Group 2 contains the 22 mild TBI were injured with non­
blast causes (i.e., motor vehicle accident, sports, and 
fall), all with PCS 

• Group 3 contains 10 moderate TBI that were not blast­
related , all with PCS. 

• Group 4 contains 44 age-matched healthy control 
subjects. 

Huang et al., Neurolmage, 2012, 61(4):1067-1082. 



MEG Slow-wave Source Imaging 
• Resting-state MEG data were analyzed using our new improved frequency­

domain VESTAL method to obtain the source images for the low-frequency 
range (1-4Hz). Normative Database from healthy control subjects were used 
to detect abnormal slow-wave generation in TBI patients. 
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MEG Slow-wave Positive Detection Rate of TBI * 
MEG positive-finding rates (cortical delta wave slowing) for different TBI groups were calculated at the 
threshold of 0% false-positive rate in healthy control subjects. 

};;o>ln the mild TBI group caused by blast, the MEG positive-finding rate: 96%. 

};;o>ln the mild TBI group with non-blast causes, the MEG positive-finding rate: 77%. 

);o> In the moderate TBI group, the MEG positive-finding rate: 100%. 

};;o> ln the combined mild TBI group (blast+non-blast}, the MEG positive-finding rate: 87%. 
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61(4):1067-1082. 



MEG Slow-wave Exam Correlates with Post­
concussive Symptoms 

Nsiow-wave sum is significantly correlated with 
Npcs sum (r=+0.27, p<0.05) in 55 TBI patients 

Regarding Individual PCS, Nslow-wave sum 

significantly correlated with Personality Changes 
(e.g., social problems) (r=+0.32, p<0.05), Apathy, 
(r=+0.36, p<0.01 ), and other visual difficulties 
(r=+0.27, p<0.05). 

Huang et al., Neurolmage, 2012, 61(4):1067-1082. 



MEG slow-wave imaging marker for TBI* 

Positive-detectio·n Rates: MEG slow-
waves in TBI patients has 87°/o 
positive-finding rate in mild TBI and 
100°/o for moderate TBI groups. 

~MEG slow-wave findings correlate with 
post-concussive symptoms 

~ These detection rates are being 
updated with a larger normative 

~Cohort, and with individuals 
~with mTBI 

MildTBI: MEG 

• Negative 

• Positive 

Huang et al., Neurolmage, 2012, 61(4):1067-1082. 



''Fear Network'' and Inhibitory Function of 
Ventromedial Frontal Cortex in PTSD 

Prcfrontul 
-cortex 

t 

Oulin Structures Involved in Dealing with rear end Stress 

• Hypothesis 1: hyper-activity in "fear network" 

• Hypothesis 2: hypo-activity in ventromedial frontal cortex, indicating 
reduced inhibitory signal from frontal cortex to the "fear network" 



Developing MEG source imaging marker for PTSD 

as well as mTBI: Study I 

• Resting-state MEG recording 
with eyes-closed 

• 44 Healthy Controls 

• 21 Veterans diagnosed with 
PTSD (CAPS total: 53-92) 

• MEG source imaging for 
gamma band activity (30-100 
Hz) 

• 



First Whole-head Source Amplitude Images of Brain 
Rhythms for Different Frequency Bands since 
German Physiologist Hans Berger in 1924? 

Whole brain rs-MEG source-amplitude images averaged from 4 lhealthy subjects in 
-152 atlas coordinates from Fast-VESTAL in alpha (first row), beta (second row), 

gamma (third row), and low-frequency (delta plus theta, fourth row) bands. 

Huang et al., Neuroimage 2014 84: 585-606 



MEG detects brain abnormalities in PTSD 

Gamma-band hyper- and hypo-activities in PTSD 
vs healthy controls (t-test, corrected p<.01) 

•Abnormal activity in "Fear Circuit" of the brain in PTSD 
•Hyper-activity: L-R Amygdala; Anterior cingulate; R insular cortex; R 
frontal; R temporal lobe 
•Hypo-activity: inferior medial frontal lobe 
•Both mTBI and PTSD are visible, each showing specific abnormalities in 
different parts of the brain 



Clinical Implications 

~ Having a TBI event increases likelihood of PTSD, 
with implications for screening and treatment 

~ We don't yet know what the mechanism for the 
increase in PTSD following deployment TBI 
•!• The emotional salience of the event(s) 

contiguous with TBI? 
•!• Structural and functional brain changes 

following TBI? 

Newer imaging methods can help with diagnosis 
by making the previously invisible - TBI and PTSD 
- visible 



Metabolomic Diagnosis of TBI 

• Control 
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Ongoing Work 

~ Through an ongoing MEG study and analysis of 
already collected data from MRS and MRS-II we 
are working to: 
•!•Better understand the "dose" effects of head 

injury (as measured by blast sensors, DARPA) 
on TBI abnormalities observed on MEG images 

•!•Understand how TBI impacts vulnerability to 
PTSD, as indexed by emotional learning 

•!•Carefully assess emotional and cognitive 
measures as they relate to imaging findings 

•!• Pursue a reliable blood biomarker 
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*Abstract 

Posttraumatic Stress Disorder (PTSD) is a major public health concern, especially given the 

recenl wars in lraq and Afghanistan. Nevertheless, despite a sharp increase in the incidence of 

psycbiatric disorders in returning veterans, empiri cally based prevention strategies are still 

lacki11g. To develop effective prevention and treatment strategies, it is necessary to understand 

che underlying biological mechanisms conLributing to PTSO and other trauma related symptoms. 

The "Marine Resiliency Study II" (MRS-Tl; Oct 20 11-0ct 201 3) Neurocognition project is a 

lo11gitudinal investigation of neurocognitive performance in Marines deployed lo Afghanistan. 

As part of this investigation. 1.195 Marines and Navy corpsmen underwent a fear conditioning 

and extinction paradigm and psychiatric symptom assessment prior to deployment. The current 

study assesses I) the effectiveness of the fear potentiated startle paradigm in producing fear 

learning and extinction, and 2) the association of performance in the paradigm with baseline 

psychiatric symptom classes (Healthy, PTSD symptoms, Anxiety symptoms, and Depression 

symptoms). Results suggest that the task was effective in producing differential fear learning 

and fear extinction in this cohort. f'tU1her, distinct patterns emerged differentiating the PTSO 

and Anxiety symptom classes from both Healthy and Depression classes. Jn the fear acquisition 

phase, the PTSD group was the on ly group to show deficient discrimination behveen U1e 

conditioned stimulus (CS+) and safety cue (CS-), exhibitjng larger startle responses dwoing the 

safety cue compared to the healthy 6rroup. During extinctfon learn.iJ1g, the PTSD group showed 

significantly less reduction in their CS+ responding over time compared to tbe healthy group, as 

well as reduced extinction of se lf-reported anxiety to the CS+ by the end of the extinction 

session. Conversely, the Anxiety symptom group showed normal safety signal discrimination 

and extinction of conditioned fear, but exhibited increased baseline startle reactivity and 

potentiated strutle to CS+, as well as higher self re potted anxiety to both cues. The Depression 



symptom group showed similar physiological and self-report measures as the healthy group. 

These data are consistent with the idea that safety signal discrimination is a relatively specific 

marker of PTSD symptoms compared to general anxiety and depression symptoms. Further 

reseatch is needed to determine if defi:::i ts in fear inhibition vs. exaggerated fear responding are 

separate biological "domainsn across anxiety disorders that may predict differential biological 

mechanisms and possibly treatment ne.eds. Future longitudinal analyses will examine whether 

poor learning of safety sig nals provides a marker of vulnerability to develop PTSD or is specific 

to symptom state. 
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Abstract 

Posttraumatic Stress Disorder (PTSD) is a major public health concern. espec ially given 

the recent wars in lraq and Afghanistan. Nevertheless, despite a sharp increase in the 

incidence of psycl1iatric disorders in returning veterans, empirically based prevenLion 

strategies are stil l lacking. To develop effective prevention and treatment strategies, it is 

necessary to understand the underlying biological mechanisms contributing to PTSD and 

otber trauma related symptoms, The "Marine Resiliency Study ll" (MRS-ll; Oct 2011 -

0ct2013) Neurocognition project is a longitudinal investigation of neurocognitive 

performance in Marines deployed to Afghanistan. As part of this investigation, 1, 195 

Marines and Navy corpsmen underwenl a fear conditioning and extinction paradigm~ and 

psychiatric symptom assessment prior to deployment. The current study assesses l) the 

effectiveness of the fear potentiated startle paradigm in producing fear learning and 

extinction, and 2) the association of performance in the paradigm with baseline 

psychiatric symptom classes (HeaJtby. PTSD symptoms, Anxiety symptoms, and 

Depression symptoms). Results sugges t that the task was effective in producing 

differential fear learning and fear extinction in this cohort. Further, distinct patterns 

emerged differentiating the PTSD and Anxiety symptom classes from both Healthy and 

Depression cJasses. In the fear acquisition phase~ the PTSD group was the on ly group Lo 

show deficient discrin1ination between the conditioned stimulus (CS+) and safety cue 

(CS-), exhibjting larger startle responses during the safoty cue compared to the healthy 

group. During extinction learn ing, the PTSD group showed significantly less reduction 

in their CS+ responding over cime compared to the hea lthy group. as well as reduced 

extinction of self-reported anxiety to the CS+ by the end of the extinction session. 
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Conversely, the Anxiety symptom group showed normal safety signal discrimination and 

extinction of conditioned fear, but exhibited increased baseline startle reactivity and 

potentiated startle to CS+, as we ll as higher self reported anxiety to both cues. The 

Depression symptom group showed similar physiological and self-report measures as the 

healthy group. These data are consistent with d1e idea that safety signal discrimination is 

a relatively specific marker of PTSD symptoms compared to general anxiety and 

depression symptoms. Further research is needed to determine if deficits in fear 

inhibition vs. exaggerated fear responding are separate biological "domains" across 

anxiety disorders that may predict differential biological mechanisms and possibly 

treatment needs. F uture longitudinal analyses wi ll examine whether poor learning of 

safety signals provides a marker of vulnerabi lity to develop PTSD or is specific to 

symptom state. 
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Introduction 

Posttraumatic Stress Disorder (PTSD) is a major public health concern among 

cun-ent and former military membiers, including those who have recently experienced 

combat in lraq and Afghanistan (Baker et al., 2012). For instance, since these wars began 

in 200 I, the incidence of psychiatric disorders among active-duty service members has 

increased by 62%, with an iJ1crease of 656% for PTSD and 226% for an,xiety di sorders. 

In additfon, the cost to the Department of Defense (DoD) for treating these service 

members doubled between 2007 and 2012 (Blakely & Jansen, 20 l3 Congressional 

Research Service Repo11). The Department of Veterans Affairs (VA) and society at large 

wi ll continue to bear the cost of treating serv ice members with chronic psychiatric issues 

long after these individuals are discharged from the miJitary. According to a recent 

report by the Institute of Medicine. DoD prevent ion efforts are hampered by an 

insufficient empirical base (National Research Council, 2014). Identify ing the 

underlying biological mechanisms of PTSD from other stress-related disorders is a key 

step in developing an ev idence base on which to design more effective prevention and 

treatment efforts. 

The "Marine Resiliency Study 11" (MRS-U; Oct 2011-0ct 201 3) Neurocogniti,on 

project is a longitudinal investigation of neurocognitive performance in Marines deployed 

to Afghanistan. Similar to the original MRS (Baker et al. 20 l 2), Marines were assessed 

in a 3.5 hr test battery in which clinical assessment, self- report, and biological assays are 

combined with comprehensive neurocognitive assessments once before deployment and 

then again 3-6 months after deployment. The purpose of MRS-If is to discriminate 

between biological markers that predict risk/resi liency for development of combat-stress 
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related di sorders and markers asso~ iated specifically with symptom state. Here we focus 

on one aspect of tbese assessment~ . measurement of fear conditioning and extinction 

learning. 

Increased responses to con:litioned fear cues and reduced ability to inhibit these 

responses are well-known features of PTSD in civ ilian and combat-veteran populations 

(for review see VanElzakker et al. . 2013). Reduced ability to inltibit fear has recently 

been suggested to be a potential ' 'biomarker" specific to PTSD, with PTSD subjects 

exhibiting poor learning of safety .>ignals (cues that predict absence of threat) compared 

to depressed subjects (Jovanovic & Norrholm, 20 11 ~ Jovanovic et al., 2009; 20 I 0). 

Studies in hjgh trait anxious participants or other anxiety disorders are inconsistent, 

showing either normal or reduced fear inhibition as measured by safety s ignal learning 

(Kindt & Soeter, 2014; Gazendam et al. , 20 13; Lissek et al., 2009). Reduced inhibition 

in PTSD patients is thought to reflect disruption of frontal cortical and hippocampal 

circuits to inhibit amygdala activa:ion and concomi tant [ear 1·esponses (Adman et al., 

2013; Acheson et al. 2012). However, increased fear responding to conditioned cues, 

aversive contexts, or overgeneralization of fear responses are shown across multiple 

anxiety disorders and thus may reflect biological processes that are shared across 

disorders (Mc Teague et al., 20 12; Lissek et al., 20 13; Gri ll on, 1998). Results are less 

clear however fo r depression, with tepo1ts of lower, aonnal, and higher aversjve 

responding or fear conditioning (Mc Teague et al ., 20 12: Grillon et al., 20 LJ ; Robinson et 

al., 2012; Jovanovic el al, 20 10) depending on the type of conditioned cues and aversive 

stimuli. Heighte11ed fear responding may be due to increased amygdala, extended 

arnygdala, and/or dorsal anterior cingu late activity in these disorders (Admon, 20 13; 
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Grillon, 2008). Understanding the differential patterns of fear conditioning and inhibition 

between symptom types will help identify specific endophenotypes for further biologjcal 

interrogation across stress-related disorders (Cuthben & Kozak, 201 3; McTeague et al., 

201 2; Admon et al., 20 13). Given that MRS-n is a longitudinal study, we wil l ultimately 

be able to determine in future analyses if these putatively differential phenotypes are 

vulnerabi lity factors or related specifically to symptom state after Ltauma. 

To test the hypothesis that PTSD. depression, and general anxiety symptoms may 

reflect distinct biological mechanisms and subsequent differential patterns of fear 

condition ing and inhibition abn01malities, we used a cross-sectional design to directly 

compare fear conditioning and extinction across participants endorsing symptoms of 

general anxiety, depression. and PTSD at pre-deployment. We used the fear potentiated 

sta11Je (FPS) paradigm established by Norrbolm and colleagues (2006), as this paradigm 

is sens itive to both the reduced fear inhibition (i.e. safety signal teaming and extinction) 

and increased fear conditioning described in PTSD patients (Non-ho Im et al.. 20 I I), This 

protocol uses an aversive air-p1,1ff as the unconditioned aversive stimulus. Though other 

fear conditioning paradigms have used av:ersive electrical shock as the unconditioned 

stimulus (i.e., Mi lad et al., 2007), we chose Lo use air puff for a number o f reasons. One, 

use of an air puff increased the feasibility of testing such a large active duty population in 

a time-limited manner as it does not require initial "customization" of shock st imuli. 

Lack of required customization reduced setup time as we ll as technical difficulty. Two, 

we anticipated that shock stimuli would be less acceptable to study participants and to 

local and military institutional rev iew boards given the special population status of active 

duty military. Third, tt1is protocol uses startle reactivity as the operational measure of 
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conditioned fear. a cross species measure of fea r conditioning for translational 

applications in animal models, and which may be more sensitive to ··automatic" or 

implicit fear Jeaming compared to other measures such as skjn conductance (Sevenster et 

al., 2014; Glover et al., 20 11 ). 

Methods 

Participants 

1, 195 infantry Marines and Navy Corpsmen enrol led in a longitudinal study of the 

health effects of deployment to Afghanistan. Two separate infantry battalions were 

studied, with data collection occurring 1-2 mo prior to deployment. At the time of this 

collection period all Marine infantry were male, thus females djd not participate. This 

study was approved by the institutional review boards of the Un iversity of CaJifomia San 

Diego, VA San Diego Research Service, and the Naval Health Research Center. Written 

informed consen t was obtained from aU participants. 

Fear Conditioning and Extinction Procedure 

Apparatus: Startle pulses (I 08 dB, 40 ms) were de li vered using a San Diego 

Instruments (SOL San Diego, CA, USA) SR-HLAB Electromyography (EMG) system . 

Sound levels were measured using continuous tones calibrated with a Quest Sound Level 

Meter on the A scale, coupled to the headphones with an artificial ear. The rur puff was 

set at 250 psi and delivered v ia a plastic tube positioned 2.5 cm from the center of the 

Lhroat. Air-puff onset was control led by a solenoid system triggered by the same Acer 

laptop computer that controlled the st:artle stimuli. Conditioned stimuli were presented 

via E-Prime software (Psychology Software Tools, Inc., Sharpsburg, PA, USA) run on a 
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Dell desktop computer with a 48 cm monitor positioned direclly in front of the 

participant. Presentation of the stimuli by the E-Prime software was triggered by sjgnals 

from the EMG system to contro l synchronization of conditioned, startle, and air-puff 

stimuli. 

Eyeblink EMG responses were recorded v ia Ag/Ag 3M Red Dot electrodes 

placed at the orbicularis oculi muscles at the ten eye connected to the SDI SR-HLAB 

EMG system and Acer laptop computer (Acheson et al., 20 13; 20 12). A reference 

electrode was placed at the mastoid bone behind the left ear. Before electrode placement, 

skin was cleaned with an alcoho l swab and gently exfoliated with 3M electrode prep tape. 

All electrode resistances were < l 0 kn. EMO data were recorded at a sampling rate of J 

KHz, amplified (0.5 mV electrode input was amplified to 2500 mV signal output), band­

pass filtered ( I 00-1000 Hz), rectified, and then smoothed with a 5-point rolling average. 

Expectancy responses were recorded on a trial-by-trial basis via the participant"s 

responses on a key pad linked to E-Prime soflware. Additional self-reporl responses 

were recorded at the end of each experimental phase via the same keypad. 

Eyeblink data were scored via SR-HLAB EMG Utilities software as previously 

described (Acheson et al., 20 12). In brief, eyebUnk responses were examined on a trial 

by trial basis at a window starting I 00 ms before the startle pu lse and ending 200 ms after 

the pulse. Only responses that peaked with in I 00 ms of pulse onset were scored as a 

startle response. Trials in which excessive baseline noise or artifact obscured the sta11le 

response were removed (2.l % of !rials) and replaced with an imputed value based on the 

average of the immediately preceding and following trials. 
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Fear Conditioning and Ext;nction task: The fear conditioning and extinction 

protoco l consisted of two discrete test ing sessions or "phases'': Acquisition and 

Extinction. Before the acqu is ition phase the participants were instructed that one of the 

colored symbols predicted when the airpuff would appear. Each phase began with 6 

startle pulses presented in the absence of any other stimuli to stabilize sta11le responding. 

The Acqu isition phase consisted of 8 6-sec presentations of Lhe conditioned stimulus 

(CS+; either a blue or yellow circle or square, balanced across subjects) that was paired 

with the afr puff in 75% contingency, 8 6-second presentations of a non-reinforced 

conditioned stimulus (CS-~ also either a blue or yellow circle or square) that was never 

paired with the air puff, and 8 presentations of the startle stimulus in the absence of any 

stimuli (noise alone or " NA" trial) which served as a measure of baseljne startle across 

the phase. The CS+ and air puff co-terminated on reinforced trials. Startle pulses were 

presented approximately 4 sec following CS+ or CS- onset. The stimu li serving as CS+ 

and CS- (b lue or yellow cjrcles or squares) were randomly assigned across participants. 

Contingency awareness was measw·ed using a numbered keypad to report at eac11 CS+ 

and CS- rrial whether or not they expected to receive the air puff. Participaots responded 

with a 'T' if they expected the air puff, ''2" if they were unsure and "3'" if they did not 

expect the air puff. Afcer the acquisition phase, contingency awareness was again 

assessed v ia a questionnaire asking participants which stimulus predicted the shock. 

Self-reported anxiety during the cues was aJso measured at this time, as was the 

subjective aversiveness of the air-puff stimuli . 

After completing the Acquisition phase, participants were asked to sit quietly for 

5 min before beginning the Extinction phase. Before the extinction phase began. the 
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subjects were told to --remember what the learned" in the previous session. Tbe 

Extinction phase consisted of 16 presentations of each stimulus type (CS+, CS-, and NA). 

No air puffs were presented during this phase. Presentations of stait le pulses were 

delivered and ratings of air-puff expectancy were collected in ihe same fashion as in the 

Acquisition phase. After thi s phase, participants again rated their level of anxiety during 

the cues. After these ratings were made, participants were discom1ected from the 

apparatus and went on to other assessment stations (see Baker et a l. 2012 for fut I details 

of Marine Resiliency Study assessment battery). 

Assessr:nent of Psychiatric Symptoms 

Post traumatic Stress Disorder: Post-traumatic stress symptoms were assessed 

using a structured diagnostic interview, the Clinician Admin istered PTSD Scale (CAPS: 

Blake et al., 1995). CAPS total scores can range from 0 to 136 and can be used as a 

measure of PTS symptom severity. PTSD symptom group membership was defined 

using the partial PTSD criteria articulated by Stein and colleagues (Stein et al., 1997). 

Partial PTSD criteria were chosen due to the relative psychological health of an active 

duty Marine cohort. CTiteria for assignment to the PTSD symptom group were the 

presence of at least I B symptom, 2 C symptoms, and 2 D symptoms, with minimum 

frequency ratings of I and minimum intensity ratings of 2. Jnter-rater reliability in MRS 

was high for both the CAPS total score (Lntraclass correlation coefficient = .99) and for 

PTSD diagnosis (Kappa=. 714). 

Anxiety: Assignment to the anxiety symptoms group was defined as scoring in 

the Moderate to Severe range(> 15) on the Beck Anxiety [nventory (BAI; Beck & Steer. 
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1993). The BAI is a reliable measure of general anxiety symptoms present within the 

past week, and discriminates between anxiety vs. depressive symptoms fairly well (Clark 

el al., 1994 ). 

Depression: Assignment to the depression symptoms group was defined as 

scoring in the Moderate to Severe range(> 19) on the Beck Depression [nventory 1 

(BDL-2; Beck et al., I 996). The BDl-2 measures the presence of depressjve symptoms 

within the past 2 weeks. 

Trauma History: The Life Events Checklist (LEC; Gray et al., 2004) was used to 

assess previous trauma history. The LEC evaluates the participant"s experience of a wide 

range of traumatic events aod [urtber assesses whether the event directly happened LO the 

individual, the individual witnessed the event happening to others, or whether tbe even 

was learned about second-hand. The LEC score reported here was calculated by 

summing all ofthe items scored as .. happened to me·· and/or ' ·witnessed it"'' . 

Data Ana lysis 

Final Sample: Of the original l ,195 Marines and Corpsmen who underwent the 

fear conditioning and extinction protoco l, data on 2 I were rendered unusable due to 

technical difficulties during testing. An addiLi011al 125 (I 0.6% of the remaining sample) 

were excluded from the analysis because they fa iled to show a CS+ response greater than 

baseline during the last half of the Acquisition phase. This fa ilure to potemiate above 

baseliJ1e suggested that the air puff was ineffective in inducing fear in these subjects that 

would be sufficient to support learnihg in these participants. Fu rther, 35 subjects met 

our cutoffs for more than one symptom group and were excluded from the analysis. This 



approach was taken to enable comparison of relalively ··pure" symptom classes on fear 

conditioning and e>.iinclion phenocypes. See supplemental materials Table SI. for 

demographic data on these excluded subjects. The remaining 1,014 subjects were 

included in all analyses. 
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Startle: Startle data for the Acquisition and Extinction phases were analyzed as 

previous.ly described in Acheson et al. (2013) by averaging responses to each stimulus 

lype into blocks of two trials. Within each block, the NA averages were subtracted from 

the CS+ and CS- averages to adj ust for changes in baseline slartle across the session. 

Thus, each CS+ and CS- block represented startle above baseline for that block (e.g., 

(CS+)-(NA)). Thus there were 4 b locks for the CS+ and CS- during the Acquisition 

phase, and 8 blocks for the CS+ and CS- for the Extinction phase. 

To compare acquisition across symptom groups, the analysis was simpl ified by 

averaging the last two blocks of the session across boLh CS types to create a measure of 

responding over the last half of the acquisition phase. To assess function of the task, 

Acquisition phase data were initially analyzed within the healthy group only using a 

repeated-measures ANOVA to assess difterences in response to each CS type. To assess 

differences by symptom group, a 2 (CS type) x 4 (symptom group) mixed AN OVA was 

conducted on Lhe entire sample. Significant interactions were fo llowed up with alpha­

adj usted post-boc tests to assess Cue response differences within each symptom group. 

