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Introduction

The objective of the project is to test two advanced MRI methods, DTI and resting-state fMRI correlation
analysis, in military TBI patients acutely after injury and correlate findings with TBI-related clinical outcomes
6-12 months later. The interaction of candidate genetic vulnerability factors with patterns of injury will be
evaluated. These combined methods may add clinically useful predictive information following traumatic brain
injury that could be of assistance in standardizing diagnostic criteria for TBI, making return-to-duty triage
decisions, guiding post-injury rehabilitation, and developing novel therapeutics.

The overarching hypothesis is that traumatic axonal injury, interacting with genetic vulnerability factors, is a
principal cause of impaired brain function following blast-related and non-blast-related TBI.

The specific aims of the proposal are as follows:

Aim 1) To determine whether DTI and fcMRI will noninvasively reveal abnormalities that are not present on CT
or conventional MRI acutely following blast-related and non-blast-related TBI. For this aim, the goal
was to enroll a total of 200 participants with TBI, 100 with blast-related injuries and 100 with non-blast-
related injuries, at LRMC.

Aim 2) To assess the frequency of clinically occult traumatic axonal injury resulting from blast and non-blast
mechanisms that is detectible using DTI, fcMRI, and conventional MRI. For this aim, the goal was to
enroll a total of 200 participants without TBI but with other injuries at LRMC during the same 2 year
period: 100 with blast-related injuries and 100 with non-blast-related injuries.

Aim 3) To use DTI and fcMRI to clarify the principal similarities and differences between blast-related TBI and
TBI due to other mechanisms (e.g. motor vehicle accidents, falls, and direct blows to the head). This will
be analyzed using the same 4 groups of participants described above in aims 1 and 2.

Aim 4) To test the hypothesis that specific pattern of injuries detected with these methods will predict specific
longer-term neurological and neuropsychological deficits. We will collect detailed clinical information
on TBI-related outcomes 6-12 months after injury at Washington University. This will include
standardized neurobehavioral assessments, neuropsychological testing, and structured interviews for
depression and post-traumatic stress disorder. Several pre-specified hypotheses based on known brain
anatomical-clinical correlations will be tested. Also, exploratory approaches will be used as the
structural bases for many post-traumatic deficits and disorders are not well understood.

Aim 5) To test the hypothesis that specific genetic factors interact with patterns of injuries to further increase the
risk of specific neurological, neuropsychological, and psychiatric deficits and disorders. At follow-up,
blood will be drawn for genetic testing. Genetic testing will be performed for GABRA2 and FKBP5
polymorphisms associated with PTSD, 5-HTTLPR polymorphisms associated with increased risk of
depression and PTSD following stressors, and APOE and /L1 genotypes associated with poor recovery
from TBI.

Additional funding from DARPA supported the analysis of DTI and clinical data acquired in Afghanistan using
MRI scanners installed in that country at 3 US military bases. The hypothesis guiding the studies in Afghanistan
is that acute DTI abnormalities after blast-related TBI will reveal axon injury not apparent at later times, and
help guide early return-to-duty decisions.
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During the fourth year of the project, we have completed enrollment and follow-up, published 2 papers,
submitted 2 additional manuscripts, have a 3" manuscript in preparation and are continuing to analyze data.
The following table summarizes the demographic characteristics of the subjects that completed follow-up 6-12

months after enrollment.

Follow Up Participant Characteristics
Enrolled at LRMC Enrolled in AFG
L Non-blast | Blast CTL Non-blast Blast TBI Non-blast Blast TBI
Characteristic
CTL (n=69) (n=27) TBI (n=29) (n=53) CTL (n=34) (n=38)
Age in years:
median (range) | 31(21-49) 34 (22-46) 28.5(20-50) 26(19-47) | 28(19-44) 26 (20-41)
Education in years:
median (range) | 14(9-28) 13 (10-19) 14 (9-18) 12 (12-18) | 15(12-24) 13 (12-18)
Gender
no (%)
Male 63 (91%) 25 (92%) 26 (87%) 51 (96%) 27 (79%) 36 (95%)
Female 6 (9%) 2 (8%) 3 (13%) 2 (4%) 7 (21%) 2 (5%)
Race/ethnicity
no (%)
White 50 (73%) 20 (77%) 19 (60%) 40 (76%) 22 (65%) 29 (77%)
African American | 16 (23%) 4 (12%) 7 (27%) 4 (6%) 5 (15%) 2 (5%)
Hispanic/Latino 3 (4%) 2 (8%) 3 (10%) 7 (14%) 7 (20%) 7 (18%)
Asian 0 1(3%) 1(3%) 2 (4%) 0 0
Branch of Service
no (%)
US Army 55 (80%) 24 (89%) 26 (90%) 46 (90%) 13 (38%) 32 (84%)
US Air Force | 11 (16%) 0 2 (7%) 1(2%) 2 (6%) 0
US Marine Corps 3 (4%) 3(11%) 1(3%) 5(6%) 3 (9%) 6 (16%)
US Navy 0 0 0 1(2%) 16 (47%) 0
Military Rank
no (%)
Enlisted 63 (91%) 24 (89%) 27 (93%) 52 (98%) 24 (71%) 35 (92%)
Officer 6 (9%) 3 (11%) 2 (7%) 1(2%) 10 (29%) 3 (8%)
Theatre of
Operation no (%)
Afghanistan 55 (80%) 21 (77%) 18 (60%) 50 (94%) 34 (100%) 38(100%)
Iraqg | 14 (20%) 6 (23%) 11 (40%) 3 (6%) 0 0

In the first publication (Mac Donald et al. 2014a), we defined the functional outcomes following blast-related
TBI in military personnel enrolled in earlier cohorts, supported by the closed PT075299 award. To summarize,
moderate overall disability in 41/47 (87%) blast-plus TBI subjects and a substantial but smaller number (11/18,
61%, p = 0.018) of demographically similar US military controls without TBI evacuated for other medical
reasons. Cognitive function assessed with a neuropsychological test battery was not different between blast-plus
TBI subjects and controls; performance of both groups was generally in the normal range. No subject was found
to have focal neurological deficits. However, 29/47 (57%) of blast-plus subjects with TBI met all criteria for
post-traumatic stress disorder (PTSD) versus 5/18 (28%) of controls ( p =0.014). PTSD was highly associated
with overall disability; 31/34 patients with PTSD versus 19/31 patients who did not meet full PTSD criteria had



moderate to severe disability ( p = 0.0003). Symptoms of depression were also more severe in the TBI group (p
= 0.05), and highly correlated with PTSD severity (r = 0.86, p < 0.0001).

In the second publication (Mac Donald et al. 2014b), we directly compared clinical outcomes in military
personnel with blast-related TBI vs nonblast-related TBI. This work was supported by the PT090444 award. To
summarize, global outcomes, headache severity, neuropsychological performance, and surprisingly even PTSD
severity and depression were indistinguishable between the two TBI groups, independent of mechanism of
injury. Both TBI groups had higher rates of moderate to severe overall disability than the respective control
groups: 41/53 (77%) of blast plus impact TBI and 23/29 (79%) of nonblast TBI vs. 16/27 (59%) of blast-
exposed controls and 28/69 (41%) of non-blast-exposed controls. In addition, blast-exposed controls had worse
headaches and more severe PTSD than non-blast-exposed controls. Self-reported combat exposure intensity was
higher in the blast plus impact TBI group than in nonblast TBI group and was higher in blast-exposed controls
than in non-blast-exposed controls. However, combat exposure intensity did not correlate with PTSD severity in
the TBI groups, but a modest positive correlation was observed in the controls. Overall outcomes were most
strongly correlated with depression, headache severity, and number of abnormalities on neuropsychological
testing. However a substantial fraction of the variance in overall outcome was not explained by any of the
assessed measures.



We have 2 manuscripts currently under review describing the radiological and clinical outcomes from the
cohorts enrolled in Afghanistan. The first manuscript, Adam, Mac Donald, et al, is currently under review at
Neurology.

The objective of the study was to evaluate whether diffusion tensor imaging (DTI) will noninvasively reveal
white matter changes not present on conventional MRI in acute blast-related mTBI and to determine correlations
with clinical measures and recovery. We performed a prospective observational study of 95 mTBI and 101
healthy control US military service members enrolled within 7 days from injury in Afghanistan. Assessments
included Rivermead Post-Concussive Symptom Questionnaire (RPCSQ), Post-Traumatic Stress Disorder
Checklist Military (PCLM), Beck Depression Inventory (BDI), Balance Error Scoring System (BESS),
Automated Neurocognitive Assessment Metric (ANAM), conventional MRI and DTI. We found significantly
greater impairment was observed in mTBI participants versus controls: RPCSQ (19.7N12.9 vs. 3.6N7.1,
p<0.001), PCLM (32N13.2 vs. 20.9N7.1, p<0.001), BDI (7.4N6.8 vs. 2.5N4.9, p<0.001), and BESS (18.2N8.4 vs.
15.1N8.3, p=0.01). The largest effect size in ANAM performance decline was in simple reaction time (mTBI
74.5N148.4 vs. control -11N46.6 ms, p<0.001). Fractional anisotropy was significantly reduced in mTBI
compared to controls in the right superior longitudinal fasciculus (0.393N0.022 vs. 0.405N0.023, p<0.001). No
abnormalities were detected with conventional MRI. Time to return-to-duty correlated with RPCSQ (r=0.53,
p<0.001), ANAM simple reaction time decline (r=0.49, p<0.0001), PCLM (r=0.47, p<0.0001), and BDI (r=0.36
p=0.0005). Thus, in conclusion, somatic, behavioral and cognitive symptoms and performance deficits are
substantially elevated in acute blast-related mTBI. Post-concussive symptoms and performance on measures of
post-traumatic stress disorder, depression and neurocognitive performance at initial presentation correlate with
return-to-duty time. Although changes in Fractional Anisotropy are uncommon and subtle, DTI is more
sensitive than conventional MRI in imaging white matter integrity in blast-related mTBI acutely.

The second manuscript, Mac Donald, Adam et al is currently under review at Brain.

To summarize, high rates of adverse outcomes have been reported following blast-related concussive traumatic
brain injury (TBI) in US Military personnel, but the extent to which such adverse outcomes can be predicted
acutely after injury is unknown. We performed a prospective, observational study of US Military personnel
with blast-related concussive TBI (n=38) and controls (n=34) enrolled between March and September 2012.
Importantly all subjects returned to duty and did not require evacuation. Subjects were evaluated acutely 0-7
days after injury at two sites in Afghanistan and again 6-12 months later in the United States. Acute assessments
revealed heightened post-concussive, post-traumatic stress, and depressive symptoms along with worse
cognitive performance in TBI subjects. At 6-12 month follow up, 63% of TBI subjects and 20% of controls had
moderate overall disability. TBI subjects showed more severe neurobehavioral, post-traumatic stress, and
depression symptoms along with more frequent cognitive performance deficits and more substantial headache
impairment than controls. Logistic regression modeling utilizing only acute measures identified that a diagnosis
of TBI, older age, and more severe post-traumatic stress symptoms provided a good prediction of later adverse
global outcomes (area under the receiver-operating characteristic curve = 0.84). Thus, US military personnel
with concussive blast-related TBI in Afghanistan who returned to duty still fared quite poorly on many clinical
outcome measures 6-12 months following injury. Poor global outcome appears to be largely driven by
psychological health measures, age, and TBI status. The effects of early interventions and longer term
implications of these findings are unknown.



In the third manuscript, we analyzed the combined the data sets from subjects enrolled between 2008 and 2013,
supported by both the PTO7 and PTQ9 grants. We used this opportunity to increase our statistical power and
assess the results of the 6natural experimentd initiated with the issuance of the Directive Type Memorandum
(DTM 09-033) in 2010. The DTM had the objective to fiidentify, track and ensure the appropriate protection of
Service members exposed to potential concussive events, including blast events, to the maximum extent
possible.0 We found that global disability, neurobehavioral impairment, depression severity, and post-traumatic
stress disorder (PTSD) severity were worse in all concussive TBI groups in comparison to controls (p<0.0001).
There was a modest but statistically significant trend towards improved PTSD in later cohorts relative to earlier
cohorts. Blastrexposed controls without apparent TBI also exhibited significantly worse global disability
(p=0.004), neurobehavioral impairment (p=0.001), depression (p=0.006) and PTSD severity (p<0.0001) than
non-blast-exposed controls. Most subjects had normal neuropsychological performance, but subsets of subjects
with TBI and blast-exposed controls had impaired neuropsychological performance. Overall disability was
largely driven by TBI diagnoses, evacuation status, depression, and PTSD severity, but not by
neuropsychological performance, age, education, self-reported sleep deprivation, or injury mechanism. Thus,
despite changes in care for US military personnel with blast-related concussive TBI, 6-12 month outcomes have
improved only modestly and are often poor. Future focus on mental health treatment after concussive TBI and
after blast exposure without apparent TBI appears warranted. However, adverse outcomes are incompletely
explained, and additional domains of assessment will be required to fully address the causes of disability after
wartime injury.

Dr. Kihwan Han (now at UT Dallas) is continuing to analyze resting state functional connectivity data (Han et
al. 2013) from the cohort enrolled at LRMC. This has been challenging due to the same imaging quality issues
arising with the DTI data.

Dr. Christine Mac Donald (now at U Washington) is continuing to analyze clinical data. She successfully
submitted 2 grants (CENC subaward and NIH R01) to perform 5-7 year follow-up evaluations on the subjects
enrolled at LRMC. To our knowledge, this will be the first longer-term longitudinal outcome study of US
military personnel with blast-related TBI from the wars in Iraq and Afghanistan.



There have been two substantial challenges:

1) The quality of the MRI scans from the 3T scanner in LRMC was not as good as originally hoped. We are
working in collaboration with Dr. Carlo Pierpaoli at NIH and researchers at WashU to attempt to correct
some of the signal distortions present in the scans. We hope that this will allow accurate anatomical
analysis of the DTI data. Importantly, the entire field of advanced MRI research has become much more
attuned to data quality issues (Jones et al. 2013). For subsequent studies, we are putting together a set of
up-front quality control metrics that will ensure that good quality data is obtained from the beginning of
the project so that these issues can be minimized. Specifically, we will ensure that

a. signal to noise is >25 for all regions of interest including the orbitofrontal regions that are
vulnerable to susceptibility artifact,
test-retest reliability on the same normal subject is >95% in all regions of interest,
Gibbs ringing is not present,
field of view includes the whole brain including brainstem,
subject motion is minimized using head coil padding and a nose bridge.
Eddy current distortions are corrected by obtaining 2 sets of images with opposite phase
encoding directions.
g. Multiple b-zero images are acquired to reduce noise in mean diffusivity measurements.

—0o o0

2) The number of subjects with complete follow-up has proven to be too small to perform genetic analyses with
sufficient statistical power in these mixed ancestry population. Our initial finding that polymorphisms in the
FKBP5 allele appeared to influence PTSD severity (CAPS) following TBI were not confirmed with analysis of
additional subjects. There were too few subjects with the rare AA allele which we had hypothesized could be
protective from PTSD following TBI (note the large error bars). Our plan is to combine our data with those from
other cohorts around the country to improve statistical power. We have discussed this with Dr. Kerry Ressler at
Emory University, one of the worldso leaders the genetics of PTSD in civilian populations and the discoverer of
the FKBPS5 effect in civilian PTSD (Binder et al. 2008).
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There were no adverse events. One subject expressed suicidal ideation during the evaluation at WashU. This
was handled per protocol and did not result in an adverse events.

Note to File for TB5634W

11 November 2013

The subject was seen as part of our research study on 10 November 2013. SM endorses a recent suicide attempt followed by
hospitalization for 10 days and subsequent release on 5 November 2013. Significant signs of depression were noted included car
repossession, power and water being shut off due to the SM's in ability to pay his bills and general apathy towards life. He recounts he
stopped showering, stopped eating, and then overdosed on prescription medication as a way to "Fix all of his problems". Pysch
evaluation by LCSW Justin Hampton noted severe Depression, and moderately severe PTSD. Study Director Christine Mac Donald
saw the SM for neurobehavioral exam. Following the exam, Dr. Mac Donald met privately with his wife to discuss the concerns
raised regarding his mental health and safety. Wife denied any active intent as did the SM but both stated that he had attempted
suicide prior. Wife expressed considerable stress and feelings of pressure and responsibility for his safety. Dr. Mac Donald gave the
wife a list of resources that she could use to find help for both of them local to their area and confirmed with the wife that there was a
plan for continued care. SM and wife both independently mentioned that he has an appointment in a month to follow up with a mental
health provider although they did not know the person's name or who the case would be assigned to. Both Mr. Hampton and Dr. Mac
Donald confirmed in their respective sessions that the SM has a safety plan given to him upon his release and both offered to assist him
in finding additional resources local to his area.

Per protocol, Study Director, Dr. Mac Donald followed up with our onsite Psychiatrist Dr. Elliot Nelson to brief him on the case and
confirm that proper action was taken. Dr. Nelson was briefed at 0805 Monday 11 November 2013. Since the SM denies active
suicidal intent and speaks of 'having a reason to live' with his wife back in the picture, no immediate action on the part of the study
advised by Dr Nelson. Dr. Nelson agreed it was sufficient to provide and suggest resources to both the wife and SM since continued
care has already been planned following his release. The SM does have a history of alcoholism, what appears to be major depression,
previous suicide attempts, and poor family history that we believe put him at high risk of further harm.

This document is intended to serve as an official note of the actions taken by the research study regarding this case.

PI: I concur. No evidence of harm.

11



Key Research Accomplishments:

Completed follow-up evaluations
Published 2 original research papers
Submitted 2 additional manuscripts
Preparing a 3" manuscript

Reportable Outcomes from the Current Project:
Publications:

1. CL Mac Donald, AM. Johnson, L Wierzechowski, E Kassner, T Stewart, EC Nelson, NJ Werner, D
Zonies, J Oh, R Fang, DL Brody fiProspectively Assessed Clinical Outcomes in Concussive Blast vs.
Non-blast Traumatic Brain Injury in Evacuated US Military Personnel.0 JAMA Neurology; 71(8):994-
1002 (2014). doi: 10.1001/jamaneurol.2014.1114

2. CL Mac Donald, AM Johnson, EC Nelson, NJ Werner, R Fang, S Flaherty and DL Brody. fiFunctional
Status Following Blast-Plus-Impact Complex Concussive Traumatic Brain Injury in Evacuated United
States Military Personnel.0 Journal of Neurotrauma. 31: 889-98 (2014).

Abstracts and Presentations:

The Pl and Dr. Mac Donald presented aspects of the results at several meetings and seminars:
Virginia Commonwealth University,

Military Neuroimaging Review, Ft Dietrich

MHSRS

University of Kentucky

Massachusetts General Hospital

University of Pittsburgh

Conclusion:

This continues to be a productive line of investigation. We will continue analyzing data in 2015 and work to
address the challenges arising.
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Appendices:

1.

CL Mac Donald, AM. Johnson, L Wierzechowski, E Kassner, T Stewart, EC Nelson, NJ Werner, D
Zonies, J Oh, R Fang, DL Brody fiProspectively Assessed Clinical Outcomes in Concussive Blast vs.
Non-blast Traumatic Brain Injury in Evacuated US Military Personnel.0 JAMA Neurology; 71(8):994-
1002 (2014). doi: 10.1001/jamaneurol.2014.1114

CL Mac Donald, AM Johnson, EC Nelson, NJ Werner, R Fang, S Flaherty and DL Brody. fiFunctional
Status Following Blast-Plus-Impact Complex Concussive Traumatic Brain Injury in Evacuated United
States Military Personnel.0 Journal of Neurotrauma. 31: 889-98 (2014).

O Adam” CL. Mac Donald*, D Rivet, J Ritter, T May, M Barefield, J Duckworth, D LaBarge, D Asher,
B Drinkwine, Y Woods, M Connor, DL Brody ACLINICAL AND IMAGING ASSESSMENT OF
ACUTE COMBAT MILD TRAUMATIC BRAIN INJURY IN AFGHANISTANO (under review at
Neurology) *co-1% authors.

CL Mac Donald*, OR Adam*, AM. Johnson, EC Nelson, NJ Werner, DJ Rivet, and DL Brody fiAcute
Post-Traumatic Stress Symptoms and Age Predict Outcome in Military Blast Concussiono (under review
at Brain) *co-1* authors.

CL Mac Donald, AM Johnson, L Wierzechowski, E Kassner, T Stewart, EC Nelson, NJ. Werner, O
Adam, D Rivet, S Flaherty, J Oh, D Zonies, R Fang, and DL Brody iOutcome Trends Following US
Military Concussive Traumatic Brain Injuryo (in preparation)
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Research

Original Investigation

Prospectively Assessed Clinical Outcomes
in Concussive Blast vs Nonblast Traumatic Brain Injury
Among Evacuated US Military Personnel

Christine L. Mac Donald, PhD; Ann M. Johnson; Linda Wierzechowski, RN; Elizabeth Kassner, RN; Theresa Stewart, RN;
Elliot C. Nelson, MD; Nicole J. Werner, PhD; David Zonies, MD, MPH; John Oh, MD; Raymond Fang, MD; David L. Brody, MD, PhD

IMPORTANCE Blast injury has been identified as the signature injury in the conflicts in Irag and
Afghanistan. However it remains to be determined whether fundamental differences may
exist between blast-related traumatic brain injury (TBI) and TBI due to other mechanisms.

OBJECTIVES To determine similarities and differences between clinical outcomes in
US military personnel with blast-related vs. non-blast-related concussive TBI and to identify
the specific domains of impairment that best correlate with overall disability.

DESIGN, SETTING, AND PARTICIPANTS Prospective cohort study involving active duty

US Military personnel evacuated from Iraq or Afghanistan to Landstuhl Regional Medical Center,
in Landstuhl, Germany. Four groups of participants were enrolled from 2010 to 2013: (1) blast
plusimpact complex TBI (n=53), (2) non-blast related TBI with injury due to other mechanisms
(n=29), (3) blast-exposed controls evacuated for other medical reasons (n=27) (4) non-blast-
exposed controls evacuated for other medical reasons (n=69). All patients with TBI met
Department of Defense criteria for concussive (mild) TBI. The study participants were evaluated
6-12 months after injury at Washington University in St Louis. In total, 255 subjects were enrolled
in the study, and 183 participated in follow-up evaluations, 5 of whom were disqualified.

MAIN OUTCOMES AND MEASURES In-person clinical examinations included evaluation for
overall disability, a standardized neurological exam, headache questionnaires,
neuropsychological test battery, combat exposure and alcohol use surveys, and structured
interview evaluations for post-traumatic stress disorder (PTSD) and depression.