To assess symptom group differences in baseline stattle, a one-way ANOV A, with 

appropriate post-hoc tests, was conducted on the average NA trial response across the last 

half of the extinction phase. 
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Extinction phase data were analyzed by computing a measure of"% conditioned 

fear" . This score is similar to the ··extinction retention index" originated by Milad and 

co lleagues (2007; 2008) in, their stud ies of fear extinction memory recall , which use a 

nonnalization approach to reduce confounds of differences in fear conditioning on 

measurement of extinction. For each subject, the max.imal CS+ response during the 

acquisition phase is identified. A % conditioned fear is then calculated for each of the 8 

extinction blocks using the fo llowing equation: I OO*(CS+ response on extinction 

block/maximum response across acquisition blocks). For simplicity of presentation and 

analysis, these scores were fwther averaged i11to 4 Extinction blocks consisting of 4 trials 

each. The first block. Earl y Extinction, consisted of U1e first 4 trials of the phase, Mid 

Extinction I trials 5-8, Mid Extinc.tion 2 trials 9-1 2, and Late Extinction trial 13-1 6. To 

assess function of the task, Extinction phase data were initially analyzed with in the 

healthy group only using a repeated-measures ANO VA to assess decrease in responding 

across the phase. To assess differences by symplom group, a 4 (symptom group) x 4 

(fa .. 'tinclion Block) mixed ANOVA was conducted on U1e entire sample. To assess 

symptom group differences in baseline sta1tle response during the extinction phase, a 4 

(symptom group} x 4 (Extinction Block) mixed A NOVA, with appropriate post-hoc tests, 

was conducted on the NA responses averaged 1nto blocks analogous to those above. 

Expectancy m1d Self-Repott: Expectancy responses were re-coded as: expect air 

puff= I, unsure = 0, do not expect air puff= -l. Expectancy responses over the last half 

of the Acquisiti.on phase (4 trials/stimulus type) were averaged together as w ith tbestartle 

data. ANOVAs were applied to assess both task effectiveness and differences by 

symptom group in the same manner as with the startle responses. 
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Expectancy responses during the extinction phase were analyzed by trial. 

including the last 4 trials of the Acquisition phase (20 total trials). Task effectiveness 

was assessed using a repeated-measures ANOY A on the healthy group only. A 4 

(symptom group) x 20 (Trial) mixed ANOVA was used to assess differences by symptom 

group across tbe entire sample. 

To assess task effectiveness on self-reported anxiety, CS type differences on 

post-phase questioru1afres were analyzed using repeated measures A NOVA on the 

healthy group alone. A 2 (CS type) x 4 (symptom group) mixed ANOVA was used to 

assess differences across symptom groups. Task effectiveness in assessing change across 

phase in self-repo11ed anxiety was assessed using a repeated-measures ANOY A in the 

healthy group only. Differences across phase by symptom group were assessed with 4 

(symptom group) x 2 (Phase) mixed ANOYA on the entire sample. In all analyses, 

significant interactions were foUowed up with t\vo-tailed Tukey post-hoc tests. 

l~esults 

Demographics 

Sample demographics are displayed in Table I. There were no differences across 

symptom groups on any demographic variable. Differences between symptom groups 

did emerge on the LEC [F(3,1010)=9.03,p<.0001, part.ial 112=.03], such that all symptom 

groups reported more trauma experience relalive Lo healthy controls (ps<.04). However, 

Lhe symptom groups did not differ from one another. Two subjects were taking 

psychiatric medication for reasons other than smoking cessation or sleep ( I in the PTSD 

symptom group and I in the anxiety symptom group). Both of those subjects reported 

taking fluoxeline at unknown dosages. As expected from our selection criteria, the 
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symp~om groups had significantly hjgher scores on their respective assessment measures 

relative to the other groups (Table l ; omnibus ccsts F(3, 10I0)> 129.55, ps<.000 l; ps<.05 

for comparisons vs reference grnup). All symptom groups had higher levels of PTSD, 

anxjety and depression symptoms compared to control s healthy controls (ps<.05). 

Overall Task Effecti veness 

Acquis ition 

Startle: As expected, startle responses during the Acquisition phase showed a 

sign iJicant effect of Cue type, with the CS+ response being elevated relative to the CS-, 

indicating successful differentfal f!ar conditioning [Figure IA , F( l ,9 I 8)=475.14, 

p<.000 I, partial 112=.34]. 

Expectancy and Self-Report: For expectancy ratings, partic·ipants correctly 

identified the CS+ as predictive of the shock [F igure 2A; F(l ,9 13)=3916.39,p<.OOO l , 

partial 111=.8 I l) . On a 1 (expect air puff:) to - I (do not expect air puil) scale, participants 

averaged a 0.59 rating for the CS+ and a -0. 78 rating for the CS-. 

On the post-phase questionnaire, 88.9% of participantc; correctly identified the 

CS+ as predictjve of the air puff. 6.7% of participants were not sure which <;S predicted 

the air puff. and 3. 1 % misidentified the CS- as predictive of the air puff. Overall. 

participants assigned the air puff rn average aversiveness rating of 2.3 L out of 5 (SD = 

1.02). Pruticipants rated higher levels of subjective anxiety in the presence of the CS+ 

relative to the CS-, again indicati\·e of differential fear condj tioning [Figure 3A; 

F( l.9 11 )=1298..43,p<.OOO I, parti:tl 112=.588]. 

Extinction 
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Startle: As expected, percentage of conditioned fear (norma lized to the fear 

levels displayed in the acquisition phase) decreased significantly across the phase, 

demonstrating successful fea r exti nction [Figure 2A; F(3,275 I)=182.87,p <.OOO1 , partial 

ri2=. l66]. 

Expectancy cmcl Se!f-Report: Expectancy ratings to lhe CS+ decreased 

significantly across the Jate Acquisition and Extinction phases [Figure 2B; 

F(19, t6682)=573.56, p<.0001, partial 112= .395]. From the Acquis ition to Extinction 

phases, post-phase ratings of anxiety to the CS+ decreased significantly [Figure 3 B; 

F( l.902)=529. 15, p<.0001, partial 112=.37]. 

Comparison of Task Performance between Psychiatric Symptom Gr.oups 

Acquis it ion 

Baseline Startle: There was a significant difference between symptom groups in 

average base! ine startle during the last hal f of the acquisition phase [F(3, l 0 J 0)=3.05, 

p<.03, partial 112=.009], such that the Anxiety group had a higher magni tude of startle 

relative to healthy controls (p<.009). No other symptom group differed from healthy 

controls. 

Startle Potentiation: When palticipants meeti_ng criteria fo r inclusion in a 

symptom group were examined, a significant symptom group x Cue type interaction 

emerged [Figure l A; F(3, I 005)=3.4, p<.02, partial 112=.0 I]. Post-hoc tests revea led that 

responding lo the CS+ was significantly higher than responses to the CS- for the healthy, 

anxious, and depressed symptom groups (ps<.00 I). but not fo r the PTSD group (p<.09) 
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suggesting reduced differential fear conditioning in tbe PTSD group. This deficit in 

differential condition ing was driven by higher CS- responses in the PTSD group relative 

to the healthy group (p<.004 ). ln conlrast, the Anxiety group exhibited a trend for 

increased CS+ respondjng (p<0.06) and no significant differences in CS- responses 

compared to healthy controls. Maximum CS+ responding was also calculated across the 

groups, and the anxiety syrnptom group showed significantly larger maximum CS+ 

responses compared to the healthy group [Supplemental Figure l ; F(3. 10 I 0)=2. 73, p<.05, 

partial 112=.008; anxiety vs. healthy p<.02] 

&.pectancy and Se!/-Report. For expectancy ratings, there was no symptom 

group x Cue type interaction [Figure 2A; F(3, 1000)= 1.62. ns], nor was there an overall 

effect of symptom group [F(3 , I 000)<1 .0, ns]. For self-reported anxiety, there was a 

significant effect of symptom group [Figure 3A: F(3,997)=538, p<.00 I, partial 112=.017] 

with anxious subjects reporting higher levels of anxiety in response to both cues 

(p<.001). There was no symptom group x Cue type interaction [F(3~997)= 1.65, ns]. 

Extinction 

Baseline Startle: There was a lrend toward differential responding between 

symptom groups across the extinction phase [F(3, I 010)=2.09. p<.1 , prutial 112=.006] , 

again with the Anxiety group trending toward higher response relative to healthy contro ls 

(p<.J). 

Startle Potentiation: A sign ificant main effect of symptom group was apparenl on 

%conditioned fear during the extinction phase [F(3, I 005)=3.05,p<.03. partial 112= .009]. 

such that the PTSD group maintained a higher level of conditioned fear across the entire 
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session compared co the healthy controls (p<.006). There was also a trend for a block X 

symptom group interaction [figure 2A; F(9,3015)= 1.66, p<. 1, pa1tial 112=.005) . 

Exploratory post-hoc analyses at each block showed that the PTSD group maintained a 

higher level of conditioned fear relative to healthy contro ls at both the Mid Extinction 2 

and Late Extinction blocks (ps<.05). The Anxiety group showed a trend toward higher 

responding relative to contro ls during Mjd Extinction I (p<.07), however thjs trend was 

not apparent at the later Extinction blocks. The Depression group did not differ from 

healthy controls. 

Expectancy and Seif-Report: Expectancy ratings to the CS+ did not vary by 

symptom group across the phase [Figure 2B; F(45, 14505)=1.33, ns] , nor was there a 

main effect of symptom group [F(3,967) < 1.0, ns]. for self-reported anx iety, there were 

significant differences in change across phases by symptom group [Figure 3B; 

F(3,988)=4.24, p<.O I , partial 112=.0 13], such that all groups showed significant reductions 

across phase (ps < .05) with the exception of t he PTSD group. The PTSD and Anxiety 

groups had higher responses to the CS+ during the extinction phase relative to the healthy 

group (ps < .02). ln add ition, there was a significant main effect of symptom group, with 

the Anx iety group showing higher ratings overall relative to the Healthy group 

[F(3,988)=5.12,p<.002, partial 112=.0151. 

Discussion 

As expected, d1e conditioning paradigm was effective in producing conditioned 

fear learning and subsequent extinction learning in our acti ve-duty Marine and Navy 

volunteers. Psychiatrical ly healthy participants acquired dj fferent ial fear-potent iated 
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start.le and self-reported anxiety responses to the CS+ vs. the CS- and showed 

contingency awareness (expectancy racings). Across the extinction phase, when the air 

puff was absent, responses to the CS+ decreased in terms of both potentiated startle and 

se lf-reported anxiety. Expectancy ratings showed intact contingency leamjng across 

extinction as well. Successful learning in rhjs paradigm enables comparisons to be made 

in the learning patterns among the various psychiatric symptom groups. 

Differential patterns of leam.iog performance emerged belween psychiatric 

symptom groups. The PTSD group was unique in failing to show a differential 

potentiated startle response to CS+ and CS- at the end of fear acquisition. This failure 

was due to PTSD subjects maintaining a relatively high startle response to the CS-. The 

observation of high stattle responses to the CS- is in line with existing research showing 

that individuals with PTSD have difficulty learning to inhibit startle responses in the 

presence of a safety signal (Jovanov ic et al.. 2009; 2010). Though not explicitly termed 

' ·safety signal' ' in the current paradigm, presentation of the CS- effectively signals the 

absence of the air puff. or safety. lnterestingly, the participants in the PTSD group 

showed intact contingency awareness in the expectancy ratings, as well as intact 

discrimination learning as assessed by self-reported anxiety. These findings suggest a 

"disconnect" between the participant"s explicit experience and automatic physiological 

responses to the safety cue (i.e. potentiated startle). 

Across the extinction phase. the PTSD symptom group maintained potentiated 

startle to the CS+ overall relative m the healthy group. The finding that conditioned fear 

responses were maintained 1.hroughout extinction supports existing research suggesting a 

disruption in fear extinction learning and recall in PTSD subjects relative to healthy 
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controls (Norrhohn et aJ., 20 11 ; Milad et al., 2008; Wessa & Flor, 2007; Orr et al., 2000. 

Peri et al. , 2000). This greater maintenance of condjtioned fear was also apparent in the 

self-report of anxiety in response to the CS+. which remained relatively unchanged in the 

PTSD group after extinction training, unlike the other groups. Again, the PTSD group 

showed nmmal explicit learn ing that the CS+ no longer predicted the US (as evidenced 

by the expectancy ratings across the extinction sess ion), fULther supporting a disconnect 

between explicit contingency awareness and fear expression. Thus the current findings 

of deficient inhibition of potentiated startle to a safety cue and reduced ex1inction of 

physiological and emotionaJ fear responses in the presence of intact contingency 

awareness supports the theory that PTSD is characterized by a failure to inhibit 

automatic, physiological fear responses. This fa ilure of inJ1ibition is observed even 

though the subject is expl.icit ly aware of a lack of threat or danger. 

The anxiety symptom group showed significantly higher baseline startle 

responding and hjgher CS+ potentiation compared to the healthy group. This group also 

reported significantl y higher anxiety to both CS+ and CS- after acquisition relative to the 

healthy group. The finding that CS+/- discrimination is normal in partic.ipanls with high 

generaJized anxiety symptoms is in line with other report that high trait anxiety 

participants exhibit normal CS+/CS- discrimination (Kindt and Soeter, 2014; Gazendam 

et al, 2013). Tbe present findings of higher self-reported anx iety to the conditioned cues 

are also in line with past repo1ts using a similar protocol (Gazendam et al, 2013). During 

exCinction training, the anxiety symptom group successfu lly extinguished both 

potentiated startJe and US expectancy to the CS+. They also successfu lly extinguished 

self-reported anxiety to the CS+, however overall responding remai.ned high compared to 
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the other groups. Taken together, this pattern of results is suggesti ve of greater explicit 

anx iety responses during avers ive anticipation in this group while fear inhibition and 

discrimination processes are relatively norma l. 

The depression symptom group showed response patterns in a ll measures that 

were indistingui shable from healthy controls. The normal fear inJlibition and potentiated 

startle in the depression group as assessed by safety s ig11al learning and extinction is iJ1 

line with previous studies (Jovanovic et a l., 20 1 O; 2012). The present results differ 

however from a recent study in major depression pat ients in a task which incorporates 

both predictable and unpredictable avers ive stimuli (Grillon el a l., 20 l3) . ln this task, 

MDD patients exhib ited higher baseline sta1tle reactivity as well as greater potentiation 

during the cue that was predictive ( l 00% contingency) of an aversive event. The 

increased startle potentiation was associated with symptom chronicily as we ll as severity. 

The different results across this study and the present study are un likely due to 

differences in symptom severity (mean BDI 26 vs. 29 for present and previous studies, 

respecti vely) or treatment (both studies used unmedicated paiticipants). It is possible t hat 

the difference between the Grillon et a l. study and Lhe present study are due to differences 

in the chronic ity of symptoms, gender demographics (mixed vs. a ll male sample 

respectively) and comorbid anxiety (high vs. relatively low respectively). The lack o f 

significant diffe rences in the present Study must aJso be interpreted with caution given the 

relatively small sample size in this group (N= 12). 

The present results suggest di fferential performance between PTSD and anxiety 

symptom groups, with general anxiety symptoms being more associated w ith exaggerated 

fear responses and PTSD symptoms being specifica lly associated w ith a fa ilure to 
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apprnpriately inhibjt fear responses to safety signals and reduced extinction. Th is 

differential pattern of results js suggestive of differences at the neurocircuit level. The 

higher overall responding in the anxiety symptom gTOup may reflect hyperactivity in 

emotion-generati.ng limbic circuits, consistent with the neuroimaging ev idence for 

heightened amygdala activation to negative pmvocation in subjects with generalized 

anxiety (ie, Rauch et al. , 2003). While PTSD has also been associated with limbic 

system hyperactivity (Shin et al.> 2006), neuroimaging studies have shown more 

pronounced findings of hypoactivation in structures responsible for inhibition of the 

limbic system, specifically the medial prefrontal cmtex (mPFC) and the rostral and dorsal 

regions of tbe anterior cingulate cortex (Etkjn & Wager, 2007). Flllther. Mil ad and 

colleagues (2007; 2008) have demonstrated that indivjduals with PTSD exhibit reduced 

ability to recall fear extinction (or fear inhibitioll) 24 hours after initial learning, an abili ty 

that is dependent upon mPFC activation. Reduced activity of ventromedial prefrontal 

cortex is also associated with increased potemiation to CS- and reduced extinction of 

CS+ (Jovanovic et al 2013). Thus this pattern of hypoactivation in fear inhibition circuits 

may be reflected in the cun-ent resu lts of relatively normal magnitude of fear responses 

but poor safety-signal learning and reduced extinction in PTSD symptom groups. Tbe 

present findings also raise tbe possibility tbat this task could identify, via differential 

patterns of response (exaggerated fear response vs. impaired fear inhibition), those who 

are neurobiologically at risk for developing a certain class of pathology post-trauma. 

Previous· research bas suggested that impaired fear extinction may be a marker for 

increased risk of developing PTSD following a trauma (Guthrie & Bryant, 2006; PoJe, 



2009; Lommen, 20 13). Future studies may examine whether these phenotypes predict 

differential treatment responses to pharmacological or behavioral therapies. 
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Some limitations of the current study must be acknowledged. First, the paradigm 

was not effective in producing fear-potentiated startle in - 11 % of the study participants 

tested. Wh.ile this failure resulted in a reduction of sample size, lhe excluded participants 

did not appear to differ systematically from the study volunteers as a whole 

(supplementa l Table I). Second, the study was conducted on a highly screened cohort of 

acti ve duty Marines and Navy corpsmen. which limited the nu111ber of participants 

displaying psychiatric symptoms of sufficient intensity for inclusion in the symptom 

groups. Therefore, the number of participants included in the symptom groups is 

relatively small, pa11icularly the depression group. It is possible that low power may 

have contributed to the inabil ity to detect significant differences in between the 

depression and healthy control group. However it is impottanl to note that the present 

findings of normal fear inhibition and extinction in the depression symptom group 

replicates previous studies with greater subject numbers (Jovanov ic et al 2009, 20 I 0). 

Third, the current study examined effects of psychiatric symptoms in isolation from 

trauma or deployment history per se. By simply comparing LEC scores across symptom 

groups we found that trauma burden was significantly higher in all symptom groups 

compared to the healthy group but not different between symptom groups, suggesting 

that differences in trauma exposure are unlikely to explain differences in task 

pe1formance across the symptom groups. Future analyses will investigate the role of 

these variables in influencing task performance, as well as their interaction with 

psychiatric symptoms. Finally, while the symptom groups had sign ificantly higher scores 
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on their respective assessment measures relative to the other groups (Table I), all 

symptom groups also differed from healthy controls across all measures. This elevation 

across symptom measures speaks to the difficulty of achieving "pure" symptom 

categories given the large amount of over.lap in phenomenology among these conditions. 

However, the current paradigm was effective in discriminating between symptom classes 

based on severity, and as whole it appears that the cun'ent results have captured 

differences between groups characterized by predominant symptoms unique to Anxiety 

and PTSD. In sum, the fear conditioning and extinction paradigm appears to function as 

anticipated in this active-duty Marine/Navy cohort, and may, together with the MRS-fi 

study as a whole, lead to novel insights into potential biobehavioral mechanisms of stress 

injury development, treatment, and prevention. 
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Table l: Demographics and Symptom Measures 

N 

Age 
(SD) 

Months in the Military 
(SD) 

Education 
< H.S. 
H.S. 
Some College 
B.A. 
Post-graduate 

Rank 
Junior En1isted 
NCO 
Officer 

Race 
White 
African-A ltl eri can 
Other 

Ethnicity 
Not Hispanic or Latino 
Hispanic or Latino 

Marital Status 
Single, Never Married 
Married 
Divorced 
Separated 

Pathology Measures 
(SD) 

CAPS Total Score 

Healthy 
923 

22.23 
(2.81) 

31,29 
(26.18) 

3.3% 
69.3% 
25% 
2.4°Ai 
0% 

71.3% 
27.5% 
1.2% 

87.4% 
3.7% 
8.9% 

75.8% 
24.2% 

68.5% 
29.3% 
1.4% 
0.9% 

9.66a 

29 

Symptom Group 

PTSD 
42 

22.63 
(4.08) 

39.S 
(43.89) 

2.4% 
76.2% 
21.4% 

0% 
0% 

76.2% 
23.8% 

0% 

85.7% 
0% 

14.3% 

64.3% 
35.7% 

69% 
28.6% 
2.4% 
0% 

43.74 

Anxiety Depression 
37 12 

22.4 21.38 
(3.27) (2.33) 

32.7 31 
(28.74) (29.64) 

2.7% 8.31Yo 
73% 91.7% 

21.6% 0% 
2.7% 0% 
0% 0% 

78.4% 91. 7% 
18.9% 8.3% 
2.7% 0% 

83.3% 83.3% 
0% 0% 

16.2% 16.6% 

67.5% 75% 
32.4% 25% 

75.7% 75% 
21.6% 25% 

0% 0% 
2.7% 0% 

17.9sa 27.83a 
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(9.34) (11.29) (10.91) (12.06) 

BAI Total Score 2.87a 4.43 20.41 6.67a 
(4.03) (5.54) (5.45) (4.92) 

801-2 Total Score 3.89a 9.863 9.653 24.17 
(4.19) (5.43) (5.44) (3.33) 

LEC Score 4.16 5.93b 5.S4b S.92b 
(2.80) (3.60) (3.12) (2.27) 

3=p<.05 for comparisons vs category reference group (i.e., PTSD group reference for 
CAPS score comparisons). b=p<.05 vs Healthy 
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Figure Captions 

Figure 1: A) Potentiated startle magnitudes across tbe last half of the acquisition phase 

by symptom group. *=p<.05 for CS+ vs CS- comparisons. "=p<.05 for PTSD vs 

Healthy comparison. B) Expectancy ratings across the last half of the acquisition phase 

by symptom groups. *=p<.05 for the CS+ vs CS- main effect C) Self-reported anxiety 

by symptom groups foJJ owing the acquisition phase. *=p<.05 for cs+ VS CS- main 

effect and Anxiety vs Healthy comparison. 

Figure 2: A)% acquisition response retained across d1e extinction phase by symptom 

group. *=p<.05 for PTSD vs Healthy comparison. 11=p<.05 for exploratory comparisons 

vs bealthy controls. B) CS+ expectancy ratings across the entire extinction phase. C) 

Self-reported anxiety fo llowing the acquis ition and extinction phases by symptom group. 

*=p<.05 for comparisons across phase and for the Anxiety vs Healthy comparison. 

lf=p<.05 for PTSD and Anxiety vs. Healthy comparisons within the extinction phase. 
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Figure l : Acquisition 
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Figure 2: Extinction 
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Supplementary Materials 

Table S I . upplemental Demographics for Subjects Excluded Oased on Lack of CS+ 
Potcnlit11ion or Comorbidity 

N 

Age 

(SD) 

Months in the M ilitary 

(SD) 

Education 

< H.S. 

H.S. 