RESULTS Global outcomes, headache severity, neuropsychological performance, and
surprisingly even PTSD severity and depression were indistinguishable between the two TBI
groups, independent of mechanism of injury. Both TBI groups had higher rates of moderate
to severe overall disability than the respective control groups: 41/53 (77%) of blast plus
impact TBl and 23/29 (79%) of nonblast TBI vs. 16/27 (59%) of blast-exposed controls and
28/69 (41%) of non-blast-exposed controls. In addition, blast-exposed controls had worse
headaches and more severe PTSD than non-blast-exposed controls. Self-reported combat
exposure intensity was higher in the blast plus impact TBI group than in nonblast TBI group
and was higher in blast-exposed controls than in non-blast-exposed controls. However,
combat exposure intensity did not correlate with PTSD severity in the TBI groups, but a
modest positive correlation was observed in the controls. Overall outcomes were most
strongly correlated with depression, headache severity, and number of abnormalities on
neuropsychological testing. However a substantial fraction of the variance in overall outcome
was not explained by any of the assessed measures.

CONCLUSIONS AND RELEVANCE One potential interpretation of these results is that TBI itself,
independent of injury mechanism and combat exposure intensity, is a primary driver of
adverse outcomes. Many other important factors may be as yet unmeasured, and adverse
outcomes following war-time injuries are difficult to fully explain.
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raumatic brain injury (TBI) affects approximately 3.5

million individuals annually in the United States,' and

approximately 75% are due to “mild” or concussive
events.? In the US military, it is estimated that approximately
20% of the deployed force experienced a head injury in the
wars in Iraq and Afghanistan,® of whom 83.3% endured a
mild, uncomplicated TBI or concussion.* Blast injury has
been identified as the signature injury in these conflicts.
However, it remains to be determined whether fundamental
differences may exist between blast-related TBI and TBI due
to other mechanisms.

Previous studies have attempted to compare blast and non-
blast TBI outcomes, with evaluations based largely on
self-reporting,>2 retrospective medical record review,'3'® and
later stages after injury.'”'® Findings from previous investiga-
tions comparing patients with blast vs nonblast TBI vary. Spe-
cifically, similarities have been observed in neurocognitive
performance,'#'9:2° symptom complaints,®2° and mental
health,>2° while other investigations have found individuals
with blast TBI to be worse compared with individuals with non-
blast TBIin all 3 of these domains'? or solely in mental health.**
Other studies®**3 have shown that self-reporting is poorly as-
sociated with actual performance on measures such as neu-
ropsychological testing not only in civilian populations but also
specifically in the military, motivating further research using
thorough clinical examinations in a prospective fashion.

Two main objectives of the present study were (1) to de-
termine similarities and differences between clinical out-
comes in US military personnel with blast-related vs non-blast-
related concussive TBI and (2) to identify the specific domains
of impairment that best correlate with overall disability. We pro-
spectively enrolled and followed up patients with blast and
nonblast TBI injured in the wars in Iraq and Afghanistan and
then assessed clinical measures at 6 to 12 months. In addi-
tion, a blast-exposed control group (hereafter blast control) was
compared with a non-blast-exposed control group (hereafter
nonblast control) to explore whether blast exposures not re-
sulting in a diagnosis of TBI could also contribute to out-
comes. These cohorts were enrolled from October 2010 to May
2013 as part of an ongoing collaborative research effort at Land-
stuhl Regional Medical Center, Landstuhl, Germany. Results
from previous cohorts, enrolled from 2008 to 2010, have been
reported elsewhere.?4>7

Methods

The research protocol was approved by the Human Research
Protection Office at Washington University, the Institutional
Review Board for Landstuhl Regional Medical Center at Brooke
Army Medical Center, and the Clinical Investigation Regula-
tory and Human Research Protection Offices of the US Army
Medical Research and Materiel Command. Written informed
consent was obtained from all patients in person at Land-
stuhl Regional Medical Center; no surrogate consent was al-
lowed by the funding agency. See the supplemental methods
on the author’s website for additional information (http://neuro
wustl.edu/index.php/download_file/view/2071/1054/). We en-
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rolled 255 patients at Landstuhl Regional Medical Center af-
ter medical evacuation from combat theaters. The following
4 groups of active duty US military personnel evacuated from
Iraq or Afghanistan were assessed: (1) nonblast control, (2) blast
control subjects, (3) nonblast TBI (ie, TBI from mechanisms
other than blast), and (4) blast plus impact TBI. See the supple-
mental methods on the author’s website for specific inclu-
sion and exclusion criteria. The mean (SD) times from injury
to enrollment were 11.5 (9.6) days (blast plus impact TBI group)
and 13.8 (10.1) days (nonblast TBI group), with a total range of
0 to 30 days. Of these patients, 183 were followed up at Wash-
ington University in St Louis at 6 to 12 months after injury. Of
those who were followed up, 5 patients were disqualified
(supplemental methods on the author’s website), and data from
178 patients were used for analyses (eTable 1 on the author’s
website). Most patients were young, white, male enlisted ser-
vice members in the US Army (Table 1), consistent with a pre-
vious Landstuhl Regional Medical Center cohort.?®

For the blast plus impact TBI group, all available clinical
histories indicated blast exposure plus another mechanism of
head injury such as a fall, motor vehicle crash, or strike by a
blunt object. None experienced an isolated blast injury. The
mechanisms of injury for the nonblast TBI group were falls (9
of 29), motor vehicle crashes (6 of 29), or strike by a blunt ob-
ject that did not involve blast exposure (14 of 29). Diagnosis
of TBI was typically made based on self-report of alteration of
neurological function due to an injury.?® Medical evacua-
tions of both control groups were mostly for gastrointestinal,
dermatological, women’s health, and orthopedic reasons. Clini-
cal histories from the control subjects indicated no current or
previous diagnoses of TBI, with the blast control group en-
dorsing a history of blast exposure. All clinical histories were
verified by study personnel (L.W., E.K., and T.S.) taking addi-
tional clinical history and reviewing medical records. None who
screened positive for TBI were determined not to have had a
TBI on further inspection.

Clinical Assessments

All examiners (C.L.M., E.C.N., N.JW., and D.L.B.) were blinded
to other clinical information and imaging results. However, in
the course of the interviews, it often became clear whether the
patients were in the TBI or control groups based on their en-
dorsements of prior events.

Overall clinical outcomes were assessed using the Glasgow
Outcome Scale-Extended??-3° by telephone or e-mail monthly
for 6 to 12 months. See the supplemental methods on the au-
thor’s website for additional information.

In-person clinical evaluations included a standardized
neurological examination, a neuropsychological test battery,
and a psychiatric evaluation. The neuropsychological test
battery consisted of 9 standard quantitative tests with well-
documented performance norms. See the supplemental
methods on the author’s website for details. The neurological
assessment included a structured interview designed for
patients with TBI (Neurobehavioural Rating Scale-Revised3"),
2 headache interviews capturing recent frequency and inten-
sity (Migraine Disability Assessment [MIDAS] and Headache
Impact Test 6,3*33 and the Neurological Outcome Scale for
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Table 1. Characteristics of Study Participants

Nonblast Control Blast Control Nonblast TBI Blast Plus Impact TBI
No No No No
Follow-up Follow-up Follow-up Follow-up Follow-up Follow-up  Follow-up Follow-up
Variable (n=69) (n=28) (n=27) (n=8) (n=29) (n=15) (n=53) (n=26)
Age, median (range), y 31 (21-49) 30(22-49) 34 (22-46) 29 (20-39) 28(20-50) 24 (22-48) 26 (19-47)* 24(2043)
Education, median (range), y 14 (9-28) 12 (12-15) 13(10-19) 12(12-14) 14(9-18) 12(12-14) 12(12-18) 12 (12-16)
Sex, No. (%)
Male 63 (91.3) 24 (85.7) 25(92.6) 6 (75.0) 26 (89.7) 14 (93.3) 51(96.2) 24 (92.3)
Female 6 (8.7) 4(14.3) 2(7.4) 2 (25.0) 3(10.3) 1(6.7) 2(3.8) 2(7.7)
Race/ethnicity, No. (%)
White 50 (72.5) 18(64.3) 20(74.1) 5(62.5) 19 (65.5) 12 (80.0) 40 (75.5) 23 (88.5)
African American 16 (23.2) 6 (21.4) 4 (14.8) 1(12.5) 7 (24.1) 2(13.3) 4 (7.5) 1(3.8)
Hispanic or Latino 3(4.3) 3(10.7) 2(7.4) 1(12.5) 3(10.3) 0 7 (13.2) 1(3.8)
Asian 0 1(3.6) 13.7) 1(12.5) 1(3.4) 1(6.7) 2(3.8) 2(7.7)
Branch of service, No. (%)
US Army 55(79.7) 25(89.3) 24(88.9) 6 (75.0) 26 (89.7) 10 (66.7) 46 (86.8) 20 (76.9)
US Air Force 11 (15.9) 3 (10.7) 0 1(12.5) 2 (6.9) 1(6.6) 1(1.9) 2(7.7)
US Marine Corps 3(4.3) 0 3(11.1) 1(12.5) 1(3.4) 3 (20) 5(9.4) 4 (15.4)
US Navy 0 0 0 0 0 1(6.7) 1(1.9) 0
Duty status, No. (%)
Active 43(62.3) 16(57.1) 19(70.4) 7 (87.5) 20 (69.0) 12 (80.0) 39 (73.6) 21 (80.8)
National Guard 23 (33.3) 7 (25.0) 7 (25.9) 0 4(17.2) 0 10 (18.9) 4 (15.4)
Reserve 3(4.3) 5(17.9) 13.7) 1(12.5) 5(17.2) 3(13.3) 4(7.5 1(3.8)
Military rank, No. (%)
Enlisted 63 (91.3) 26(92.9) 24(88.9) 8(100.0) 27 (93.1) 15 (100.0) 52 (98.1) 25 (96.2)
Officer 6 (8.7) 2(7.1) 3(11.1) 0 2(6.9) 0 1(1.9) 1(3.8)
Theater of operation, No. (%)
Afghanistan 55(79.7) 23 (81.1) 21(77.8) 5(62.5) 18 (62.1) 13 (86.7) 50(94.3) 24 (92.3)
Iraq 14 (20.3) 5(17.9) 6(22.2) 3(37.5) 11 (37.9) 2(13.3)  3(5.7) 2(7.7)
Concussion severity MACE score, median (range) NA NA NA NA 26 (21-30) 26 (10-30) 26(12-30) 25 (16-30)

Abbreviations: MACE, Military Acute Concussion Evaluation®®; NA, not applicable; TBI, traumatic brain injury.

2P =.000026 for blast controls vs blast plus impact TBI by Mann-Whitney test.

®Individuals were allowed to choose more than 1response.

Traumatic Brain Injury (NOS-TBI).343¢ The Neurobehavioural
Rating Scale-Revised was analyzed using a published
5-subdomain model.?” The psychiatric evaluation included
the Clinician-Administered PTSD Scale for DSM-IV (CAPS),38
Montgomery-Asberg Depression Rating Scale,3® Combat
Exposures Scale (CES),*° and Michigan Alcoholism Screening
Test.** The CAPS was scored using standard scoring rules by
Blake et al.**

Statistical Analysis

See the supplemental methods on the author’s website for
complete details on the statistical analyses. Briefly, statisti-
cal software (Statistica 10.0; StatSoft Inc) was used for the
analyses. Continuous variables are summarized as means
(SDs). t Test and Mann-Whitney test were used based on the
distribution of the data. Uncorrected P values are reported
but were considered significant only at P < .05 after Bonfer-
roni correction for multiple comparisons within each class of
variables. The 4 main comparisons of interest were (1) non-
blast control group vs nonblast TBI group, (2) nonblast con-
trol group vs blast control group, (3) blast control group vs

jamaneurology.com

blast plus impact TBI group, and (4) blast plus impact TBI
group vs nonblast TBI group, so P < .0125 (0.05 divided by 4)
was considered significant for most comparisons between
groups. Correlations are reported from Spearman rank corre-
lation because of the nature of the data analyzed. Logistic
regression analysis was used to explore the relationship
between global outcomes and multiple quantitative mea-
sures of specific symptoms and impairments.

|
Results

Global Outcomes

Global outcomes assessed by the Glasgow Outcome Scale-
Extended were worse in both TBI groups than in either con-
trol group (Figure 1). Patients with nonblast TBI were signifi-
cantly more disabled than nonblast controls (P = .00003).
Likewise, patients with blast plus impact TBI were signifi-
cantly worse than blast control subjects (P = .01), replicating
previous results.>” No differences in global outcomes were
observed between the blast plus impact TBI vs nonblast TBI
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Figure 1. Worse Global Outcomes After Traumatic Brain Injury (TBI) Than
in Control Subjects Among Evacuated US Military Personnel
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Results were assessed at 6 to 12 months after enrollment. P values were
calculated using 1-tailed Mann-Whitney test and were reported if significant
after correction for multiple comparisons at P < .0125. GOS-E indicates Glasgow
Outcome Scale-Extended.

groups (P = .82); similarly, no differences were found
between the blast control vs nonblast control groups
(P = .10). At an individual subject level, 41/53 blast plus
impact TBI subjects (77%) and 23/29 nonblast TBI subjects
(79%) had moderate to severe disability defined as GOS-E
score of 6 or less; 16/27 blast controls (59%) and 28/69 non-
blast controls (41%) also met this criteria. The disabled pro-
portion was significantly greater in non-blast TBI subjects in
comparison to non-blast controls (p=0.0005, chi-square).
Blast-exposed controls and non-blast-exposed controls did
not significantly differ (p=0.10, chi-square), nor did blast
controls and blast-plus TBI subjects (p=0.09, chi-square) or
blast-plus TBI and non-blast TBI subjects (p=0.84, chi-
square) in proportion of disabled subjects.

Neuropsychological Testing

In general, all 4 patient groups performed well on neuropsy-
chological testing, and no significant differences were
observed across groups (eTable2 on the author’s website).
However, analysis of individual patients’ neuropsychological
performance revealed abnormalities that were not apparent
at the group level (Figure 2A). Abnormal performance for an
individual patient was defined as a score that fell 2 SDs out-
side the mean for the nonblast control group in the direction
of worse performance for each assessment. For each indi-
vidual patient, the number of tests for which performance
was abnormal was counted. By chance, of 18 test variables,
66% of patients would be expected to have abnormal perfor-
mance on O tests, 28% would be expected to have abnormal
performance on 1 test, and 5% would be expected to have
abnormal performance on 2 or more tests. Both the non-
blast-exposed TBI (hereafter nonblast TBI) and blast plus
impact TBI groups had more patients with abnormalities on
neuropsychological testing in 2 or more assessments than
would be expected by chance (nonblast TBI, P = .0002 and
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blast plus impact TBI, P = .0001; x? test). The proportion of
patients with blast plus impact TBI did not differ from the
proportion of patients with nonblast TBI. No apparent trend
was found in the profiles of test abnormalities within this
subset of patients. Blast and nonblast controls did not differ,
and neither control group had more patients with abnormal
performance on 2 or more neuropsychological tests than
would be expected by chance. This result indicates that sub-
sets of patients in both the blast plus impact TBI and non-
blast TBI groups were impaired in neuropsychological per-
formance, although the group means were generally not
different from those of the controls.

Neurobehavioral Assessment

Clinician ratings in multiple neurobehavioral domains using
the Neurobehavioural Rating Scale-Revised revealed more sub-
stantial impairments in the patients with TBI compared with
the controls. However, no significant differences were ob-
served between the blast plus impact TBI and nonblast TBI
groups. More severe neurobehavioral impairments were found
in blast controls compared with nonblast controls (eFigure 1
and supplemental results on the author’s website).

Focal Neurological Examination Findings

As assessed using the NOS-TBI, few focal neurological defi-
cits were observed among the patients across groups overall.
The NOS-TBI identified significant impairment only in pa-
tients with nonblast TBI compared with nonblast controls
(P = .008, Mann-Whitney test) (eFigure 2 on the author’s web-
site). The most common focal deficits were in the domain of
olfaction, found in 11 of 69 nonblast controls (15.9%), 6 of 27
blast controls (22.2%), 15 of 29 patients with nonblast TBI
(51.7%), and 9 of 53 patients with blast plus impact TBI (17.0%).
This was followed by hearing deficits, observed in 2 of 69 non-
blast controls (2.9%), 3 of 27 blast controls (11.1%), 4 of 29 pa-
tients with nonblast TBI (13.8%), and 10 of 53 patients with blast
plusimpact TBI (18.9%). The difference in frequency of olfac-
tory deficits between the nonblast TBI group and the non-
blast control group was statistically significant (P = .0003, x>
test), as was the difference between the nonblast TBI group and
blast plus impact TBI group (P = .0009, X? test). None of the
group comparisons for hearing loss were significant. No dif-
ference across groups was observed on the NOS-TBI supple-
ment assessing gait and limb ataxia.

Headache

Headache impairment was substantially higher in patients with
TBI compared with controls as assessed using the 2 validated
self-report measures of MIDAS (Figure 2B and eFigure 3 on the
author’s website) and Headache Impact Test 6 (eFigure 4 on
the author’s website). However, no differences were ob-
served between the blast plus impact TBI and nonblast TBI
groups (MIDAS, P = .48; MIDAS grade, P = .31; MIDAS-A for fre-
quency, P = .07; and MIDAS-B for pain severity, P = .77; Mann-
Whitney test). Patients with nonblast TBI scored signifi-
cantly higher than nonblast controls on the MIDAS total
(P = .000001) and each of its subscores (MIDAS grade,
P =.000001; MIDAS-A, P = .000001; and MIDAS-B, P = .0005).
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Figure 2. Clinical Measures Collected at 6 to 12 Months After Injury
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A, Neuropsychological test performance abnormalities were detected in
subsets of patients with traumatic brain injury (TBI). The number of patients
with neuropsychological test abnormalities (defined as >2 SDs outside the mean
for the nonblast control group) is displayed by group compared with what
would be expected by chance (blue bars). The percentage of patients is shown
to account for the differences in the numbers of patients across groups. The
dotted box indicates the group of patients who had poor performance on 2 or
more of 18 neuropsychological assessments. P values were calculated using x?
test between each group vs expected numbers by chance. B, Headache
impairment was assessed by the Migraine Disability Assessment (MIDAS)

(maximum score, 180). C, Posttraumatic stress disorder (PTSD) severity was
assessed by the Clinician-Administered PTSD Scale for DSM-IV (CAPS)
(maximum score, 136). The CAPS total severity comparison of blast control
subjects vs patients with blast plus impact TBI was not significant (P = .06).
D, Depression severity was assessed by the Montgomery-Asberg Depression
Rating Scale (MADRS) (maximum score, 60). Higher scores indicate worse
impairment. P values were calculated using 1-tailed Mann-Whitney test and
were reported if significant after correction for multiple comparisons at

P < .0125. NS indicates not significant.

Blast controls also had more impairment than nonblast con-
trols on the MIDAS-A (P = .0003). No differences were found
between the patients with blast plus impact TBI and the
blast controls (MIDAS total, P = .56; MIDAS grade, P = .07;
MIDAS-A, P = .07; and MIDAS-B, P = .39).

Posttraumatic Stress Disorder and Depression

Psychiatric evaluations revealed worse severity of depres-
sion and posttraumatic stress disorder (PTSD) symptoms in
both TBI groups than in controls (Figure 2C and D), but sur-
prisingly no differences were observed between the blast plus
impact TBI and nonblast TBI groups. Specifically, 41.5% (22 of
53) of patients with blast plus impact TBI and 48.3% (14 of 29)
of patients with nonblast TBI met all Diagnostic and Statisti-
cal Manual of Mental Disorders (Fourth Edition) criteria for
PTSD, while 22.2% (6 of 27) of blast controls and only 5.8% (4
of 69) of nonblast controls met these criteria. This outcome rep-
resented significantly more patients in the nonblast TBI group
compared with the nonblast controls (P = .0000001, X? test).

jamaneurology.com

Comparing blast controls vs nonblast controls (P = .018), blast
controls vs patients with blast plus impact TBI (P = .09), or pa-
tients with blast plus impact TBI vs patients with nonblast TBI
(P = .56), the differences in the numbers of patients were not
significant by x test after correction for multiple compari-
sons (P < .0125).

Furthermore, no difference was found in any of the PTSD
severity scores between the nonblast TBI and blast plus im-
pact TBI groups (Figure 2C and eFigure 5 on the author’s web-
site) (CAPS total, P = .90; CAPS-B severity-reexperiencing trau-
maticevents, P = .46; CAPS-C severity-avoidance and numbing,
P = .55;and CAPS-D severity-increased arousal and hypervigi-
lance, P = .76; Mann-Whitney test). The CAPS total scores for
PTSD severity were significantly increased in the nonblast TBI
group compared with nonblast controls (P = .000003). Of the
3 CAPS subseverity scores, CAPS-D (P = .00002) was most af-
fected, followed by CAPS-B (P = .0001) and CAPS-C (P = .0004).
Blast controls were more severely affected than nonblast con-
trols on all measures (CAPS total, P = .0007; CAPS-B, P = .0003;
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Figure 3. Correlations Between Combat Exposure Intensity and Posttraumatic Stress Disorder
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A, Combat exposure intensity was assessed by the Combat Exposures Scale
(CES). Higher scores indicate greater self-reported combat exposure (maximum
score, 41). P values were calculated using 1-tailed Mann-Whitney test and were
reported if significant after correction for multiple comparisons at P < .0125. B,
A positive correlation was found between the Clinician-Administered PTSD

Scale for DSM-IV (CAPS) total score and the combat exposure intensity
measured by the CES in control subjects. C, In contrast, no correlation was
observed between the CAPS total score and the CES score in the traumatic
brain injury (TBI) groups. NS indicates not significant.

CAPS-C, P = .004; and CAPS-D, P = .003). The difference in
PTSD severity between patients with blast plus impact TBI and
blast controls was marginal (CAPS total, P = .06; CAPS-B,
P =.05; CAPS-C, P = .13; and CAPS-D, P = .16).

Likewise, comparing depression severity scores of the blast
plusimpact TBI group vs the nonblast TBI group (P = .38, Mann-
Whitney test), no difference was observed (Figure 2D). De-
pression symptoms were significantly worse in the nonblast
TBI group compared with the nonblast controls (P = .00002).
A trend was observed in blast controls toward worse depres-
sion compared with nonblast controls, but it did not reach sig-
nificance after correction for multiple comparisons (P = .014).
No difference was observed comparing patients having blast
plus impact TBI with blast controls (P = .24).

Combat Exposure Intensity

In contrast to psychiatric symptom severity, the intensity of
self-reported combat exposure was highest in the blast plus
impact TBI group and the blast controls (Figure 3A). Blast con-
trols reported significantly higher levels of combat exposure
than nonblast controls (P = .002), as did the blast plus impact
TBI group compared with the nonblast TBI group (P = .0001).
No difference was found after correction for multiple com-
parisons between patients with blast plus impact TBI and blast
controls (P = .03); similarly, no difference was observed be-
tween patients with nonblast TBI and nonblast controls
(P = .08). Therefore, the relationship between group and com-
bat exposure intensity differed substantially from the rela-
tionship between group and adverse clinical outcomes.

Alcohol Misuse

No significant differences were found in the scores for any of
the groups on the Michigan Alcoholism Screening Test (range,
P = .04 to P = .85 across groups; Mann-Whitney test). See eFig-
ure 6 on the author’s website for more details.
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Poor Sleep

An index of poor sleep was obtained from subsection D-1 of
the CAPS comparing the mean number of hours of sleep re-
ported with the mean number of hours of sleep desired (eFig-
ure 7 on the author’s website). We refer to this difference as
the Poor Sleep Index. It was found to strongly correlate with
total severity scores on the CAPS (r = 0.55, P < .0001), Mont-
gomery-Asberg Depression Rating Scale (r = 0.55, P < .0001),
Neurobehavioural Rating Scale-Revised (r = 0.42, P < .0001),
MIDAS (r = 0.47, P < .0001), and Headache Impact Test 6
(r = 0.46, P < .0001). It did not correlate with the metrics of
combat exposure, alcohol misuse, or neuropsychological test-
ing performance.

Relationship Between Combat Exposure and PTSD Severity
The intensity of self-reported combat exposure was differen-
tially related to PTSD severity in controls and patients with TBI
(Figure 3B and C). In controls, a modest but statistically signifi-
cant correlation was found between the total PTSD severity mea-
sured by the CAPS and the combat exposure intensity mea-
sured by the CES (r = 0.36, P = .0003) (Figure 3B). This
relationship held for each of the subdomains (eFigure 8 on the
author’s website), including CAPS-B (r = 0.36, P = .0003), CAPS-C
(r = 0.24, P = .02), and CAPS-D (r = 0.34, P = .0007). Surpris-
ingly, this was not the case for the patients with TBI: no corre-
lation was observed between the combat exposure intensity and
the CAPS total score (r = 0.12, P = .30 [not significant]) (Figure 3C)
or any of the subdomains, including CAPS-B (r = 0.19, P = .08
[not significant]), CAPS-C (r = 0.09, P = .44 [not significant]), and
CAPS-D (r = 0.07, P = .56 [not significant]). In a generalized lin-
ear model that included CES and group identity, an almost sig-
nificant interaction between CES and group identity (P = .06)
was seen. Therefore, any difference in the relationships be-
tween patients with TBI and controls should be considered hy-
pothesis generating rather than definitive.
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Table 2. Models With the Best Fit in Logistic Regression Analyses
for Global Outcomes

P
Variable Estimate (95% Cl) Value
Model 1>

Intercept -0.9477 (-1.5376 to -0.3576) .0016
MADRS 0.0689 (0.0199 to0 0.1179) .0059

No. of neuropsychological 0.4381 (0.1173 to 0.7589) .0074

abnormalities

MIDAS 0.02349 (0.00002 to 0.04696) .0498
Model 2¢

Intercept -0.7573 (-1.3837 t0 -0.1309) .0178
MADRS 0.0663 (0.0162 to 0.1163) .0094

No. of neuropsychological
abnormalities

MIDAS

TBI vs control groups

0.4077 (0.0755 to 0.7399) .0161

0.0182 (-0.0055 to 0.0418)  .1323
-0.3546 (-0.7273 t0 0.0182)  .0623

Abbreviations: GOS-E, Glasgow Outcome Scale-Extended; MADRS,

Montgomery-Asberg Depression Rating Scale; MIDAS, Migraine Disability

Assessment; TBI, traumatic brain injury.

2 The overall Akaike information criterion was 202.5, and the likelihood ratio by
X2 test was 44.04.

®Model 1includes the GOS-E, MADRS, number of neuropsychological
abnormalities, and MIDAS.

€ Model 2 includes the GOS-E, MADRS, number of neuropsychological
abnormalities, MIDAS, and TBI vs control groups.

Multivariate Correlates of Global Outcomes

We assessed many possible correlates and found that the num-
ber of neuropsychological abnormalities, severity of depres-
sion, and extent of headache-related disability were most
strongly related to overall disability (Table 2). Specifically, we
performed logistic regression analysis using the dichoto-
mized Glasgow Outcome Scale-Extended as the dependent
variable. Scores of 7 or 8 were defined as good outcomes, and
scores of 6 or below were defined as disabled (Figure 1). We
entered the following possible correlates into the model: PTSD
severity (CAPS), self-reported Poor Sleep Index, combat ex-
posure intensity (CES), headache-related disability (MIDAS),
overall headache impairment (Headache Impact Test 6), se-
verity of neurological deficits (NOS-TBI), the number of neu-
ropsychological abnormalities, and depression severity (Mont-
gomery-Asberg Depression Rating Scale). All possible subsets
of models were assessed, and models were ranked based on
the Akaike information criterion. The best model by the Akaike
information criterion included the number of neuropsycho-
logical abnormalities, depression severity, and headache-
related disability (model 1 in Table 2).

However, this model accounted for only a moderate pro-
portion of global disability (area under the receiver operating
characteristic curve, 0.78) (eFigure 9A on the author’s web-
site). To determine whether unmeasured factors associated
with TBI provided explanatory power, we added the dichoto-
mous variable TBI vs control groups to the model. In this model,
the effect of headache-related disability was no longer signifi-
cant, and the effect of TBI vs control groups was marginal
(P = .06) (model 2 in Table 2). The addition of TBI vs control
groups negligibly improved the receiver operating character-
istic curve area to 0.79 (eFigure 9B on the author’s website).

jamaneurology.com

Original Investigation Research

Thisresult indicated very little contribution of unmeasured fac-
tors associated with TBI. However, it leaves a substantial frac-
tion of the variance in outcomes still unaccounted for in these
patients.

|
Discussion

In summary, the blast plus impact TBI and nonblast TBI groups
were essentially indistinguishable with regard to clinical out-
comes at 6 to 12 months after injury. Overall global outcomes,
neurobehavioral impairments, neuropsychological perfor-
mance, headache-related disability, depression, and PTSD were
all similar in the blast plus impact TBI and nonblast TBI groups.
Although few group-level impairments were found in the neu-
ropsychological testing, subsets of individuals in both TBI
groups had worse performance than would be expected by
chance. Only a slightly higher rate of olfactory impairment in
the patients with nonblast TBI distinguished the groups. How-
ever, it must be emphasized that all patients with blast-
related TBI in the study had complex mechanisms of injury,
including blast plus another type of injury such as a fall, mo-
tor vehicle crash, or strike by a blunt object. None had an iso-
lated primary blast injury, suggesting as in previous work2+-2¢
that such injuries may be rare among evacuated US military
personnel.

The exacerbation of depression and PTSD symptoms af-
ter concussive brain injury is consistent with investigations ex-
amining patients with blast TBI after loss of consciousness,”
self-report surveys in Operation Enduring Freedom and Op-
eration Iraqi Freedom veterans,>® and subjective complaint
measures comparing predeployment and postdeployment.4?
A recent retrospective study** reported similar findings spe-
cifically in Marines at 3 months after deployment; however,
questions remained about the generalizability to other
branches of the military and the longer-term effect on out-
comes. A novel finding from our study is that combat expo-
sure intensity did not correlate with PTSD severity in patients
with TBI but correlated with PTSD severity in controls. Al-
though this requires replication, the present investigation is
the first to date to examine this relationship in a prospec-
tively collected cohort of patients with blast plus impact TBI
and nonblast TBI at 6 to 12 months. Among potential expla-
nations for this relationship, the hypothesis that injury to spe-
cific brain regions sustained in both TBI groups impaired the
extinction of traumatic combat memories and contributed to
the chronic effects of posttraumatic stress* is perhaps most
intriguing. However, definitive evidence for this hypothesis will
require detailed correlations between imaging and clinical out-
comes, which were beyond the scope of this study.

Logistic regression modeling identified a modest relation-
ship between global outcomes and other clinical measures,
most notably depression severity, the number of neuropsy-
chological performance abnormalities, and headache impair-
ment. Negligible improvement in the strength of the model
was observed when TBI diagnoses were included. However,
the area under the receiver operating characteristic curve
was 0.78, which suggests that much of the underlying cause
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of poor global outcomes is unaccounted for by our present
evaluation measures. Clearly, new assessment techniques in
additional domains, such as specific duty-related cognitive as-
sessments, social and emotional intelligence testing, and meth-
ods to capture disabilities unrelated to head injury, should be
explored.

An additional major finding was that blast controls were
significantly worse on neurobehavioral outcomes, psychiat-
ric measures, and headache impairment but not neuropsy-
chological test performance compared with nonblast con-
trols. Several possible explanations include that (1) associated
increases in combat exposure could negatively influence out-
comes, (2) direct structural adverse effects could result from
subconcussive blast exposure, (3) some of the blast controls
could have been misclassified with respect to TBI, or (4) other
events associated with blast exposure may be involved.

Strengths of this study include the prospective design, di-
rect comparison of patients with blast and nonblast TBI, the
addition of a blast control group, blinded clinical evaluations
completed by trained personnel, and rigorous quantitative
analysis techniques. Limitations include the modest sample
size, potential selection bias given that these were all pa-
tients who were medically evacuated from combat theaters,
and alack of preinjury or early postinjury clinical data for com-

Concussive Blast vs Nonblast Traumatic Brain Injury

parison with later outcomes. In addition, we were unable to
obtain objective measures of sleep disorders, and we could not
control for medication use and current interventions at the time
of follow-up evaluations. With regard to headache, we only
globally collected headache information and did not explore
the underlying causes or chronic pain unrelated to headache.
This limitation is discussed in more detail in the supplemen-
tal discussion on the author’s website.

. |
Conclusions

Based on this prospective study of evacuated US military per-
sonnel, we conclude that the clinical outcomes after blast-
related concussive TBI are generally similar to those after non-
blast-related concussion sustained during deployment. The rate
of disability seen after both blast-related and non-blast-
related concussive TBI is much higher than that in otherwise
comparable civilian studies,**->* which may be owing to com-
mon elements involved in TBI in a deployed setting rather than
the mechanisms of injury per se. However, the finding that the
specific domains assessed still do not fully capture overall ad-
verse outcomes indicates substantial room for further investi-
gation into the causes of disability after wartime concussive TBI.
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1.SUPPLEMENTAL METHODS
1.1 Approval

The research protocol was approved by the Human Research Protection Office at Washington University, the
Institutional Review Board for LRMC at Brooke Army Medical Center, and the Clinical Investigation Regulatory and
Human Research Protection Offices of the U.S. Army Medical Research and Materiel Command.

1.2 Inclusion Criteria

Inclusion criteria for the TBI groups were as follows: 1) a positive screen for TBI at LRMC based on standard
US military clinical criteria® including self-report of blast exposure or non-blast mechanism such as blunt trauma
resulting in loss of consciousness, amnesia for the event, or change in neurological status, 2) injury from blast or non-blast
mechanisms of injury within 30 days of enrollment, 3) US military, 4) ability to provide informed consent in person, 5) no
contraindications to MRI such as retained metallic fragments, 6) no prior history of moderate to severe TBI based on
Department of Defense criteria, 7) no prior history of major psychiatric disorder, 8) agreement to communicate by
telephone or email monthly for 6-12 months and then travel to Washington University for in-person follow-up. Inclusion
criteria for the control groups were the same except for a negative screen for TBI at LRMC with or without a history of
blast exposure.

1.3 Informed Consent

Competence to provide informed consent was assessed in a standardized fashion based on responses to questions
regarding the purpose of the study, expected requirements for participation, and potential risks. Additional written consent
was obtained from the subjects at the time of follow-up at Washington University. Active duty military subjects were not
paid for participation, though travel expenses to St Louis were covered. Subjects not on active military duty status at the
time of follow-up in St Louis were paid $240 plus travel expenses for participation.

1.4 Clinical Histories

Medical documentation regarding duration of loss of consciousness and post-traumatic amnesia was often not
available or not reliable. All available clinical histories indicated change in level of consciousness or loss of consciousness
for a few minutes and post-traumatic amnesia for less than 24 hours. The requirement for in-person informed consent
made more severe TBI patients typically not eligible and none were enrolled. No intracranial abnormalities were detected
on non-contrast head CT. Thus, all TBI subjects met the DoD criteria for uncomplicated *mild‘ TBI. While previous
literature has used the term ‘mild’ to describe TBI on the lower end of the spectrum of severity, we now prefer the term
‘concussive’ to describe these injuries.

In addition, initial records of clinical status in TBI subjects assessed at LRMC using the military acute
concussion evaluation (MACE) * were reviewed. This brief cognitive test assesses orientation, immediate verbal
memory, concentration, and short term delayed verbal memory.

1.5 Reasons for Lack of Follow Up

Reasons for inability of subjects to follow-up at Washington University included redeployment to Afghanistan,
reassignment to military position overseas, inability or unwillingness to travel to St. Louis, withdrawal of consent, and
inability to maintain telephone or email contact. 5 subjects were disqualified at the time of follow up due to readily
apparent malingering (n=3) and/or unwillingness to complete the necessary assessments (n=2).

1.6 Glasgow Outcome Scale Extended

The last assessment prior to in-person follow-up was considered the final outcome. Information was gathered
separately from both the subject and a collateral source (typically a spouse, parent, or sibling) whenever possible. When
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information collected from the subject and the collateral source differed, the worse outcome was used. The GOS-E is
scored from 1-8: 1=dead, 2=vegetative, 3-4=severe disability, 5-6=moderate disability, 7-8=good recovery. Moderate
disability (GOS-E = 5-6) is defined as one or more of the following: 1) inability to work to previous capacity 2) inability
to resume the majority of regular social and leisure activities outside the home 3) psychological problems which have
frequently resulted in ongoing family disruption or disruption of friendships. Severe disability is defined as reduced ability
to perform activities of daily living such that supervision is required. Standardized, structured interviews were performed
according to published guidelines °.

1.7 Data Safety and Monitoring

Subjects were assigned a random 4 digit code number to protect confidentiality and all research data was
identified by code number only. A board certified psychiatrist (Dr. Nelson) was immediately available in case the CAPS
examination exacerbated PTSD symptoms. No exacerbations requiring medical intervention occurred, though additional
support from study staff was required on several occasions.

For clinical evaluations, the principal investigator audited 1 in 10 randomly selected subjects’ data sets to ensure
that data was scored and entered correctly. These audits revealed only minor discrepancies in scoring criteria which were
then corrected across the entire cohort of subjects.

1.8 Subject Examination Details

Subjects took all medications as prescribed by their clinical providers. All tests were performed between 9 am and
5 pm in private, quiet, well-lighted rooms. All examiners were clinicians who underwent standardized training in
administering the assessments. The standardized neurological exam and interview required approximately 1 hour per
subject. The psychiatric assessments and neuropsychological test battery both required approximately 2 hours per subject.

The neuropsychological test battery consisted of the following: Conner’s Continuous Performance Test 11 %, a
computer-based assessment of attention, impulsivity, reaction time, and vigilance; the California Verbal Learning Test Il
* an assessment of verbal declarative memory; the 25 hole grooved pegboard test °, an assessment of upper extremity
motor speed and coordination; a timed 25 foot walk; the Trail Making test ® an assessment of visual scanning,
coordination and mental flexibility; the Controlled Oral Word Association test ’, an assessment of verbal fluency; the
Wechsler Test of Adult Reading ® as an estimate of pre-injury verbal intelligence; the lowa Gambling Test’, a computer-
based assessment of impulsivity and decision making; the D-KEFS Color-Word Interference Test *°, an multi-domain
assessment of executive function similar to the Stroop test; and the Ruff-Light Trail Learning Test', an assessment of
visual-spatial memory. A relatively easy forced choice test embedded in the California Verbal Learning Test was used to
assess adequacy of effort.

1.9 Statistical Analysis

All data was analyzed using Statistical0.0 (Statsoft Inc). Continuous variables have been summarized as mean +
standard deviation unless otherwise specified. The normal distribution of each continuous variable was assessed using the
Shapiro-Wilk test. For normally distributed variables, Analysis of Variance and student’s t tests were used to compare
groups. For non-normally distributed variables, the nonparametric Kruskal-Wallis Tests and Mann-Whitney U (MWU)
tests were used. We pre-specified the hypothesis that TBI subjects would have worse outcomes than controls, but did not
pre-specify any hypotheses regarding blast + impact TBI vs non-blast TBI subjects. One-sided tests were used when
hypotheses were pre-specified, and two-sided tests were used otherwise.

In addition to between group comparisons, individual subject data from neuropsychological testing was analyzed.
Specifically, an individual subject’s performance was considered abnormal if it was worse than two standard deviations
below the mean of the performance of the non-blast control group. The number of tests for which performance was
abnormal for each subject was then tabulated. To determine the number of abnormal tests that would expected by chance,
the binomial distribution was used with p=0.02275 and n=18 for the 18 neuropsychological variables examined (eTable
2). Prior to this analysis, all neuropsychological variables were confirmed to be statistically independent as is required by
the assumptions of this approach.
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For correlation analyses, nonparametric rank-based Spearman correlations were utilized. Pearson correlations
were attempted, but the residuals were not normally distributed as determined by the Shapiro Wilk test.

Logistic regression analysis was utilized to explore the relationship between global outcome and multiple
guantitative measures of specific symptoms and impairments. The Statistica 10.0 ‘generalized linear/nonlinear model
building’ algorithm was used with the selection of the ‘logit’ link function. This algorithm generated a distinct model for
each possible subset of quantitative measures of specific symptoms and impairments. Models were then ranked by Akaike
information criterion. Detailed data and receiver-operator curves (ROC) were then generated for the top ranked models.
Step-wise forward entry and step-wise removal of variables was also performed, which yielded identical results.

2. SUPPLEMENTAL RESULTS
2.1 Glasgow Outcome Scale Extended

At an individual subject level, 41/53 blast + impact TBI subjects (77%) and 23/29 non-blast TBI subjects (79%)
had moderate to severe disability defined as GOS-E score of 6 or less. 16/27 blast controls (59%) and 28/69 non-blast
controls (41%) also met this criteria. The disabled proportion was significantly greater in non-blast TBI subjects in
comparison to non-blast controls (p=0.0005, chi-square). Blast controls and non-blast controls did not significantly differ
(p=0.10, chi-square), nor did blast controls and blast + impact TBI subjects (p=0.09, chi-square) or blast + impact TBI and
non-blast TBI subjects (p=0.84, chi-square) in proportion of disabled subjects.

The above results were derived only from subjects who were available for in-person follow-up. However, the
outcomes in the subjects not available for in person follow-up 6-12 months after enrollment did not differ from those that
were available for follow-up based on GOS-E obtained by telephone and email (p-value range across groups 0.46-0.85,
MWU tests).

2.2 Military Acute Concussion Evaluation

Scores on the military acute concussion evaluation (MACE) completed after medical evacuation to Landstuhl,
Germany did not significantly differ between non-blast and blast + impact TBI subjects (25.32 + 3.36 non-blast TBI, 24.8
+ 3.22 blast + impact TBI, p=0.42, 2-sided Student’s t) suggesting similar levels of initial concussion impairment. MACE
was not performed in the control subjects.

2.3 Neuropsychological Test Abnormalities

There were few statistically significant differences between groups. Significantly worse performance was noted
in the non-blast TBI group in comparison to the non-blast controls on 25-foot walk (p=0.0024), and Grooved Peg Board
(p=0.0027). There were no differences in performance in the blast control vs. non-blast control groups, blast + impact
TBI vs. blast control groups, or blast + impact TBI vs. non-blast TBI groups.

2.4 Neurobehavioral Assessment

Clinician ratings in multiple neurobehavioral domains using the neurobehavioral rating scale-revised revealed
more substantial impairments in the TBI subjects compared with controls (eFigurel). However, there were no significant
differences between blast + impact TBI and non-blast TBI patients (NRS total:p=0.93, mood/affect:p=0.18,
executive/cognitive:p=0.92, oral/motor:p=0.29, positive symptoms:p=0.39, negative symptoms:p=0.62, MWU).
Comparisons between non-blast TBI and non-blast controls indicated more substantial impairments overall and in several
specific domains. (Total NRS:p=0.000001, mood/affect:p=0.000007, executive/cognitive:p=0.00002,
oral/motor:p=0.0001, positive symptoms:p=0.08, negative symptoms:p=0.002, MWU).

Somewhat surprisingly, the blast + impact TBI group did not differ significantly from the blast control group,
though there were trends towards greater impairments in the blast + impact TBI group. (Total NRS:p=0.08,
mood/affect:p=0.18, executive/cognitive:p=0.17, oral/motor p=0.57, positive symptoms p=0.31, negative
symptoms:p=0.14, MWU).
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There were also more severe neurobehavioral impairments in blast controls compared with non-blast controls.
There were significant differences on total NRS (p=0.0004), and mood/affect (p=0.0008), executive/cognitive (p=0.007),
negative symptoms (p=0.01) subdomains (MWU). Oral/motor (p=0.06) and positive symptom (p=0.16) subdomains were
not significantly different.

2.5 Headache Impairment

Similar to the results for MIDAS, there were also no significant differences on the HIT-6 between non-blast TBI
and blast + impact TBI patients (eFigure 4) (HIT-6:p=0.22, Severe headache pain:p=0.56, Headache limited
abilities:p=0.96, Subject wishes to lie down:p=0.04, Tired due to headache:p=0.05, Irritated due to headache:p=0.08;
Headache limited concentration:p=0.88, MWU). Non-blast TBI subjects showed significantly higher levels of headache
impairment in comparison to non-blast controls on the HIT-6 (p=0.0000001) and on all of the specific questions (Severe
headache pain:p=0.002, Headache limited abilities:p=0.0004, Subject wishes to lie down:p=0.000001, Tired due to
headache:p=0.0000001, Irritated due to headache:p=0.0000001, Headache limited concentration:p=0.0000001; MWU).
Blast controls had more impairment than non-blast controls on the HIT-6 total (p=0.0009), severe headache pain,
(p=0.008) and headache limited abilities (p=0.009). There was no significant differences on the HIT-6 between blast +
impact TBI and blast controls (HIT-6:p=0.09; Severe headache pain:p=0.67, Headache limited abilities:p=0.26, Subject
wishes to lie down:p=0.21, Tired due to headache:p=0.06, Irritated due to headache:p=0.06, Headache limited
concentration:p=0.011, MWU). While 23% of non-blast controls were found to have impairment due to headache
significant enough warrant suggested follow up with a physician by the HIT-6 criteria'?, 46% of blast control, 64% of
blast + impact TBI, and 83% of non-blast TBI subjects also met this criterion.

2.6 Logistic Regression Modeling for Dichotomized Glasgow Outcome Scale Extended

The second best model included number of neuropsychological abnormalities, depression severity, overall
headache-related impairment, and severity of neurological deficits. The third best model was similar to the first model but
substituted overall headache-related impairment for headache-related disability. Identical results were obtained using step-
wise forward entry and step-wise removal of variables (not shown).