Some College 

B.A. 
Post-graduate 

Rank 

Junior Enlisted 

NCO 
Officer 

Race 

White 

African-American 

Other 

Ethnicity 

Not Hispanic or Latino 

Hispanic or Latino 

Marital Status 

Single, Never Married 

Married 

Divorced 

Separated 

Pathology Measures 

(SD) 

CAPS Tota l Score 

Lack of 
Potential:ion 

125 

22.28 

(3.63) 

30.15 
{30.23) 

4% 

72% 

21.6% 

1.6% 

0 .8% 

77.6% 

21.6% 

0.8% 

89.6% 

6.4% 

4% 

74.4% 
25.6% 

76.8% 

23.2% 
0% 

0% 

12.42 

Comorbidit~ 

35 

22.31 

(3.37) 

40.26 
{41.44) 

2.9% 
71.4% 
20% 

2.9% 
2.9% 

71.4% 
25.7% 

2.9% 

88.6% 

5.7% 
5.7% 

77.1% 
22.9% 

57.1% 
42.9% 

0% 

0% 

44.43 

1 



2 

(U.64) (13.42) 

BAI Total Score 4.8 20.14 
(6.85) (8.87) 

BDl-2 Total Score 6.01 24.66 
(6.6) (8.89) 

LEC Score 4.26 7.20 
(2.76) (3 .37) 



Supplemental Figure 1: Maximal Acquisition Response by Symptom Group. 
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Marine Resiliency Study (MRS) 

Goal: Predictors of Risk and Resilience for Posttraumatic Stress Disorder 

MRS-I: 2008 - 2011 (Pis: Baker, Nash, Litz} Cohorts 1-4 

Pre-Deployment 

Visit 0 

7 months 

Index Deployment 

N = 2,593 

1 week 
Visit 1 

Post-Deployment 
3 months 

Visit 2 

N = 1,898 

6 months 
Visit 3 

MRS-II: 2011- 2013 {Pis: Baker, Risbrough, Geyer} Cohorts 11-12 

Pre-Deployment 

Visit O 

7 months 

Index Deployment 

N = 1,190 

Post-Deployment 

"'3-6 months 
Visit 1 

N = 886 

Time 

• Prospective study 

• Deployment to Iraq or 

Afghanistan 

• Longitudinal follow-up 

Timeline and Enrollment 



MRS Longitudinal Data Sources 

Psychological and 
Behavioral assessments 

Psychiatric and medical 
• Clin ica l interviews 
Historical 
• Self-report questionnaires 
Neuropsychological 
• Attention, Memory, Executive 
Function, Reasoning, Social 
Cognition 

Biological assessments 

Bio markers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Metabolomics (subset ) 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
• Startle t hreshold and 
habituation, fear 
conditioning and extinction, 
heart rate vari ability 

MRS 
Secure database 

D 
Genomics 

• GWAS (complete data} 

Career History Archival Medical 
and Personnel System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
• Outpatient hea lthcare visits 
• Duty stat us 
• Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
• Saliva 
•Urine 
•DNA/ RNA 

• Methylome (subset, pre-post} 
• Transcriptome {subset, pre-post} 



PTSD diagnosis using CAPS 

• Criterion A. The person has been exposed to a traumatic event in wh ich both of the following 
were present: 
(1) the person experienced, w itnessed, or was confronted with an event or event s that involved 
actual or threatened death or serious injury, or a threat to the physica l integrity of self or others 
(2) the person's response involved intense fear, helplessness, or horror (not for military cohorts) 

• Symptom clusters: 
B: Reexperiencing (Bl-5) 

C: Avoidance I Numbing (Cl-7) 
D: Hyperarousa l (Dl-5) 

• Fl/12 rule : frequency of 1 and intensity of 2 (range: 0-4 for both) 
experienced it at least once or twice during the last month 
distress/discomfort: moderate, distress clearly present but sti ll manageable, some disruption of 
activities 

• DSM-IV PTSD diagnosis: 
Full : lB, 3C, 20 ~"°"'""_...........=-----=== ....... PTS D dx 

Partial stringent: lB, 2C, 2D 
Partial lenient: lB, 3C OR 2D 

• CAPS summary score: 

...,..___ ____ Partial PTSD dx 
Broad definition 

of PTSD 

Su m of all frequencies and intensities of the 17 questions (range: 0 - 136} 

Clinician Administered PTSD Scale (CAPS) 
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MRS: Genetic Ancestry 
MRS subjects (N=3,669) 
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• Bayesian based cluster methods (STRUCTURE) to generate ancestry estimates based on HGDP 
reference populations and Al Ms 

• Determination of main ancestra l groups (<5% admixture) 

• Visual inspection: PCA with reference populations and color coding for main ancestral groups 



Study design: GWAS on PTSD symptom changes 

History: 
•Psychiatric Genomic Consortium (PGC, 2007): field-wide mega-analyses of genetic 
associations for ADHD, BPD, MOD, and SCZ 
• Most psychiatric disorders are polygenic, with many individual loci conferring only 
small individual effects 
•Very large datasets (>10,000 cases) are necessary for GWAS 

• PTSD only recently joined the PGC 
• 3 GWAS published to date (RORA, TLLl , lincRNA) 
•unique disorder because exposure to a traumatic event is a prerequisite 

Rationale: 
• Leverage prospective design ~ control for PTSD symptoms at predeployment 
• Exposed to recent, homogenous trauma {7 month deployment to combat zone) 
•Control for individual trauma exposure 

Goal: identification of SNPs associated with larger changes in trauma-related 
symptoms than predicted by the severity of combat trauma exposure 



Effect of trauma on PTSD symptoms 

I CTQ 

Combat 
Exposure 

DRRl's LEC I ij 
L -~====~= 

pre post 

PTSD symptoms PTSD dx 

Post-deployment PTSD symptoms as predicted by pre-deployment PTSD and 
trauma measures: 

Variable %VE P-value Cum.% VE P-cum. 
CAPS VO 2.80% < 2.2e-16 2.80% < 2.2e-16 
DRRl's 2.70% <2.2e-16 5.61% < 2.2e-16 

""' ...... - ... f!' 

__ ... 
..,_.,..,.._ ... -- --- --- ..... ... -..... 

CTQ 1.19% < 2.2e-1 6 5.92% 8.92E-10 
LEC 0.74% < 2.2e-16 6.01 % 0.0023 
DRRl's: composite score of combat exposure measures 
CTQ: Childhood Trauma Questionnaire 
LEC: Life Events Checkl ist at pre-deployment (VO) 
%VE: % variability explained; cum.: cumu lative 

Predictors: 
•CAPS VO 
• DRRl's 
•MRS study 
• 3 PC's 
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Consistent effects across MRS studies 

MAF INFO OR SE P-value Dataset 

0.101 0 .97 2.27 0.19 1.49 x 10-05 MRS-I 

0.109 1.01 2.38 0.24 2.77 x 10-04 MRS-I I 

0.104 0.98 2.33 0.15 7.90 x 10-09 MRS-I & MRS-II 

. 

Genome studio ca lls for genot yped SNP 
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Secondary GWAS models 

Variable OR SE p N AIC Model 

SNP 2.333 0.146 6.84E-09 1651 1357.80 base 

DRRl's 3.231 0.100 5.40E-32 

caps-qt VO 1.048 0.004 9.42E-26 

SNP 2.372 0.147 4.66E-09 1631 1354.93 adding CTQ 

DRRl 's 3.181 0,101 3.54E-30 

caps-qt VO 1.046 0.005 1.55E-22 

CTQ 1.376 0.141 0.024 

SNP 2.398 0.148 3.27E-09 1629 1354.95 adding CTQ & LEC 

DRRl's 3.177 0.102 6.26E-30 

caps-qt VO 1.044 0.005 l.54E-19 

CTQ 1.326 0.143 0.048 

LEC 1.033 0.023 0.16 

•Adding more trauma variables increases gene effect on PTSD outcome 

• Dominant genetic model is more significant than an additive one 



CSMDl function 

•not yet fully understood 

•gene codes for a multiple domain complement-regulatory protein 

• highly expressed in the central nervous system 

• In rats: 

• CSMD1 protein blocked classical complement pathway activation 

• primary sites of synthesis are developing CNS and epithelial tissues, 
suggesting that CSMDl may be a regulator of complement activation 
and inflammation in the developing CNS, and may also play a role in 
growth cone function (Kraus et al. 2006) 

• Csmd1 knockout mice showed behaviors reminiscent of blunted 
emotional responses, anxiety and depression, suggesting an 
influence of CSMD1 on psychopathology and endophenotypes of 
the negative symptom spectra in schizophrenia (Steen et al. 2013) 

Cub and Sushi Multiple Domains 1 



CUB and Sushi multiple domains-1 gene (CSMDl) 
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Role of CSMDl in Neuropsychiatric disorders 

• GWAS schizophrenia locus (rs10503256} (SCZ Consortium 2011) 

•Schizophrenia locus confirmed (rs10503253} (Bergen et al. 2012} 

• SNP rs10503256: associated with neurocognitive effects in humans, specifically 
with poorer performance on neuropsychological measures of general cognitive 
ability and memory function, suggesting that CSMDl may be involved in brain 
mechanisms related to memory and learning (Donohoe et al. 2013} 

• neural effects of rs10503253 were investigated in vivo in healthy participants in 
an MRI study, showing reduced cortical activations in the middle occipital gyrus 
and cuneus, suggesting that CSMD1 may mediate brain function related to 
cognitive processes (Rose et al. 2013) 

• GWAS showing supportive evidence for CSMD1 in bipolar disorder {Xu et al. 2014) 



MRS Genomic Projects 

Subjects : MRS European Americans (N =26 cases and 38 controls, longitudina lly)' 

• Transcriptome: Genome-wide gene expression {RNAseq) 

• Epigenetic Mechanisms: Genome-wide methylation {lll umina 4SOK) 

• Peripheral blood leukocytes 

Demographics of subjects used in the methylation and gene expression analyses 

Controls (n = 38} Cases* (n = 26) 

Measure mean sd min max mean sd min max p 

Assessed pre-deployment: 
Age 22.12 3.47 18.8 34.81 22.6 3.06 19.9 35.05 0.13 

CAPs 7.03 7.04 0 21 10.92 6.75 0 22 0.019 'I 
Ch ildhood t rauma (CTQ) 35.55 15.44 25 103.25 44.25 12.18 26 67.25 0.001 

Adult trauma {LEC) 3.45 2.98 0 11 5.27 3.26 1 14 0.011 

Tobacco use 1.71 1.94 0 4 2.26 2 0 4 0.30 

Assessed post-deployment: 
Combat exposure (DRRls} 0.61 0.38 0.03 1.49 1.09 0.69 -0.29 2.14 0.002 

CAPs 10.45 7.29 0 25 52.19 13.66 15 84 3.8E-11 

Tobacco use 1.82 1.61 0 4 1.92 1.76 0 4 0.78 

*Cases were selected to be symptom-free (CAPs $25) at pre-deployment 
and diagnosed with partial or f ull PTSD at t he post-deployment visit 
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M ean (+SE} levels of methylation in CSMDl probe is significantly lower in 
PTSD cases compared to controls three months after exposure to combat 
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Significant ly lower gene expression in CSMD1 in PTSD subjects compared to 
controls at post-deployment assessments 

D Control (N=37) p=0.016 p=0.048 Dcontrol (N=38) 

• PTSD (N=26) • PTSD (N=32) 
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Data represent fold change (2 ·LWST) ±SE, relative to controls, fo llowing 
normalization and VST transformation 



Conclusion 

• Genome-wide significant association of CSMD1 with PTSD 

•awaiting replication in longitudinal cohort 

• CSMD1 association is consistent across MRS-I and MRS-II 

• CSMD1 is associated with SCZ, BPD and neurological traits 

• Methylation and gene expression levels are significantly lower in PTSD 
subjects compared to controls after exposure to combat 





NPY CSF and Plasma 
Concentrations: Associations with 
Childhood trauma, Combat Stress 
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What is 
Neuropeptide Y? 

• Phylogenetically ancient, abundant 36 amino acid peptide 
• The most widely expressed peptide in the mammalian brain 
• Six known receptor subtypes that couple to G protein complex 
• Yi, Y2, Y4, Y5 are functional subtypes in the human brain; 

high expression in the amygdala 
• Activated by NPY, pancreatic peptide and peptide YY 
• Y1R tends to serve a "brake" function: is important in regulation 

of anxiety and fear modulation, tyrosine hydroxylase activity, 
blood pressure, and bone growth regulation 

• Y2R is located pre-synaptically on neurons that contain NPY 
and negatively regulate release 

• Y5R is involved in energy balance, circadian regulation and 
may be a second brain peptide (in addition to Y1R is important 
in regulation of anxious temperament (Roosebloom et al. 2014) 



Neuropeptide Y 

In the brain 
• Wide distribution in many brain regions & spinal cord 

Abundant in forebrain limbic structures relevant for 
behavioral and emotional responses to stressful 
stimuli/fear/anxiety producing events, 
as well as brainstem (Gray & Morley 1986; Eaton et al 2007 review) 

• NPY synthesis by neurons and astrocytes; 
both have NPY receptors (Ramamoorthy & Whim 2008) 

• Cross-talk with receptors relevant to psychiatric 
conditions, e.g. GABA, CRF, NE 

• In hypothalamus, NPY participates with leptin and 
a-MSH in energy balance; in SCN participates in 
circadian regulation; involved in adult neurogenesis 



Neuropeptide Y " ~ ........ 

f 
I n the body I II NI rr1li h ) IHhl\t( 

• Co-stored with catecholamine transmitters and co-released 
released with stimulation of the SNS pathway 

• Likely sources of plasma NPY: sympathetic nerve endings 
thought to be predominant source- also adrenal & platelets 

In the periphery 
• NPY-in the face of stress- (acutely) amplifies the stress 

response, can lead to detrimental effects on the body 
• Via Y 1 receptor, NPY, with catecholamines, promotes 

vasoconstriction; independently is a long-term regulator 
• NPY's angiogenic and immune effects promote atherosclerosis 
• NPY's angiogenic effects promote fat cell growth and promote 

metabolic syndrome 



Neuropeptide Y Concentrations: 
Across the BBB & Across Time f 
Sources of information: 

{IL ( I I photn HtHAt 

• Cross-sectional 24-h CSF and P.lasma from Serial CSF study 
• Longitudinal (pre- and post-deployment) fluids (plasma, urine, 

saliva) from a large cohort of deployed Marines (MRS study) 

Presentation & Discussion 
• Presentation of cross-sectional (24-h serial) CSF and plasma 

NPY concentrations in PTSD, healthy deployed vets & civilians 
• To show baseline determinants of plasma NPY levels 

(predeployment NPY levels) 
• To show changes in plasma NPY concentration over time in 

relation to stress i.e. childhood trauma & combat stress 
• Discuss possible implications, mechanisms and future directions 



Serial CSF Methodology 

• Serial cerebral spinal fluid study 
• Cross sectional study of three groups: PTSD, combat 

control , non-traumatized civil ian volunteers 
• Serial CSF, repeated plasma and saliva and 24-h urine 

collection over a 24 hour timeframe 
• Groups well-characterized, matched for age and gender: 

26 deployed subjects, veterans and active duty combatants 
• of the Iraq and Afghanistan conflicts, 12 subjects with, 

14 subjects without PTSD and 12 physically and 
mentally healthy civilian volunteers 

• Eleven subjects with PTSD, 11 civilian volunteers and 
14 combat controls had sufficient CSF for statistical 
analysis 

SHIJ l\t,•Lftrn..O St).1f\' 
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Cross-lagged correlation: CSF/Plasma NPY 

-1 a -9 ~B -7 ~ -~ -4 -3 -2 -1 a ·1 2 3 4 5 fi 7 B 9 1 o 

Time lag (TI) 

Baker DG et al. , PNEC 2013 38(10):2378-82 



Marine Resiliency Study (MRS) 
Goal: Predictors of Risk and Resilience for PTSD 

MRS-I: 2008 - 2011(Cohorts 1-4) 

Pre-Deployment 
1week 

Visit O Visit 1 

7 months 

- Index Deployment 

Post-Deployment 
3 months 

Visit2 
6 months 

Visit3 • Prospective study 
• Deployment to Iraq or 

Afghanistan 
• Longitudinal follow-up 

N = 2,593 N = 2,231 N = 1,898 N = 1,645 

Timeline and Enrollment 

For Detailed Description of Methods: 
See Baker et al. Prev Chronic Dis. 2012;9:E97 



MRS Longitudinal Data Sources 
Psychological and 

Behavioral assessments 

Psychiatric and medical 
• Clinical interviews 
Historical 
• Self-report questionnaires 
Neu ropsychologica I 
• Attention, Memory, Executive 
Function, Reasoning, Social 
Cognition 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Metabolomics (subset) 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
•Sta rtle threshold and 
habituation, fear 
condition ing and extinction, 
heart rate variability 

MRS 
Secure database 

Geno mies 

• GWAS (complete data) 

Career History Archival Medical 
and Personnel System 

database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
• Outpatient healthcare visits 
• Duty status 
• Se pa ration date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
•Saliva 
• Urine 
•DNA/ RNA 

• Methylome (subset, pre-post) 
• Transcriptome (subset, pre-post) 



PTSD diagnosis using CAPS 
• Criterion A. The person has been exposed to a traumatic event in which both of the fol lowing were present: 
•(1) the person experienced, witnessed, or was conf ronted with an event or events that involved actua l or 
threatened death or serious inj ury, or a t hreat to the physical integrity of self or others 
•(2) the person's response involved intense fear, helplessness, or horror (not for military cohorts) 

•Symptom clusters: 
•8: Reexperiencing (81-5) 
•C: Avoidance/ Numbing (C1-7) 
•O: Hyperarousa l (0 1-5) 

• F1/ 12 rule: frequency of 1 and intensity of 2 (range: 0-4 for both) 
•experienced it at least once or twice during the last month 
•distress/discomfort: moderate, dist ress clearly present but sti ll manageable, some disrupt ion of activities 

•DSM-IV PTSD diagnosis: 
•Full : 18, 3C, 2 0 
•Partial Stringent: 18, 2C, 20 

•CAPS summary score: 

PTSD dx 
Partial PTSD dx 

• Sum of all frequencies and intensit ies of the 17 questions (range: 0 - 136) 

• Zero-Inflated Binomial Model (ZINS) 
Zero-inflated negat ive binomia l regression is for modeling count _1 ---....... > 
variables with excessive zeros and it is usually for overdispersed 
count outcome variables. 

Clinician Admin istered PTSD Scale (CAPS) 

~ · 
0 

0 
0 

N = 2481 
Mean: 14.78 
Range: (0,101) 

0 20 40 60 so 100 120 140 

CAPS QT 



Sociodemographic and psychometric data at baseline (n = 2489) 

BDI Total Score 

Depression° 

CAPS summary score 

PTSD Diagnosisa 

Race 

Black/ African American 

Caucasian 

Other 

Psychometric data 

6.7 (0-51) CTQ Total Score 40.19 (25-106.5) 

198 (7.7%) Tobacco Use 1401 (56.3%) 

14.8 (0-101) AUDIT total score 9.6 (0-37) 

176 (7.1%) Alcohol Abuse* 326 (15.8%) 

Demographic Information 

115 (4.6%) 

2068 (83.1%) 

306 (12.3%) 

Age (yrs) 22.8 (18-4 7) 

0 > 20 Beck Depression Scale 

a DSM IV Full and partial stringent DX 

* Alcohol abuse = audit score > 2 



Childhood trauma data at baseline (n = 2489) 

Childhood trauma prevalence 

Childhood Trauma CT Type (0/o with) 

No CT 1320 (53.4o/o) Emotional Abuse 1 8 3 ( 11 . 9 O/o) 

One CT 538 (21.8°/o) Physical Abuse 516 (33.5°/o) 

Multiple CT 614 (24.8°/o) Sexual Abuse 110 (7.2°/o) 

2 CT 287 (11.6°/o) Emotional Neglect 300 (19.5°/o) 

3 CT 162 (6.6°/o) Physical Neglect 366 (23.8°/o) 

4CT 134 (5.4%) 

5 CT 31 (1.3°/o) 



Determinants of Plasma NPY Concentration 
Prior to and after exposure to combat: 
A longitudinal assessment 

• Evidence for an effect of genotype (rs16147) on plasma 
NPY concentrations as well as on amygdalar signal (Zhou 
et al. 2008), & of an interaction between childhood 
maltreatment & amygdalar signal (Opmeer et al. 2014) 

• Evidence from a cross-sectional study that trauma 
exposure, but not PTSD associated with plasma NPY 
levels (Morgan et al. 2003) & that high levels of stress during 
childhood associated with reduced plasma NPY (Jiminez­
vasquez et al., 2001; Husman et al. , 2002). 



MRS: Mean Levels of Plasma 
NPY* by Case/Control over time 
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Mean Levels of uE* by Case/Control 
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Correlations between pNPY and Stress Biomarkers 

Correlations with pNPY {p-value) 

I Visit 0 Visit 2 Visit 3 
- l 

' -0.04 
uE 

-0.02 -0.006 
I (0.2) (0.8) (0.1) 

I uNE 
0.02 ' -0.008 0.06 
(0.2) (0.7) (0.2) 

I 
--

0.05 0.02 0.002 
sCortisol 

(0.1) (0.6) (1 .0) 

Correlations between Plasma NPY, spot urine uE, uNE and saliva Cortisol: 
Non-significant at baseline (predeployment); non-significant at 3 and 6 months 

post-deployment 
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Neuropeptide Y (NPY): 
Genetic Variation in the Human Promoter Alters Glucocorticoid Signaling, Yielding 

Increased NPY Secretion and Stress Responses 

Kuixing Zhang, MO, PhD*, Fangwen Rao, MD', Jose Pablo Miramontes-Gonzalez, MD, PhD", 
C. Makena Hightower, PhD~, Brian Vaught, as·, Yuhong Chen, MD', Tiffany A. Greenwood, 
PhD', Andrew J. Schork, BS', Lei Wang, PhD', Manjula Mahata, PhD', Mats Stridsberg, 
PhDt, Srikrishna Khandrika, PhD~, Nllima Biswas. PhD' , Maple M. Fung, Mc*, Jill Waalen, 
MO, MP Hi , Rita P. Middelberg, Ph Di , Andrew C. Heath, PhD§, Grant W. Montgomery, PhD§, 
Nicholas G. Martin, PhD§, John B. Whitfield, PhD§, Dewleen G. Baker, MD II, Nicholas J . 
Schork, PhDt , Caroline M. Nievergelt! PhOi , and Daniel T. O'Connor, MD'" 
"Departments of Medicine, Pharmacology and Psychiatry, and Institute for Genomic Medicine, 
University of California at San Diego, San Diego, California 

t Department of Medical Sciences, Uppsala University. Uppsala, Sweden 

t Department of Molecular and Experimental Medicine, the Scripps Research Institute. La Jolla, 
Cal ifornia 

§Queensland Institute for Medical Research, Brisbane, Queensland, Australia 

llVA Center of Excellence for Stress and Mental Health, VA San Diego Heafthcare System, San 
Diego, Cal ifornia 

Abstract 

Objectives-This study sought to understand whether genetic Yarinrion at the Neuropeptide Y 
{.NP}) locus goYerns secretion and stress responses in \t\·o as well as .. VPY gene expression ill 



• Studied healthy twin/sibling pairs (n = 399 individuals), 
typing 6 polymorphisms spanning the locus; replication 
in 361 MRS Marines & 2212 Australian twins 

• Basal/resting plasma concentration of NPY is under 
substantial genetic control, with heritability (h 2 ) 0. 73 
0.04 (p=3.1E-26) 

• Haplotype ar~td single nucleotide polymorphism analyses 
indicated that proximal promoter variant \7-880~ (2-bp 
TG/-, Ins/Del, rs3037354) minor/ Ll allele disrupts 
glucocorticoid signaling to influence NPY transcription 
and secretion associated with several heritable (h2 ) 

stress traits: NPY secretion (h2 = 73 ± 4%) as well as 
greater BP response to environmental (cold) stress, and 
higher basal systemic vascular resistance. 

• rs3037354 used for statistical models in this talk 

Zhang, et al., 2012, JACC 



MRS subjects (N=3,669) 

MRS GWAS: Genetic Ancestry • African American n=218 
Hispan ic/Nat.Am. N=671 

• East Asians n=52 

v 
0 
ci 

(") 
q 
0 -~ 0 

(") ('\I 
0 

~ 0 
N -N 

u .-
q 

a_ 0 

0 
0 
ci 

.... 
0 
0 
I 

-62% European American 

"Africa ., 
D. 
~~ 

. 
• • ... 
~ . 

- 0.04 - 0.02 0 .00 

PC 1 (31.8%) 

} Oceania 

East Asia 

1 ... 
~if.tr' 
I~ Nat. 

Am. 

• Central/South 
Asia 

0.02 0 . .04 

0 

("') 

u 0 
a_ 0 

ci 

Ii) 
0 
0 
I 

• Europeans n=2,287 
Others n=493 

Reference Subjects 

X HGDP subjects 

1 Oceania 

Central/South • East 
Asia ~~ Asia 

Midd~IEast • , , ·~ ••. 
' ·~~ 

._,.,., • • ...... . I •• • •• . . . ·. ~ . ' 
Europe Africa .. - . 

>r. '". 