3. SUPPLEMENTAL DISCUSSION

The general lack of neuropsychological findings by group is in line with previous work™**. However our single
subject level analysis uncovered significantly impaired performance in subsets of subjects from both TBI groups. Thus, an
implication of this study is that single subject level analyses should be considered for this type of research.

The overall findings regarding headache impact were also consistent with prior reports although on the higher
side of the very broad range of previously published prevalence following concussive brain injury®®. While 23% of non-
blast controls were found to have impairment due to headache significant enough warrant suggested follow up with a
physician by the HIT-6" criteria, 46% of blast control, 64% of blast + impact TBI, and 83% of non-blast TBI also met
this criterion. This is higher than the 20% previously reported in the military following concussion®®, but within the broad
range of 18-90% noted in prior studies of individuals with post-traumatic headache following ‘mild’ brain injury "%,

A surprising finding from this study was that combat exposure intensity did not correlate with PTSD severity in
the TBI subjects, but did correlate with PTSD severity in the controls. Many explanations for this relationship are
possible. First, the relationship could have occurred by chance, as the p-value for the interaction between group and
combat exposure intensity was marginal. Second, the self-reported measure of combat exposure intensity, the CES, may
not accurately capture the war-time experiences that drive PTSD severity. Third, and most intriguingly, is the hypothesis
that there may be phenocopies of PTSD-like symptoms that cannot be distinguished using the CAPS; TBI-related
emotional dysregulation due to structural injury to brain circuits could be indistinguishable using clinical evaluations
alone from the psychological effects of combat and other stressful life experiences.

This study and prior work have identified very high levels of co-occurring post-traumatic headache and PTSD
following ‘mild’ TBI in veterans®®*?*. Future work will be required to understand the underlying mechanism of how
concussive brain injury contributes to poor psychiatric outcome and significant headache impairment in this population.
For example, it has been suggested by others that signaling involving the pituitary adeylate cyclase-activating peptide
(PACAP) may be involved in the pathogenesis of both PTSD and migraine headache??’. PACAP is known to regulate
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cellular stress response and was recently found to have a strong association with PTSD diagnosis in both clinical studies
of traumatized individuals and preclinical models fear physiology®. It has also been implicated in a recent study as a
potent vasodilator in dural vasculature; specifically the middle meningeal artery, suggesting it may play an important role
in the development of migraine?’. It is possible that a better understanding of this relationship will lead to new treatments
for both phenomena positively impacting outcome in these patients. Likewise, other potential contributions to
headache such as cervical segmental joint dysfunction, neck flexor endurance, or neck musculature tightness,
among others that are commonly known to contribute to chronic post-traumatic headache?.

The finding of significant olfactory deficits in the non-blast TBI group warrants further investigation and possibly
lends support to the hypothesis that structural brain injury contributed to outcomes; The location of the olfactory bulbs are
adjacent to brain anatomy thought to be involved in emotion regulation. Injury to the region in general may be
contributing to both deficits in olfaction as well as the inability to extinguish fear memories and thus the exacerbation of
PTSD symptomatology. In future studies, more thorough examination of the olfactory bulbs would be required including
focused high resolution imaging of the structure itself and comprehensive, repeated quantitative assessment of olfactory
acuity.



4. SUPPLEMENTAL TABLES AND FIGURES

Group Total Completed Disqualified Final .Group
Enrolled Follow UP at Follow up Size
Non-blast CTL 97 71 2 69
Blast CTL 35 27 0 27
Non-blast TBI 44 32 3 29
Blast _wrté:npact 79 53 0 53
TOTAL 255 183 5 178

eTable 1. Group enrollment and 6-12 month follow up attrition.
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eTable 2. Neuropsychological Test Performance

Non Blast CTL Blast CTL Non Blast TBI  Blast + impact
Test (n=69) (n=27) (n=29) TBI (n=53)
25-Foot Walk (seconds)
(Motor Strength, Balance, Coordination) 3.92+0.82 4.22 +0.66 4.76 £1.16" 459 +1.17
Conners’ Continuous Performance Test Il
Omission Errors (T-score):
(Attention Lapses) 48.29 £12.17 47.45+7.51 53.30+15.11 56.06 + 19.8
Commission Errors (T-score):
(Impulsivity) 50.40 + 10.60 50.02 £+ 8.19 52.46 £9.81 54.05+ 10.6
Hit Rate (T-score):
(Reaction Time) 48.94 £11.72 48.98 + 8.67 52.10+12.22 47.83 £ 8.63
Hit Rate Block Change (T-score):
(Sustained Vigilance) 52.05 +10.62 48.01 + 8.82 51.64 +13.75 48.73+12.0
lowa Gambling Test (T-score)
(Impulsivity) 49.52 £10.40 48.3+9.65 47.62 £9.91 48.96 £ 11.1
Ruff-Light Trail Learning Test (T-score)
Trials Correct (Visual Memory) 49.53+11.10 52.52 + 6.54 50.41 +10.10 49.24 +10.85
Wechsler Test of Adult Reading (Standard
Score)
(Estimate of Pre-injury Verbal Intelligence) 102.88 + 14.55 100.56 +10.99 98.52 +11.10 99.49 +11.66
California Verbal Learning Test Il
Long-Delay Free Recall (Standard Score)
(Verbal Memory) -0.17+1.10 -0.15 £0.95 -0.32+1.27 -0.58+1.21
Total Intrusions (Standard Score)
(Falsely Recalled Items) 0.22+1.00 0.22 +0.95 0.52+1.42 0.45+1.38
List B vs. Trial 1 List A (Standard Score)
(Proactive Memory Interference) 0.08 +0.87 -0.15+0.89 0.58 +1.03 -0.16 £1.12
Grooved Pegboard
(Motor Speed & Coordination)
Average Dom & Non-Dom Time (seconds) 69.03+17.7 69.04 + 10.56 75.84 +15.85° 75.54 + 15.52
Trail Making Test
Trails A time (seconds)
(Visual Scanning, Coordination) 22.10+8.61 24.26 +7.41 26.57 £ 14.10 28.5+16.69
Trails B time (seconds)
(Trails A + Mental Flexibility) 57.12 £24.77 57.00 £ 14.97 67.52 £31.28 61.19+£21.40
Controlled Oral Word Association
Total Score: (Verbal Fluency) 42.1+10.18 40.37 £9.05 37.62 £9.98 37.75+9.30
D-KEFS Color-Word Interference Test
(Executive Function)
Color & Word Naming (summed scaled
score) 21.07 £4.98 18.67 +5.85 18.59 £ 7.25 18.64 £ 6.95
Inhibition (scaled score) 10.55 +3.02 10.19+2.92 9.28 +4.57 9.83 +3.39
Inhibition/Switching (scaled score) 10.41+2.88 9.30+3.17 9.25+4.16 9.29+3.20

Superscripted letters indicate significance after correction for multiple comparisons (p<0.0125).

Uncorrected p-values are reported.

A Non-blast control vs. Non-blast TBI — Mann-Whitney U, p=0.0025
B Non-blast control vs. Non-blast TBI — Mann-Whitney U, p=0.0027
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eFigure 1: Neurobehavioral measures of outcome. A. Neurobehavioral outcome assessed using the
Neurological Rating Scale-Revised (NRS) Total Score: (Max 87). B. Mood/affect domain (Max 15). C.
Executive/Cognitive domain (Max 24). D. Oral/motor domain (Max 12). E. Positive Symptoms domain (Max 21). F.
Negative Symptoms domain (Max 12). Higher scores on all of the measures indicate worse impairment. P-values
calculated using 1-tailed Mann-Whitney U tests and reported if significant after correction for multiple comparisons

(p<0.0125).
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eFigure 2: Focal Neurological Deficits A. Focal neurological deficits commonly observed following traumatic
brain injury assessed using the Neurological outcome scale for Traumatic Brain Injury (NOS-TBI). B. NOS-TBI
Supplement for gait and limb ataxia. Higher scores on both measures indicate worse impairment. P-values calculated
using 1-tailed Mann-Whitney U tests and reported if significant after correction for multiple comparisons (p<0.0125).
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eFigure 3: Migraine Disability Assessment Subdomains. A. Total headache grade score for headache
impact severity (Max 4). B. MIDAS-A assessment for headache frequency (Max 90). C. MIDAS-B assessment for
headache pain (Max 10). Higher scores on all of the measures indicate worse impairment. P-values calculated using 1-
tailed Mann-Whitney U tests and reported if significant after correction for multiple comparisons (p<0.0125).
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eFigure 4: Headache Impairment. A.Headache impairment assessed by the headache impact test (HIT-6) (Max
78). B. Frequency of severe headache pain. C. Frequency of headaches limiting ability to complete daily activities. D.
Impact of headache determined by how often a subject wishes to lie down. E. Impact of headache in the past 4 weeks on
how often a subject felt tired F. Impact of headache in the past 4 weeks on how often a subject felt fed up or irritated. G.
Impact of headache in the past 4 weeks on how often a subject was limited in their concentration at work. P-values
calculated using 1-tailed Mann-Whitney U and reported if significant after correction for multiple comparisons (p<0.0125).
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eFigure 5: Post-Traumatic Stress Disorder Severity Subdomains of the Clinician Administered

PTSD scale for DSM IV (CAPS). A. CAPS B Severity — Re-experiencing (Max 40). B. CAPS C Severity —
Avoidance and Numbing (Max 56). C. CAPS D Severity — Increased Arousal and hypervigilance (Max 40). Higher scores
on all of the measures indicate worse impairment. P-values calculated using 1-tailed Mann-Whitney U tests and reported

if significant after correction for multiple comparisons (p<0.0125).

MAST Score

eFigure 6: Alcohol Misuse. Alcohol misuse was assessed using the Michigan Alcohol Screening Test (MAST:
Max 22). No significant differences were observed across groups.
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eFigure 7: Correlations between self-reported poor sleep index and measures of clinical
evaluation. A. Poor sleep index, defined as the self-reported number of desired hours of sleep minus the number of
acquired. B. Positive correlation with CAPS total severity for PTSD. C. Positive correlation with MADRS total severity for
depression. D. Positive correlation with Neurobehavioral Rating Scale (NRS) for overall neurobehavioral outcome. E.
Positive correlation with MIDAS for migraine disability. F. Positive correlation with HIT-6 for headache impact. Higher
scores indicate worse impairment on all of the measures.
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eFigure 8: Correlations between Clinician Administered PTSD Scale (CAPS) Subdomains and
Intensity of Combat Exposure Scale (CES). A. Positive correlation between CAPS B severity (re-experiencing
the traumatic event) and CES in control subjects. B. No correlation was observed between CAPS B severity and CES in
the TBI groups. C. Positive correlation between CAPS C severity (avoidance and numbing) and CES in control subjects.
D. No correlation was observed between CAPS C severity and CES in the TBI groups. E. Positive correlation between
CAPS D severity (increased arousal and hypervigilance) and CES in control subjects. F. No correlation was observed

between CAPS D severity and CES in the TBI groups.



Page 16

A GOS-E model: B GOS-E model:
MADRS, # NP Abs, MIDAS MADRS, # NP Abs, MIDAS, TBI vs. CTL
1.04 1.04
0.8+ 0.8+
2 2
'S 0.6+ 'S 0.6+
@ 041 S 0.4
n n
0.2 /x' Area = 0.7765 0.2 // Area = 0.7896
00F—T——T—T— 0.0F—FT—T—T—
00 02 04 06 08 10 00 02 04 06 08 10
1-Specificity 1-Specificity

eFigure 9: Receiver- Operator Curves for Logistic Regression Models of Global Outcome. A.
Receiver-operator curve for best fit model of overall disability defined as the dichotomized GOS-E of 7 or 8 — good
outcome, and = 6 or below —disabled. The best model included the total severity of depression based on the Montgomery
Asberg Rating Scale (MADRS), the number of neuropsychological test abnormalities (# NP Abs), and the Migraine
Disability Scale for headache impairment (MIDAS). B. Receiver-operator curve for logistic regression model of overall
disability with addition of TBI vs Control as a categorical variable showing negligible improvement over the original best fit

model.
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Abstract

Fundamental questions remain unanswered about the longitudinal impact of blast-plus-impact complex traumatic brain
injuries (TBI) from wars in Iraq and Afghanistan. This prospective, observational study investigated measures of clinical
outcome in US military personnel evacuated to Landstuhl Regional Medical Center (LRMC) in Germany after such
“blast-plus” concussive TBIs. Glasgow Outcome Scale-Extended assessments completed 6—12 months after injury in-
dicated a moderate overall disability in 41/47 (87%) blast-plus TBI subjects and a substantial but smaller number (11/18,
61%, p=0.018) of demographically similar US military controls without TBI evacuated for other medical reasons.
Cognitive function assessed with a neuropsychological test battery was not different between blast-plus TBI subjects and
controls; performance of both groups was generally in the normal range. No subject was found to have focal neurological
deficits. However, 29/47 (57%) of blast-plus subjects with TBI met all criteria for post-traumatic stress disorder (PTSD)
versus 5/18 (28%) of controls (p=0.014). PTSD was highly associated with overall disability; 31/34 patients with PTSD
versus 19/31 patients who did not meet full PTSD criteria had moderate to severe disability (p=0.0003). Symptoms of
depression were also more severe in the TBI group (p=0.05), and highly correlated with PTSD severity (r=0.86,
p<0.0001). Thus, in summary, high rates of PTSD and depression but not cognitive impairment or focal neurological
deficits were observed 6-12 months after concussive blast-plus-impact complex TBI. Overall disability was substantially
greater than typically reported in civilian non-blast concussive (‘‘mild”’) patients with TBI, even with polytrauma. The
relationship between these clinical outcomes and specific blast-related aspects of brain injuries versus other combat-
related factors remains unknown.

Key words: blast; clinical outcomes; PTSD; TBI

Introduction

BLAST—RELATED TRAUMATIC BRAIN INJURY (TBI) has been a
common occurrence in US military personnel during the wars
in Iraq and Afghanistan. Based on the Defense and Veterans Brain
Injury Center website, there have been 266,810 physician diag-
nosed TBIs from 2000-2012, of which approximately 80% have
been categorized as concussive or “‘mild” (http://www.dvbic.org/
dod-worldwide-numbers-tbi). The RAND report survey' indicated
that the numbers could be substantially higher if the self-report
measures used are accurate. Based on a survey of US Army soldiers
injured in Iraq, approximately 75% of concussive (mild) TBIs are
blast-related.”

Previous studies have reported that subjects with blast-related
concussive (mild) TBI have impaired cognitive performance acutely
after injury” and substantial long-lasting symptoms,>*'" but gen-
erally normal cognitive performance at later times.”'*™'% U.S. mili-
tary personnel with concussive (mild) TBI have also been reported to
have a high rate of post-traumatic stress disorder (PTSD) and de-
pression. 262151721 1t hag been argued that PTSD symptoms may
account for the mismatch between cognitive symptoms and perfor-
mance.”'” Many of these previous studies, however, have been based
largely on self-report and screening tools,>**? rather than direct
clinical assessments in prospectively identified cohorts.

In addition, the previous studies of sub-acute to chronic clinical
outcomes have been based on subjects enrolled after they have

]Washington University School of Medicine, St Louis, Missouri.
?Landstuhl Regional Medical Center, Landstuhl, Germany.

3Current address: US Air Force Center for Sustainment of Trauma and Readiness Skills, R Adams Cowley Shock Trauma Center, University of

Maryland, Baltimore, Maryland.

“Current address: Cape Fear Valley Medical Center, Fayetteville, North Carolina.
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returned to the United States. Few of them needed evacuation from
the combat theater for their injuries. There have been no previous
reports to our knowledge on the clinical outcomes of US military
personnel with injuries that met criteria for concussive (mild) TBI*?
but nonetheless were substantial enough to necessitate evacuation.
These more substantially injured US military personnel are typi-
cally evacuated from the theater to the Landstuhl Regional Medical
Center (LRMC) in Landstuhl, Germany. LRMC has served as the
sole level IV strategic evacuation hub for the wars in Iraq and
Afghanistan, and has used a comprehensive TBI screening protocol
for all evacuated casualties® since 2006.

As part of an ongoing prospective study involving advanced
magnetic resonance imaging (MRI)-based methods to evaluate
acute military TBI,** we enrolled US military personnel with blast-
related TBI as well as blast-exposed controls with other injuries and
illnesses at LRMC. We report clinical outcomes assessed in these
subjects 612 months after enrollment at the time of their follow-up
evaluations at Washington University in St. Louis.

Methods
Subjects

Inclusion criteria for the TBI group were as follows: (1) a pos-
itive screen for TBI at LRMC based on standard US military
clinical criteria® including self-report of blast exposure resulting in
loss of consciousness, amnesia for the event, or change in neuro-
logical status; (2) injury from blast with or without additional
mechanisms of injury within 90 days of enrollment; (3) US mili-
tary; (4) ability to provide informed consent in person; (5) no
contraindications to MRI such as retained metallic fragments; (6)
no history of moderate to severe TBI based on Department of
Defense (DoD) criteria; (7) no history of major psychiatric disor-
der; (8) agreement to communicate by telephone or e-mail monthly
for 6-12 months and then travel to Washington University for in-
person follow-up. Inclusion criteria for the control group were the
same except for a negative screen for TBI at LRMC.

The research protocol was approved by the Human Research
Protection Office at Washington University, the Institutional Re-
view Board for LRMC at Brooke Army Medical Center, and the
Clinical Investigation Regulatory and Human Research Protection
Offices of the U.S. Army Medical Research and Materiel Com-
mand. Written informed consent was obtained from all subjects in

MACDONALD ET AL.

person at LRMC; no surrogate consent was allowed by the funding
agency. Competence to provide informed consent was assessed in a
standardized fashion based on responses to questions regarding the
purpose of the study, expected requirements for participation, and
potential risks. Additional written consent was obtained from the
subjects at the time of follow-up at Washington University. Active
duty military subjects were not paid for participation, although
travel expenses to St. Louis were covered. Subjects not on active
military duty status at the time of follow-up in St. Louis were paid
$240 plus travel expenses for participation.

We enrolled 63 subjects with TBI and 21 controls at LRMC over 5
non-contiguous months during 2008-2009 (Fig. 1). Median time
from injury to enrollment was 14 days (range 1-90 days). The de-
mographics of the TBI subjects and controls were similar (Table 1).
Most subjects were young, white, enlisted, soldiers in the US
Army. All were male. We did not specifically exclude females
but did not have an opportunity to enroll any during the period of
this study.

All available clinical histories indicated blast exposure plus
another mechanism of head injury such as a fall, motor vehicle
crash, or being struck by a blunt object. None had an isolated blast
injury. Thus, these subjects can be best described as having sus-
tained blast-plus-impact complex TBIs. We refer to this type of
injury as “‘blast-plus,” to distinguish it from isolated blast injury.
Diagnosis of TBI was typically made based on self-report of blast
exposures with alteration of neurologic function. Specifically,
questions included the following>:

1. During this deployment, did you experience any of the fol-
lowing events? Blast (improvised explosive device, rocket-
propelled grenade, landmine, grenades, etc), fall (striking
head), other significant contact with blunt object (above the
shoulders), bullet wound (above the shoulders), vehicular
crashes (any vehicle including aircraft), fragment wound
(above the shoulders).

2. If you answered yes to Question #1, did you experience any
of these symptoms IMMEDIATELY afterward? Loss of
consciousness (knocked out), being dazed, confused, or
“seeing stars” (feeling disconnected from yourself or the
environment), not remembering the injury.

Medical documentation regarding duration of loss of con-
sciousness and post-traumatic amnesia was often not available or
not reliable. All available clinical histories indicated change in

122 Service Members Identified at
Landstuhl Regional Medical Center
Landstuhl, Germany

¥

84 Enrolled and
completed Scan 1

I 21 Controls l | 63 Blast-related TBI

Y v

18 Controls 47 TBI Subjects

Follow-up at Follow-up at

Washington Was hington
University University

FIG. 1.
resonance imaging.

v
38 Excluded

17 With Contraindications to MRI
8 Ferromagnetic Metal Fragments
5 Medically unstable
2 Claustrophobic
2 Other Ferromagnetic Metal
6 Eligible But Did Not Consent
5 Unable to Follow-up: Protection of
Identity (i.e. Special Forces)
4 MRI Would Have Interfered with
Clinical Care
4 TBINot Associated with Blast
1 Prior Significant TBI
1 Incidental Brain Tumor Discovered

Screening, enrollment, and exclusion characteristics of the study participants. TBI, tramautic brain injury; MRI, magnetic
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TABLE 1. CHARACTERISTICS OF STUDY PARTICIPANTS

Control Control follow-up TBI TBI follow-up

Characteristic (n=21) (n=18) (n=63) (n=47)
Age in years: median (range) 32 (19-53) 32 (21-53) 25 (19-58) 25 (19-58)
Education in years: median (range) N/A 12.5 (11-17.5) N/A 12 (8-17)
Race/ethnicity” — no (%)

White 17 (80.9%) 15 (83.3%) 48 (76.2%) 34 (72.3%)

African American 3 (14.2%) 2 (11.1%) 7 (11.1%) 5 (10.6%)

Hispanic/Latino 1 (4.7%) 1 (5.5%) 9 (14.3%) 6 (12.7%)

Asian 0 0 2 (3.2%) 2 (4.3%)
Branch of Service — no (%)

US Army 18 (85.7%) 15 (83.3%) 56 (88.9%) 42 (89.3%)

US Air Force 2 (9.5%) 2 (11.1%) 0 0

US Marine Corps 1 (4.8%) 1 (4.5%) 7 (11.1%) 5 (10.7%)

US Navy 0 0 0 0
Military rank — no (%)

Enlisted 19 (90.5%) 16 (88.9%) 60 (95.2) 44 (93.6)

Officer 2 (9.5%) 2 (11.1%) 3(4.7) 3(64)
Theater of operation — no (%)

Iraq 15 (71.4%) 12 (66.7%) 25 (39.7%) 21 (44.7%)

Afghanistan 6 (28.6%) 6 (33.3%) 38 (60.3%) 26 (55.3%)

N/A, not assessed in subjects that did not follow up.

“Self-reported. Subjects were not limited to one choice.

TBI, traumatic brain injury.
level of consciousness or loss of consciousness for a few minutes  from 1-8: 1=dead, 2=vegetative, 3—4=severe disability,

and post-traumatic amnesia for less than 24 h. The requirement for
in-person informed consent made patients with more severe TBI
typically not eligible, and none were enrolled. No intracranial ab-
normalities were detected on non-contrast head computed tomog-
raphy. Thus, all subjects with TBI met the DoD criteria for
uncomplicated mild TBI. While previous literature has used the
term mild to describe TBI on the lower end of the spectrum of
severity, we now prefer the term concussive to describe these in-
juries, with the understanding that concussive and mild TBI are
operationally defined identically.