Nat.~ 
-0.04 - 0.02 0.00 0.02 0.04 

PC 1 (31.8%) 

•Bayesian based cluster methods (STRUCTURE) to generate ancestry estimates based on HGDP 
reference popu lations and AIMs 
•Determination of main ancestral groups (<5% admixture) 
•Visual inspection: PCA with reference populations and color coding for main ancestral groups 

Nievergelt et al. , 2014 



Predictors of pre-deployment levels of pNPY 

Variable Beta SE t value p value 

Intercept 9.0 0.3 31.8 2.9e-184 

Age 0.02 0.01 1.3 0.2 

I rs3037354 0.3 0.07 4 .2 2.6e-05 I 
Prior Deployment -0.2 0.09 -2.7 0.008 

Childhood Trauma -0.2 0.09 -2.0 0.047 

•N = 2276 Marines 
•Childhood Trauma Questionnaire (CTQ) 

Scored as 0-1 trauma vs 2 or more traumas (Agorastos et al., 2014) 
•rs3037354 ~-8807, promoter polymorphism* 
•Adjusted for baseline pNPY levels, ancestry, and prior deployment status 

Linear Regression 



GxE: There is no significant interaction between 
childhood trauma and rs3037354 

Variable 

Intercept 

Age 

rs3037354 

Prior Deployment 

Childhood Trauma 

Childhood Trauma* 
rs3037354 

•N = 2276 Marines 

Beta 

9.1 

0.02 

0.2 

-0.2 

-0.2 

0.1 

SE t value p value 

0.3 31 .8 2.Se-184 

0.01 1.3 0.2 

0.08 3.2 0.001 

0.09 -2.7 0.008 

0.1 -2.1 0.04 

0.1 0.8 0.4 

•Adjusted for ancestry and prior deployment status. 
linear Regression 



Intensity of Combat Exposure is a predictor of post-deployment 
pNPY levels 

Variable Beta SE t value p value 

Intercept 6.3 0.3 20.9 7.2e-85 

Age -0.01 0.01 -0.9 0.4 

Baseline pNPY 0.3 0.02 16.2 2.9e-52 

I Combat Exposure -0.2 o;os -3.4 0.0007 I 
•N=1756 Marines in 4 battalions 
•Combat exposure: Composite measure of 4 exposure scales 
(DRRI Combat Experiences, Post-Battle Experiences, Deployment Concerns, 
Deployment Environment) 
•Analysis for adjusted for baseline pNPY levels and ancestry (NS) 

Linear Regression 



Model including childhood trauma and prior deployment 

Variable Beta SE t value p value 

Intercept 6.2 0.3 19.8 2.7e-77 

Age -0.005 0.01 -0.4 0.7 

Baseline pNPY 0.3 0.02 16.3 7.6e-53 

I Combat Exposure -0.2 0.05 -3.8 0.0001 

Childhood Trauma 0.3 0.09 2.9 0.004 

Prior Deployment -0.1 0.08 -1.2 0.2 

•N=1744 Marines 
•Combat exposure prediction improves with inclusion of childhood trauma 
•Adjusted for baseline pNPY levels, ancestry, and prior deployment status 

Linear Regression 



Baseline pNPY levels do not predict post-deployment PTSD 
Count Model: 

Variable Beta SE z value p value 

Intercept 2.8 0.23 12.1 5.3e-34 

I pNPY 0.007 0.01 0.6 0.5 

Age -0.006 0.007 -0.9 0.4 

BMI 0.01 0.008 1.5 0.1 

Zero-Inflated Model: 

Variable Beta SE z value p value 

Intercept -1.1 0.7 -1.5 0.1 

I pNPY -0.01 0.03 -0.4 0.7 I 
Age -0.005 0.02 -0.3 0.8 

BMI -0.01 0.02 -0.5 0.6 

•N=1813 Marines 

•CAPS Summary Score ZINB Model 
•Adjusted for ancestry 



Cerebrospinal Fluid NPY Concentration, 
Anxiety, Temperament, and PTSD Status 

• Preclinical studies 
• Lower NPY1R and NPY5R, but not NPY or NPYR2 

associated with anxious temperament in primates 
(Rosebloom et al., 2014) 

• Intranasal NPY reverses anxiety-like behavior in 
rodent PTSD model (Serova et al., 2013) & Early 
intervention with intranasal NPY prevents prolonged­
stress triggered impairments (Laukova et al., 2014) 

• Adaptive responses in CSF NPY expression following 
stress have been observed (McGuire et al., 2011; Makino et 
al., 2000 & Thorsell et al., 1998) 

• Humans: Lower CSF NPY concentrations in PTSD 
compared to non-combat (Sah et al., 2011) and combat 
controls (Sah et al., 2014) 



Low CSF NPY levels in PTSD 
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Using linear mixed-effect models: Differences in NPY-CSF 
concentrations were statistically significant [p-value for existence of 
group effect 0.0234; the difference in levels between healthy civi lian 
volunteers and PTSD subjects was statistica lly significant (p = 0.012) 
but deployed healthy subjects were not statistically significantly 
different from either of t he other two groups 
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Summary 

• Longitudinal data in Marines confirms outcomes from 
cross sectional studies; results show that plasma NPY 
concentrations are determined by: 
• Genotype 
• Childhood Trauma 
• Combat trauma exposure 
• Pre-deployment plasma NPY does not predict PTSD 

outcome 

• 24-h serial CSF NPY analysis replicates prior single time 
point studies showing lower CSF NPY concentrations in 
PTSD compared to combat controls and civilians 



Unanswered questions/future directions 

• Is low brain (amygdalar?) NPY a pre-trauma risk factor for 
PTSD development, or is trauma related adaptive 
changes in NPY a primary cause? 

• Can brain NPY production be inferred from genotype 
determined NPY levels periphery? 

• Are molecular mechanisms of stress-related adaptive 
change in the periphery (as has recently been described 
in adrenal NPYexpression (wang&Whim 2014)the same 
those in the CNS? 
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Developing MEG and DTI Markers for PTSD 
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Post-Traumatic Stress Disorder: PTSD 

OEF/OIF/OND 
Military Service 
Members and 

Veterans in the U.S. 

Devastating Earthquake 
and Tsunami, Japan, 2011 

-'!, 

~ ~ 
Tiananmen Square Massacre, 

Beijing, China, 1989 



The neurocircuitry of PTSD 

+ vmPFC 

t Amygdala 

t Hippocampus 

• PET and fMRI studies using emotional (e.g., fearful) stimuli and resting­
state design showed (e.g., Shin LM and Liberzon I. 
Neuropsychopharmacology 35: 169-191, 2010): 

• Hyper-responsive Amygdala 

• Hyper-responsive Hippocampus 

• Hypo-responsive ventromedial prefrontal cortex (vmPFC) 



Limitations of PET and fMRI Studies for PTSD 

• Low temporal resolutions (mins to secs) 

•Indirect measures of neuronal activity 

Questions to be Addressed by Current MEG Study 

• Is MEG source imaging able to directly detect abnormal 
electromagnetic signals in PTSD neurocircuitry? 

• If yes, at what frequency bands? 

•How similar are the MEG source imaging findings to the 
PET/fMRI findings in PTSD? 



Why MEG Society should not Ignore fMRI? 
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EEG vs. MEG Technology, both with millisecond 
tern para I resolution 

EEG MEG 
MEG SQUID Sensor Array 

Fils §.1211 YJeW [O&ert !.oola mn 
a~ kl if1 ·~A- ;.·· /T Jil ~ 



MEG Source Magnitude Images of Brain Rhythms for Different 
Frequency Bands (ex: 8-12 Hz, P: 15-30 Hz, y: 30-80 Hz, o+S: 1-7 Hz) 

Huang et al., Neurolmage, 84: 585-604, 2014 (Fast-VESTAL) 

ole brain rs-MEG source-amplitude images averaged from 41 healthy 
subjects in MNI-152 atlas coordinates from Fast-VESTAL in alpha (1st row), 
eta (2nd row), gamma (3rd row), and low-frequency (delta plus theta, 4th row) 

bands. 



EG protocol for imaging the neurocircuitry of PTSD 

• Resting-state MEG recording with eyes-closed 

• 25 active-duty and Veterans diagnosed with PTSD (CAPS total: 41-81) 

• 30 Healthy Controls 

• MEG source imaging for different frequency bands 

• Hypothesis 1: hyper-activity in amygdala and hippocampus 

• Hypothesis 2: hypo-activity in ventromedial prefrontal cortex (vmPFC) 

Huang et al. , Voxel-wise resting-state MEG source magnitude imaging 
study reveals neurocircuitry abnormality in active-duty service members 

and veterans with PTSD. Neurolmage: Clinical (in press) 2014 



MEG data processing 

• MaxFilter and ICA for removing noise and artifacts 

• Data were divided into 2.5 sec epochs 

• Apply DC correction, band-pass filter for alpha (8-12 Hz), 
beta (15-30 Hz), gamma (30-80 Hz), high-gamma (80-150 
Hz), and low-frequency (1-7 Hz) bands. 

Calculate sensor waveform covariance matrix 

un Fast-VESTAL to obtain voxel-wise source images 

un spatial smoothing, then registered to MNI space. 

erform logarithm transformation 

oxel-wise comparison between PTSD and healthy controls 

tatistical analysis and correct for family-wise error 

Huang et al., Neurolmage: Clinical (in press) 2014 



MEG Beta-band hyper- and hypo-activity in PTSD 
versus health controls 

•Hyper-activity: L+RAmygdala (white arrows), L hippocampus, L+R 
posterolateral OFC (magenta arrows), R insular cortex, PCC (brown arrow), etc. 
•Hypo-activity: vmPFC (green arrows), L+R dlPFC, precuneus cortex, L+R 
frontal poles, L temporal poles, etc. 

Huang et al., Neurolmage: Clinical (in press) 2014 



MEG gamma-band (upper panel) and high gamma band 
(lower anel h er- and h o-activit in PTSD 

•Hyper-activity: L+RAmygdala (white arrows), L hippocampus, L+R 
posterolateral OFC (magenta arrows), L+R insular cortex, dmPFC, etc. 
•Hypo-activity: vmPFC (green arrows), L dlPFC, precuneus cortex, etc. 



MEG alpha-band (upper panel) and low-freq band (lower 
anel h o-activit in PTSD 

Hypo-activity: bilateral FPs, bilateral dlPFC, right superior frontal gyrus, 
bilateral anterior temporal lo bes, bilateral precuneus cortices, and bilateral 
sensorilnotor cortices. 



PTSD Symptoms (CAPS) Correlating 
with MEG Source Magnitude 

• Positively correlated with MEG left amygdala (beta band, r = 
+0.51, p < .05). 

• Positively correlated with left posterolateral OFC (beta band, r 
= +0.55, p < .05) 

• Negatively correlated with vmPFC (beta band, r = -0.58, p < 
.01; gamma band, r = -0.63, p < .01; and high-gamma band, 
r = -0.60, p < .01). 

• Negatively correlated precuneus (alpha band, r = -0.48, p < 
.05) 

Using the MEG source magnitude from the above areas, 
support vector machine (SVM) correctly classified PTSD 
patients with 93% accuracy, and healthy controls with 95% 
accuracy. 



Resting-state fMRI findings • 1n PTSD 
Yan et al., Neuroscience Letters. 547: 1-5, 2013 

X. Yan et of. / Neuroscience Letters 547 (2013) 1- 5 3 

Fig .. 1. Brain regions showing significant group differences between PTSD and controls in tenns of magnitudes of spontaneous activity. The crossbairs are focused at the 
following brain regions: (a) orbital frontal gyrus, (b) anterior cingulate cortex, (c) superior frontal gyrus, (d) dorsal lateral prefrontal cortex. (e) amygdala, (f) insula, (g) 
thalamus and (h) prec;uneus. Warm colors (red and yellow) represent increased spontaneous activity in the PTSD group compared to the control group, whereas cold color 
(blue) represents decreased spontaneous activity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) 



Diffusion Tensor Imaging (DTI) 
DTI is an MR imaging technique based on the Brownian motion of water 
through tissues 

• It measures how easy that water molecules move along the direction of white 
matter fibers versus the directions perpendicular to the fibers. 

• TBI causes tissue shearing in the white matter fibers that leads to reduction of 
DTI signal. 
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Preliminary abnormal DTI findings in PTSD 

• Reduced FA in bilateral temporal-portions of 
the posterior cingulum, consistent with findings 
in Fani et al., 2012 

• Reduced FA in bilateral Uncinate Fasciculus 

Fani et al., Neuropsychopharmacology (2012) 37: 2740-2746 



Summary 

• In MEG beta and gamma bands, PTSD showed 
hyperactivity in amygdala, hippocampus 

• PTSD showed hypoactivity in vmPFC, dlPFC, 
precuneus, frontal poles, anterior temporal lobes 

• New finding: hyperactivity from posterolateral OFC 

• MEG abnormal activity correlated with PTSD 
symptom scores. 

• MEG findings are similar to fMRI findings, but MEG 
offers markedly more information in terms of new 
abnormal areas, frequency-bands, etc. 
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Challenging using Conventional Neuroimaging Methods 

• Traumatic brain injury (TBI) is a leading cause of 
sustained impairment in veterans, military personnel, 
and civilian populations. 

0 Mild TBI (mTBI): injuries are difficult to detect (injuries 
are visible on only <10% of conventional MRis or CTs). 

• Axonal injury is a leading factor in mTBI. Conventional 
CT and MRI are mainly sensitive to blood product, and 
less sensitive to axonal damage itself, hence they 
underestimate the presence of axonal injury, especially 
in mild TBI cases. 

• Injured brain tissues in mTBI patients generate 
pathological slo\iv-wavc magnetic signal that can be 
measured and localized by MEG (Lewine et al. , 1999, 
2007). 

MildTBI: CT and MRI 

• Negative 

• Positive 
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~) are Characteristics o euroloytcal=thjurtes 1n the Brain, 
resulting from axonal injury and/or defects in cholinergic pathways 

•Stroke 

•Brain tumor 

•Epilepsy 

•Traumatic brain 



Dipola1 .. Slol'\T w.1ve Mild Head Tra11111a 

Lewine et al., 1999, AJNR Am.J.Neuroradiol. 20: 857-866 



hat is the neurophysiology or resting-state 
MEG slow-wave generation {1-4 Hz) in TBI? 

Animal studies in cats revealed the slow-waves (delta­
band 1-4Hz) were due to De-afferentation in gray­
matter, caused by axonal lesions in white matter tissue 
(Gloor et al., Neurology, 1977; Ball et al., 
Electroencephalogr. Clin. Neurophysiol., 1977). 

In animals, slow-waves and de-afferentation can also 
be generated by applying atropine that blocl<s or limits 
cholinergic transmissions (Schaul et al., Brain Res. 
143: 475-486, 1978). 



Huang et al. , Neurolmage, 84: 585-604, 2014 (Fast-VESTAL) 

hole brain rs-MEG source-amplitude images averaged from 41 healthy subjects in 
I-152 atlas coordinates from Fast-VESTAL in alpha (1st row), beta (2°d row), 

gamma (3rd row), and low-frequency (delta plus theta, 4th row) bands. 
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1ng automated resting-state MEG source imaging 

Resting-state MEG data (spontaneous recording with eyes­
closed) were collected using the Elel<ta-Neuromag 
Vector View whole-head MEG system 

• Group 1 contains 36 mild TBI patients whose injuries were 
caused by blast, all with persistent Post Concussion 
Symptoms (PCS). 

• Group 2 contains the 48 mild TBI were injured with non­
blast causes (i.e., motor vehicle accident, sports, and fall), 
all with persistent PCS. 

• On average, MEG exam was done -7 months post injury. 

Group 3 contains 79 age-matched healthy control subjects. 

Huang et al. , Neurolmage: Clin ical, 2014, 5:109-119. 



MaxFilter and ICA for removing noise and artifacts 

• Data were divided into 2.5 sec epochs 

• Apply DC correction, band-pass filter 1-4 Hz 

• Calculate sensor waveform covariance matrix 

Run Fast-VESTAL to obtain voxel-wise source images 

• Run spatial smoothing, then registered to MNI space. 

• logarithm transformation 

Compare with normative database, obtain voxel-wise 
Z-score maps 

• Statistical analysis and correct for family-wise error 

Huang et al., Neurolmage: Clinical, 2014, 5:109-119. 



r,•,.=-.. ••irn:a,._~ve::positive-. 1 ·· · ~ C 

~~mding rates for different TBI groups were ca cu ated at the threshold of oo/o 
false-positive rate in healthy control subjects. 
,_ In the blast mild TBI group, the MEG positive-finding rates was 86.1%. 

In the non-blast mild TBI group, the MEG positive-finding rates was 83.3% . 
., In the combined mild TBI group (blast + non-blast), the MEG positive-finding rates was 
84.5%. 
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Huang et al. , Neurolmage: Clinical, 2014, 5:1 09-11 9. 
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Huang et al. , Neurolmage: Clinical, 2014, 5:109-119. 



MEG slow-wave source magnitude 
significantly correlated with PCS 

Huang et al. , Neurolmage: Clinical, 2014, 5:109-119. 



~Positive-detection Rates: MEG slow­
waves in TBI patients has --85% positive 
finding rate in mild TBI patients. 

Y The injury patterns revealed by MEG 
were heterogeneous, but unique to eac 
individual mTBI patient. 

~With a sufficiently large group, MEG 
slow-wave imaging can show brain areas 
that are particularly vulnerable to mTBI. 

Y MEG slow-wave findings correlate with 
post-concussive symptoms 

Mild TBI : MEG 

• Negative 

• Positive 

Huang et al., Neurolmage: Clinical, 2014, 5:109-119. 
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~maging technique based on the Brownian motion of water 

through tissues 
It measures how easy that water molecules move along the direction of 
white matter fibers versus the directions perpendicular to the fibers. 

• TBI causes tissue shearing in the white matter fibers that leads to reduction 
of DTI signal. 
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~ 1story: 17-year old football player, 3 mTBls. Sympfoms: prog·ressive headaches. 
dizziness, extreme fatigue while performing any mental task, altered sleep, 
memory problems, changes in speech . 
Evaluation: Multiple CT & MRI scans negative. 

r"S-MH-'1 rl:!:>ull::.; ::.; t1uw a1J11urr11al sluw-wavE:!s generated from 
two regions in a TBI patient: 1) left column -- left lateral 
superior-posterior temporal region, 2) right column --- right 
inferior-temporal areas. Color threshold p<0.01 . 

Huang et al., J Neurotrauma. 2009 Aug;26(8):1 213-1226. 

Left column : coronal and axial view show abnormal 
DTI in superior-posterior temporal lobe of the left 
hemisphere in a TBI patient. Right column: abnormal 
DTI in inferior-temporal lobe as part of the inferior 
longitudinal fasciculus of the right hemisphere. 
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reduced FA from DTI in mTBI patients 

Relation of abnormal slow-wave images in GM (MEG, hot spots) and reduced 
FA in WM tracts (DTI, light blue clusters indicated by blue arrows) in 6 mTBI 
patients. All images are registered in MNl-152 atlas coordinates 

Huang et al. , (in preparation) 
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blockage I limitation post mild TBI 

In animals, slow-waves and 
de-afferentation can also be 
generated by applying 
atropine that blocl<s or limits 
cholinergic transmissions 
(Schaul et al., Brain Res. 143: 
475-486, 1978). 

Right-- Human cholinergic 
pathway (Selden et al., Brain 
121: 2249-2257, 1998): 

(A) (B) (C) 



MEG slow-waves from gray-matter result from de­
afferentation, due to axonal injury and/ or defects in 
cholinergic pathways in white-matter. 

For mild TBI, automated MEG slow-wave imaging 
techniques (regional or voxel-based whole brain) show 
high positive finding rate (-85%). 

MEG slow-wave imaging findings correlate with post 
concussion symptom scores. 

MEG slow-wave imaging findings in gray-matter are 
consistent with reduced FA in white-matter tracl<s. 
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Neuronal currents in axons and 
dendrites 
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First GWAS in Dopamine Beta Hydroxylase confirms strong cis-acting variants and lends support for 
its role as an intermediate phenotype in post-traumatic stress disorder 

UCSan Diego A.X. Maihofer1• M. Mustapic1•2.4, O.G. Baker3, D.T. O'Connor2, C.M. Nievergelt1•0 

1) Department of Psychiatry, University or California at San Diego. La Jolla, CA. 2) Department of Medicine. University of California at San Diego. la Jolla. CA. 3) VA Center of 
Excel.lence for Stress and Mental Health (CESAMH). VA San Diego Healthcare System, la Jolla, CA 4) Division or Molecular Medicine, Ru"er Boskovlc Institute, Zagreb, Croatia 

Introduction 
Dopamine beta·hydroxylase (DBH) catalyzes formation of norepfnephrine. 
OBH Is expressed in noradrenergic nerve terminals of the central and 
peripheral nervous systems. as well asln chromaffin cells of the adrenal 
medulla. DBH is present In cerebral spinal fluid and plasma (pDBH) as stable 
heritable trait. Differences in OBH expression or actjvity might renect a role in 
the pathogenesis of cardjovascular and neuropsychiatric disorders. The 
genetic mechanisms underlying DBH ~ctfll'rty and its secretlon have been only 
partially e"?fained and no genome wide search has yet been performed, 

We investigated 
1) if a genome wide search would Identify addi tional variants acting on 

pOBH. 
2) the functionality of promoter variants. 
3) the causal refatlonshlp between pDBH and PTSD symptoms, using a 

Menderran randomization approach. 

Methods 

Partidpan~ Marine Resiliency Study (MRS) males of European (EA) or 
Hispanic/ Native American (HNA) descent (N:434) (Baker et al. 201 2). 

OBH measure: Measured In plasma (p08H) by a modified Nagatsu/Udenfriend 
spectrophotometric method. 

PTSD measure: CAPS 1e-experiencing symptom score (subscale BJ. 

Ge.notyping: llumina HOEE 8Vl arny, QCed using standard methods. 

Imputation"' IMPUiE2 with 1000 Genomes Project reference subjects. 

Association betw·een SNPs and pDBH (GWAS): 
• linear regression of pOBH on SNP. with covariates for age and 3 principal 

components (PCs), for population stratification . 
Separate analysts of EA (N:341) and NA (N=93) ancestry groups, combined 
in inverse variance weighted met.a analysis 
Addiuonal follow up analysis was condlboned on DBH promoter SNPs. 

In vivo associatiot1 of promoter variant haplotypes and pOBH enzymatic 
activity: Performed using linear regression models and ANOVA based on an 
additive genetic model, with age, cohort, and 3 PCs as covariates. 

In vi tro functional effects of trait·assodated DBH promoter variants: 
DBH promoter/ reporter haplotypes and addl tional variants were construc:ted 
and co·transrected Into pheochromocvtoma ce.lls. Analysis of variance 
(ANOVA) was used to compare luciferase reporter activity between different 
DBH haplotypes. 

Mendelian Randomization: fstimates for the effect of pOBH on PTSD 
symptoms w ere derived using a control functions app1oach, where rSl61l115 
was used as an instrumental variable for pOBH. 

A. Plasma DBH activity B. PTSD symptoms (CAPS B) 

ii 

~ 

Figure 1: Histograms of phenotypes under lnvestigal'fon, 

1) First GWAS of plasma DBH has identified: 

Results 

1. GWAS for plasma DBH i n 434 men of European or Hispanic/Native American descent 
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2 . Influence of functional DBH variants on plasma DBH activity 

Jn v ivo In vitro 
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Figure 3: In Vivo effects of DBH pr<rmoter functional 
variants on plasma DBH activity. 

3. DBH as a causal predictor of PTSD symptoms 
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Figure 4: In Vit ro effects of human OBH promoter 
variant rs1076150: balanced mutants on two 

hapfotype backgrounds. 

OBH and PTSD re-experiencing symptoms wete found to be positively associated (p=0.005) 
• rs1611115 was employed as a genetic instrument to test for a causal effect or plasma OBH on PTSO symptoms. 

The unconfounded estimate of lhe association of pOBH and re-e~periencing symptoms was significant 
(beta=0.26, p : 0.002) 

DBH genotype _. 
Randomly allocated 

• Strongly inftuencos pOBH leYels 
• No1 .ntl\JOOCffd by comouoden 

Unknown Confounders 

/ ' pDBH _. PTSD 
activity 

Fig,ure S: DBH used to produce an unconfounded estimate of the causal effect pOBH on PTSO. 

Conclusions 

• The DBH gene as the pri ncipal locus determining pOBH levels (R1 : 57o/o) in both EA and NA populations. 

• Two novel loci, SARDH and LOC338797 

2) SNP rs1076150 has a functional effect on transcription in vivo and in vitro. 

3) We found evidence of causal association between plasma DBH and PTSD symptoms. 

1n perspecnve, the character12anon of 0011 activity and Its underlying generic regulation has positioned us uniquely for future studies or 1nrermedlate phenotypes·, 

potentially leading to discovery of causal variants in complex genetic trai ts and disorders such as rou nd i n the psychiatric and cardiovascular fields. 
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Background 

Childhood maJtreatmenl depression and PTSD are related to poor physical health outcomes 
and healllwelated quality of life (HRQoL). 