All clinical histories were verified by study personnel by taking
additional clinical history and review of medical records. Based on
this review, four subjects were excluded because of TBI not asso-
ciated with blast, and one was switched from the control group to
the TBI group because of evidence of TBI on MRI. None who
screened positive for TBI was determined not to have had a TBI.

Of these subjects, 47 with TBI and 18 controls were followed up
at Washington University 6—12 months after enrollment. Reasons
for inability of 19 subjects (3 controls and 16 with TBI) to follow up
at Washington University included inability or unwillingness to
travel to St. Louis (10 subjects), withdrawal of consent (4 subjects),
inability to maintain telephone or e-mail contact (2 subjects), severe
psychiatric illness (1 subject), redeployment overseas (1 subject),
and other severe illness (1 subject). The TBI subjects not available
for in-person follow-up did not differ from those who were available
for follow-up in demographic characteristics (Table 1), Military
Acute Concussion Evaluation (MACE) performance (p=0.54,
Mann-Whitney U test), or most recent telephone-based Glasgow
Outcome Scale-Extended (GOS-E) score (p=0.75, Mann-Whitney
U test).

Clinical assessments

Initial records of clinical status in subjects with TBI assessed at
LRMC using the MACE® were reviewed. This brief cognitive test
assesses orientation, immediate verbal memory, concentration, and
short-term delayed verbal memory.

Overall clinical outcome was assessed using the GOS-E*>%° by
telephone or e-mail monthly for 612 months. The GOS-E is scored

5-6=moderate disability, 7-8 =good recovery. Moderate disabil-
ity (GOS-E =5-6) is defined as one or more of the following: (1)
inability to work to previous capacity; (2) inability to resume the
majority of regular social and leisure activities outside the home;
(3) psychological problems that have frequently resulted in ongo-
ing family disruption or disruption of friendships. Severe disability
is defined as reduced ability to perform activities of daily living
such that supervision is needed. Standardized, structured interviews
were performed according to published guidelines.25 The last as-
sessment before in-person follow-up was considered the final out-
come. Information was gathered separately from both the subject
and a collateral source (typically a spouse, parent, or sibling)
whenever possible. When information from the subject and the
collateral source differed, the worse outcome was used.

The in-person clinical evaluations included a standardized
neurological examination and structured interview designed for
patients with TBI (Neurobehavioral Rating Scale-Revised?”*®), a
neuropsychological test battery (Table 2), and psychiatric assess-
ments including the Clinician-Administered PTSD Scale for the
Diagnostic and Statistical Manual of Mental Disorders-1V (DSM-
IV) (CAPS)® plus the Montgomery-Asberg Depression Rating
Scale.*® The CAPS was scored using the standard scoring rules
from the National Center for Post-traumatic Stress Disorder, July
1998 revision, from Blake and associates. The standardized neu-
rological examination and interview required approximately 1 h per
subject. The psychiatric assessments needed approximately 2 h per
subject, and the neuropsychological battery needed approximately
2 h per subject. Subjects took all medications as prescribed by their
clinical providers. All tests were performed between 9 AM and 5
PM in private, quiet, well-lighted rooms. All examiners were
blinded to other clinical information and imaging results, although
in the course of the interviews, it often became clear whether the
subjects were in the TBI or control group. All examiners were
clinicians who underwent standardized training in administering
the assessments.

The neuropsychological test battery consisted of the Conners
Continuous Performance Test II,>' a computer-based assessment of
attention, impulsivity, reaction time, and vigilance; the Wisconsin
Card Sorting Test,** an assessment concept formation and mental
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flexibility; the Rey-Osterrieth Complex Figure Test,* a paper and
pencil test of visual memory; the California Verbal Learning Test
II,34 an assessment of verbal declarative memory; the 25 hole
grooved Peg-Board test,® an assessment of upper extremity motor
speed and coordination; a timed 25 foot walk; the Trail Making
test,’® an assessment of visual scanning, coordination, and mental
flexibility; the symbol digit modalities test,>’ an assessment of
working memory and processing speed; the controlled oral word
association test,3 8 an assessment of verbal fluency; and the Wechsler
Test of Adult Reading,®® as an estimate of pre-injury verbal intelli-
gence. A relatively easy forced choice test embedded in the Cali-
fornia Verbal Learning Test was used to assess adequacy of effort.

Safety and data monitoring

Subjects were assigned a random four-digit code number to
protect confidentiality, and all research data were identified by code
number only. A board-certified psychiatrist (ECN) was immedi-
ately available in case the CAPS examination exacerbated PTSD
symptoms. No exacerbations necessitating medical intervention
occurred, although additional support from study staff was needed
on several occasions.

For clinical evaluations, the principal investigator audited 1 in
10 randomly selected subjects’ data sets to ensure that data were
scored and entered correctly. These audits revealed only minor
discrepancies in scoring criteria that were then corrected across the
entire cohort of subjects.

Statistical analyses

All data was analyzed using Statistica 6.0 (Statsoft Inc). Chi-
square analyses were used to assess the relationships between
categorical variables. Continuous variables have been summarized
as mean * standard deviation unless otherwise specified. The nor-
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mal distribution of each continuous variable was assessed using the
Shapiro-Wilk test. For normally distributed variables, unpaired
Student ¢ tests were used to compare groups. For non-normally
distributed variables, Mann-Whitney U tests were used. We pre-
specified that subjects with TBI would have worse outcomes than
controls. One-sided tests were used when hypotheses were pre-
specified, and two-sided tests were used otherwise. For correlations
between continuous variables, Pearson product moment correla-
tions were used when correlations were approximately linear and
residuals were normally distributed based on Shapiro-Wilk testing.
When these criteria were not met, Spearman non-parametric cor-
relations were used. Uncorrected p values have been reported, but
only considered significant if p <0.05 after Bonferroni correction
for multiple comparisons within each class of variables.

Clinical trials identifier

The study was registered at clinicaltrials.gov (NCT00785304).

Results

At LRMC, the MACE scores in the subjects with TBI (Fig. 2A)
indicated that 19/47 (40.4%) fell below a score of 25 of 30 points,
often used as a cutoff for an abnormal score.”> The MACE was not
performed on the control subjects. MACE testing was part of
clinical care for patients with TBI at LRMC and was not a pre-
specified part of the research protocol.

Global clinical outcomes were worse in subjects with TBI than
controls (Fig. 2B). GOS-E scores 6—12 months after enrollment
were significantly lower in the subjects with TBI (p=0.011, one-
tailed Mann-Whitney U test). More subjects with TBI (41/47, 87%)
than controls (11/18, 61%) had moderate to severe overall dis-
ability (p=0.019, chi-square), defined as a GOS-E score of 6 or
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FIG. 2. Clinical assessments in US military personnel with concussive ‘‘blast-plus’’ traumatic brain injury (TBI). (A) Military Acute
Concussion Evaluation (MACE) scores in subjects with TBI 1-90 days after injury at Landstuhl Regional Medical Center. Maximum
score is 30. Higher scores indicate better performance. A cutoff of below 25 (blue dashed line) is considered to represent poor
performance. (B) Global clinical outcomes assessed using the Glasgow Outcome Scale-Extended (GOS-E) scores 6—12 months after
enrollment. *Indicates one-tailed Mann-Whitney U test. (C) Post-traumatic stress disorder (PTSD) severity, based on the Clinician
Administered PTSD scale (CAPS). Higher scores represent more severe PTSD; maximum score is 132. **Indicates two-sided Student
t test. (D) Depression severity assessed based on the Montgomery-Asberg Depression Rating Scale (MADRS) structured interview.
Dashed blue line indicated cutoff score of 19: > 19 reflects moderate to severe depression. *Indicates one-sided Mann-Whitney U test.

Color image is available online at www.liebertpub.com/neu
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less. Only one subject had severe disability; most subjects had
moderate disability. The high rate of moderate disability in both
groups is not typically observed in civilian polytrauma cases with
concussive (mild) TBI (see Discussion).

Neuropsychological test results did not indicate substantial dif-
ferences between the subjects with TBI and the controls; both groups
generally performed within expectation for age and educational level
on most tests (Table 2). All subjects performed well on a test of effort
embedded in the California Verbal Learning Test. The psychome-
tricians reported good apparent effort during testing. Likewise,
performance did not differ between subjects with TBI with good
outcomes (GOS-E =7-8) versus those with moderate to severe dis-
ability (GOS-E<7). This suggests that cognitive performance im-
pairments may not account for the overall disability observed.

Performance on a standardized neurological interview and ex-
amination, the Neurobehavioral Rating Scale, similarly did not
reveal major abnormalities, although subjects with TBI were
slightly more impaired than controls (Table 3). Blast-plus subjects
with TBI overall had marginally more severe neurobehavioral
symptoms and deficits than control patients (p=0.03, one-sided
Mann Whitney U test). The largest contributing sub-score was
mood/affect abnormalities (p=0.03). Blast-plus subjects with TBI
who met all criteria for PTSD had worse positive symptoms
(p=0.005) and mood/affect abnormalities (p=0.02) compared
with subjects with TBI who did not meet full PTSD criteria.

No subjects had focal neurological deficits detected during the
neurological examination, performed by a board-certified neurol-
ogist (DLB). Specifically, none of the patients with TBI had im-
pairing dysarthria, aphasia, neglect, hemianopsia, cranial nerve
deficits, hemiparesis, parkinsonism, ataxia, dystonia, sensory loss,
or neurological gait disorders.

Psychiatric assessments revealed substantially more frequent
and more severe PTSD in the subjects with TBI. Specifically, 61%
(29/47) of subjects with TBI and 28% (5/18) of controls met DSM-
1V criteria for PTSD (p=0.0143, chi-square) as assessed using the
CAPS. The severity of PTSD was also significantly greater in the
TBI group (Fig. 2C, p=0.002, ¢ test). All evaluated subjects with
TBI and 17/18 controls met PTSD criterion A: “‘one or more
traumatic events that involved actual or threatened death or serious
injury and a reaction that included intense fear, helplessness or
horror.” PTSD severity was significantly increased in the subjects
with TBI across all three major sub-domains (Fig. 3A-C): “Re-
experiencing”’ (CAPS B), ““Avoidance and Numbing”’ (CAPS C),
and “‘Increased Arousal”” (CAPS D). The largest difference be-
tween TBI and control subjects was in reexperiencing (CAPS B),
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and the greatest overall burden of PTSD symptoms was in in-
creased arousal (CAPS D).

Symptoms of depression were also more severe in subjects with
TBI compared with controls (Fig. 2D). Depression severity based on
Montgomery-Asberg Depression Rating Scale scores were 19+ 11 in
subjects with TBI and 14 £ 10 in controls ( p=0.05, one-sided Mann-
Whitney U test). Depression, however, did not differentiate as
strongly as PTSD between TBI and control subjects. Using a total
score >19 on the Montgomery-Asberg Depression Rating Scale as
the criterion, significant depression was present in 24/47 (51%) of
subjects with TBI and 8/18 (44%) of controls (p=0.63).

Montgomery-Asberg Depression Rating Scale scores were
highly correlated with CAPS total scores for PTSD in the entire
cohort (Pearson r=0.86, p<0.001), in the subjects with TBI
(Pearson r=0.82, p<0.001), and in the control subjects (Pearson
r=0.95, p<0.001).

PTSD was strongly associated with overall adverse outcomes.
Across both TBI and control groups, 33/34 (97%) of subjects who
met all criteria for PTSD had moderate to severe overall disability
versus 19/31 (61%) who did not meet full PTSD criteria
(p=0.0003, chi-square). A similar relationship held for the TBI
subjects in isolation (28/29 vs. 13/19, p=0.015). CAPS scores were
62 + 25 in subjects with moderate to severe disability versus 31 +24
in subjects with good outcomes (p=0.0001, ¢ test). Depression was
also strongly associated with overall adverse outcomes: 31/32
(97%) of subjects with depression versus 21/33 (64%) of subjects
without depression had moderate to severe overall disability
(p=0.0008, chi-square).

There were no differences in neuropsychological test perfor-
mance in subjects with TBI with PTSD versus subjects with TBI
who did not meet all criteria for PTSD (Table 2). Likewise, there
were no apparent demographic differences between TBI study
participants with versus without PTSD (Table 4). Subjects with
PTSD had higher positive symptoms ( p=0.005) and mood/affect
abnormalities (p=0.02) on the neurobehavioral rating scale
(Table 3). Neurobehavioral Rating Scale was performed by a dif-
ferent investigator than the CAPS interview, and these two mea-
sures were scored blinded to the other results.

There was a modest negative correlation between self-reported
level of education and overall PTSD severity (Spearmanr= —0.29,
p=0.02, Fig. 3D). The tight clustering of educational between
12-14 years made this difficult to fully interpret, however.

Sleep deprivation was correlated with Neurobehavioral Rating
Scale scores (Fig. 4) and performance on several neuropsychological
test measures (Fig. 4B-D). Sleep deprivation was self-reported as
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FIG. 3. Post-traumatic stress disorder (PTSD) severity assessed using Clinician Administered PTSD scale (CAPS subscales A-C).
Subjects with traumatic brain injury (TBI) had more severe PTSD symptoms in all three sub-domains. The sub-domains were based on
the DSM-1V criteria for PTSD. The maximum scores are CAPS B: 40, CAPS C: 56, CAPS D: 40. Bars represent mean and standard
deviation. **Indicates one-sided Student ¢ tests <0.017 after Bonferroni correction for multiple comparisons. Inverse correlation
between self-reported years of formal education and PSTD severity (D). Color image is available online at www .liebertpub.com/neu
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TABLE 3. NEUROBEHAVIORAL RATING SCALE RESULTS
TBI TBI TBI no
Control TBI GOS-E 7-8 GOS-E<7 PTSD  TBI+PTSD
Rating (n=18) (n=47) p (n=6) (n=41) P (n=18) (n=29) P
Total score (max 87, higher 7.9+6.8 11.61t7 0.03%* 8.7+5.5 12.0+7.5 0.18 7.8443 1394+7.8 0.10
scores worse)
Executive/cognitive 3.1£2.6 3.8+£2.8 0.23 25+1.8 40+29 0.11 3.1+19 43+32 0.10
dysfunction (max 24)
Positive symptoms (max 21) 1.1£1.8 14£1.6 0.11 0.8+0.4 1.5£1.7 031 0.6%+0.7 20+1.8 0.005*
Negative symptoms (max 12) 0.8+1.0 1.1£1.3 0.23 1.3+1.6 1.1+£1.2 043 0.8%0.9 1.4+1.4 0.09
Mood/affect abnormalities (max 15) 2.1+22 34+£2.6 0.03 32+1.9 35+27 046 23%+1.7 4.1+£29 0.02
Oral/motor dysfunction (max 12) 0.1£03 0.7£1.0 0.02 0.5+0.5 0.7£1.0 050 04%0.6 08+1.1 0.13
Worst single domain score (max 3) 14%+0.8 1.8£0.6 0.04 1.7£0.5 1.9£0.6 025 1.7£0.5 1.9+£0.7 0.18

The Neurobehavioral Rating Scale score is based on a structured interview and neurological examination followed by clinician ratings across 29
domains. Each domain is rated 0 (no abnormalities) through 3 (severe, disabling abnormalities). The total score is the sum of the ratings across all 29
domains. The five sub-scores are based on previously published principal component analyses from a large group of civilian patients with TBL.?® Each
sub-score is the sum of scores from 4-8 domains. The “worst single domain score” was also assessed because the total scores are not necessarily
ordinal—i.e., a single high score (2 or 3) in one domain can represent impairing or disabling symptoms and deficits, while several scores of 1 in multiple
domains may not represent as much overall impairment. The p values represent results of one-sided Mann-Whitney U tests. *Indicates statistical
significance for the total score at p<0.05, or after Bonferroni correction for multiple comparisons at p<0.01 for the subscores. Means * standard

deviations are reported.

TBI, traumatic brain injury; GOS-E, Glasgow Outcome Scale-Extended; PTSD, post-traumatic stress disorder.

part of CAPS item D-1 and defined as desired number of hours of
sleep per night minus total number of hours of sleep per night. Within
the Neurobehavioral Rating Scale, the strongest correlations were
with the mood/affect (Spearman r=0.31) and executive/cognitive
subscales (Spearman r=0.28).

Discussion

We found that overall disability 6-12 months after concussive
blast-plus TBI in US military personnel evacuated to LRMC was
surprisingly high. Overall outcomes based on the GOS-E were
considerably worse than have been reported in civilian cohorts with
concussive (mild) TBI***® and higher even than civilian poly-
trauma patients with concussive (mild) TBL***! The most directly

comparable civilian studies*®*' reported that 33-36% of poly-

trauma patients with concussive (mild) TBI had GOS-E scores
of <7, indicating moderate to severe disability. In contrast, 87% of
subjects in our cohort had GOS-E scores of <7.

Importantly, while outcomes were worse in the subjects with
TBI than in the controls, moderate disability was common in the
control group as well. This suggests that common aspects expe-
rienced by US military personnel injured or ill enough to be
evacuated from theater also contributed substantially to out-
comes. This is not surprising, because subjects with less sub-
stantial health concerns were typically treated in theater and not
evacuated to LRMC.

We found that cognitive performance, however, as assessed
using standardized neuropsychological testing was generally

TABLE 4. CHARACTERISTICS OF TRAUMATIC BRAIN INJURY STUDY PARTICIPANTS
WITH AND WITHOUT POST-TRAUMATIC STRESS DISORDER

TBI No PTSD TBI+PTSD
Characteristic (n=18) (n=29) p value
Age in years: median (range) 23.5 (21-58) 27 (19-45) 0.44 (U)
Education in years: median (range) 13 (10-17) 12 (8—17) 0.25 (U)
Race/ethnicity* — no (%) 0.49 (C)
White 12 (66.7%) 22 (75.9%)
African American 3 (16.6%) 2 (6.9%)
Hispanic/Latino 2 (11.1%) 4 (13.8%)
Asian 1 (5.6%) 1 (3.4%)
Branch of Service — no (%) 0.04 (C)
US Army 14 (77.8%) 28 (95.6%)
US Air Force 0 0
US Marine Corps 4 (22.2%) 1 (3.4%)
US Navy 0 0
Military rank — no (%) 0.30 (C)
Enlisted 16 (88.9) 28 (95.6)
Officer 2 (11.1) 13.4)
Theater of operation — no (%) 0.98 (C)
Traq 8 (44.4%) 13 (44.9%)
Afghanistan 10 (55.5%) 16 (55.1%)

TBI, traumatic brain injury; PTSD, post-traumatic stress disorder; (U), Mann-Whitney U test, (C) chi square. For race/ethnicity, this comparison was

for white versus other.
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FIG 4. Correlations between self-reported sleep deprivation and test performance. (A) Positive correlation with Neurobehavioral
Rating Scale total score, where higher scores indicate worse performance. (B) Negative correlation with visual memory performance on
the delayed recall portion of the Rey-Osterrieth Complex Figure Test, where lower Z-scores indicate worse performance. (C) Negative
correlation with verbal memory performance on the long delay free recall portion of the California Verbal Learning Test, where again
lower Z-scores indicate worse performance. (D) Negative correlation with sustained vigilance, assessed using the hit rate block change
measure from the Conners Continuous Performance Test, where similarly lower Z-scores indicate worse performance. TBI, traumatic
brain injury. Color image is available online at www.liebertpub.com/neu

normal. Control subjects, subjects with TBI without PTSD, and
subjects with TBI with PTSD all performed equally well, and all
three groups performed essentially as expected for their ages and
educational levels. Likewise, none had focal neurological deficits.

Performance on the grooved Peg-Board, a test of motor speed
and coordination, was borderline to mildly deficient in both TBI
and control subjects. This did not differ between groups and did not
differ as a function of global outcome (Table 2). Also, there was
low average performance in both TBI and control subjects on the
Controlled Oral Word Association test, an assessment of verbal
fluency (Table 2). It was not clear why performance on the grooved
Peg-Board and Controlled Oral Word Association were worse than
expected in both groups. The subjects did not have focal neuro-
logical deficits, and neither grooved Peg-Board nor Controlled Oral
Word Association scores were correlated with PTSD measures,
depression, or self-reported sleep loss.

The modest correlations of self-reported sleep deprivation with
cognitive performance are not surprising. Future investigations
with larger samples sizes will be needed to determine whether there
is an interaction between TBI and sleep deprivation, such that, for
example, patients with TBI might be more sensitive to the effects of
sleep deprivation than controls. Further, objective measurements
of sleep quantity and quality would likely improve the accuracy of
these correlations.

The disability appeared to be most closely related to PTSD and
depression. Most subjects who reported being unable to work at all
(GOS-E of 5), work at reduced capacity (GOS-E of 6), or reported
significant impairments in social or family life (GOS-E of 6) also
had substantial PTSD, depression, or both. As noted above, no
cognitive impairments or focal neurological deficits that could
account for this level of disability were detected. It was clearly
understood by the subjects that the clinical assessors and research
staff had no role in any disability determinations and none of the
research data would become part of their medical records. Thus,
secondary gain issues were unlikely to have played a role. In
general, validity ratings for all assessments were quite high. Be-
cause of the close correlation between PTSD and depression se-
verities, the relative contribution of PTSD versus depression could
not be determined.

Strengths of this study include prospective identification of a
relatively homogenous cohort of subjects and standardized, blin-
ded, clinician evaluations of outcomes. Limitations include a
modest sample size, all male subjects, no predeployment testing, '®
no direct comparison with identically assessed non-blast-related
subjects with TBI, no formal assessment of combat exposure in-
tensity, and absence of genetic data. We cannot rule out deficits in
cognitive or behavioral domains not tested,*”*® nor early cognitive
impairments that resolved before follow-up evaluation. Likewise,
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we did not address the question of pure blast-related TBI versus
blast plus other mechanisms. All of our subjects had blast plus
another injury mechanism indicating that the incidence of pure
blast-related TBI***** may be low in US military personnel in-
jured seriously enough to be evacuated to LRMC. It should also be
noted that this cohort, although representative of medically evac-
uated personnel, may not be generalizable to those sustaining in-
juries who remain in theater. Further, the diagnoses of TBI were
largely based on self-report; thus, we cannot rule out the possibility
that some patients with TBI and controls were miscategorized. At
present, there are no validated objective tests for concussive TBI, so
this reflects a limitation not just of these results but of the entire
field of concussive (mild) TBI research.

We did not systematically assess all potential factors contrib-
uting to depression and PTSD other than TBI. Based on three lines
of evidence, however, major physical disabilities did not appear to
play a substantial role in the greater severity of depression and
PTSD in the subjects with TBI compared with the controls: First,
analysis of timed 25 foot walk performance (Table 2) revealed no
difference between TBI and control groups, no difference between
subjects with TBI with good outcomes versus poor outcomes, and
no difference between subjects with TBI with PTSD versus without
PTSD. All subjects completed the 25 foot walk. Second, oral/motor
dysfunction as assessed by the Neurobehavioral Rating Scale
(Table 3) was the least substantially affected sub-score, and again
did not differ by group, by outcome, or by PTSD status. Third, there
were no substantial differences in the extent of self-reported sleep
deprivation in the two groups of subjects, as can be seen from the
scatter plots in Figure 4. We did not collect Injury Severity Scores,
however, nor did we systematically assess pain or medications to
treat pain in this study.

Further research will be needed to determine the underlying
explanation for the higher rate of PTSD and depression in the
concussive subjects with TBI than in controls and whether this
directly translates to patients who are not medically evacuated from
combat. Possibilities include more intense combat experiences,
intrinsic genetic or environmental factors leading to both higher
risk of TBI and vulnerability to PTSD and depression, blast-related
hormonal abnormalities,”’ and blast-related injuries to specific
parts of the brain causing impaired emotional resilience and thereby
increasing the incidence or severity of disorders of mood regula-
tion. Of note, repetitive blast injuries in anesthetized rats caused
chronic PTSD-like behavioral traits.> Ongoing human imaging
and genetic studies will be needed to begin to address these pos-
sibilities. It remains to be determined whether specific treatments
for PTSD and depression will effectively improve outcomes in
blast-related concussive subjects with TBI.
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ABSTRACT

IMPORTANCE: Mild traumatic brain injury (mTBI) has been a leading cause of combat-related

injury among deployed service members.

OBIJECTIVE: To evaluate whether diffusion tensor imaging (DTI) will noninvasively reveal
white matter changes that are not present on conventional MRI in acute blast-related mTBI and
to determine whether imaging abnormalities correlate with specific clinical measures and

recovery.

DESIGN, SETTING AND PARTICIPANTS: Prospective observational study of 95 mTBI and
101 healthy control US military service members enrolled within 7 days from injury in

Afghanistan between March and September 2012.

EXPOSURE: Acute blast-related mTBI with diagnoses based on history, examination, and

review of field medical records.

MAIN OUTCOME MEASURES: Assessments included Rivermead Post-Concussive Symptom
Questionnaire (RPCSQ), Post-Traumatic Stress Disorder Checklist Military (PCLM), Beck
Depression Inventory (BDI), Balance Error Scoring System (BESS), Automated Neurocognitive
Assessment Metric (ANAM), conventional MRI and DTI. DTI fractional anisotropy was

calculated for specific regions of interest in a blinded and automated fashion.

RESULTS: Significantly greater impairment was observed in mTBI participants versus controls
on all clinical measures, including RPCSQ (19.7£12.9 vs. 3.6+7.1, p<0.001), PCLM (32+13.2
vs. 20.9+7.1, p<0.001), BDI (7.4+6.8 vs. 2.5+4.9, p<0.001), and BESS (18.2+8.4 vs. 15.148.3,

p=0.01). Decline in ANAM performance compared to individual predeployment baseline was
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significantly larger in mTBI participants compared to controls, with largest effect size for simple
reaction time (74.5£148.4 vs. -11+£46.6 ms, p<0.001). Fractional anisotropy was significantly
reduced in mTBI compared to controls in the right superior longitudinal fasciculus (0.39340.022
vs. 0.405+0.023, p<0.001) and left middle cerebellar peduncle (0.412+0.024 vs. 0.422+0.028,
p=0.003) whereas no abnormalities were detected with conventional MRI. Time to return-to-duty
correlated with RPCSQ (r=0.53, p<0.001), decline in ANAM simple reaction time (r=0.49,
p<0.0001), PCLM (1=0.47, p<0.0001), and BDI (r=0.36 p=0.0005. No correlations between

clinical measures and imaging abnormalities were found.

CONCLUSIONS AND RELEVANCE: Somatic, behavioral and cognitive symptoms and
performance deficits are substantially elevated in acute blast-related mTBI. Post-concussive
symptoms and performance on measures of post-traumatic stress disorder, depression and
neurocognitive performance at initial presentation correlate with return-to-duty time. DTI is
more sensitive than conventional MRI in imaging white matter integrity in blast-related mTBI

acutely, although changes are of unclear clinical significance.
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INTRODUCTION

Mild traumatic brain injury (mTBI) has emerged as one of the most prevalent war injury
sustained by service members in the conflicts in Afghanistan and Iraq'. The most common

. . . 2
mechanism is exposure to explosive blasts “.

Unique features to combat mTBI, such as blast-exposure, fear of imminent death, witnessing
death, moral injuries, survivor’s guilt, combat stress, sleep deprivation, post-traumatic stress
disorder (PTSD) and depression’ have been increasingly recognized as significant components
with potential impact on what has been considered a mild injury. As such, traditional ratings of
mTBI severity including alteration and/or loss of consciousness (LOC) and posttraumatic

amnesia (PTA)*” may not reliably predict recovery of blast-related combat mTBI.

Diffusion tensor imaging (DTI) is an advanced MRI technique acquired on standard MRI
scanners that measures the diffusion water in many directions®. Abnormalities on DTI are
thought to reflect loss of white matter microstructural integrity, such as due to traumatic axonal

9-13

injury . DTI allows the in vivo evaluation of some aspects of brain white matter integrity by

measuring the diffusion anisotropy of water molecules within coherently organized white matter

8,14

tracts™ . Water diffusion is fastest along the longitudinal axis of intact axons, while axonal

microstructure, including the myelin sheath, membranes and cytoskeleton, causes water diffusion

to be more restricted perpendicular to the longitudinal axis of the axons'>"'.

Three MRI scanners were deployed to Kandahar Air Field (KAF), Bagram Air Force base (BAF)
and Bastion/Camp Leatherneck (LNK) in Afghanistan between October 2011 and February
2013. The presence of MRI capabilities in the combat theater provided an unprecedented

opportunity to study the presence and degree of white matter injury acutely in an important and
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understudied mTBI patient population — service members with mild blast-related injuries who
recover quickly and return to duty. These mildly injured service members represent the
overwhelming majority of mTBI casualties. We hypothesized that DTI would reveal
abnormalities not present on head CT and conventional MRI acutely following blast-related
mTBI and that specific pattern of injuries detected using DTI would correlate with neurological

and neurocognitive deficits and time to recovery.
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METHODS
PARTICIPANTS

Screening of 230 U.S active duty military service members was performed between
March 2012 and September 2012 at KAF and LNK (Figure 1). mTBI subjects were eligible if
they met the diagnostic criteria for mTBI as defined by the American Congress of Rehabilitation
Medicine'” and sustained a blast exposure event within 7-days preceding enrollment. Controls
were recruited from healthy, uninjured service members or service members receiving care for
minor non-blast related musculoskeletal injuries. Controls were eligible if they had no history of
any severity TBI in the preceding 12 months. The demographic characteristics of the study
participants are summarized in Table 1. Reports of wartime stressors experienced by combatants

were measured using the Combat Exposure Scale (CES)'®.

All participants provided written informed consent before enrolment. None of the
participants received monetary compensation for participating. This study was conducted under a

protocol reviewed and approved by the US Army Medical Research and Materiel Command Institutional

Review Board and in accordance with the approved protocol.

CLINICAL ASSESSMENTS

The mean time from injury to clinical testing was 3.0+1.5 days. All clinical assessments
were conducted in a quiet, private room. Level of effort was measured using the Test of Memory
Malingering (TOMM)". Participants with TOMM score lower than 45 on two consecutive

TOMM trials were excluded from analysis for poor testing effort (Figure 1).



120 Post-concussive symptom severity was measured using the Rivermead Post-Concussion
121 Symptom Questionnaire (RPCSQ)>. Symptoms of PTSD and depression were assessed using the
122 Post-traumatic Stress Disorder Check List Military (PCLM)*!, and Beck Depression Inventory

123 (BDD**.

124 The neurological examination was conducted by research staff (JD, DR, TM, OA).

125  Severity of balance impairment was tested using the Balance Error Scoring System (BESS)*.

126 Cognitive testing was conducted using the ANAM — Traumatic Brain Injury Military

127 Version 4* and results were compared with subjects pre-deployment baseline performance.

128 Recovery time, defined as days from injury to final disposition (e.g. return to duty), was

129  used as a surrogate for outcome.
130 MRI ASSESSMENTS

131  The mean time from injury to MRI was 3.8+1.7 days. All subjects in both groups underwent
132 MRI without the administration of sedation beyond that required as part of routine clinical care
133 on Phillips 1.5T Achieva scanners at KAF and LNK. DTI was acquired using a 15 direction
134  sequence at b=1,000 with 1 b-zero image and spatial resolution of 2.5x2.5x2.5 mm. To improve
135  signal-to-noise ratio, two acquisitions were taken and averaged, each approximately 4:38

136  minutes. Conventional MR sequences included T1- (1x1x1mm) and T2- (0.5x0.5x0.5mm)

137  weighted images, fluid-attenuated inversion recovery (FLAIR) (0.8x0.8x5mm slices) and T2*-
138  weighted images (1.7x1.7x5mm slices). The total scan duration for each participant was

139  approximately 29 minutes. MRI scan data was transferred through a 4-5 relay server system via
140  KAF and Landstuhl Regional Medical Center (LRMC), Germany to Washington University, St
141 Louis for DTI post-processing and analysis. The specifics of processing have been previously

8
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published*®*’. Whole brain multiple region of interest (ROI) analysis was conducted in a semi-
automated fashion using DTI Studio software?. Single subject images were aligned to a template
atlas as previously published in a fully automated fashion®”. DTI metrics were sampled for 130
ROIs covering the entire brain. Only white matter was compared between groups; 56 white-
matter ROIs were analyzed (Supplementary Table S1). Fornix and cingulum (cingulate gyrus,
hippocampus) were excluded due to insufficient spatial resolution. In addition to pure white
matter structures, four areas of mixed white-gray matter (superior frontal gyrus, middle frontal
gyrus, inferior frontal gyrus, middle fronto-orbial gyrus) were included in the analysis because of
their previously observed vulnerability to blast-related trauma®’. In regions of mixed grey and

white matter, white matter was segmented using a fractional anisotropy (FA) threshold of 0.20.
STATISTICAL METHODS

All analysis was completed with Statistica 12 (Statsoft, Inc). Continuous data was screened for
normality using the Shapiro-Wilk test. For normally distributed data, unpaired Student’s t-tests
were utilized. Non-parametric data was compared using Mann-Whitney-U tests. Correlations
were determined by Pearson Product Moment or Spearman-Rank depending on the distribution
of the residuals. Chi-square or Fisher Exact test was used depending on the group size to
compare categorical data. Correction for multiple comparisons was determined by Bonferroni or
false-discovery rate (FDR). Multivariate models were constructed using the generalized linear

models tool.
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RESULTS

PARTICIPANTS

Alteration of consciousness was reported by 92 (97%) mTBI participants. Although 53 (56%)
sustained LOC, the duration was less than five minutes in the majority (96%). PTA (anterograde,
retrograde or both) was experienced by 35 (37%). Only two mTBI participants required medical
evacuation to LRMC. None of the mTBI participants sustained severe injuries and only 22 (23%)
reported other minor injuries (musculoskeletal, soft tissue). No trauma-related abnormalities
were identified on head CT in the 68 mTBI participants who underwent imaging as part of
routine medical care. Women, officers and older individuals were better represented in the
control group (Table 1). Group comparisons by age, rank, gender distribution, injury-to-MRI
scan days, did not show any statistically significant differences between the two recruiting sites

(Supplementary Table S2)

SYMPTOMS

The mTBI group reported significantly more intense symptoms on the RPCSQ compared to the
control group (Figure 2A, p=0.0000001, Mann-Whitney U). Significant group differences were
found across 15 of 16 individual RPCSQ symptoms (Supplementary Table S3). The largest
effect sizes were recorded for specific somatic symptoms (headache, dizziness, phonophobia,
fatigue and sleep disturbance) and cognitive symptoms (taking longer to think and poor
concentration). Since officers, women and older participants were better represented in the
control group, the results were validated by performing demographically matched subgroup
analysis using enlisted men only (87 mTBI and 67 controls, mean age 26 and 27 respectively,

Chi-square p=0.08). The results remained statistically significant (Supplementary Table S4).

10
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NEUROLOGICAL EXAMINATION AND BALANCE

The neurological examination was normal in all subjects. Balance was significantly more
affected in the mTBI group compared to controls (Figure 2B, p=0.01, Student’s t-test) with a
relatively small effect size (Cohen’s d 0.37, effect size » 0.18). However, the difference lost
statistical significance when analysis was restricted to subgroups of age-matched enlisted men

(Supplementary Table S5).

BEHAVIORAL ASSESSMENTS

The mTBI group reported significantly more intense symptoms on measures of PTSD (Figure
2C, p=0.0000001, Mann-Whitney U), and depression (Figure 2D, p=0.0000001, Mann-Whitney
U). These results also maintained statistical significance on subgroup analysis of age-matched

enlisted men only (Supplementary Table SS).

NEUROCOGNITIVE TESTING

Changes in cognitive performance assessed using post-injury ANAM scores relative to pre-
deployment baseline (delta ANAM) were significantly larger in the mTBI compared to the
control group (Figure 2F-L). Higher positive delta ANAM means in the mTBI group compared
to controls were indicative of worse performance for simple reaction time (74.5£148.4 vs -11
+46.6 ms, p=0.0000001, Figure 2F) and repeat simple reaction time (91.6+205.4 vs.
14.3+118.2ms, p=0.000002, Figure 2G). Lower negative delta ANAM means in the mTBI
groups compared to controls were indicative of worse performance for processing speed (-
11.4+18.4 vs. -0.1£15.6, p=0.00004, Figure 2H), associative learning (-3.8+10 vs. 4.6+9.7,
p=0.0000001, Figure 2I), delayed memory (-7 +£14.6 vs. 4.4£13.3 p=0.000002, Figure 2J),
working memory (-2.5£6.2 vs. 2.24+5.7 p=0.0000001, Figure 2K) and visual spatial memory (-

11
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6.6£14 vs 2.2+10, p=0.000007, Figure 2K, all Mann-Whitney U tests). ANAM sleep index
mean reflecting changes from baseline showed that controls felt significantly more alert than
mTBI participants at the time of testing (-0.24+1.05 and 0.76+1.31 respectively) (Figure 2E).
These results maintained strong statistical significance on subgroup analysis of age-matched

enlisted men (Supplementary Table S6).

Controls and mTBI participants were neurocognitively similar at baseline; predeployment
ANAM data, available for 84 controls and 87 mTBI subjects, showed no significant differences

between the two groups (Supplementary Tables S7 and S8).

CONVENTIONAL MRI AND DTI FINDINGS

Conventional MRI images reviewed by board certified neuroradiologist (JR) and radiologist
(DA, BD) identified no brain trauma related abnormalities. Analyses of DTI data revealed
univariate statistically significant reduction in FA between the injured and control groups in nine
ROIs (Supplementary Table S9). After FDR correction for multiple comparisons, only the right
superior longitudinal fasciculus (SLF) and the left middle cerebellar peduncle (MCP) differed
significantly between groups (Figure 3). Analysis at the single individual level demonstrated
DTI abnormalities, defined as FA reductions two standard deviations below mean for controls, in
seven (7%) mTBI subjects in the SLF and two (2%) mTBI subjects in MCP. Subgroup analysis
using age-matched enlisted men (DTI data available for 87 mTBI and 65 control participants)
showed that both the SLF and the MCP remained statistically significant (Mann-Whitney U,
p=0.002 and 0.01 respectively), with a trend toward significance after FDR correction for
multiple comparisons, likely due to the reduction in sample size. Analyses of mean diffusivity,

axial diffusivity and radial diffusivity detected no significant group differences for any ROI after

12
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correction for multiple comparisons. Analysis of DTI data collected on a single individual
scanned at both sites did not show any machine dependent differences in acquisition between

KAF and LNK (Supplementary Figure S1).

CORRELATES OF RETURN TO DUTY TIME

Clinical measures but not imaging results correlated with recovery time, defined as days required
to return to duty (Figure 4). Subjects who reported having lost consciousness returned to duty
slightly later than those who did not report loss of consciousness (Figure 4A, p=0.02).
Significant additional correlations with time to recovery were found for total symptom severity
assessed by the RPCSQ score (Figure 4B, r=0.53, p<0.0001), change in reaction time measured
by the delta ANAM SRT (Figure 4C, r=0.49, p<0.0001), severity on measures of PTSD
assessed by the PCLM (Figure 4D, r=0.47, p<0.0001) and depression assessed by the BDI
(Figure 4E, r=0.36, p=0.0005). A multivariate model including all 5 of these factors predicted
return to duty time only modestly better than any single factor (Figure 4F, r=0.56, p=0.00001).
Alteration in consciousness, retrograde amnesia and anterograde amnesia were not related to
recovery time in mTBI participants (Supplementary Figure S2). No significant correlations
were found between DTI FA in any of the examined ROI and recovery time, nor with clinical

variables evaluated including RPCSQ, BDI, CES, BESS, and ANAM modules.
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DISCUSSION

In summary, we performed a prospective, acute phase study of US service members
exposed to blast in combat who sustained mild, uncomplicated TBI. The mTBI participants
reported significantly more severe concussive symptoms than controls, performed substantially
worse on measures of depression and PTSD, and had impaired cognitive abilities in many
domains. Nonetheless, the majority made a quick symptomatic recovery (mean of 7 days), and
had favorable disposition (97% returned to combat duty). None of the mTBI subjects had
abnormalities on head CT or conventional brain MRI scans, whereas diffusion tensor imaging
revealed abnormalities at a group level suggestive of loss of brain white matter integrity in two
anatomical areas, the superior longitudinal fasciculus and middle cerebellar peduncle. However,
no correlations were found between DTI and acute clinical measures. Recovery time correlated
modestly with loss of consciousness, initial symptom severity, reaction time and scores on
measures of PTSD and depression. However, recovery time correlated poorly with alteration of

consciousness and amnesia, which are traditionally used for mTBI severity ratings.

To our knowledge, this is the first study that used MRI to prospectively acquire brain
imaging data in service members with mTBI acutely in a combat zone. The absence of trauma
related changes on conventional brain MRI is likely attributed to the very mild injuries in our
cohort. Nonetheless, the study demonstrates the feasibility of MRI-based research in a combat
zone, despite substantial logistical challenges. Subtle drops in DTI FA in two of 56 brain ROI,
the SLF and the MCP, are suggestive of disruption of white matter integrity. The MCP has been

hypothesized to be particularly vulnerable to blast exposure®*"

. It has also been previously
found to be affected in blast-related mTBI in the subacute post-injury stages in service members

who were medically evacuated from combat to LRMC, Germany®’. The presence of
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abnormalities in the MCP in both these independent cohorts of different severities imaged at
different points in time suggests that the MCP is an area of particular vulnerability across the
spectrum of severity of blast-related mTBI. The SLF has also been previously found to be

323435 well as subacute mTBI**>® . One study however reported that SLF

affected in chronic
changes may be associated with comorbid depression independent of mTBI in this patient

population®”,

The main strength of this study is the enrollment of a unique patient population of service
members exposed to concussive intensity blast in combat and a control population recruited in
the same environment. Prior small sample human blast-related mTBI studies used participants
exposed to subconcussive intensity blasts as part of military training®®. The large sample size
compared to most studies examining DTI changes in mTBI was powered to detect anticipated
small differences considering the very mild severity of these injuries. This study is one of the

39,40
few

that prospectively and systematically analyzed post-concussive symptoms and cognition
and the only one that used MR imaging in blast-related mTBI acutely, in the combat

environment, close to the point of injury where the recovery takes place.

Nonetheless, this study has important limitations. First, the injured and control cohorts
were not perfectly matched demographically, with a higher proportion of older participants,
officers and women in the control group. However, demographically matched subgroup analyses
indicated that the main results maintained statistical significance or trended towards statistical
significance and thus were unlikely to have resulted from effects restricted to certain specific
subgroups of participants. Even in matched subgroups, combat exposure was substantially higher
in the TBI group compared to the controls and this may have affected our results. Unfortunately,

it was not logistically feasible to enroll a control group with matched levels of combat exposure,
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and so the exact contribution of combat-related blast mTBI per se vs. combat exposure as a
whole cannot be resolved directly. However, in another study completed recently, combat
exposure was substantially higher in US military personnel with blast-related TBI than in
otherwise similar personnel with non-blast-related TBI, yet clinical outcomes were

indistinguishable®'. Thus, combat exposure may not be the main driver of outcomes.

A second limitation was the spatial and angular resolution of the DTI scans performed,
which were well below recommended standards*. Future studies of this kind may be
substantially more sensitive, especially if high resolution scans of the type being developed for
the Human Connectome Project can be acquired”’. Thus, the lack of correlations between DTI
findings and clinical results should not be interpreted as lack of white matter structural injury in

these subjects.

A final limitation is that our study did not use direct outcome measures for clinical
correlations but instead used time to return to duty as a surrogate. Although mTBI treatment
protocols and return to duty decision making in Afghanistan are well standardized, variability in
patient symptom reporting and individual provider treatment styles may have distorted recovery

time data.

Future longitudinal studies are needed to identify the predictive value of specific clinical,
behavioral and neurocognitive assessments conducted in the early stages of mTBI for the
subsequent development of PTSD, post-concussion syndrome and disability. The identification
of such predictive markers may help to better stratify patients early and to refine the concept of
mTBI severity beyond traditional symptoms such as alteration or loss of consciousness and PTA.

Future studies are also needed to optimize DTI parameter protocols and post-processing
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methodology for the enhanced sensitivity needed to detect subtle white matter changes in the
mildest forms of mTBI. The reversibility and clinical significance of these white matter changes

will also need to be addressed in follow up studies.

CONCLUSIONS

This study underscores the value of behavioral and neurocognitive assessments in
addition to changes in consciousness, amnesia and somatic symptoms when evaluating mTBI in
its acute stages. This study provides important proof of concept data indicating that diffusion
tensor imaging has the potential to reveal disruptions of white matter integrity in specifically
vulnerable brain regions. Furthermore, this study serves as a demonstration that prospective
studies requiring advanced imaging dependent on complex infrastructure and technology plus
close military-civilian cooperation are feasible even in the most remote, austere and harsh
environments. The clinical significance of such advanced imaging assessments remains to be

fully investigated.
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FIGURE LEGENDS

Figure 1: Subject Screening and Enrollment. A total of 230 US Military Service members
were screened from March through September 2012 at two sites in Afghanistan; 212 participated
and complete data was obtained from 196 subjects.