Higher rates of history of childhood maltreatment have been documented in veterans and active 
duty service members of the US Armed Forces compared to the general population, and has 
been shown to be a direct risk factor In the development of combat-related PTSD. 

Childhood maltreatment also increases the risk of development of mental health problems such 
as depression. poor perceptions of health, and poor health status. 

Our study aimed to further understand the effect of childhood maltrealmenl PTSD, and 
depression on physical HRQol in an all-male sample of US military veterans and active duty 
servicemen. 

Specifically, our study aimed lo examine whether PTSD or depressive symptoms mediate the 
relationship between childhood maltreatment and physical HROol in a male mfl~ary sample, as 
PTSD was found to mediate the relationship between childhood maltreatment and physical 
HROoL in a sample of female veterans . 

Methods 

Participants were 249 male OEF/OIF active duty service members and combat veterans who 
volunteered to participate in a research study examining genetic risk factors associaled with 
PTSD. 

Participants were recruited at the VA San Diego and Naval Medical Center through dinician 
referrals or self-referral. The sample Included both indiViduals with diagnostic levels of 
dep<ession and PTSD and those with sul>-threshold or absence of symptoms. 

lndusion criteria: Moderate level of c:ombal exposure. having returned from deployment for at 
least 6 months. 

Exclusion criteria: Current alcohol or drug dependence and a self-reported history of a pre-
deployment Axis I disorder. · 

Participants completed self-report questionnaires including the Combat Exposure Scale (CES), 
the Childhood Trauma Questionnaire (CTQ}, and the Medical Oulcomes Short-Form 36 (SF-36). 

Participants also completed a clinical interview and were administered the Clinician­
Administered PTSD Scale for DSM-IV (CAPS) and the Hamilton Depression Rating Scale 
(HAM-0). 

Table 1. Sample Characteristics 

Demographics and 
N=249 

SF-36 Sample Means 
M (SO) 

Predictor Variables (N=249) 

AgeM (SD) 29.0 (7.1) Physical Component Score 51.7 (9.7) 

Active Duty N, % 112 (45.0) Physical Functioning 82.9 (23.3) 

Caucas ian N, % 192 (77.0J Role-Physical 71.4 (39.1) 

Combat Exposure M (SD) 
26.4 (9.6) Bodily Pain 63.0 (24.9) 

CTQ Total Score M (SD) 40.7 (14.7) General Health 68.2 (21.6) 

CAPS Total Score M (SO) 53.9 (32.2) Vlt.allty 45.9 (22.4) 

HA/11·0 Total Score M (SD) 10.0 (7.3) Social funct loning 62.9 (32.0) 

Analyses 

Multiple regression was employed lo estimale an omnibus model of the relation of PTSD 
symploms, depressive symptoms, and childhood maltreatment to the Physical Component 
Summary (PCS) of the SF-36. 

Mediation was tested using the cmeria that the independent variable must predict the 
mediator, the mediator must predict the dependent variable, and the independent variable 
must predict the dependent variable in the absence of the mediator (Baron & Kenny, 1986). 
A Sobel test was conducted to determine statistical significance of the mediation effect. 

Results 

Sample characteristics are reported in Table 1. Both PTSD and depression med.iated the 
relationship between childhood maltreatment and the overall physical HROol summ•ry 
score (Sobel t:=-2.14, p=.03 for PTSD: t=-2.14, p=.03 for depression). 

Table 2 reports the resulls of omnibus regression. Depression explained a significan1 
proportion of the variance in HRQol, 10% of the unique variance. 

Table 2. Multiple Regression Predicting Physical Composite Summary 

Overall Model Rz~ 0. 14 F for AP.1 ; 8. 79 p<.001 

Predictor B SE t 

Constant 57.20 2.33 -·-
Duty Status 1.72. 1.24 1. 38 

Combat Exposure (CESJ -0.01 0.08 -0.1~ 

Childhood Maltreatment (CTQ) · .006 0.04 ·1.46 

PTSO symptoms (CAPS .016 .003 0.50 

Depressive symptoms (HAM-D) ·0.45 0. 13 ·350 (p<.001) 

Conclusion 

PTSD and depression both mediated the relationship between overall physical HROol and 
childhood maltreatment 

In a sample of all-male veterans and active duty service members, we found similar 
impairment in overall physical HROoL as has been demonstrated in all·female and 
community samples, 

Our study lends further support to previously published findings that identified depression 
as a factor with a large effect on physical HRQoL. Previous studles have examinec PTSD 
as a mediator between childhood maltreatment and physical HROoL. but there has been 
less focus on dep<ession as a mediator. 

The meditational relationship is important and may lend further support to neurobiologlcal 
research that early adverse experiences can sensitfze the central nervous system and lead 
to increased risk for anxiety and depressive disorders . 

Acknowledgement Funding was provided by VA 
Clinical Research and Development (VA CSR&D) 

• . 



----< 
UCSD 

Conditioned Fear and Extinction Learning Performance and its Association 
with Psychiatric Symptoms in a Sample of Active Duty Marines 
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Background 

• The Marine Resiliency Study II 
(Oct 2011-0ct 2013) 
Neurocognilion project is a 
longitudinal investigation of 
neurocognltive predictors of risk 
and resilience to trauma effects in 
Marines deployed to Afghanistan. 

• As part of this investigation. >1200 
Marines and Navy corpsmen 
underwent a fear conditioning and 
extinction paradigm and psychiatric 
symptom assessment prior to OEF 
deployment and 3-6 mo arter their 
return. 
The current analysis tested the 
hypotheses that fear learning and 
extinction abnormalities may be 
markers of distinct anxiety 
symptom classes in the Negative 
Valence Domain. 

• To test this hypotheses we 
examlned FPS performance at 
pre-deployment In subjects 
grouped by primary symptom 
class. 

Methods 

• Subjects underwent fear conditioning 
and extinction procedure prior to 
deployment along with assessment 
of psychiatric symptoms. 
2 Phases: 

• 8 Fear Acquisition Trials 
• 16 Fear Extinction Trials 

Fear responses assessed via 
potenliated startle and post-phase 
self-reported anxiety. 
Symptom groupings: 

• PTSD (CAPS, 1 B,2C,2D 
symptoms with Intensity >2; 
Stein et al., 1997) 

• Anx1ety (BAI > 15) 
• Depression (BDl-2 > 19) 

Fear Conditionin 
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Data Analysis 

• Subjects classified into multiple pathology 
categories (comorbidlty) were removed to 
achieve "pure" effects of pathology on 
conditioning measures. (N=35). 
EMG response during Noise Alone trials 
was subtracted from CS responses 
across phase to control for baseline 
startle/habituation. 

• Startle !rials grouping: 
• Acquisition = last 4 trials of each CS 
• Extinction Blocks= Mean 4 CS+ trials 

calculated as percentage of max CS• 
responding during Acquisition 

Post-Phase anxiety also evaluated , 

Results & Summary 

• Distinct patterns of FPS learning and 
extinction emerged differentiating the 
PTSD and Anxlety symptom classes from 
both Healthy and Depression classes. 
Only the PTSD group displayed 
deficient safety signal discrimination and 
reduced extinction learning. 
The Anxiety group showed normal safety 
signal discrimination and ex!inction, but 
exhibited Increased baseline startle 
reactivity (data not shown) and higher 
self reported anxiety to both cues. 

• The Depression group was not different 
from the Healthy group (though small N). 
Deficient safety signal and extlnction 
learning are relatively specific marKer s 
of PTSD symptoms and these effects are 
not confounded by increased overall fear 
responses. 
Ongoing longitudinal analyses will 
examine whether these markers are 
vulnerability traits or occur only after 
trauma in this prospective sample, 

Egt de1a1ls see; 4cheson et at Corld11lor1ed Feor and 
Nnetlon Lesm100 Pertormaf1CI> and its Association l'fth 
P$ychiat~~ Symptoms In Adlve Duty Mannes. 
PsychoneiJ!OOndocrin6/0f1Y, to press. 





Introduction 
• Posttraumatic Stress Disorder (PTSD) is a 

heterogeneous psychiatric condition 

• Current diagnosis of PTSD based on symptoms, rather 
than specific pattern of biological pathologies 

• Critically important to identify biomarkers to aid in: 
1. Understanding etiological pathways 
2. Classification of disorder 
3. Treatment 
4. Prevention 



Marine Resilience Study - 2 
· Large study of infantry Marines and Navy 
corpsmen being deployed to Afghanistan aimed at 
!Ding biomarkers of risk/resilience to stress injury 

· Pre-deployment time point: N = 1012 

· Pertinent Measures: 
· Fear extinction 
•Trauma Load: Life Events Checklist (LEC) 
· Depression: Beck Depression Inventory (BDI2) 
· Anxiety: Beck Anxiety Inventory (BAI) 
· PTSD: Clinician Administered PTSD Scale (CAPS) 



Fear Potentiated Startle Conditioning 
and Extinction 

CS+ 

CS-

NA 

r1A\) 40 ms 
~ 108dB 

Fear 
Acquisition 

5 min 
Break 

CS+ 

CS-

NA 

A\) 40 ms \I 108 dB 

Extinction 
Learning 

Response= [Startle in presence of cue(CS)] - [Startle in absence of cue (NA)] 



Previous analysis of extinction 
learning in this sample 

• Creation of "index score" based on 
percenL of inaximum acquisition 
startle retained 

• 42 Marines with elevated PTSD 
symptoms showed higher index 
score across extinction 

• Method limited to association with 
categorical symptom groups at 
cross-section of extinction 

• Need method to associate the full 
range of symptom severity with 
individual extinction learning 
process 
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-•Healthy 
-• PTSD* 
-•Anxiety 
-• Depression 

~~ 

Early Ext Mid Ext 1 Mid Ext 2 Late Ext 

* = p<.05 vs. Healthy 

Acheson et al. (2015) Psychoneuroendocrinology 



Aims of Current Analysis 
· Employ latent class mixture modeling (LCMM) to define 

groups with distinct extinction learning trajectories 
• Examination of individual learning process across phase 
· Non-li11ear lear11i11g curve 

• Assess associations between group membership and 
current psychiatric symptoms 

• Hypotheses: 
1. Ident~fy a group characterized by poor extinction 

learning across the phase 
2. This grou12 will be associated with a range symptoms to 

a g:reat~r aegre~ than group characterized by good 
ext1nct1on learning 
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Identification of Latent Extinction 
Trajectory Classes 

... Low-Good 

.... High-Good N % 

.... High-Bad High - 90 9% 
Bad 

High - 296 29% 
Good 

Low - 626 62% 
Good 

Total 1012 
1 2 3 4 5 6 7 8 

Trial Block 

Class 
P rob. 

.87 

.75 

.83 



Identification of Latent Fear 
Extinction Trajectory Classes 

120 

1 2 3 4 5 6 7 8 

Trial Block 



Class Characterization 

Low - Good 

High - Good 

High - Bad 

Total 

Age 

22.19 
(3.08) 

22.16 
(2.59) 

22.7 
(3.54) 

22.23 
(2.99) 

Months in 
Military 

32.50 
(29.38) 

30.69 
(25.15) 

32.48 
(28.92) 

31.98 
(28.19) 

Previous 
OIF/OEF 

Deployment 

16% 

14% 

17% 

15% 

No differences by: 
Racial Background 
Ethnicity 
Educational Level 
Marital Status 



Class Characterization 

Low - Good 

High- Good 

High - Bad 

Total 

* p < . 05; #p < .1 

CAPS 
Total 

12.69 
(13.22) 

12.58 
(13.67) 

13.62 
(13.26) 

12.74 
(13.34) 

BAI 
Total 

3.95 
(5.69) 

4.73# 
(6.67) 

5.74* 
(6.22) 

4.33 
(6.05) 

BDI 
Total 

5.28 
(6 .33) 

5.34 
(6.42) 

5.00 
(5.20) 

5.28 
(6.33) 

LEC 
Events 

4.39 
(2.88) 

4.33 
(3 .00) 

4.69 
(3.16) 

4.39 
(2.94) 



Class Characterization 

Low - Good 

High- Good 

High- Bad 

Total 

Assault 
Any 

65% 

63% 

72% 

65% 

Past Sexual 
Assault 

2.2% 

1% 

2.2% 

2% 

Past Combat 
Experience 

13% 

14% 

15% 

13.4% 



30 

200 
>-u 
c 
GI 
~ 
CJ' 
Cll ... ... 

l OO 

Problem with Non-Normal DVs 

Histogram 

- 20 0 20 4) 60 80 lOO 

CAPStots.l 

Zero Inflated Negative 
Binomial Regression 

Two Models 

• Zero model: Logistic regression 
modeling probability symptom­
free 

• Count model: Negative binomial 
regression modeling predicted 
symptom severity 



Models 

1. DV: CAPS and BAI 
· Predictors: LEC + BDI + Class 

2. DV: BDI 
• Predictors: LEC + BAI + Class 

"Low-good" class as referent in both models 

Predicted probability symptom free and predicted 
§_ym~tom severity by class given average LEC and 
BDI/BAI. 



CAPS Total Score 
Probability Sy1n ptom Free 
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Beck Anxiety Inventory (BAI) 
Probability Syml;!tom Free Model Predicted Sym12tom Severity 
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BAI - Somatic Symptoms 
Probability Symptom Free 

0.35 

0.3 

0.25 

0.2 -

0.15 

0. 1 
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BAI - Cognitive Symptoms 

0.35 . 
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Beck Depression Inventory 
Probability Symptom Free 
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Summary 
• Identified three distinct trajectory classes for extinction learning 

process 
· No class differences on demographic variables or "trauma load'' 

• Class membership, while not associated with CAPS, was with 
higher severity and incidence of general anxiety symptoms 
· Effect more clear for somatic symptoms 
· Opposite pattern emerged for depression, though non-significant 

• Class membership may be associated with syndrome characterized 
by high physical anxiety symptoms and lower depressive symptoms 
· Kuhn et al. (2014): Enhanced fear extinction in major depression 

• Study is limited by homogeneity of sample. 
· Young, healthy, mostly Caucasian, all male 
· Repeat in more heterogeneous sample with higher illness frequency 



Future Directions 
· Replicate current results with fear extinction 
performance post-deployment 
· Assess associations following recent stressor 

· Does pre-deployment group membership predict 
development of symptoms post-deployment? 

· Does class membership amongst those meeting 
disorder criteria predict response to exposure­
based therapy? 
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Acoustic Startle Threshold: Predictor of Psychiatric 
Symptoms Pre- and Post-deployment 
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~~~~IN_T_R_O_DU_C_T_IO_N~~~~j [~~~~~~~~~~~~-R_E_SU_L_T_S~~~~~~~~~~~~ 
• identification of biomarkers of posttraumatic stress 

disorder (PTSD) is essential for developing more 
effective PTSD treatment and prevention strategies. 

• Exaggerated startle fs a symptom of PTSD, yet 
evidence for altered startle in PTSD Is mlxed1• 

• Most research on startle in PTSD has focused on 
startle response magnitude. but "Increased startle" fn 
PTSD patients may refer to elevated probabiltty a 
startle response under sub-threshold conditions2. 
Prospective studies are necessary to distinguish 
elevated startle as a consequence of PTSD (state) 
versus a pre-existing risk (trait) marker. 

METHODS 
PARTICIPANTS 
•2600 Marines and Navy Corpsmen, participating in 
Marine Resilience Study3 
MEASURES: 

• Startle threshold test startle probes presented 
over 80-114db levels (pre-deployment) 

• Clinfcal symptom scales (administered pre­
deployment. 3 and 6 months post-deployment)'. 
·Ctrnician Administered PTSD Scale (CAPS) 
· Beck Anxiety Inventory (BAI) 

ANALYSIS 
·Latent class mixture growth analysis modeled 
individual startle performance into one of three class­
specific trajectories: "liigh," "moderate," and "low" startle 
threshold. 
•Given skewed psychiatric symptom distribution and 
excess of zero-scores, zero-in flated negative binomial 
regression (ZINBR) used to assess relationsh ips 
between startle threshold class with pre-deployment 
and 6-month post-deployment ctrnical symptoms. 

• Other predictors in model included race, battalion, 
hearing, and previous deployment 

• Moderate tlireshold class was reference group 
• ZINBR modeled outcomes via both: 

· Logistic regression predicting probability of a 
zero score (absence of symptoms) 

· Negative binomial regression predicting total 
symptom score 
Pre-deployment CAPS Score Distribution 
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DemographlC5 Across Startle Threshold Classes 
High Moder~te Low 
Threshold Threshold Threshold 
(n"1322) (n"1004) (na266) 

Age 22.69 (3.62) 22.88 (3.42) 22,93 (3.20) 

Race• , ~ 

Caucasian 55.3 68.9 68.0 

African Amencan 6.5 4.2 2.6 

Hlspanlc/Nalive Amencan 18.2 17,0 19.2 

Asian/Other 17.9 9.9 10.2 

Any prevlo~s deployment• ~9.5% 51 .7% 58.6% 

• Significant Qroup differ9ncu et p<.0.05 

DISCUSSION 
Relative to moderate startle threshold class: 
• Low startle threshold -7 decreased likelihood of being 

symptom free at pre-deployment. and increased risll for 
PTSD-related avoidance and anxiety symptoms post­
deployment 

• High startle threshold ~ more severe PTSD symptoms 
except hyperarousal pre-deployment, and reduced risk 
for hyperarousal symptoms post-deployment 

Moderate startle threshold class (40% of sample) may be 
marker of both tow symptoms (state) and increased 
resilience to developing PTSD symptoms (trait) . 

Individuals with most severe trauma histories may show 
blunted startle• (among subjects meeting lenient pre­
deployment diagnostic criteria for PTSD, greater history of 
childhood trauma for those wlt.h high startle threshold). 

• Potential biological mechanisms: 
Differing thresholds ior "high stress" activation of 
perlaqueductal grey, which inhibits startle responding in 
favor of o<her defensive behalllors5 

• lnverted-U shaped dose response function of cortisol on 
startle reactivity may su~;igest altered HPA axis across 
classes, analysis of CORT levels is ongoing. 

Limitations: 
• Limited generafizabllity of sample: male, young, 

generally healthy, highly screened military population 
• Few subjects met full diagnostic criteria for PTSD at 

pre-deployment (3.7%) or post-deployment (5.4%) 
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Marine Resiliency Study {MRS) 

Goal: Predictors of Risk and Resilience for Posttraumatic Stress Disorder 

MRS-I: 2008 - 2011 (Pis: Baker, Nash, Litz) Cohorts 1-4 

Pre-Deployment 

1 week 
Visit 0 Visit 1 

7 months 

Index Deployment 

N = 2,593 N = 2,231 

Post-Deployment 
3 months 

Visit 2 

N = 1,898 

6 months 
Visit 3 

Time 

MRS-II: 2011- 2013 (Pis: Baker, Risbrough, Geyer) Cohorts 11-12 

Pre-Deployment 

Visit 0 

7 months 

Index Deployment 

N = 1,190 

Post-Deployment 

"'3-6 months 
Visit 1 

N = 886 

• Prospective study 

• Deployment to Iraq or 

Afghanistan 

• Longitudinal follow-up 

Timeline and Enrollment 



MRS Longitudinal Data Sources 
Psychological and 

Behavioral assessments 

Psychiatric and medical 
• Clinical interviews 
Historical 
•Self-report questionnaires 
Neuropsychological 
•Attention, Memory, Executive 
Function, Reasoning, Social 
Cognition 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Metabolomics (subset) 
Telomere length (subset) 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
•Startle threshold and 
habituation, fear 
conditioning and extinction, 
heart rate variability 

MRS 
Secure database 

Genomics 

• GWAS (complete data) 

Career History Archival Medical 
and Personnel System database 

Military archives 
•Medical diagnoses 
• Hospitalizations 
• Outpatient healthcare visits 
• Duty status 
•Separation date and reason 

Biobank 

Biological samples 
•Blood (whole blood, plasma) 
•Saliva 
•Urine 
•DNA/ RNA 

• Methylome (subset, pre-post) 
• Transcriptome (subset, pre-post) 



PTSD diagnosis using CAPS 
•Criterion A. The person has been exposed to a traumatic event in which both of the following 
were present: 
(1) the person experienced, witnessed, or was confronted with an event or events that involved 
actual or threatened death or serious injury, or a threat to the physical integrity of self or 
others 
(2) the person's response involved intense fear, helplessness, or horror (not for military 
cohorts) 
• Symptom clusters: 
B: Reexperiencing (Bl-5) 
C: Avoidance I Numbing (Cl-7) 
0: Hyperarousal (Dl-5} 

• Fl/12 rule: frequency of 1 and intensity of 2 (range: 0-4 for both) 
experienced it at least once or twice during the last month 
distress/discomfort: mo,derate, distress clearly present but still manageable, some disruption of 
activities 

• DSM-IV PTSD diagnosis: 
Full: 1B, 3C, 20 I ~~~~ 1 PTSD dx 

Partial stringent: 1B, 2C, 20 Partial PTSD dx 
Partial lenient: lB, 3C OR 20 

• CAPS summary score: 

Broad definition 
of PTSD 

Sum of all frequencies and intensities of the 17 questions (range: O - 136} 

Clinician Administered PTSD Scale (CAPS) 
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MRS: Genetic Ancestry 
MRS subjects (N=3,669) 

• African American n=218 
Hispanic/Nat.Am. N=671 

"'62% European American 
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• East Asians n=S2 

• Europeans n=2,287 
Others h=493 

Reference Subjects 
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PC 1 (31 .8%) 

• Bayesian based cluster methods (STRUCTURE) to generate ancestry estimates based on HGDP 
reference populations and AIMs 

• Determination of main ancestral groups {<5% admixture) 
• Visual inspection: PCA with reference populations and color coding for main ancestral groups 



GWAS study design 
i Psychoneuroendocrino logy (2015) 

Diagnosis: Partial and full PTSD (highest CAPS scores during study) 

Genotypes: Imputed (SNP dosage); MAF>1% 
Genomic predictors of combat stress 
vulnerability and resilience in U.S. Marines: 
A genome-wide association study across 
multiple ancestries implicates PRTFDC1 as a 
potential PTSD gene 

Statistical analysis: logistic regressions for each ancestry group 

Covariates : GWAS platform, cohort, SPCs 

Meta-analysis : fixed-effects inverse-variance weighted (METAL) 

Table 1 Descriptive statistics for the Marine Resiliency GWAS cohorts (MRS) studied based on PTSD case versus control status. 

All MRS-I MRS-II PTSD Controls p-Value • 

[ Number of Subjects 3494 2376 1118 940 25541 
Age, mean (±SD) 23.1 (3.4) 23.3 (3.5) 22.6 (3.0) 23.0 (3.0) 23 .2 (3 .5) 0.98 

Range 18- 48 18- 48 18- 43 18- 38 18- 48 
Self reported race 

White 85.5% 84.6% 87.5% 84.1 % 86.1% 0.23 
African American 4.4% 4.5% 4.1% 4.4% 4.4% 
Other 10.0% 10.8% 8.4% 11.5% 9.5% 

Self reported ethnicity 
Hispanic 24.5% 23.3% 26.2% 25.9% 23.6% 0.16 
Non-Hispanic 75.5% 76.7% 73.8% . % 6 

CTQ, mean (±SD) 39.6 (13.5) 40.3 (13.8) 38.0 (12.3) 44.3 (12.8) 37 .8 (12.3) <2.2 x 10-16 

Range 25.0-107.5 25.0-106.5 25.0-107.5 25.0- 106.5 25.0-107.5 
LEC , mean (±SD) 6. 9 (3.5) 6.7 (3.5) 5.8 (3.3) 8.2 (3.4) 5.7 (3.3) <2.2 x 10- 16 

Range 0-16 0- 16 0- 16 0- 16 0-16 
Prior deployment 78% 78% 78% 83% 76% 1.4 x 10- 5 

. 
p-Values (PTSD versus Controls) based on Wilcoxon tests (chi-square tests. for Race and Ethnicity). CTQ, childhood trauma question-

naire; LEC: life events checklist. 
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Genome-wide significant association for SNPs in the 
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(A) Manhattan plot of genome-wide association results for PTSD from a meta-analysis of subjects from mixed 
ancestries 

(B) Regional association plot. The color of each circle is based on R2 with rs6482463 and recombination rates are 
based on European reference subjects from the lK Genomes Project. The region of the associated LO block (40kb 
in intron 3) shows enrichment in H3K27 Ac and H3K4Me3 histone marks, indicative of high transcriptional activity. 
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Similar effect of SNPs in PRTFDC1 on PTSD across MRS ancestry groups 
and an independent military replication sample (NCPTS) 

TabJe 2 Meta-analyses of PRTFDC1 associations with PTSD for (A) the most significant imputed SNP rs6482463 in four Marine 
Resillency Study (MRS) ancestry groups, and (B) for the genotyped SNP rs1033962 in MRS and an independent replication sample 
from the National Center for PTSD / Bo.ston (NCPTS). 