Figure 2. More Severe Concussive Symptoms, Depression, Post-traumatic Stress Disorder
Impaired Balance, and Cognitive Dysfunction in mTBI subjects. A. Rivermeade Post-
Concussion Symptom Questionnaire - RPCSQ (N=101 CTL, 95 mTBI, Mann-Whitney U). B.
Balance Error Scoring System - BESS (N=99 CTL, 89 mTBI: two CTL and six mTBI
participants did not complete BESS because of musculoskeletal injuries, Student’s t-test). C.
Beck Depression Inventory - BDI (N=101 CTL, 95 mTBI, Mann-Whitney U). D. Post-
Traumatic Stress Disorder Checklist Military - PCLM (N=101 CTL, 95 mTBI, Mann-Whitney
U). E-L: Change in ANAM measures, where Deltas are defined as study ANAM scores minus
baseline ANAM scores (N=87 CTL, 84 mTBI). E: Sleep index; F: Simple Reaction Time
(SRT); G: Repeat Simple Reaction Time (2SRT); H: Processing speed, assessed with Procedural
Reaction Time (PRT); I: Associative learning assessed by Code Substitution Learning (CSL); J:
Delayed memory assessed Code Substitution Delayed (CSD); K: Working memory assessed by
Mathematical Processing (MTP); L: Visual-spatial memory assessed by Matching to Sample
(MTS). All were significant after Bonferroni correction for multiple comparisons Dotted lines
represent maximum scores. Solid horizontal lines represent means and vertical bars indicate
standard deviations (SD).

Figure 3. Reduced Fractional Anisotropy on Diffusion Tensor Imaging in Two Brain
Regions in mTBI Subjects. A: Right Superior Longitudinal Fasciculus (Student’s t test), B: Left
Middle Cerebellar Peduncle (Mann-Whitney U). Solid horizontal lines represent the means and
the vertical bars indicate standard deviations (SD). The dashed horizontal line marks 2SD below
the mean for CTL. Solid symbol points (triangles for mTBI, squares for CTL) represent subjects
below this level. C-D: DTI Fractional Anisotropy images displaying signal loss in a mTBI
subject compared to control in the right Superior Longitudinal Fasciculus (C) and left Middle
Cerebellar Peduncle (D). Images are displayed in anatomical convention.

Figure 4. Correlates of Time to Return to Duty. A. Loss of consciousness. B. Total post-
concussive symptom severity scored with the RPCSQ. C. Change from baseline in simple
reaction time on ANAM testing. D. PTSD symptom severity scored using the PCLM. E.
Depression symptom severity scored using the Beck Depression Inventory. F. Overall prediction
of return to duty time using a multivariate linear model including LOC, RPCSQ, ANAM, PCLM,
and BDI.
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Table 1. Subject Characteristics
CHARACTERISTIC mTBI CONTROLS | p VALUE
(N=95) (N =101)
Age (years)
Median 26 28 p=0.0002"
Range 19-41 19-48
Male gender, no (%) 93 (98%) 79 (78%) p=0.00001¢
Branch of Service, no (%)
Army 79 (83%) 39 (39%) p=0.00001¢
Marine Corps 15 (16%) 11 (11%)
Navy 1 (1%) 39 (39%)
Air Force 0 (0%) 12 (12%)
Rank, no (%)
Enlisted 89 (94%) 78 (77%) p=0.001¢
Officer 6 (6%) 23 (23%)
Number of deployments® 2.11 £1.67 1.81 £1.26 p=0.24"
Returned to duty, no (%) 93 (97%)
Return to duty time (days)
Mean 7
Range 2-26
Combat Exposure Scale®™ 18.41+9.13 5.28+8.63 p=0.0000001"
History of Attention Deficit 4 5 p=0.90°
Disorder®®
History of Learning 4 0 p=0.06“
Disability***®

mTBI mild traumatic brain injury;
€ Chi-square, U Two-tailed Mann Whitney U.
$ CTL N=100 (data not available for one participant)
S mTBI N=94 (data not available for one participant)
5% mTBI N=87, CTL N= 100 (data not available for two mTBI and one CTL
participants)
5555 mTBI N=88, CTL N= 100 (data not available for one mTBI and one CTL
participants)
524
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Figure 1
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3 MRI contraindicated
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Supplemental Methods

All mTBI participants had a Glasgow Coma Scale of 15 at the time of consent and were
interviewed and examined by the research staff (JD, DR, TM, OA), who also reviewed available
field medical records. Control or mTBI participants were excluded if they had a lifetime history
of severe TBI or conditions that are known to or could reasonably be expected to alter DTI signal
characteristics, including cerebrovascular disease, multiple sclerosis, hypoxic/ischemic brain
injury, HIV, severe electrolyte disturbance, liver failure, renal failure, heart failure, alcohol abuse
or longstanding psychiatric disease. Additional inclusion criteria for both groups were
willingness to participate in the study, ability to communicate and comply with the study
protocol and ability to provide consent. Both mTBI and control subjects were excluded if they
had contraindications to MRI, such as claustrophobia, retained metallic foreign objects or

inability to lie still in a supine position for the duration of the scan.

RPCSQ' is a self-administered questionnaire assessing 16 common post-concussive
symptoms on a scale of 0 (none) to 4 (severe) covering three domains: cognitive (“forgetfulness,
poor memory”, “poor concentration”, “taking longer to think™), emotional (“being irritable,
easily angered”, “feeling depressed or tearful”, “feeling frustrated or inpatient””) and somatic
(“headache”, “feeling of dizziness”, “nausea and/or vomiting”, “noise sensitivity, easily upset by
loud noise”, which many patients also equate to tinnitus, “sleep disturbance”, “fatigue, tiring
more easily”, “blurred vision”, “light sensitivity, easily upset by bright light”, “double vision”,

“restlessness™).

The PCLM? is a 17 item self-administered questionnaire tying symptom ratings to events

experienced during military service, using a scale of 1 (not at all) to 5 (extremely).

The BDI* is a self-administered 21 item questionnaire corresponding to symptoms of

depression rated on a severity scale of 0 (no symptoms) to 3 (severe symptoms).

The Combat Exposures Scale’ (CES) measures the self-reported frequency of selected
wartime dangerous situations such as combat patrols, being under enemy fire, being surrounded
by the enemy, number of soldiers killed in action (KIA) or missing in action (MIA) in one’s unit,
firing rounds at the enemy, witnessing someone hit by incoming or outgoing rounds and being in

danger of being killed or injured. The CES measures each of the 7 items using a 5 point scale (1

2
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is “no”, 2 is “1 to 3 times”, 3 is “4 to 12 times”, 4 is “13 to 50 times”, and 5 is “51+ times”).
Each item is weighted differently based on the severity of the experience, the total scores ranging

from 0—41.

The neurological examination consisted of cranial nerve, motor, sensory, coordination,

deep tendon reflex, posture and gait assessments.

The ANAM? is sanctioned by the Department of Defense for baseline neurocognitive
assessment in all deploying troops. It is also available in deployed setting. The ANAM includes a
collection of cognitive modules. The first (SRT) and repeat (2SRT) simple reaction time for
basic neural processing are expressed in milliseconds, lower scores indicating a faster reaction
time. The code substitution — learning (CSL) for associative learning, procedural reaction time
(PRT) for processing speed, mathematical processing (MTP) for working memory, matching to
sample (MTS) for visual spatial memory and code substitution — delayed (CSD) for delayed
memory are expressed as throughput, which is derived from percent correct answers divided by
mean reaction time, reflecting performance across both dependent variables. Higher scores
indicate better performance. Throughput has been shown to have greater sensitivity and reduced
variability compared to reaction time or accuracy alone’. The cognitive modules are preceded by
a sleepiness and general level of alertness scale, , a self-rated one to seven score, one
representing the maximum level of alertness. Post-injury cognitive performance group
comparisons were measured relative to predeployment baselines rather than comparing absolute
ANAM scores. Using individual baseline neurocognitive scores minimizes potential false-

positive errors®.

The TOMM is a clinician administered tool of effort to discern malingerers from bona
fide cognitively impaired individuals’. The testing paradigm involved a single TOMM trial for
subjects with a score higher or equal to 45 and a second trial for subjects with a first TOMM

score lower than 45.

The BESS'" is a clinician administered balance test which includes single, double and
tandem stance assessment on firm and foam (unstable) surfaces, each held for 20 seconds, with
the participant’s hands on the hips and eyes closed. The score is a representation of cumulative

CITOoT1S.
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Data regarding immediate effects of injury were collected as follows: loss of
consciousness was scored as none, <5 minutes, 6-15 minutes, or 16-30 minutes. No subject
reported loss of consciousness >15 minutes. Alteration of consciousness was scored as none, <5
minutes, 6-59 minutes, or 1-24 hours. No subject reported alteration of consciousness greater
than 24 hours. Anterograde and retrograde amnesia were scored separately as none, <5 minutes,

6-59 minutes, or 1-24 hours. No subject reported amnesia of either type greater than 24 hours.

The specific acquisition DTI parameters were set to accommodate limitations on patient
scanning time and imaging data file size, taking into account the available infrastructure and the
logistics of transferring such large data files from Afghanistan to the United States. Unique
sources of artifact represented by the effects of wind gusts and vibration from high speed aircraft
take off on the MRI machines located in trailers on the combat hospital compounds further
restricted scan duration. The geographical distance between the acquisition and analysis study
sites posed challenges for the quick feedback needed on each individual scan quality. It required
considerable coordination efforts between the five relay server sites involved in the imaging data
file transfer across 12 time zones. One server site (Germany) required manually operated data
file transfers as part of the interacting interface between the Department of Defense (DoD) and a
civilian institution. Nonetheless, processing and analysis was completed within 24 hours of

acquisition in all cases.

Recovery time, defined as days from injury to final disposition (e.g. return to duty), was
used as a surrogate for outcome. Service members who sustained a blast-related mTBI were
prescribed rest and symptomatic treatment until they became asymptomatic at rest and during a
final exertion test. Treatment and return to duty decision making was conducted by the clinicians
involved in patient care and followed a standardized algorithm based on the Department of
Defense directive-type memorandum “Policy Guidance for Management of Concussion/Mild
Traumatic Brain Injury in the Deployed Setting''. Treating clinicians were not aware of MRI
results and based decisions largely on symptom resolution, independent of initial test

performance.

All participants provided written informed consent before enrolment. None of the

participants received monetary compensation for participating in this study. This research was
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approved by the Department of Defense Central Command Medical Research and Materiel

Command Institutional Review Board and complied with human research ethics regulations.
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Supplemental Tables

Table S1. Regions of interest considered for analysis of DTI Data
(Numbering, nomenclature and parenthetical notes from Zhang et al., 2010"%)

3 Superior frontal gyrus right 68 Superior frontal gyrus left

4 Middle frontal gyrus right 69 Middle frontal gyrus left

5 Inferior frontal gyrus right 70 Inferior frontal gyrus left

22 | Middle fronto-orbital gyrus right 87 Middle fronto-orbital gyrus left

29 | Corticospinal tract right 94 Corticospinal tract left

30 | Inferior cerebellar peduncle right 95 Inferior cerebellar peduncle left

31 | Medial lemniscus right 96 Medial lemniscus left

32 | Superior cerebellar peduncle right 97 Superior cerebellar peduncle left

33 | Cerebral peduncle right 98 Cerebral peduncle left

34 | Anterior limb of internal capsule right 99 Anterior limb of internal capsule left

35 | Posterior limb of internal capsule right 100 | Posterior limb of internal capsule left
Posterior thalamic radiation (include Posterior thalamic radiation (include optic

36 | optic radiation) right 101 | radiation) left

37 | Anterior corona radiata right 102 | Anterior corona radiata left

38 | Superior corona radiata right 103 | Superior corona radiata left

39 | Posterior corona radiata right 104 | Posterior corona radiata left

40 | Cingulum (cingulate gyrus) right 105 | Cingulum (cingulate gyrus) left

43 | Superior longitudinal fasciculus right 108 | Superior longitudinal fasciculus left
Superior fronto-occipital fasciculus
(could be a part of anterior internal Superior fronto-occipital fasciculus (could

44 | capsule) right 109 | be a part of anterior internal capsule) left

45 | Inferior fronto-occipital fasciculus right | 110 | Inferior fronto-occipital fasciculus left
Sagittal stratum (include inferior Sagittal stratum (include inferior
longitidinal fasciculus and inferior longitidinal fasciculus and inferior fronto-

46 | fronto-occipital fasciculus) right 111 | occipital fasciculus) left

47 | External capsule right 112 | External capsule left

48 | Uncinate fasciculus right 113 | Uncinate fasciculus left
Pontine crossing tract (a part of middle Pontine crossing tract (a part of middle

49 | cerebellar peduncle) right 114 | cerebellar peduncle) left

50 | Middle cerebellar peduncle right 115 | Middle cerebellar peduncle left

52 | Genu of corpus callosum right 117 | Genu of corpus callosum left

53 | Body of corpus callosum right 118 | Body of corpus callosum left

54 | Splenium of corpus callosum right 119 | Splenium of corpus callosum left
Retrolenticular part of internal capsule Retrolenticular part of internal capsule

55 | right 120 | left
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Table S2. Enrolment site comparisons (Demographics, time from injury to MRI scan)

mTBI CONTROLS
KAF LNK KAF | LNK
(N=72) | (N=23) | P Value | (N=89) | (N=12) | P Value
Age
Median (years) 25 25 0.42" 28 28 0.35"
Range (years) 19-41 20-32 19-48 | 21-32
Enlisted 67 22 1.00" 66 12 0.06"
Officer 5 1 23 0
Male 72 21 0.06" 69 10 1.00"
Female 0 2 20 2
Time from injury to
MRI scan
Mean=SD (days) 3.69£1.63 | 3.96+2.06 | 0.7605" | N/A | N/A
Range (days) 1.0-8.0 1.0-8.0 N/A N/A

KAF Kandahar Air Field; LNK Camp Leatherneck;

YMann Whitney U test; FFisher’s exact test;
mTBI mild traumatic brain injury
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Table S3. Rivermeade Post-Concussion Symptom Questionnaire (RPCSQ),

Group comparisons by individual symptoms

RPCSQ Symptom mTBI CTL p Value Cohen’s Effect-
mean+SD mean+SD | (Mann Whitney d size r
N=95 N=101 U)
Headache 2.07+£1.03 0.27 + 0.66 p=0.0000001 2.08 0.72
Noise sensitivity, easily 1.81+1.44 0.25+0.74 p=0.0000001 1.41 0.58
upset by loud noise
Taking longer to think 1.56 £1.28 0.24 £ 0.64 p=0.0000001 1.30 0.55
Dizziness 1.06+£1.09 | 0.06+0.24 p=0.0000001" 1.27 0.54
Fatigue, tiring more 1.64 +1.32 0.34+0.78 p=0.0000001 1.20 0.51
easily
Poor concentration 1.49 +£1.32 0.29 +£0.70 p=0.0000001 1.14 0.49
Sleep disturbance 1.62 +1.45 0.40 +0.92 p=0.0000001 1.00 0.45
Restlessness 1.17+1.22 0.23 £ 0.66 p=0.0000001 0.99 0.44
Nausea and/or Vomiting | 0.75 + 1.00 0.05+0.33 p=0.0000001" 0.94 0.43
Irritable, easily angered 1.28+1.25 0.31+£0.76 p=0.0000001 0.94 0.42
Forgetfulness, poor 1.38+1.25 0.37+0.90 p=0.0000001 0.93 0.42
memory
Light sensitivity, easily 1.08 £ 1.15 0.22+0.70 p=0.0000001" 0.90 0.41
upset by bright light
Frustrated, Impatient 1.19 £1.25 0.29 +0.70 p=0.0000001 0.89 0.41
Depressed, Tearful 0.82+1.06 | 0.11+0.44 p=0.00006" 0.87 0.40
Blurred vision 0.52 +£0.94 0.07 £ 0.64 p=0.0005" 0.68 0.32
Double vision 0.20 £0.59 0.02 £0.20 p=0.12" 0.41 0.20
RPCSQ Total score 19.77+12.92 | 3.62+7.13 P=0.0000001 1.55 0.61

mTBI mild traumatic brain injury; CTL control; © Fisher’s exact test
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Table S4. Rivermeade Post-Concussion Symptom Questionnaire (RPCSQ),

Subgroup comparisons o

f enlisted men only

RPCSQ Symptom mTBI CTL p Value Cohen’s Effect-
mean+SD mean+SD (Mann d size r
N=87 N=65 Whitney U)
Headache 2.08 +£1.05 0.32+0.73 p=0.000001 1.95 0.70
Noise sensitivity, easily 1.85+1.46 0.26 = 0.80 p=0.0000001 1.35 0.56
upset by loud noise
Dizziness 1.10£1.11 0.09+0.29 | p=0.0000001" 1.25 0.53
Taking longer to think 1.60 £1.26 0.32+0.73 p=0.0000001 1.24 0.53
Fatigue, tiring more 1.69+1.31 0.38+0.88 p=0.0000001 1.17 0.51
easily
Poor concentration 1.55+1.32 0.40 £ 0.81 p=0.0000001 1.05 0.46
Sleep disturbance 1.68+1.44 | 0.43+1.00 p=0.0000001 1.01 0.45
Restlessness 1.20+1.22 0.26 +0.73 p=0.0000002 0.94 0.42
Nausea and/or Vomiting | 0.78 £1.02 0.06+0.39 | p=0.0000001" 0.93 0.42
Forgetfulness, poor 1.43+£1.24 0.4=£1.05 p=0.000002 0.90 0.41
memory
Light sensitivity, easily 1.09+1.14 0.28 £0.82 p=0.000002" 0.82 0.38
upset by bright light
Frustrated, Impatient 1.20+1.23 0.35+0.78 p=0.000023 0.83 0.38
Irritable, easily angered 1.33+1.25 0.40 £ 0.86 p=0.000003 0.82 0.38
Depressed, Tearful 0.76 +1.10 | 0.14+0.53 p=0.000046" 0.72 0.34
Blurred vision 0.53+£0.97 | 0.08+0.32 p=0.000444" 0.62 0.30
Double vision 0.21+£0.61 0.03 £0.25 p=0.03" 0.39 0.19
RPCSQ Total score 20.18 +12.80 | 4.28 +7.93 0.0000001 1.50 0.60

mTBI mild traumatic brain injury; CTL control; © Fisher’s exact test
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Table S5. PCLM, BDI, CES and BESS

Subgroup comparisons of enlisted men only

TEST | mTBI | CTL mTBI CTL P value Cohen’s d Effect size r
N N Mean + SD Mean + SD (Mann-
Whitney U)
BESS 81 64 17.94 £8.34 15.42 £ 8.89 0.08" 0.29 0.14
BDI 87 65 7.34 +6.57 273 +£5.12 0.000001 0.78 0.36
PCLM 87 65 3236 £13.11 | 20.95+7.01 0.000001 2.79 0.81
CES 86 65 19.08 £9.05 6.42+9.15 0.000001 1.39 0.57

"Student’s t-test; BESS Balance Error Scoring System, BDI Beck Depression Inventory, PCLM Post-
traumatic Stress Disorder Checklist Military, CES Combat Experience Scale, mTBI mild traumatic brain
injury, CTL control

10




Table S6. Delta ANAM (change from pre-deployment baseline to post-injury performance)
Subgroup comparisons of enlisted men only

ANAM modules mTBI (N=81) CTL (N=57) | P values (Mann- | Cohen’s | Effect size
mean = SD mean + SD Whitney U) d r
Sleep index 0.83+1.34 -0.16+1.11 0.000032 0.80 0.37
Simple Reaction Time 77.19+151.22 | -13.26 £53.11 0.000003 0.80 0.37
Simple Reaction Time 95.62 +£211.98 3.49 +44.29 0.000109 0.60 0.29
Repeat
Procedural Reaction Time -12.32 + 18.87 -0.70 £ 16.70 0.000170 -0.65 -0.31
Code Substitution -4.01 £10.25 330+£9.71 0.000092 -0.73 -0.34
Learning
Code Substitution Delayed -7.75 £ 16.68 3.84 +14.05 0.000021 -0.75 -0.35
Mathematical Processing -3.02 + 6.65 1.58 +£6.44 0.000060 -0.70 -0.33
Matching to Sample -7.17+£14.42 2.67+£9.23 0.000007 -0.81 -0.38
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Table S7. Baseline Automated Neurocognitive Assessment Metrics (ANAM)

ANAM module mTBI (N=87) CTL (N=84) P value
mean+SD mean+SD (Mann Whitney U)
Sleep index 2.15+£1.15 1.97 £ 0.95 0.39
Simple Reaction Time 247.7 +20.73 257.5+48.8 0.21
Simple Reaction Time Repeat 257.2+32.23 260 £40.31 0.71
Procedural Reaction Time 103 +12.94 104.2 + 13.65 0.58
Code Substitution Learning 56.21 +11.97 56.57 £ 10.67 0.89
Code Substitution Delayed 49.18 = 14.17 46.14 £ 17 0.25
Mathematical Processing 21.03+£6..33 20.43 +£5.84 0.43
Matching to Sample 38.92+12.41 36.45+11.56 0.17
Table S8. Baseline Automated Neurocognitive Assessment Metrics (ANAM)
Subgroup comparisons of enlisted men only
ANAM module mTBI (N=81) CTL (N=57) P value
mean+SD mean£SD (Mann Whitney U)
Sleep index 2.16+1.16 1.95+0.97 0.35
Simple Reaction Time 247.16 £20.54 257.30 £ 55.65 0.46
Simple Reaction Time Repeat 256.93 + 33.08 258.93 +£40.23 0.74
Procedural Reaction Time 103.75+12.76 103.61 +13.85 0.91
Code Substitution Learning 56.78 + 11.86 56.67 £ 10.60 0.87
Code Substitution Delayed 50.00 + 14.62 45.82 +£16.43 0.16
Mathematical Processing 21.17 £ 6.40 19.56 + 5.40 0.06
Matching to Sample 39.38 £12.48 35.40 £10.05 0.04*

*univariate statistical significance but not significant after correction for multiple comparisons.
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Table S9. Regions of Interest with significant FA group differences

Region of Interest FA mTBI (mean £ SD) | FA CTL (mean + SD) P Value
N=95 N=101 (Student’s t)
Superior Longitudinal Fasciculus Right 0.3933+0.0220 0.4050+0.0229 0.0003 *
Middle Cerebellar Peduncle Left 0.4119+0.0240 0.4222+0.0279 0.0026" *
Superior Cerebellar Peduncle Left 0.4549+0.0231 0.4628+0.0263 0.0258
Middle Fronto-orbital gyrus Right 0.3071+0.0139 0.3132+0.0186 0.0102
Superior Corona Radiata Right 0.3546+0.0237 0.3637+0.0228 0.0071
Superior Corona Radiata Left 0.3875+0.0232 0.3944+0.0224 0.0358
Posterior Corona Radiata Left 0.3715+0.0264 0.3794+0.0267 0.0379
Posterior Limb Internal Capsule Right 0.5682+0.0224 0.5762+0.0238 0.0170
Posterior Limb Internal Capsule Left 0.5284+0.0228 0.5354+0.0259 0.0485

YMann Whitney U; FA Fractional Anisotropy; mTBI mild traumatic brain injury; CTL control

P values indicate univariate results

*Statistically significant after false discovery rate correction for multiple comparisons across 56 regions of

interest.
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147  Figure S1. Fractional Anisotropy Site Comparisons: Three MRI-DTI scans (A, B, C) acquired at LNK
148  compared to a single scan acquired at KAF using the same healthy control show that FA comparisons are
149  fairly centered on the line of unity, indicating no significant site effect on DTI acquisition across 56

150  regions of interest.
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Figure S2. No Relationship Between Return to Duty Time and Self-Reported Alteration of
Consciousness or Amnesia. A. No relationship with alteration of consciousness (AOC). 1-way ANOVA
F(3,88)=0.21, p=0.89. B. No relationship with anterograde amnesia (AA: for events after the injury). 1-
way ANOVA F(3,87)=1.9, p=0.13. Data was not available for 1 subject. No relationship with retrograde
amnesia (RA: for events before the injury). 1-way ANOVA F(2,88)=0.44, p=0.64. Bars shown indicate
means and standard deviations.
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159 SUPPLEMENTAL DISCUSSION There are several aspects of this study that warrant further

160  discussion in relation to the previous literature and to inform future investigations.