Study Ancestry A1 A2 MAF N subjects OR SE p Q 

(A) Association analysis for rs6482463 

MRS EA A G 0.22 2179 1.41 0.08 2.98 x 1o~o5 

AA A G 0.46 205 1.49 0.26 0.118 
HNA A G 0.31 640 1.58 0.14 1.25 x 10- 03 

OTH A G 0.3 1 470 1.55 0.18 0.012 
Meta A G - 3494 1.47 0.06 2.04 x 10- 09 0.9 0 

(B) Association analysis for rs1033962 
MRS EA A G 0.22 2179 1.40 0.08 4.48 x 10--05 

AA A G 0.47 205 1.45 0.25 0.148 
HNA A G 0.31 640 1.57 0.14 1.37 x 10- 03 

OTH A G 0.31 470 1.52 0.17 0.016 
Meta All A G - 3494 1.45 0.06 4.93 x 10- 09 0.90 
INCPTS EA A G 0.21 491 1.28 0.17 0.144 I 
Meta All A G - 3985 1.43 0.06 2.06 x 10- 09 0.91 

MAF, minor allele frequency for A1 allele; OR, odds ratio; SE, standard error of the mean; Q, p·value for Cochran's Qstatistic; meta , 
inverse·variance weighted meta-analysis~ EA, European American; M, African American; HNA, Hispanic and Nattve American descent; 
OTH, other. 



PRTFDCl function 

• encodes the phosphoribosyltransferase domain-containing protein 1 

• small protein with highest expression in brain 

• GO annotations: magnesium ion binding and protein homodimerization 

activity 

• Paralog of HPRTl, associated with Lesch-Nyhan syndrome (uric acid) 

• not yet been implicated in GWAS of PTSD or other psychiatric disorders 

• its potential role in the etiology of PTSD remains to be determined 



Polygenic Risk Score {PRS) analyses: 

Can PRS from other psychiatric disorders predict PTSD status in MRS? 
• PRS data from the PGC for MOD, BPD, and SCZ 
• A r isk score for each MRS participant was computed by the number of risk alleles weighted by 

the log of the odds ratios 
• Logistic regression to predict PTSD status in MRS 

Major Depressive Disorder -Vl 

* * * Bipolar Disorder -
Q) ('I') 

~ 0 
~ 0 Schizophrenia 
Q) 0 
~ -Q) 
b.O 
ro N 
z 0 - 0 Best fit for BPD: 
N 0 

Pr = 0.36 ex:: .. 
P nominal = 0.017 ....., 

~ ~ 
(PRSice) 

Q) 
0 
0 

'"O 0 0 
E 

V1 0 ex:: 0 
a.. 0 MRS analyses: 

0 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
EA only: N = 2,287 

P - value threshold (Pr) Study max CAPS 
Partial and full PTSD dx 



GWAS Study design: PTSD symptom changes 

I CTQ 

Combat 
Exposure 

LEC DRRl's 

pre 

PTSD symptoms 

post 

PTSD dx 

Goal: identification of SNPs 
associated with larger changes in 
trauma-related symptoms than 
predicted by the severity of 
combat trauma exposure 

Post-deployment PTSD symptoms as predicted by pre-deployment PTSD and 
trauma measures: 

Variable 0/o VE P-value Cum. 0/o VE P-cum. 
CAPS VO 2.80°/o < 2.2e-16 2.80°/o < 2.2e-16 
DRRl's 2.70°/o < 2.2e-16 5.61°/o < 2.2e-16 ..... ,_,... .... .-_. ..... -- _ ..,._ ... _ .............. ................ --..""' 
CTQ 1.19°/o < 2.2e-16 5.92°/o 8.92E-10 
LEC 0.74°/o < 2.2e-16 6.01°/o 0.0023 
DRRl's: composite score of combat exposure measures 
CTQ: Childhood Trauma Questionnaire 
LEC: Life Events Checklist at pre-deployment (VO) 
0/oVE: 0/o variability explained; cum.: cumulative 

Predictors: 
•CAPS VO 

• DRRl's 
•MRS study 

• 3 PC's 
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Post-deployment PTSD case-control GWAS 

Cub and Sushi Multiple Domains 1 

CSMD1 

• P = 1. g x 10-9 

• 
• 
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N = 1,651 EA 
Cases: 344 

Controls : 1,307 
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Secondary GWAS models 

Variable OR SE p N AIC Model 

SNP 2.333 0.146 6.84E-09 1651 1357.80 base 

DRRl's 3.231 0.100 5.40E-32 

caps-qt VO l.048 0.004 9.42E-26 

SNP 2.372 0.147 4.66E-09 1631 1354.93 adding CTQ 

DRRl's 3.181 0.101 3.54E-30 

caps-qt VO 1.046 0.005 1.SSE-22 

CTQ 1.376 0.141 0.024 

SNP 2.398 0.148 3.27E-09 1629 1354.95 adding CTQ & LEC 

DRRl's 3.177 0.102 6.26E-30 

caps-qt VO 1.044 0.005 1.54E-19 

CTQ 1.326 0.143 0.048 

LEC 1.033 0.023 0.16 

•Adding more trauma variables increases gene effect on PTSD outcome 

• Dominant genetic model is more significant than an additive one 



CSMDl function 

•gene codes for a multiple domain complement-regulatory protein 

•highly expressed in the central nervous system 

• In rats : 

• CSMDl protein blocked classical complement pathway activation 

•primary sites of synthesis are developing CNS and epithelial tissues, 
suggesting that CSMDl may be a regulator of complement activation 
and inflammation in the developing CNS, and may also play a role in 
growth cone function (Kraus et al. 2006) 

• Csmdl knockout mice showed behaviors reminiscent of blunted 
emotional responses, anxiety and depression, suggesting an 
influence of CSMDl on psychopathology and endophenotypes of 
the negative symptom spectra in schizophrenia (Steen et al. 2013) 

Cub and Sushi Multiple Domains 1 



Role of CSMD1 in Neuropsychiatric disorders 
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MRS Genomic Projects 
DNA and RNA isolated from peripheral blood leukocytes 

60 (future) PTSD cases and 60 trauma-exposed controls 

• Timepoints: at pre-deployment, and 3- and 6-months post-deployment 

• Epigenome: Genome-wide methylation (lllumina 450K) 

• Transcriptome: Genome-wide gene expression (RNAseq) 

• Transcriptome 2: RNA array data on additional MRS subjects 
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medical genetics 
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EWAS: Genome-wide methylation analyses 

Exam ple of ongoing epigeneti c analyses: 

Q) 
GC Lambda = 1.045 

-.3: (£) 
• • 

0 ..... 
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0 2 3 4 5 

Expected -log 1 O(p) 

Subjects: 36 PTSD cases, 63 controls 
At 6 months post -deployment 

• 

6 

CpG 
cg03118626 
cg22530232 
cg05818501 
cg15577634 
cg00056257 

Bet a p FDR Gene 
-0.403 4.43E-08 0.02 KLKlO 
-0.241 3.SOE-07 0.08 PTPRN2 
-0.757 4.98E-07 0.08 ADARB2 
-0.340 1.lOE-06 0.10 IFl30 
-0.247 1.13E-06 0.10 GRM7 

Replication analyses ongoing: 
• PRISMO 
• ArmySTARRS 

Conditioned on pre-deployment met hylation and combat exposure 



Mean (+SE) levels of methylation in CSMDl probe is significantly lower in 
PTSD cases compared to controls three months after exposure to combat 
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Significantly lower gene expression in CSMDl in PTSD subjects compared to 

controls at post-deployment assessments 

O control (N=37} p=0.016 p=0.048 D Control (N=38} 
II PTSD (N=26) II PTSD (N=32} 
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RNA-seq Microarray 

Data represent fold change (2-tNST) ±SE, relative to controls, following 
normalization and VST transformation 



Mendelian Randomization in MRS 

Dopamine beta-hydroxylase (DBH) catalyzes formation of 
norepinephrine and DBH activity was found to be associated 
with PTSD. 

DBH as a causal predictor of PTS re-experiencing symptoms: 

lO 

p= 7 .2x10-51 

pDBH 

I l J 4 i 6 1 I , 10 i t t• UJ fl 11 ' XV 

Gf!.t~I POSi:tonl 

- pDBH levels and PTSD re-experiencing symptoms were found to be positively associated (p = 0.005) 

- Top SNP rs1611115 was employed as a genetic instrument to test for a causal effect of pDBH on PTSD 

- unconfounded estimate of the association of pDBH and re-experiencing symptoms was significant 

(beta=0.26, p = 0.002), indicating causality 

MR estimates for the effect of pDBH on PTS 
symptoms derived using a control functions 
approach, where SNP rs1611115 was used 
as an instrumental variable for pDBH 

Unknown Confounders 

~ ' 
DBH genotype _. pDBH activity .... PTS symptoms (CAPS B) 

Mustapic et al. (2014}. The catecholamine biosynthetic enzyme dopamine ~-hydroxylase(DBH} : First genome-wide 
search positions trait-determining variants acting additively in the proximal promoter. Human Molecular Genetics. 



Conclusion 

• Genome-wide significant associations of PRTFDC1 with PTSD 

• Polygenic risk scores for bipolar disorder are associated with PTSD 

•Genome-wide significant associations of CSMD1 with PTSD symptom 
changes after exposure to combat 

•Integration of methylome and transcriptome data to support GWAS 
findings 

• MRS is a great resource (e.g. for Mendelian Randomization) 





Role of CSMDl in Neuropsychiatric disorders 

• GWAS schizophrenia locus (rs10503256) (SCZ Consortium 2011) 

•Schizophrenia locus confirmed (rs10503253) (Bergen et al. 2012) 

• GWAS showing supportive evidence for CSMD1 in bipolar disorder {Xu et al. 
2014) 

• SNP rs10503256: associated with neurocognitive effects in humans, specifically 
with poorer performance on neuropsychological measures of general cognitive 
ability and memory function, suggesting that CSMDl may be involved in brain 
mechanisms related to memory and learning (Donohoe et al. 2013} 

• neural effects of rs10503253 were investigated in vivo in healthy participants in 
an MRI study, showing reduced cortical activations in the middle occipital gyrus 
and cuneus, suggesting that CSMDl may mediate brain function related to 
cognitive processes (Rose et al. 2013) 





Marine Resiliency Study (MRS) 

Goal: Predictors of Risk and Resilience for Posttraumatic Stress Disorder 

MRS-I: 2008 - 2011 (Pis: Baker, Nash, Litz) Cohorts 1-4 

Pre-Deployment 

1 week 
Visit 0 Visit 1 

7 months 

Index Deployment 

Post-Deployment 
3 months 

Visit 2 
6 months 

Visit 3 

MRS-II: 2011- 2013 (Pis: Baker, Risbrough, Geyer) Cohorts 11-12 

Pre-Deployment 

Visit 0 

7 months 

Index Deployment 

Post-Deployment 

"'3-6 months 
Visit 1 

N = 886 

Time 

• Prospective study 

• Deployment to Iraq or 

Afghanistan 

• Longitudinal follow-up 

Timeline and Enrollment 



MRS Longitudinal Data Sources 
Psychological and 

Behavioral assessments 

Psychiatric and medical 
•Clinical interviews 
Historical 
•Self-report questionnaires 
Neuropsychological 
• Attention, Memory, Executive 
Function, Reasoning, Social 

~ognition 

Biological assessments 

Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Metabolomics (subset) 
Telomere length (subset) 

Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
•Startle threshold and 
habituation, fear 
conditioning and extinction, 

~eart rate varia_bility _,/ 

MRS 
Secure database 

Genomics 

• GWAS (complete data} 

Career History Archival Medical 
and Personnel System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
• Outpatient healthcare visits 
• Duty status 

•Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
•Saliva 
• Urine 
•DNA/ RNA 

• Methylome (subset, pre-post} 
• Transcriptome (subset, pre-post} 



PTSD diagnosis using CAPS 
•Criterion A. The person has been exposed to a traumatic event in which both of the following 
were present: 
(1) the person experienced, witnessed, or was confronted with an event or events that involved 
actual or threatened death or serious injury, or a threat to the physical integrity of self or 
others 
(2) the person's response involved intense fear, helplessness, or horror 
(not for military cohorts) 
• Symptom clusters: 
B: Reexperiencing (Bl-5) 
C: Avoidance I Numbing (Cl-7) 
0 : Hyperarousal (01-5) 

• Fl/12 rule: frequency of 1 and intensity of 2 (range: 0-4 for both) 
experienced it at least once or twice during the last month 
distress/discomfort: moderate, distress clearly present but still manageable, some disruption of 
activities 

• DSM-IV PTSD diagnosis: 
Full: 1B, 3C, 20 ----PTSDdx 
Partial stringent: 1B, 2C, 20 
Partial lenient: 1B, 3C OR 20 

• CAPS summary score: 

,...____ ____ Partial PTSD dx 
Broad definition 

of PTSD 

Sum of all frequencies and intensities of the 17 questions (range: 0-136} 

Clinician Administered PTSD Scale (CAPS) 
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MRS: Genetic Ancestry 
MRS subjects (N=3,669) 

• African American n=218 
Hispanic/Nat.Am. N=671 

"'62% European American 
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• East Asians n=52 

• Europeans n=21287 
Others n=493 

Reference Subjects 
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.. 
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)Z. 1)$ • 
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0.02 0.04 

• Bayesian based cluster methods (STRUCTURE) t o generate ancestry estimates based on HGDP 
reference populations and AIMs 

• Det ermination of ma in ancestra l groups (<5% admixt ure) 
• Visual inspection: PCA with reference populations and color coding for main ancest ral groups 



GWAS study design 
Psychoneuroendocrinology (2015) 

Diagnosis: Partial and full PTSD (highest CAPS scores during study) 

Genotypes: Imputed (SNP dosage); MAF>1% 

Genomic predictors of combat stress 
vulnerability and resilience in U.S. Marines: 
A genome-wide association study across 
multiple ancestries implicates PRTFDC1 as a 
potential PTSD gene 

Statistical analysis: logistic regressions for each ancestry group 

Covariates: GWAS platform, cohort, SPCs 

M eta-analysis: fi xed-effects inverse-variance weighted {METAL) 

Table 1 Descriptive statistics for the Marine Resiliency GWAS cohorts (MRS) studied based on PTSD case versus control status. 

All MRS-I MRS-II PTSD Controls p-Value 
. 

I Number of Subjects 
:a: :a: :a: x 

2554 J 3494 2376 1118 940 
Age, mean (±SD) 23.1 (3.4) 23.3 (3.5) 22.6 (3 .0) 23.0 (3.0) 23.2 (3.5) 0.98 

Range 18- 48 18-48 18-43 18- 38 18- 48 
Self reported race 

White 85.5% 84.6% 87.5% 84.1 % 86.1 % 0.23 
African American 4.4% 4.5% 4.1% 4.4% 4.4% 
Other 10.0% 10.8% 8.4% 11.5% 9.5% 

Self reported ethnicity 
Hispanic 24 .5% 23.3% 26.2% 25.9% 23 .6% 0.16 
Non-Hispanic 75.5% 76.7% 73.8% 74.1 % 76.4% 

CTQ, mean (±SD) 39.6 (13 .5) 40.3 (13.8) 38.0 (12. 3) 44.3 (12.8) 37.8 (12.3) <2.2 x 10- 16 

Range 25.0- 107.5 25.0- 106.5 25.0- 107.5 25.0- 106.5 25.0- 107.5 
LEC, mean (± SD) 6.9 (3.5) 6.7 (3 .5) 5.8 (3.3) 8.2 (3.4) 5.7 {3.3) <2.2 x 10- 16 

Range 0-16 0-16 0-16 0- 16 0-16 
Pr1or deployment 78% 78% 78% 83% 76% 1.4 x 10- 5 

• p-Values (PTSD versus Controls} based on Wilcoxon tests (chi-square tests for Race and Ethnicity). CTQ, childhood trauma question· 
naire; LEC: life events checklist. 
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Similar effect of SNPs in PRTFDCl on PTSD across MRS ancestry groups 

and an independent military replication sample (NCPTS) 

Tabfe 2 Meta-analyses of PR1FDC1 associations with PTSD for (A) the most significant imputed SNP rs6482463 in four Marine 
Resiliency Study (MRS} ancestry groups, and (B) for the genotyped SNP rs1033962 in MRS and an independent replication sample 
from the National Center for PTSD/Boston (NCPTS). 

Study Ancestry A1 A2 MAF N subjects JOR SE p Q 

(A) Association analysis for rs6482463 
MRS EA A G 0.22 2179 1.41 0.08 2.98 X 10--0S 

AA A G 0.46 205 1.49 0.26 0.118 
HNA A G 0.31 640 1.58 0.14 1.25 x 10--'03 

OTH A G 0.31 470 1.55 0 .1 8 0.012 
Meta A G - 3494 1.47 0.06 2.04 x 10-0~ 0.90 

MAF,. minor allele frequency for A 1 allele; OR, odds ratio; SE, standard error of the mean; Q p-value for Cochran's Q statistic; meta, 
inverse-variance we1ghted meta-analysis; EA, European American.; AA, African American; HNA, Hispanic and Native American descent; 
OTH, other. 



Similar effect of SNPs in PRTFDC1 on PTSD across MRS ancestry groups 

and an independent military replication sample (NCPTS} 

Table 2 Meta-analyses of PRTFDC1 associations with PTSD for (A) the most significant imputed SNP rs6482463 in four Marine 
Resiliency Study (MRS) ancestry groups, and (B) for the genotyped SNP rs1033962 in MRS and an independent replication sample 
from the National Center for PTSD/Boston (NCPTS). 

Study Ancestry A1 AZ MAF N subjects I OR SE p Q 

(A) Association analysis for rs6482463 

MRS EA A G 0 .22 2179 1.41 0.08 2.98 x 10--05 

M A G 0.46 205 1.49 0.26 0.118 
HNA A G 0.31 640 1.58 0.14 1.25 x 10- 03 

OTH A G 0.31 470 1.55 0.18 0.012 
Meta A G - 3494 1.47 0.06 2.04 x 10- 09 0.90 

(B) Association analysis for rs1033962 
MRS EA A G 0.22 2179 1.40 0.08 4.48 x 10- 05 

M A G 0.47 205 1.45 0.25 0.148 
HNA A G 0.31 640 1.57 0.14 1.37 x 10- 03 

OTH A G 0.31 470 1.52 0.17 0.016 
Meta All A G - 3494 1.45 0.06 4.93 )( 10- 09 0 .90 
jNCPTS EA A G 0.21 491 1.28 0.17 0.144 I 
Meta All A G - 3985 1.43 0.06 2.06 x 10- 09 0. 91 

MAF, minor allele frequency for A 1 allele; OR, odds ratio; SE, standard error of the mean; Q, p-value for Cochran's Q statistic; meta, 
inverse-variance weighted meta-analysis; EA, European American; M, African American; HNA, Hispanic and Native American descent; 
OTH, other. 



PRTFDCl function 

• encodes the phosphoribosyltransferase domain-containing protein 1 

• small protein with highest expression in brain 

• GO annotations: magnesium ion binding and protein homodimerization 

activity 

• Paralog of HPRTl, associated with Lesch-Nyhan syndrome (uric acid) 

• not yet been implicated in GWAS of PTSD or other psychiatric disorders 

• its potential role in the etiology of PTSD remains to be determined 



Polygenic Risk Score (PRS) analyses: 

Can PRS from other psychiatric disorders predict PTSD status in MRS? 
• PRS data from the PGC for MDD, BPD, and SCZ 
• A risk score for each MRS participant was computed by the number of risk alleles weighted by 

the log of the odds ratios 
• Logistic regression to predict PTSD status in MRS 
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GWAS Study design: PTSD symptom changes 

Combat 
Exposure 

I CTQ LEC I DRRl's .____ fi...._____-~ 
pre post 

PTSD symptoms PTSD dx 

Goal: identification of SNPs 
associated with larger changes in 
trauma-related symptoms than 
predicted by the severity of 
combat trauma exposure 

Post-deployment PTSD symptoms as predicted by pre-deployment PTSD and 
trauma measures: 

Variable 0/o VE P-value Cum. 0/o VE P-cum. 
CAPS VO 2.80°/o < 2.2e-16 2.80°/o < 2.2e-16 
DRRl's 2.70o/o < 2.2e-16 5.61% < 2.2e-16 . ... ......... .......... ~ .............. .... - ....... .......- 4111!: .... ............. .... ......... - --CTQ 1.19°/o < 2.2e-16 5.92°/o 8.92E-10 
LEC 0.74°/o < 2.2e-16 6.01°/o 0.0023 

DRRl's: composite score of combat exposure measures 
CTQ: Childhood Trauma Questionnaire 
LEC: Life Events Checklist at pre-deployment (VO) 
0/oVE: o/o variability explained; cum.: cumulative 

Predictors: 
•CAPS VO 
• DRRl's 
•MRS study 

• 3 PC's 
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Post-deployment PTSD case-control GWAS 

• 

Cub and Sushi Multiple Domains 1 

CSMDl 

• 

• P=7.9 x 10-9 

• 

• • • 

• 

N = 1,651 EA 
Cases: 344 

Controls: 1,307 

p = 5 x 10 8 
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Secondary GWAS models 

Variable 

SNP 
DRRl's 

caps-qt VO 

SNP 
DRRl's 

caps-qt VO 

CTQ 

SNP 
DRRl's 

caps-qt VO 

CTQ 

LEC 

OR SE p N AIC 

2.333 0.146 6.84E-09 1651 1357.80 

3.231 0.100 S.40E-32 

1.048 0.004 9.42E-26 

2.372 0.147 4.GGE-09 1631 1354.93 

3.181 0.101 3.54E-30 

1.046 0.005 l.55E-22 

1.376 0.141 0.024 

2.398 0.148 3.27E-09 1629 1354.95 

3.177 0.102 6.26E-30 

1.044 0.005 1.54E-19 

1.326 0.143 0.048 

1.033 0.023 0.16 

Mode l 

base 

adding CTQ 

adding CTQ & LEC 

•Adding more trauma variables increases gene effect on PTSD outcome 

• Dominant genetic model is more significant than an additive one 



CSMDl function 

•gene codes for a multiple domain complement-regulatory protein 

• highly expressed in the central nervous system 

• In rats: 

• CSMDl protein blocked classical complement pathway activation 

• primary sites of synthesis are developing CNS and epithelial tissues, 
suggesting that CSMDl may be a regulator of complement activation 
and inflammation in the developing CNS, and may also play a role in 
growth cone fun.ction (Kraus et al. 2006) 

• Csmd1 knockout mice showed behaviors reminiscent of blunted 
emotional responses, anxiety and depression, suggesting an 
influence of CSMDl on psychopathology and endophenotypes of 
the negative symptom spectra in schizophrenia (Steen et al. 2013} 

Cub and Sushi Multiple Domains 1 



Role of CSMDl in Neuropsychiatric disorders 
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PTSD top hit (this study) 
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Role of CSMDl in Neuropsychiatric disorders 

• GWAS schizophrenia locus (rs10503256) (SCZ Consortium 2011) 

•Schizophrenia locus confirmed (rs10503253) {Bergen et al. 2012) 

• GWAS showing supportive evidence for CSMD1 in bipolar disorder (Xu et al. 
2014} 

• SNP rs10503256: associated with neurocognitive effects in humans, specifically 
with poorer performance on neuropsychological measures of general cognitive 
ability and memory function, suggesting that CSMDl may be involved in brain 
mechanisms related to memory and learning (Donohoe et al. 2013) 

• neural effects of rs10503253 were investigated in vivo in healthy participants in 
an MRI study, showing reduced cortical activations in the middle occipital gyrus 
and cuneus, suggesting that CSMDl may mediate brain function related to 
cognitive processes (Rose et al. 2013) 
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MRS Genomic Projects 
DNA and RNA isolated from peripheral blood leukocytes 

60 (future) PTSD cases and 60 trauma-exposed controls 

• Timepoints: at pre-deployment, and 3- and 6-months post-deployment 

• Epigenome: Genome-wide methylation (lllumina 4SOK) 

• Transcriptome: Genome-wide gene expression (RNAseq) 

• Transcriptome 2: RNA array data on additional MRS subjects 

AMERICAN JOURNAL OF 

medical genetics 
Neuropsychiatric Genetics 

Blood-Based Gene-Expression Predictors of TSG 
Risk and Resilience Among Deployed Marines: 
A Pilot £tudy 
Stephen J. Glatt,1* Daniel S. Tylee,1 Sharon D. Chandler,2 Joel Pazol,2 Caroline M. Niever~elt,3•4•5 

Christopher H. Woelk,4
•
6 Oewleen G. Baker,3

'
4

'
5 James B. Lohr,3

•
4

•
5 William S. Kremen,2

·
3

• 

Brett T. Litz/ Ming T. Tsuang, 2•
3

..4·
5
•
9

•
9

•
10 and Marine Resiliency Study Investigators 

ORIGINAL ARTICLE 

Molecula r f's)'chlatty !2015}. 1-a 
O.l015 MacmJlan'l'~M lin'itt!d AhghlS ~~'l!d 13.59-41841"15 

Gene ne1'vorks specific for innate immunity define 
post-trauma tic stress disorder 
MS Br1!ell ' , A:I. Maihofer2, SJ Glan1

, 05 iylee1, 50 CNndle,l, MT tsuang2-•M ', VB Risbra.sgh2
,..1 OG Bakerl.A, OT O'Canna....a_ 

CM NleVergett'·~9 aoo CH Woetk1-' 



EWAS: Genome-wide methylation analyses 

Example of ongoing epigenetic ana lyses: 

co GC Lambda = 1.045 

• -Q. ID -0 ..... 
C'> 
0 

' 
"O ~ Q) 

~ 
Q) 
(/) 

..0 
0 

N 

0 

0 2 3 4 5 

Expected -log1 O(p) 

Subjects: 36 PTSD cases, 63 cont rols 

At 6 mont hs post -deployment 

• 

6 

CpG 
cg03118626 
cg22530232 
cg05818501 
cg15577634 
cg00056257 

Beta p FDR Gene 
-0.403 4.43E-08 0.02 KLKlO 
-0.241 3.SOE-07 0.08 PTPRN2 
-0.757 4.98E-07 0.08 ADARB2 
~0.340 1.lOE-06 0.10 IFl30 
-0.247 1.13E-06 0.10 GRM7 

Replication analyses ongoing: 

• PRISM O 

• ArmySTARRS 

Cond itioned on pre-deployment methylation and com bat exposure 



Mean (+SE) levels of methylation in CSMDl probe is significantly lower in 

PTSD cases compared to controls three months after exposure to combat 
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Linear regression (~-regression) with predictors cases status, predeployment methylation, and 3 PC's 



Significantly lower gene expression in CSMDl in PTSD subjects compared to 

controls at post-deployment assessments 

D control (N=37) p=0.016 p=0.048 D control {N=38) 
II PTSD (N=26) II PTSD (N=32) 

0 0 . . 
QJ ~ ~ 

b.O 
c 
ro 

...c 
u 
"'O -0 
LL LO LO . . 
<! 0 0 
z 
0::: 

0 0 

RNA-seq Microarray 

Data represent fold change (2-6vsr) ± SE, re lative to controls, following 
normalization and VST transformation 



Mendelian Randomization in MRS 

• Dopamine beta-hydroxylase (DBH) catalyzes formation of 
norepinephrine 

• DBH activity was previously found to be associated with 
PTSD 

DBH as a causal predictor of PTSD re-experiencing symptoms: 

•• 

10 

p=7.2x10-51 

pDBH 

Z 3 4 5 6 1 II it 1(1 it U 11 tll ll ' ~V 

Cttr.i(nl)~PosillQtl!$ 

- pDBH levels and PTSD re-experiencing symptoms were found to be positively associated (p = 0.005) 

- Top SNP rs1611115 was employed as a genetic instrument to test for a causal effect of pDBH on PTSD 

- unconfounded estimate of the association of pDBH and re-experiencing symptoms was significant 

(beta=0.26, p = 0.002), indicating causality 

MR estimates for the effect of pDBH on PTSD 
symptoms derived using a control functions 
approach, where SNP rs1611115 was used as 
an instrumental variable for pDBH 

Unknown Confounders 

' DBH genotype ..... pDBH activity .... PTS symptoms (CAPS B) 

Mustapic et al. (2014). The catecholamine biosynthetic enzyme dopamine ~-hydroxylase(DBH): First genome-wide 
search positions trait-determining variants acting additively in the proximal promoter. Human Molecular Genetics. 



Conclusion 

•Genome-wide significant associations of PRTFDC1 with PTSD 

• Polygenic risk scores for bipolar disorder are associated with PTSD 

•Genome-wide significant associations of CSMD1 with PTSD symptom 
changes after exposure to combat 

•Integration of methylome and transcriptome data to support GWAS 
findings 

• MRS is a great resource (e.g. for Mendelian Randomization) 





MEG Imaging Markers for Mild TBI and PTSD 
~UCSD 

Mingxiong Huang Ph.D.1,2 and Dewleen G. Baker M.D. 1•2 

1VA San Diego Healthcare System, San D iego, CA; 2University of California, San D iego, CA, USA 

Introduction 
Traumatic brain injury (TB!) is a leading cause of sustained 
impairment in military and civi lian populations. However, mild 
TB! (mTBT) can be difficult to detet:t using conventionaJ MRI 
or CT. Injured brain tissues in mTBJ patients generate 
abnormal slow-waves ( 1-4 Hz) that can be measured and 
localized by resting-state magnetoenccphalography (MEG). 
Post-traumatic stress disorder (PTSD) is another leading cause 
of sustained impainnent, distress. and poor quality of life in 
military personnel, veterans. and civilians. Indirect functional 
neuroimaging studies using PET or tMRI with fear-related 
stimuli suppon a PTSD neurocircuitry model that includes 
amygdala. hippocampus, and ventromedial prefrontal cortex 
(vmPFC). However, it is not clear if this model can fu lly 
account for l'TSD abnormalities detected directly by 
electromagnetic-based source imagi11g techniques (i.e., MEG) 
in resting-state. 

Conventional PTSD 
Neurocircui1ry: hypo-activity 
in vmPFC, hyper-nctivity in 
amygdala and hippocampus 

Research Subjects and MEG Exams 
Studv I examined resting-slate MEG signals. We develop a 
voxel-based whole-brain MEG slow-wave Imaging approach 
for detecting abnonnality in patients with mTB l on a single­
subjecl basis in 84 mTBI patients with persisten1 post­
concussive symptoms (36 from blasts, and 48 from non-blast 
causes). A normative database of resting-state MEG source 
magnitude images ( 1-4 Hz) from 79 heahhy control su~jects 
was established for all brain voxels. The high-resolution MEG 
source magnitude images were obtained by our Fast-VESTAL 
method [1 ]. 

Studv 2 examined resting-state MEG signals in 25 active-duty 
service members and veterans with PTSD and 30 healthy 
volunteers. We smdied voxel-wise MEG source magnitude 
images for different frequency bands: alpha (8- 12 Hz), beta 
( 15-30 Hz), gamma (30-80 Hz). higl1-gamma (80- 150 Hz), and 
low-frequency ( 1-7 Hz) bands l2lf3 ]. 

Results of MEG Study 1: mTBI 
Positive detection rates 
ofnbnonnnl MEG 
slow-wave source 
imaging ( 1-4 Hz): 

>0% for normal 
control subjects. ~ 

~ 
»86.1% in blast 111TB l 

;;..83.3% in non-blast 
mTBJ 

:>84.5% in combined 
blast and non-blast 
mTBI group. 

.:LI. 10 f ce I 
9 -
8 I CA : 
7 t . 
6 02 : 

5 \ • 10 It ~; 
l~tl 

·--·-·-·-1·--·-· . 2 
-·-··--1·-·-·-·-· 

* 

Conirol Blast mTBI Non-blast mTBI 

Fig. l: Z=.,. value.:; obtaineJ frum MEG source imaging for 1-4 1 lz arc 
plotted separately for I) healthy control, 2) mild blast-induced TBI, and 3) 
mild non-blast-induced TB!, groups respectively. The embedded plot: the 
Youden index is plotted ru; a function of the Zcmax cutoff, The solid nnd 
dashed lines in both plots indicate threshold (2). 

High sensitivity of 
MEG slow-wave 
imaging allows us to 
detect abnormal slow­
wave generations in a 
s ingle-subject basis as 
showed in Fig. 2. The 
results showed Urnt 
injuries were not 
homogeneous 

also positively 
correlated with 
persistent mTBl 
symptoms as 
shown in Fig. 3. 

Fig. 3~ MEG slow-wave source magnitude significantly correlated with 
PCS in blast mTBl group ltirst 4 panels) and non-blast mTBI group (last 
panel}. FDR corrected p<0.05. 

Results of MEG Study 2: PTSD 
Ln CQntrasl to 1hc heallhy vohmtccrs, individuals wllh PTSD showed: I) 
hyperactivity from amygdala. hippocampus. po~terolaleral orbi1ofron1al cortex 
(OFC}. dorsomcdi:~ prcfrontal C\lrlcx (dmPFq, und insulur ~ortex i11 high­
frequency (i.e., beta, gamma, and high-gamma) bands (Fig. 4), 2) hypoacliviry 
from vmPFC, Frontal Pole (FP). and llorsolareral prefronlal cortex (dlPFCJ in 
high-frequency bands; 3) extensive hypoacrivi1y from dlT'FC, Fl', anterior 
temporal lobes, precnneous concx, and sensQrimotor cortex in alpha nnd low­
frequency bands: 4) in individuals 11~1h PTSD, MEG aclivily 111 the lefl 
a111ygdala and poslerolateral OFC correlated p<isi1ively with PTSD symptom 
sco1·i:s, whereas MEG activity in vmPFC and prccuneous correlated negatively 
with symptom score [2] . Individuals with comorbid PTSD and mTBI showed 
abnonnal MEG della-waves ( 1-4 Hz) as evidences of mTBI [3]. The abnom1al 
MEG delta waves gcnera1cd from vmPFC and dlPFC areas suggcs1 tha1 these 
ar<ms may be i1y11re.d m mTBI. The vmPFC and dlPFC regions are also 
implicated in the PTSD neurocircuitry. thus, abnonnal delta-wave findings from 
1he same areas suggests 1hat mTBJ to these brain areas 1nay lead 10 the 
development of PTSD""'f3.,;;1·--""" 

Fig. 4: MEG Beta-band ( 15-30 Hz) hypcrnctivities 
(PTSD>Crrl , rcd·hol color) and hypooc1ivities 
(PTSD<Ctrl, blue-cold color) m PTSD vs controls 
•Hyper-acnvit)': L- R /\mygdaln (wh11e arrows). L 
hippocampus. L+R pos1erota1eml OFC (magenta 
anows), R insular conex. PCC (brown arrow). 
•Hypo·acliviry: vw.PFC (green arrows), L+R 
dlPFC. preeuneus concx, L• R frontal poles. L 
temporal poles, eic. 

Fig. 5; MEG source imaging 
showing slow-wave ( 1-4 Hz) 
generation in four patien1s 
with c-0morbtd mTBI and 
PTSD from vmPFC and 
d!PFC suggests that mTBI 
may 1>01cnt ia1e tl1e 
development of PTSD. 

Conclusions 
Study l provides an effective way for using MEG slow-wave 
source imaging to localize affected areas and supports MEG as 
a tool for assisting the diagnosis ofmTBI. 
Study 2 showed that MEG source imaging technique revealed 
new abnomialities in the resting-state electromagnetic signals 
from the PTSD neurocircuitry. Panicularly, posterolateral OFC 
and precuneous may play important roles ill the PTSD 
11eurocircuitry model. 

References 
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[J] 1 luang, Risling, Baker, Psychoneuroendocrinology. 2015, pii: 
SOJ06-4530(J 5)00058-X. doi: IO. IOI 6/j.psyneucn.2015.02.008. 



Autonomic Nervous System and 
Immune Markers of PTSD Risk and 

Resilience 

Dewleen G. Baker M.D. 

Professor 
Department of Psychiatry 

University of California San Diego 
Director of Neuroscience/Research 

VA Center of Excellence for Stress and Mental Health, San Diego 

---
~ ' 

UCSD ~, 



Disclosure 

I have no real or apparent conflicts 
of interest to report. 



Topics 

•!• Marine Resiliency Study & Data set 

•!• Background: Stress, PTSD & 
~ Inflammation 
);;;> Autonomic Nervous System 
~ Reflex arc 
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Marine Resiliency Study 

MRS: 2008 - 2011 (Pis: Baker, Nash, Litz) Cohorts 1-4 

Pre-Deployment Post-Deployment Post Second Deployment 
1 week 3 months 6 months 

VisitO Visit 1 Visit 2 Visit 3 Visit4 

7 months 7 months 
- 1----1----,1--------

Index Deployment I Second Deployment 
---··----·~------·~ 

\/ \I \I/ 

N = 2593 N = 2231 N = 1898 N = 1645 N = 203 

MRSll: 2011- 2015 (Pis: Baker, Risbrough, Geyer) Cohorts 11-13 

Cohorts 11-12 

Pre-Deployment 

Visit 0 

7 months 

Index Deployment 

N = 1190 

Post-Deployment 
Visit 1 

N = 886 

Cohort 13 (control group) 

No Deployment 

VisitO Visit 1 

7 months . 

No Deployment 

N = 195 N = 163 

Timeline and Enrollment 



Psychological and 
Behavioral assessments 

Psychiatric and medical 
•Clinical interviews 
Historical 
• Self-report questionnaires 
Neuropsychological 
• Attention, Memory, Executive 
Function, Reasoning, Social 
Cognition (AMAM & GUR) 
-

Biological assessments 
...----
Biomarkers 
• NPY, CRP, Alpha-amylase, 
Catecholamines, Cortisol 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
• Startle threshold and 
habituation, fear 
conditioning and extinction, 
heart rate variability 
Metabolomics 
Imaging (DTl/MEG) ------- ~~~~-

MRS Longitudinal Data Sources 

MRS 
Secure database 

D 
Genomics 

• GWAS (complete data) 

Career History Archival Medical 
and Personnel System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 
•Outpatient healthcare visits 
• Duty status 
• Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
•Saliva 
•Urine 
•DNA / RNA 

• Methylome (subset, pre-post) 
• Transcriptome (subset, pre-post) 



DSM-IV PTSD diagnosis using CAPS 

•Criterion A. The person has been exposed to a traumatic event in which both of the following 
were present: 
(1) the person experienced, witnessed, or was confronted with an event or events that involved 
actual or threatened death or serious injury, or a threat to the physical integrity of self or others 

• Fl/12 rule: frequency of 1 and intensity of 2 (range: 0-4 for both) 
experienced it at least once or twice during the last month 
distress/discomfort: moderate, distress clearly present but still manageable, some disruption of 
activities 

• DSM-IV PTSD diagnosis: 

!Full: 18, 3C, 20 I 

Partial stringent: lB, 2C, 20 
Partial lenient: 18, 3C OR 20 

• Symptom clusters: 
8: Reexperiencing (81-5) 
C: Avoidance I Numbing (Cl-7) 

0: Hyperarousal (01-5) 

• CAPS summary score: 

N = 468 cases 
N = 2414 controls 

I 

' 

All other5 PTSD dx 

full dx 

N = 965 cases 
N = 1917 cont roJs 

All others PTSO broad 

pa rt i a I+ f u 11 
N :: 2881 

Mean: 26.35 
Range: o · 127 

Sum of all frequencies and intensities of the 17 questions (range: 0 - 136) 
CAPS qt 



Trauma measures 

N 
T"" 

ci 

co 
0 
ci 

.;r 
0 
0 

Adult Trauma (Life Events Checklist LEC) 

5 10 15 

N=3958 
Mean= 4.9 
Range= 0 - 17 

20 

Combat Exposure (DRRI Composite) 

l() N=3145 
ci 

Mean= 0 
.;r 
ci Range= -1.92 - 2.89 
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100 125 

Deployments Prior to Study Enrollment 

~ 

~ 
53% of subjects 

~ had at least one 

§ prior deployment 

0 

No Prior Prior 
Deployment Deployment 



Trauma measures in MRS are highly 
Predictive of PTSD symptoms (CAPS) 

Trauma measures predicting pre-deployment CAPS 

- Variable 

.CTQ 

Prior Deployment 

%VE 

1.93% 

1.50% 

0.04% 

< 2.2e-16 

< 2.2e-16 

0.0086 

cum% \lE 
1.93% 

2.84% 

2.84% 

<2e-16 

<2e-16 

0.8372 

Trauma measures predicting post-deployment CAPS 
I 

Variable %VE cum% VE 

CAPS pre-depl. 2.80% < 2.2e-16 
DRRI 2.70% < 2.2e-16 

1.19% < 2.2e-16 
0.74% < 2.2e-16 

DRRl's: composite score of combat exposure measures 
CTQ: Childhood Trauma Quest ionnaire 

2.80% 
5.61% 
5.92% 
6.01% 

< 2.2e-16 
< 2.2e-16 
8.92e-10 
0.00225 

fCTQl 
~J 

Combat 
Exposure 

DRRl's 

pre 

PTSD 
symptoms 

post 

PTSD 
symptoms 

LEC: Life Events Checkl ist at pre-deployment 
%VA:% variabil ity explained; cum. : cumulative Zero inflated negative binomial regression 



Ancestral composition of MRS participants «;1' 

q 
0 

Ancestry determination: 
• based on 1, 783 AIMs and HGDP 
reference subjects 

Principal component {PC) analysis of GWAS 
subjects (N=4019) and reference subjects 
(N=944) from 52 world populations from 
the HGDP dataset. 

N 
0 ..-
0.. 0 

0 

0 
0 
0 

..-
q 
0 

I 

.. "' • • • • • • • ••• • 

EA 
N=2473 
""'62% 

-0.04 

·~ 
~~~ 

-0.02 

0 

0 .00 

PC 1 (11.4°/o) 

Others 
N=S62 

.. 

. . -~· 
• • • 

Hisp/ 
NatAm 
N=740 

0.02 0.04 

Incorporation of ancestry information into statistical analyses: 

• e.g. for genomics, epigenetics, biomarker association analyses 

• separate analyses for each of the 4 main ancestry groups, followed by meta-analyses across 
ancestry groups 

• incorporation of AIMs-derived PCs as covariates 

AIMs: ancestry-informative markers 
HGDP: Human Genome Diversity Panel 
GWAS: Genome-wide association study 



MRS Resources and Progress Overview 
Psychological , Behavioral and 

Physiological assessments 

Mental and Physical Health 
•Clinical interviews and self 
report: 7 papers published 

Psychophysiology and 
Neurocognition 
•Hearing/Tinnitus, Startle~ 
Neurocognitive Battery: 5 papers 
published 

Biological assessments 
Biomarkers 
~ormoneand 
metabolomic predictors of risk : 
3 papers published 

Imaging 
•MEG, MRI, DTI: 4 papers published 
• TBl/Tinnitus Imaging Study 
(funded) 
•In-country Blast monitoring with 
follow up Imaging (funded) 

MRS 
Secure database 

Career History Archival Medical 
and Personnel System database 

Military archives 
• Medical diagnoses 
• Hospitalizations 

~ •Outpatient healthcare visits 
~--V' • Duty status 

Genomics 

• MRS GWAS ROl (funded) 

•Separation date and reason 

Biobank 

Ongoing requests for samples 
to be used for replication 
studies and new grant 
proposa ls 

• PGC PTSD consortium (funding likely) 
• International HRV GWAS consortium 
• PGC PTSD EWAS consortium (funding likely) 
• Transcriptome: 3 papers published; proposals submitted 



Neumpmannacology ~ (2012) 6S3:-67.3 

Neu rop harmaco logy 

Cnvited review 

Bion1arkers of PI.SD: Neuropeptides and in1n1une signaling 

Dewleen G. Bakera.b ... ~ Caroline M. Nievergelt b, Daniel T. O'Connorc 

)- Psychological stress & trauma are associated with 
inflammation 
(Segerstrom & Miller, 2004 for review; Pariante et al 2007; Carpenter et al 2010; Kiecolt-Glaser et al 2011; 
Neylan et al 2012; O'Donovan et al 2012) 

)- PTSD is associated with increased inflammation and confers a 
higher risk for autoimmune disorders 
(Cytokines: Hoge et al 2009; Canetti et al 2014; Newton et al 2014; Baker et al 2009 for review & C-Reactive 
Protein: Spitzer et al 2010; Heath et al 2013; Plantinga et al 2013; O' Donovan et al 2015) 
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>- Using MRS longitudinal data, we have a number of papers 
analyzing gene expression between PTSD cases and controls 

>- For several genes, gene expression was dysregulated in PTSD 
compared to controls 

>- A disproportionate number of these genes involved cellular 
immunity 

Is Inflammation a risk factor for PTSD? 



Research 
JAMA Psychiatry 
Formerly Archives of General Psychiatry 

Original rnvestigatJon 

Assessment of Plasma C-Reactive Protein 
as a Biomarl<er of Posttraumatic Str1ess Disorder Risi< 
SatishA. Eraly. MD. PhD; Caroline M. Nieover~;e lt PhD: Adam X. Maihofer. MS; 0011ald A.BarJ<auskas. FhO; 
Ni lima Biswas. PhD: AgorastM Agorastos. MO; Oani01 T. O'Connor. MO: OevtJeen G. Baker. MO: 
fur the Marine Resiliency Study Tet3m 

CRP measured at pre-deployment is significantly 
predicting PTSD symptoms post-deployment 

Mean ( +/- 2 SEM) 

--
1.2 -_J --O> 5 1.0 --

I/) 
Q) 

Cohort 2 0.846 0.537 - 1.347 0.475 

Cohort 3 0.514 0.314 - 0.845 0.008 

::J ro o.a --> 
a.. 

_ .... 
a:: 
() 0.6 

Cohort 4 0.923 0.552 - 1.553 0.762 0 ...... 
O> 

CAP SO 1.053 1.045 - 1.062 0 
.3 0.4 

CES 1.035 1.019 - 1.051 0 0.2 

PBE 1.103 1.058 - 1.151 0 0,0 

log CRP 1.3 1.026 - 1.646 0.029 No PTSO Ox Partial PTSO Ox Full PTSO Ox 

N=1471 N=277 N=117 



Vagal tone as a moderator of inflammation 

Behavioral considerations: 
• Body mass index 
• Sleep 
• Alcohol Use 
• Tobacco Use 

Biological determinants: 
• HPA axis (cortisol) 
• Sympathetic outflow 
• Parasympathetic (vagal) tone 

Stress HRV 

Epineph rin e 
Noreplnephrl'!+ 

~NF·kB 

Sturmburg et al.Front Phys 2015 



Vagus Nerve, Inflammatory Reflex, and Autonomic Tone 

Pathogens 
·infection 

Injury 

.. 
"' .. .. 

Unbalanced Cytoktne Balanced 
- - - - - - - - - - - - -; release .. 

(l:l.g,, TNr, II ·I, I JMGA1J 

." 4: ~ 
I .. , 

Dorsal motor nucleus 

Afferent 
vagus nerve 

Tjs ·ue 
tec;ove1 y Inhibition 

or cytokine 
release 

Efferent 

Tracey et al. JCI 2007 



Is Vagal Tone (HRV) associated with PTSD? 

HRV, determined by fluctuation of heart rate, measured in 
time, frequency or non-linear domains, is a powerful index 
of autonomic function and an indicator of cardiac risk 
(Agorastos et al, Diminished Vagal and/or Increased Sympathetic Activity in Post-Traumatic Stress Disorder, 
Comprehensive Guide to Post-Traumatic Stress Disorder, Springer International Publishing, Switzerland 2015 
for review) 

Accumulating evidence in PTSD: 

>- Diminished HRV has been observed in PTSD 
(Cohen et al 1997, 2000; Haley et al.2004; Mellman et al 2004; Jovanovic et al 2009; Ginsberg et al 
2010; Song et al 2011; Tan et al 2011; Agorastos et al 2013) 

>- PTSD patients show blunted diurnal variation (reduced HR 
and HRV increase) at night 
(Cohen et al 1997; Haley et al. 2004; Bedi and Arora 2007; Pole 2007; Mellman et al. 2009; Woodward 
et al. 2009; Agorastos et al. 2013) 



PSYCHOSOMATIC 

MEDICINE 
Journal of Biohebatrioral Medicine 

Heart Rate Variability Characteristics in a Large Group of Active­
Duty Marines and Relat1onshf p ta Posttrau matic Stress 
Minassian,. Arpi PhD; Geyer, Mark A. Pih D; Baker, Dewleen G. 1MD; Ni everg elt, Carol ifl e M. PhD; 
O'Connor, Dan1el T. MD~ Risbrought V~ctoria B. PhD; for the iMarine Resiliency Study Team 

~ Cross-sectional HRV analysis of MRS at pre­
deployment supports associations between PTSD 
and reduced HRV, while accounting for TBI and 
depression 

Is Heart Rate Variability a factor in PTSD Risk? 



A Prospective Analysis 
Is Heart Rate Variability a Risk Factor for PTSD? 

Meta-Analysis of MRS-I and MRS-II pre-deployment LF:HF ratio predicting 
DSM-IV based PTSD diagnosis 6 months after deployment 

DRRI post­
deployment 

LF: HF ratio 

2.84 

1.47 

2.15-3.74 

1.10-1.98 

. 
·p 

<0.001 

0.01 

Regression included combat exposure as measured by DRRI. LF:HF 
ratio was log-transformed. 

Qrjginal Investigation 
Association of predeployment heart rate variability with 
risk of postdeployment Postraumatic Stress Disorder in 
active-duty Marines 

Arpi Minassian, Ph.D., Adam X. Maihofer, M.S., Dewleen G. Baker, 
M.D., Caroline Nievergelt, Ph.D., Mark A. Geyer, Ph.D., and Victoria B. 
Risbrough, Ph.D., for the Marine Resiliency Study Team 

JAMA Psychiatry in press. 



Psychological, Behavioral and 
Physiological assessments 

ental and Physical Health 
• Deployment is TBI a strong 
predictor of PTSD 

Psychophysiology and 
Neurocognition 
• Pre-deployment HRV predicts 
PTSD 
•Sensorimotor gating may be 
trainable resiliency factor for 

TSO 

Biological assessments 

Bio markers 
•Pre-deployment immune activation 
state predicts PTSD 

Imaging 
•Development of diagnostic MEG 
signatures for mTBI 

Actionable Results 

MRS 
Secure database 

Genomics 

Transcriptome 

Career History Archival Medical 
and Personnel System database 

As available, use of VA and 
military service database 

~ information in follow-up data 
1..--~v collection and analysis 

Biobank 
Active replication of GWAS and 
EWAS study findings in 
collaboration with PRISMO, 
Army STARRS, Grady Trauma 
Cohort 

•Pre-deployment gene expression signatures of 
PTSD Risk 
Genome 
•Identified 2 novel genes associated with PTSD risk 



Future Directions 

•!•Refinement of MRS immune system variables data collection 
for more detailed information about vagal-immune system 
interactions in PTSD and mTBI 

(Baker et al, CDMRP FY 2016-2019) 

•!•Closed-loop transcutaneous vagal nerve stimulator for 
~ Physiology challenge 

studies with imaging 
~ Immune system variable 

collection 
~ Studies on prevention and 

treatment of PTSD 
(Lerman et al. NARSAD grant FY 2016-2017) 

LED light 
-....,.~,____-Thumbwheel 
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Epidemiology of Psychiatric Disorders 

Disorder 
An,y ps.ychiatric diso·rder 
Any affective disorder 

Major de.pressive dis.order 
Dysthymia 
Manic episode 

Any anxiety disorder 
Sacral phobia 
Simple phobia 
Generalized anxiety di.sorder 
Panic disorder 
Obsessive-Compulsive Disorder 
Post-Traumatic Stress Disorder 

Any substance abuse/dependence 
Alcohol abuse w/o dependence 
Alcohol dependence 

~~ ----- -

US Prevalence (0/o) 
Lifetime 12-Month 

48.0 
19.3 
17.1 
6.4 
1.6 

24.9 
12.1 
11 .3 
5.1 
4.0 
2.5 
7.8 

26.6 
9.4 

14.1 
----

29.5 
11.3 
10.3 
2.5 
1.3 

17.2 
7.1 
8.8 
3.1 
2.3 
2.1 
3.6 

11' .3 
2.5 
7.2 

(Kessler RC et al, 1994; Narrow et al, 2002; Ruscio et al, 2007) 



DSM-V Trauma/Stress Disorders 

• Acute strress d'isorrderr 

• ~djiustmemt Di'sorderrs 



Trauma/Stress Disorders 
DSJYJ-J Y D1~JE/f'.JD531s _. 1.r~Ji1111~1/511H50JD:! C.rll?J.rlz1 
Crlia1i21 ~vDlv io ~Jdflli~, fJdDla0J::HrJl~, J;fJifldr8rJ --

J " I , I ,.'l 

D 091 !JJZ.JfJ !J 1/£3~/:; 

• Exposure to actual or threatened death, serious injury, or 
sexual violation in one (or more) of the following ways: 

- Directly experiencing the traumatic event(s). 

- Witnessing , in person , the event(s) as it occurred to 
others. 

- Learning that the event(s) occurred to a close family 
member or close friend . Note: In cases of actual or 
threatened death of a family member or friend , the 
event(s) .. must have been violent or accidental. 



Trauma/Stress Disorders 

- Experiencing repeated or extreme exposure to aversive 
details of the traumatic event( s) (e.g., first responders 
collecting human remains, police officers repeatedly 
exposed to details of child abuse). 

• Note: This does not apply to exposure through 
electronic media, television, movies, or pictures, 
unless this exposure is work related . 



Posttraumatic Stress Disorder 
DEJIJJ_J V DJ~1~111o~J3 

• Presence of one (or more) intrusion symptoms associated with the traumatic 
event(s), beginning after the traumatic event(s) occurred: (re-experiencing) 

• Persistent avoidance of stimuli associated with the traumatic event(s), 
beginning after the traumatic event(s) occurred , as evidenced by one or both of 
the following: avoidance of thoughts/feelings, avoidance of external reminders 

• Negative alterations in cognitions and mood associated with the traumatic 
event(s), beginning or worsening after the traumatic event(s) occurred , as 
evidenced by two (or more) of the following: difficulty remembering , 
exaggerated negative beliefs/expectations, distorted cognitions, anhedonia, 
etc. 

• Marked alterations in arousal and reactivity associated with the traumatic 
event(s), beginning or worsening after the traumatic event(s) occurred , as 
evidenced by two (or more) of the following: irritable behavior and angry 
outbursts, reckless or self destructive behavior, hypervigilance, etc. 

• Duration of the disturbance (Criteria B, C, D, and E) is more than 1 month. 



Posttraumatic Stress Disorder 

• Prevalence among recently exposed populations varies by 
nature of the event and the context within which it is 
assessed 

• Common rates in the US 

- Projected lifetime risk (under DSM-IV criteria) at age 75 is 
8.7% for the general population 

- Reported risk for the Iraq/ Afghanistan combatants varies 
by the publication source, ranging from 5% to 20% 
(Ramachand et al., (2010) Journa l of Traumatic Stress 23 (1), 20-68. 2010) 



Posttraumatic Stress Disorder 
p-rsn I:o11iFJ1'5 f:JilJfJe.r rJsJr !Dr ~11JLJ111/J9r af 

J'Jla dJ1;~1J C8JJ di ii 01J~ 

• PTSD is associated an increased risk for: 
• Atherosclerotic cardiovascular disease 
• Inflammatory and autoimmune disorders 
• Metabolic syndrome 
• Dementia 



Historical Background 

• PTSD risk/resilience factors (psychosocial) 
• Childhood adversity 
• Level of (index) trauma burden 
• Neurological intactness/IQ 
• Social support 

• PTSD - biological system abnormalities 



Historical Background 
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• In individuals with a diagnosis of PTSD, peripheral 
and Cerebrospinal fluid studies give evidence for 
abnormalities associated with: 

• The central nervous system (hyperarousal) 
• HPA axis 
• Autonomic nervous system 
• Inflammatory markers 



Historical Background 
E51:rass EJrJi! J11J111.Y1Je PJu ~01tJloLJ 'I -- - ...._.,,,__,,--

• Serial cerebral spinal fluid study 
» Recruitment of heallhy individuals 

• Non-smokers 

• No past alcohol dependence and no current abuse 
• No medications or wash-out for at least 5 half-lives prior to 

procedure 

» Standardized Diet for duration of Study - set meals/ calories 
» Controlled environment - no radio, television 

» Subarachnoid catheter placement at BAM - 3 hours of rest 
prior to CSF sampling 

» 24 (every hour) basal samples of CSF and plasma (11AM to 
11AM) assayed for NPY concentration or measured using 
direct radioimmunoassay or for cortisol concentration 



Historical Background 
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Following Trauma-related (vs neutral) video: 
~ Significant decline in CSF CRF levels following trauma-related video 
~ Significant decline in Plasma cortisol levels following trauma video 

Geracioti et al., 2001 



Historical Background 
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Diminished vagal activity and blunted diurnal variation of heart rate 
dynamics in posttrauu1atic stress disorder 
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Marine Resiliency Study 

Field Study: 1 st Marine Division 

• Infantry Battalions, Combat Engineers 
• Explosive Ordinance Device (EOD) 
Participants: Marines, Navy Personnel 

Setting 

• Marine Corps Air Ground 
Combat Center - 29 Palms 
• Camp Pendleton 



Marine Resiliency Study ~ 
LlCSl) 

MRS: 2008 - 2011 (Pis: Baker, Nash, Litz) Cohorts 1-4 

Pre-Deployment Post-Deployment Post Second Deployment 
1 week 3 months 6 months 

Visit 0 Visit 1 Visit 2 Visit 3 Visit 4 

7 months 7 months 
I 

Index Deployment Second Deployment 

w w \I 

N = 2593 N = 2231 N = 1898 N = 1645 N = 203 

MRSll : 2011- 2015 (Pis: Baker, Risbrough, Geyer) Cohorts 11-13 

Cohorts 11-12 

Pre-Deployment 

Visit 0 

7 months 

Index Deployment 

N = 1190 

Post-Deployment 
Visit 1 

N = 886 

Cohort 13 (control group) 

No Deployment 

Visit 0 Visit 1 

7 months 

No Deployment 

N = 195 N = 163 

Timeline and Enrollment 



Psychological and 
Behavioral assessments 

Psychiatric and medical 
•Clinical interviews: PTSD/ TBI 
Historical 
•Self-report question na ires 
Neuropsychological 
•ANAM + Penn Battery 

Biological assessments 

Biomarkers 
• e.g. NPY, CRP, Alpha­
amylase, Catecholamines, 
Cortisol 
Hemodynamics 
• Pulse and blood pressure 
Psychophysiology 
• EMG, PPG 
Metabolomics 
Imaging {MEG/ DTI} 

MRS Longitudinal Data Sources 

MRS 
Secure database 

Genomics* 

• GWAS (complete data) 

Career History Archival Medical 
and Personnel System database 

Military archives 
• M edical diagnoses 
• Hospitalizat ions 
•Outpatient healthcare visits 
• Duty status 
• Separation dat e and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma) 
•Saliva 
•Urine 
•DNA / RNA 

• Methylome (subset, pre-post) 

*GWAS UCSD,NIH R0-1 
Caroline Nievergelt Pl 
* Gene expression, UCSD, 
R21 Ming Tsuang Pl 
* Methylome, RNA-seq • Transcriptome (subset, pre-post) 
C Nievergelt MRS-II 



eombat Exp·eriences Scale 

Cohort 1 

Cohort 2 

Cohort 3 

Cohort 4 

Total 

0 

Combat Experience 

10 20 

•N=640 Army soldiers, Iraq 2003-2004 
• Combat/combat support 

SCALE RANGE 

0- 64 

30 

•Combat Experience Score Mean(SD) = 34.7(10.4) 



Deploymerlt-related TBI endorsement was variable 
across deployments, but was high in some battalions 

50 

40.3 
40 

- 30 
cc 
t-
~ 20 16.0 16.3 

10 7.0 

0 
Cohort 1 Cohort 2 Cohort 3 Cohort 4 

19.8 

Total 

Combat Experience 
Scale 

Cohort 1 6.5 

Cohort 2 6.9 

Cohort 3 13.2 

Cohort 4 22.7 

Total 12.9 



Ctiniciam Administered PTSD Scale ~CA~S) 

• The MRS uses the CAPS as the primary measure of PTSD 

symptoms and total symptom burden. 

• The CAPS is a structured interview designed to provide 

both continuous and dichotomous data about symptoms. 
"' - " -y ' - " •• --

· 4 Symptorrt¥C:fus.te:rs·· · CAPS Scale Range 

Re-experiencing 0-40 

Avoidance 0-32 

Emotional Numbing 0-24 

Hyperarousal 0-40 

Total score 0-136 



ZINB Distribution 

• CAPS total score is not a normally distributed trait in MRS. The trait cannot simply 
be transformed to normality because there are too many zero value scores 

• Zero inflated negative binomial (ZINB) distribution: ZINBR best statistical model 

Histogram of CAPS score at V2 
600 

500 

400 

N subjects 300 

200 

100 

0 20 40 60 80 100 120 140 

CAPS total score 



Grouping subjects using CAPS DSM-IV diagnosis: 

• Alternatives to modeling based upon raw score (CAPS total) , we can use 
diagnosis to group subjects and use ordered logistic regression to model the 
data 

• There are 3 groups in order of severity: No diagnosis, partial PTSD 
diagnosis (stringent or lenient criteria), or the DSM-IV based PTSD 
diagnosis 

Quantity of subjects within each CAPS group at V2 
1500 

1000 

500 

0 
No PTSO Ox Partial PTSD Ox Full PTSO Ox 

N=1471 N=277 N=117 



Prospective analysis of deployment-related 
combat stress and TBI on Post-deployment' 

PTSD 

Age 
AFQT 

Pre-deployment 
PTSD symptoms 
Pre-deployment 
TBI 

Cohort (Battalion) 

Com bat-related 

------•17 monthsd Pre-deployment 

3-months post­
deployment PTSD 
symptoms 

Post-deployment 



Original lnvC?sUgatron 

Association Between Traumatic Brain Injury and Risk 

< ucs 

of Posttraumatic Stress Disorder in Active-Duty Marines 
l<ate A Yurglt PhD; Do'\lfd A. Birlc.auskds. PhD; Jennifer J. Vasrerl•ng. PhD: Caroline M. li'eve-gdt. P~C: 
Gerald E. Larsen. PhD: Nicholas J. Schork, PhD; Brett T L.nz Ph Di \1•111iam P. Nasl\ MD: Dewteen G Baker~ MD; 
rQr the M~rhe Reslliency Study Team 

JANIA Psychiatf}'. 2014:71(2):149-157. doi: l O.l 001/jan1apsychiatry.2013.3080 
Published online December It 2013. 
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Prospective Associations Between 
Traun1atic Brain Injury and 
Postdeployment Tinnitus in 
Active-Duty Marines 

A.c1fc A. }'urr<il. l'h V : N r.1i:c(• E. C/il.fi1rd . JfD_ il!fJf-J: tl i.ctoria R. RisbrouI(h . l'hi>: 
'-.. . . ' '-

11'1 u rk A. r ;<·.vr r. Ph f J: H mg \·frm g Hmrng . Ph n: /Jmwld A. R(f rkn11.~kf1.-: . Ph r>: 
}<•tllli}cr .!. Vasterling . l'h D: 1ll R:i Tr!um: Dmr leen G. Buker. :l1D 

J Head Trauma Rehabil. 2015 Feb 19. 
PubMed PMID: 25699623. 









JAMA Psychiatry 

Research 

O ri.g~ 11a I linvestigat ion 

Assessment of Plasma C-Reactive Protein 
as a Biomarker of Posttraumatic Stress Disorder Risi< 
5Jtis.h A. Eraly, MD, PhD; Carolifl2 M. Nfe-vergelt, Ph O; Adam X. Maihofer. MS; Donald A. flar~tJus.~s. Ft1D; 
Nilima BiswJs. PhD; AgornstooAg.::irastos. MD: Daniel T. O'Corrncir. MD: Devileen G. Eaker. MD: 
for the Marioo Resiliency Study Team 

M!NN OUTCOMES A~'() MEASUR[S Severity O'f PTSD synmptarrrs 3 months after deployment 
~ssessed by t he Clinrcian-Administered PlfSD Scale (C~S). 

CONCl-U510NS AND RElEJJAr~CE A marker of peripheral rnflamrrnation .. plasma CR? may be 
prospe:rtf"Vely associated wfth PTSD S'Jmptorn emergence .. suggesting that inflamrrnation im;ay 

predispose ta PTSD. 

JAMA PsJ-d'OOtty. 2014;11{4):4234 31. dai: lOJOOl/jama~-yc:hiatry..lOB-4 ~4 
Pubti:shei oo~ February ~6. 2014. 
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MRS: Genetic Ancestry 
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• Bayesian based cluster methods (STRUCTURE) to generate ancestry estimates based on HGDP 
reference populations and Al Ms 

• Determination of main ancestral groups (<5% admixture) 
• Visual inspection: PCA with reference populations and color coding for main ancestral groups 
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Genomic predictors of combat stress 
vulnerability and resilience in U.S. Marines: 
A genome-wide association study across 
multiple ancestries implicates PRTFDC1 as a 
potential PTSD gene 

Caroline M. Nievergetta,.d,•, Adam X. Maihofera, 
MajaMustapic a,b, Kate A.- Yurgil d¥ Nicholas J. Schor k ' , 
Mark W. M11Uere,t, Mark W. Logue g,h, Mark A. Geyer a, 
Victoria B. Risbrough a,d, Daniel T. O'Connorb, 
Dewie en G. Baker d,a 
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The catecholamine 1biosynthetic enzyme dopamin1e1 
p-hydroxylase (DBH): first genome~wide search1 
positions trait~determining variants acting 
additive,ly in the· proximal promoter 
Maja Mustapic1•2•4, Adam X. Mal'hofer1, Manjula Mahata2, Yuqing Che112, Dewleen G. Baker1..3, 

Daniel T. O'Conrnor and CaroUne M. Nievergelt1•3•• 
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MRS Genomic and Data Integration 

• DNA and RNA isolated from peripheral blood leukocytes 

• 60 (future) PTSD cases and 60 trauma-exposed controls 

• Timepoints: at pre-deployment, and 3- and 6-months post-deployment 

• Epigenome: Genome-wide methylation (lllumina 4SOK) 

• Transcriptome: Genome-wide gene expression (RNAseq) 

• Transcriptome 2: RNA array data on additional MRS subjects 

AM E A I CAK JOUftN Al OF 

medical genetics 
Neuropsychiatric Genetics 

Blood-Based Gene-Expression Predictors of PTSD 
Risk and Resilience Among Deployed Marines: 
A Pilot Study 
Stephen J. Glatt, 1- Danie I S. Tylee, 1 Sharon D. Chandler,2 Joel Pazol.2 Caroline M. Nleve'.felt, JA.s 
Christopher H. Woelk .A,& Dewleen G. Baker,3 '

4
'
5 James 8. Lohr,3•

4
•
5 William S. Kremen,2

•
3

• 

Brett T. Litz/ Ming T. Tsuang/·3~·5•8·9.1° and Marine Reslllency Study Investigators 

Molecular f>.S)<hlatf)' ~015), 1-a 
Q 2:115 MauniUat\ V~ers Lo~d A1l f.iljlus ~EIM!d1 1359-41~15 

ORIGINAL ARTICLE 

Gene networks specific for innate iinmunity define 
post-traumatic stress disorder 
MS Breen 1, AX Mathofe?. SJ Glan3

, DS Tyle<. SD Chan die~. MT 1$uang2.·•.~.v. VB Rlsbroogh2
" , DG Saker,, .. , OT O'C01ru:rM, 

CM Nlevergelr'A9 and CH Woelk151 



Psychological and 
Behavioral assessments 

Psychiatric and medical 
•Clinical interviews 
Historical 
•Self-report questionnaires 
Neuropsychological 
•ANAM +Penn Battery 

Biological assessments 

Biomarkers 
•e.g. NPY, CRP, Alpha­
amylase, Catecholamines, 
Cortisol 
Hemodynamics 
•Pulse and blood pressure 
Psychophysiology 
• EMG, PPG 
Metabolomics 
Imaging (MEG/DTI) 

MRS Longitudinal Data Sources 

MRS 
Secure database 

Genomics* 

• GWAS (complete data) 

Career History Archival Medical 
and Personnel System database 

Military archives 
•Medical diagnoses 
• Hospitalizations 
•Outpatient healthcare visits 
• Duty status 
•Separation date and reason 

Biobank 

Biological samples 
• Blood (whole blood, plasma} 
•Saliva 
•Urine 
•DNA/ RNA 

• Methylome (subset, pre-post) 

*GWAS UCSD,NIH R0-1 
Caroline Nievergelt Pl 
*Gene expression, UCSD, 
R21 Ming Tsuang Pl 

• Transcriptome (subset, pre-post) * Methylome, RNA-seq 
C Nievergelt MRS-II 



Psychophysiology and Neurocognitive 
Projects 

Directors: Vickie Risbrough and Mark Geyer 

Fear Conditioning and Extinction/FPS 

Startle Threshold/EMG 

Prepulse lnhibition/EMG 

Heart Rate Variability/PPG 

Reaction time/ANAM+Penn Battery 

Attention/CPT, Go-NoGo 

Attention Set Shifting 

Verbal, Spatial, Facial Memory 

Spatial and Verbal Reasoning 

Working Memory 

Dean Acheson 

Dan Glenn 

Dean Acheson 

Arpi Minassian 

Gur, Moore, Vasterling 

Ruben Gur, Tyler Moore 

Ruben Gur, Tyler Moore 

Ruben Gur, Tyler Moore 

Ruben Gur, Tyler Moore 

Ruben Gur, Tyler Moore 



Example Aims 

• Identify psychophysiologica I predictors of PTSD 
• Identify deployment-related TBI effects on 

changes in neurocognition 
• Identify potential mechanism of TB I-induced 

increases in risk for PTSD 
• Identify overlapping genetic mechanisms of PTSD 

risk and endophenotypes (fear conditioning, 
extinction and prepulse inhibition, HRV) 



Poor safety signal learning and extinction 
are biobehavioral markers of PTSD 
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Conditioned fear and extinction learning performance and its association with psychiatric 
symptoms in active duty Marines. 
Acheson DT, Geyer MA, Baker DG, Nievergelt C, Yurgil K, Risbrough VB (2015) 
Psychoneuroendocrinology 51:495-505 



Pre-trauma low HRV is associated with PTSD risk 

Trauma exposure 

LF: HF ratio 
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Association of predeployment heart rate variability with risk of postdeployment 
Postraumatic Stress Disorder in active-duty Marines 
Arpi Minassian, Adam Maihofer, Dewleen Baker, Caroline Nievergelt, Mark Geyer, and Victoria Risbrough. 
JAMA Psychiatry 2015;72(10):979-98 



Psychological , Behavioral and 
Physiological assessments 

Mental and Physical Health 
• Deployment related TBI predictors 
PTSD - Follow-up data collection 
Psychophysiology and 
Neurocognition 
• Pre-deployment H RV predicts 
PTSD 
•Sensorimotor gating and cue 
discrimination may be resiliency 
factors for PTSD 

Biological assessments 

Biomarkers 
•Pre-deployment immune activation 
state predicts PTSD - replicate 
findings, integrate analysis with HRV 

Imaging 
•Development of diagnostic MEG 
signatures for mTBI 

Actionable Results --
CSl • 

MRS 
Secure database 

Career History Archival Medical 
and Personnel System database 

Genomics 

VA and military service 
database information in 

.....____~ follow-up data collection and 
v analysis 

Biobank 

Stored samples for future 
analyses and collaborations 

• consortium 

• PGC PTSD EWAS consortium 

• Active replication of GWAS and EWAS study 

findings in collaboration with PRISMO, Army 

STARRS, Grady Trauma Cohort 



Ongoing and Future Directions 

•!•Integrated data analyses of MRS data sources, e.g. behavior, 

genomics, metabolomics, physiology, imaging 

•!•Future data collection: MRS-Ill 5-year follow up 

•!•Funded: CDMRP (DoD), FY 2016-2019, Pl: Baker, TBl/Tinnitus Study 

Long term outcomes -hearing, tinnitus, health 

Better understand HPA axis/autonomic - vagal/immune system 

relationships in PTSD - TLR-4, TLR-9, a7 nicotinic receptor 

•!•TBl/PTSD Imaging Biomarker Validation and Development 

•!•Funded: Investigating the Neurologic Effects of Training Associated 
Blast (I-TAB) study 

Longitudinal imaging of blast-exposed trainees 
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