161  Subject Characteristics

162 The exact mechanism of injury is difficult to ascertain in a chaotic combat environment.
163  Thus, we cannot determine with certainty whether the subjects in the study sustained blast only
164  or blast+impact TBI. Nonetheless, 42 mTBI participants reported a pure blast injury, 53 reported
165 an associated head impact (e.g. motor vehicle rollover, being struck or striking an object) and 22
166  could not recall a possible compounding mechanism. A total of 40 mTBI participants sustained
167  dismounted blast exposures (e.g. on foot patrol) while 55 were mounted (inside a tactical

168  vehicle).

169  Additional Limitations

170 Level of education, which may impact performance on neurocognitive testing and

171 vulnerability to mood disorders following TBI, was not collected in our study. The effects of age
172 and gender on ANAM performance are well documented'® while the influence of education is
173 less well studied. Although SRT and PRT reflect reaction time with little cognitive processing,
174  other ANAM cognitive modules may be more heavily influenced by education level. In order to
175  account for this potential demographic confounder, we used individualized ANAM baselines as
176  opposed to reference group normative data and replicated the results by conducting

177  demographically matched subgroup comparisons using only enlisted men. The effect of

178  education on ANAM performance appears to be minimal once age is controlled®.

179 The injured cohort may not be representative of the combat mTBI service members at
180  large because recruitment was restricted to the two highest level medical treatment facilities in
181  Afghanistan. However, the demographic characteristics are similar to those of other studies of

182  combat mTBI'*"

. The mean recovery time is comparable to those reported by other concussion
183  care centers in Afghanistan'® (O Adam, D Rivet; unpublished data). The majority of mTBI

184  patients treated at KAF and LNK were transported directly from point of injury, and therefore
185  comparable to the patient population of other concussion care centers in Afghanistan. The most
186  refractory mTBI patients referred from lower level concussion care centers in Afghanistan would

187  not have been eligible for this study based on the time lapsed from their injury of over 7 days.
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The collection of accurate data regarding loss or alteration of consciousness and PTA
presents challenges when head injuries occur in a chaotic combat environment, impacting data
reliability. Efforts were made to minimize such recall and documentation errors. The information
was extracted directly from participants within days from injury by study staff experienced in the
evaluation of mTBI, corroborated by third party accounts (combat medics or fellow service

members present at the site of injury) and verified using combat records whenever possible.

Our conventional MRI protocol included GRE. The more sensitive susceptibility
weighted imaging has gradually become the norm in clinical MR imaging in mTBI. However,
data file sizes too large for transfers out of Afghanistan and scan duration were the main limiting
factors taken into consideration in the decision to favor one blood-sensitive sequence over the

other.

Relationship to Previous Imaging Studies

Neuroimaging has long played an important role in TBI. Computer tomography (CT) is
widely available, including at combat hospitals in Afghanistan, and has short scan times. While it
is very useful in screening out more severe head injuries that require medical evacuation and
possible neurosurgical intervention, it is of limited utility in mTBI. Magnetic Resonance Imaging
(MRI) is less widely available and involves longer scan times. In civilian settings, conventional
brain MRI in the acute and subacute stages of mTBI can detect infrequent but clinically pertinent
abnormalities with prognostic significance such as brain contusions and hemorrhagic axonal
injury'’. However, our findings are in line with numerous other studies of normal conventional
MR imaging in mTBI'® suggesting its limited clinical utility in this mildly injured patient

population

In a previous military study performed at LRMC'®, 18/63 injured participants were found
to have DTI changes on a single subject basis. In contrast, none of the subjects in this study
could be determined unambiguously to have been injured based on DTI. The difference between
the two studies is likely attributable to dissimilarities in mTBI injury severity and possibly
timing. The LRMC cohort consisted entirely of service members injured severely enough to be

medically evacuated out of combat, whereas the subjects in this study had a 97% return to duty
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rate. Furthermore, the LRMC subjects were imaged within a median time of 14 days post-injury
(range of one to 90 days), whereas in this study the time to imaging from injury was on average 3
days. Animal studies and theoretical considerations indicated that DTI should be similarly
sensitive at a range of acute time points”-*' but this has not been definitively established in
human mTBI patients. While both studies used similar imaging protocols (MRI 1.5T, isometric
voxel sizes of 2.5mm), the Avanto scanners used at LRMC may have had greater stability than

the Achieva scanners in mobile trailers employed in this study.

The extent to which the MCP is specifically vulnerable to blast related brain injuries is
not entirely clear. While most DTI studies have not reported abnormalities in this region, one
study reported that cerebellar white matter DTI changes correlated modestly with impact severity

in sports-related mTBI*.

Relationship to Previous Clinical Studies

There is a paucity of studies examining symptoms systematically and prospectively
across multiple domains (somatic, cognitive, behavioral) in the acute stages of combat mTBI. In
our study, the mTBI participants reported significantly more severe concussive symptoms,
primarily somatic symptoms including headache, sensitivity to noise and dizziness. These results
are consistent with prior findings of the most frequently endorsed symptoms acutely after injury

of headache, dizziness, tinnitus and auditory symptoms >’

. The frequency of LOC and alteration
of consciousness in our cohort was higher than prior studies'>* likely explained by
dissimilarities in the study cohorts as well as methodology. LOC, alteration of consciousness and

#42¢ They are

PTA are the most commonly used symptoms in the diagnosis and grading of mTBI
also used by the Department of Defense in determining eligibility of service members for
military awards such as Purple Heart. However, controversy exists regarding their reliability as
predictors of recovery or future post-concussive syndrome (PCS) and disability. Our findings,
contrary to other studies of mTBI in military veterans of wars in Iraq and Afghanistan®**’ found
no or weak correlations between loss or alteration of consciousness and recovery time. In sports

mTBI, a greater number and severity of symptoms acutely after trauma are predictors of a

prolonged recovery®. In our study, the total RPCSQ score correlated well with recovery time.
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This correlation may be construed to be the result of circular logic considering that the decision
of return to duty was based on patient symptom reporting. However, the return to duty decision
was based not on the initial RPCSQ score, but on symptom resolution, independent of initial
symptom severity. A quantitative approach to symptom recording using standardized symptom
inventories in the acute stages of combat mTBI may help predict recovery in blast-related mTBI.
Also, traditional measures of loss or alteration of consciousness and amnesia may not be

sufficient in addressing mTBI severity, specifically related to length of recovery.

When somatic, cognitive and behavioral symptoms were tested together using a general
symptom inventory (RPCSQ), behavioral symptom group comparisons recorded smaller effect
sizes relative to somatic and cognitive symptoms acutely following the injury. A heightened
perception of somatic relative to behavioral symptoms is consistent with findings of prior
studies™*’. When behavioral symptoms were assessed independently on measures of acute stress
disorder/PTSD and depression/anxiety, group differences were sizable and significant.
Unaccounted premorbid group differences in the level of combat intensity, prior history of
unreported mTBIs and undiagnosed or unreported preexisting mental health conditions may have
been contributors. However, an independent effect of mTBI cannot be excluded. There is a
rapidly growing body of evidence supporting a strong association between combat mTBI and
subsequent development of mental health symptoms, including PTSD, depression and high

combat stress in veterans of the conflicts in Iraq and Afghanistan®~’

. Even when accounting for
other factors, such as a predeployment history of TBI, PTSD and combat intensity, TBI suffered
during a most recent deployment remains the strongest predictor for post-deployment PTSD
symptoms®’. However, not all mTBI patients develop PTSD and it is unclear which specific early
aspects of mTBI contribute to this increased risk. In our study, the PCLM and to a lesser extent
the BDI correlated with recovery time. Quantitative behavioral assessments such as the PCLM
performed in the acute stages of mTBI, might prove valuable tools for better stratifying these
patients early for risk of future PTSD. Interestingly, despite robust and significant differences in
PCLM and BDI scores between mTBI and controls, means fell below threshold scores for PTSD

. . . . . . 4.31
and major depression disorder screening recommended in TBI patients*”

. These findings
suggest that lower cut-point values may be clinically meaningful when used as predictive

markers for mTBI recovery acutely.
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Cognitive deterioration compared to individual baselines acutely following trauma are in
line with prior studies of computerized neurocognitive assessment validity in mTBI screening in
the first week after injury'*'®*’. The largest effect size was demonstrated for SRT, which also
correlated with mTBI recovery time, lending support to findings of prior studies that found SRT
to be a sensitive tool for mTBI screening and recovery tracking'®*’**. Computerized
neurocognitive assessment tools, specifically tasks that measure or incorporate reaction time,
appear to be valuable tools that can be used by clinicians to predict recovery acutely in mTBI

patients.
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ABSTRACT

High rates of adverse outcomes have been reported following blast-related concussive traumatic brain injury
(TBI) in US Military personnel, but the extent to which such adverse outcomes can be predicted acutely after
injury is unknown. We performed a prospective, observational study of US Military personnel with blast-
related concussive TBI (n=38) and controls (n=34) enrolled between March and September 2012. Importantly
all subjects returned to duty and did not require evacuation. Subjects were evaluated acutely 0-7 days after
injury at two sites in Afghanistan and again 6-12 months later in the United States. Acute assessments revealed
heightened post-concussive, post-traumatic stress, and depressive symptoms along with worse cognitive
performance in TBI subjects. At 6-12 month follow up, 63% of TBI subjects and 20% of controls had moderate
overall disability. TBI subjects showed more severe neurobehavioral, post-traumatic stress, and depression
symptoms along with more frequent cognitive performance deficits and more substantial headache impairment
than controls. Logistic regression modeling utilizing only acute measures identified that a diagnosis of TBI,
older age, and more severe post-traumatic stress symptoms provided a good prediction of later adverse global
outcomes (area under the receiver-operating characteristic curve = 0.84). Thus, US military personnel with
concussive blast-related TBI in Afghanistan who returned to duty still fared quite poorly on many clinical
outcome measures 6-12 months following injury. Poor global outcome appears to be largely driven by
psychological health measures, age, and TBI status. The effects of early interventions and longer term

implications of these findings are unknown.

Keywords: Traumatic Brian Injury, Post-traumatic Stress, Clinical Outcome, Concussion
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INTRODUCTION
In the US military, it is estimated that roughly 20% of the deployed force suffered a head

injury(Taniellian and Jaycox, 2008) in the wars in Iraq and Afghanistan. Of these, 83.3% endured a mild,
uncomplicated TBI or concussion(Casscells, 2007, DVBIC, 2013), the long term impact of which is just
beginning to be appreciated. Previous studies have reported that 78% of all combat casualties can be accounted
for by explosive mechanisms(Owens ef al., 2008) and 88% of all patients referred to second echelon treatment

centers for further care were due to blast exposure(Warden, 2006).

Prior work has attempted to understand the sequelae of these blast-related “mild”/concussive brain
injuries but it has been predominantly limited to later stage evaluations(Verfaellie et al., 2013, Fischer et al.,
2014), retrospective review(Galarneau et al., 2008, Cooper et al., 2011, Eskridge et al., 2013, Kontos et al.,
2013) or biased towards patients requiring medical evacuation(Mac Donald et al., 2014, Macdonald et al.,
2014) which may not be representative of the larger population of concussive TBI patients treated directly in the
combat theater. Few studies have prospectively examined patients acutely in theater(Luethcke ef al., 2011,
Coldren et al., 2012, Norris et al., 2013), but none to our knowledge, have completed longitudinal evaluations
to elucidate the relationship between acute characteristics and long-term outcomes. The objective of the current
study was to clinically assess service members from the point of injury in Afghanistan and follow them to 6-12
month outcome back in the United States in order to determine if acute clinical measures could be used to

predict brain injury sequelae and overall outcome.
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MATERIALS and METHODS

Participants were initially enrolled at Kandahar Air Field (KAF) and Camp Leatherneck (LNK) in
Afghanistan between March and September 2012 as part of a prospective, observational, research study.
Through this ongoing collaborative effort, a subset of these subjects were also enrolled in a 6-12 month follow
up at Washington University in Saint Louis, Missouri (PI: D. Brody). This group was randomly selected from
the larger cohort enrolled in Afghanistan from those who consented to participate in a long term follow up
examination back in the United States. In total, 72 subjects, 34 control, and 38 TBI subjects completed both the
initial study in Afghanistan and the follow up evaluation at Washington University in Saint Louis 6-12 months
later. Demographic characteristics were similar but not identical between groups. (Table 1). Within each group,
there were no significant differences in demographic information comparing those who followed up to those

who only completed the initial study (Supplementary Table 1).

Subjects: Inclusion criteria for the TBI group were as follows: 1) clinical diagnosis of
“mild”/concussive TBI from a blast exposure within the past 7 days made by a trained, board-certified
Neurologist or Neurosurgeon based on the criteria from the American Congress of Rehabilitation Medicine
1993, 2) injury from blast exposure within 7 days of enrollment, 3) US military, 4) ability to provide informed
consent in person, 5) no contraindications to MRI such as retained metallic fragments, 6) no prior history of
moderate to severe TBI based on Department of Defense criteria, 7) agreement to communicate by telephone or
email and then travel to Washington University in Saint Louis for in-person follow-up. Inclusion criteria for the

control group were the same except for a negative assessment for TBI and no history of blast exposure.

The research protocol was approved by the Human Research Protection Office at Washington
University. This study was conducted under a protocol reviewed and approved by the US Army Medical

Research and Materiel Command Institutional Review Board and in accordance with the approved protocol.
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Written informed consent was obtained from all subjects in person at KAF or LNK; no surrogate consent was
allowed. All subjects had a Glasgow Coma Scale of 15 at the time of consent and competence to provide
informed consent was assessed in a standardized fashion based on responses to questions regarding the purpose
of the study, expected requirements for participation, and potential risks. Additional written consent was
obtained from the subjects at the time of follow-up at Washington University. Active duty military subjects
were not paid for participation, though travel expenses to St Louis were covered. Subjects not on active military

duty status at the time of follow-up in St Louis were paid $240 plus travel expenses for participation.

For the TBI group, no intracranial abnormalities were detected on non-contrast head CT. All TBI
subjects met the DoD criteria for uncomplicated *mild‘° TBI. All clinical histories were verified by study
personnel taking additional clinical history and reviewing medical records. None that screened positive for TBI
at initial enrolment in Afghanistan were determined not to have had a TBI at follow up. Mean time from injury

to enrolment was 3.76 + 1.74 days with a total range of 0-7 days.

Initial Clinical Assessments: At the time of enrollment in Afghanistan, the following battery of
assessments were completed: TBI subjects completed the military acute concussion evaluation (MACE)
(Dempsey et al., 2009) which is a brief cognitive test to evaluate orientation, immediate verbal memory,
concentration, and short term delayed verbal memory. Both TBI and control participants also completed the
Rivermead Post-Concussion Symptom Questionnaire (RPCSQ)(King et al., 1995), Post-traumatic Stress
Disorder Check List Military (PCL-M)(Yeager ef al., 2007), Beck Depression Inventory (BDI)(Beck et al.,
1961, Homaifar et al., 2009), Combat Exposures Scale (CES)(Keane et al., 1989), Balance Error Scoring
System (BESS)(Guskiewicz et al., 2001), Automated Neurocognitive Assessment Metrics — Traumatic Brain
Injury Military Version 4 (ANAM)(Cernich et al., 2007) and the Test of Memory Malingering

(TOMM)(Tombough, 1996).
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The severity of post-concussive symptoms was measured by the Rivermead Post-Concussion Symptom
Questionnaire (RPCSQ)(King et al., 1995), a self-administered questionnaire assessing 16 post-concussive
symptoms on a scale of 0 (none) to 4 (severe) covering three domains: cognitive (cognitive and concentration
difficulties), emotional (anxiety, restlessness and depression) and somatic (fatigue, headache, dizziness, nausea,

sleep disturbance and changes in vision).

Symptoms of post-traumatic stress disorder (PTSD), anxiety and mood changes were assessed using the
Post-traumatic Stress Disorder Check List-Military (PCL-M)(Yeager et al., 2007) and Beck Depression
Inventory (BDI)(Homaifar et al., 2009). The PCL-M is a 17 item self-administered questionnaire tying
symptom ratings to events experienced during military service, using a scale of 1 (not at all) to 5 (extremely).
The BDI is a self-administered 21 item questionnaire corresponding to symptoms of depression rated on a

severity scale of 0 (no symptoms) to 3 (severe symptoms).

Reports of wartime stressors experienced by combatants were measured using the Combat Exposure
Scale (CES)(Keane ef al., 1989), a 7-item scale with 5-response points (1 is “no”, 2 is “1 to 3 times”, 3 is “4 to
12 times”, 4 is “13 to 50 times”, and 5 is “51+ times”), each item being weighted differently based on the

severity of the experience, the total scores ranging from 0—41.

Severity of balance impairment was tested using the Balance Error Scoring System (BESS)(Guskiewicz
et al.,2001). The BESS is a clinician administered balance test which includes single, double and tandem
stance assessment on firm and foam (unstable) surfaces, each held for 20 seconds, with the participant’s hands

on the hips and eyes closed. The final score is a representation of cumulative errors.

The Automated Neurocognitive Assessment Metrics — Traumatic Brain Injury Military Version 4
(ANAM)(Cernich et al., 2007) is sanctioned by the Department of Defense for baseline neurocognitive

assessment in all deploying troops and it is also available in the deployed setting. The ANAM includes a
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collection of cognitive modules. The simple reaction time (SRT) and repeat simple reaction time (SRTR) for
basic neural processing are expressed in milliseconds, lower scores indicating a faster reaction time. Code
substitution learning (CSL) for associative learning, procedural reaction time (PRT) for processing speed,
mathematical processing (MTP) for working memory, matching to sample (MTS) for visual spatial memory and
code substitution delayed (CSD) for delayed memory are expressed as percentage of correct answers in 60
seconds, higher scores indicating better performance. The cognitive modules are preceded by sleepiness and

mood scales.

Level of examination effort was measured using the Test of Memory Malingering (TOMM)(Tombough,
1996), which is a clinician administered tool designed to assist in determining effort(Tombough, 1996). The
testing paradigm involved a single TOMM trial for subjects with a score higher or equal to 45 and a second trial
for subjects with a first TOMM score lower than 45. Subjects with TOMM score lower than 45 on both

consecutive TOMM trials were excluded from analysis for possible poor effort during testing.

All exams and questionnaires were administered in a quiet, private room. Total examination time took

approximately 1 hour and 15 minutes.

Follow Up Clinical Assessments: The in-person clinical evaluations at Washington University included
a standardized neurological exam, neuropsychological test battery, and psychiatric evaluation. Both control and
TBI subjects were screened at follow up for interim head injuries or blast exposure associated with alteration or
loss of consciousness or amnesia. None of the participants in either group were found to have suffered
additional TBI between the initial enrolment and follow up visit. Overall clinical outcome was assessed using
the Glasgow outcome scale extended (GOS-E)(Wilson et al., 1998, Pettigrew et al., 2003). The GOS-E is
scored from 1-8: 1=dead, 2=vegetative, 3-4=severe disability, 5S-6=moderate disability, 7-8=good recovery.
Moderate disability (GOS-E = 5-6) is defined as one or more of the following: 1) inability to work to previous

capacity 2) inability to resume the majority of regular social and leisure activities outside the home 3)
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psychological problems which have frequently resulted in ongoing family disruption or disruption of
friendships. Severe disability is defined as reduced ability to perform activities of daily living such that
supervision is required. Standardized, structured interviews were performed according to published guidelines

(Wilson et al., 1998).

The neurological evaluation included Neurobehavioral Rating Scale-Revised (NRS) (Levin ef al., 1987),
a structured interview designed for TBI patients, two headache interviews to capture recent headache frequency
and intensity, Migraine Disability Assessment (MIDAS) and Headache Impact Test (HIT-6)(Stewart et al.,
1999, Kosinski et al., 2003) , and the Neurological Outcome Scale for TBI (NOS) (McCauley et al., 2010,
Wilde et al., 2010, Wilde et al., 2010), a structured neurological examination targeting deficits frequently
experienced by TBI patients. The Neurobehavioral Rating Scale — Revised was scored using a previously

published 5 sub-domain model(McCauley et al., 2001).

The neuropsychological test battery consisted of the Conner’s Continuous Performance Test IT (Conners
and Staff., 2000), a computer-based assessment of attention, impulsivity, reaction time, and vigilance; the
California Verbal Learning Test II (Delis D et al., 2000), an assessment of verbal declarative memory; the 25
hole grooved pegboard test (Matthews C and Klave, 1964), an assessment of upper extremity motor speed and
coordination; a timed 25 foot walk; the Trail Making test (Reitan, 1992), an assessment of visual scanning,
coordination and mental flexibility; the Controlled Oral Word Association test (Benton A et al., 1983), an
assessment of verbal fluency; the Wechsler Test of Adult Reading (Wechsler, 2001) as an estimate of pre-injury
verbal intelligence; the lowa Gambling Test(Bechara et al., 1994), a computer-based assessment of impulsivity
and decision making; the D-KEFS Color-Word Interference Test (Delis, 2001), an multi-domain assessment of
executive function similar to the Stroop test; and the Ruff-Light Trail Learning Test(Ruff ez al., 1996), an
assessment of visual-spatial learning and memory. A relatively easy forced choice test embedded in the

California Verbal Learning Test was used to assess adequacy of effort.
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The psychiatric evaluation included the Clinician-Administered PTSD Scale for DSM-IV (CAPS)
(Weathers et al., 2001), Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg,
1979, Snaith et al., 1986), Combat Exposure Scale (CES)(Keane ef al., 1989), and the Michigan Alcohol
Screening Test(Selzer, 1971). The CAPS was scored using standard scoring rules from the Blake et al, National

Center for Post-traumatic Stress Disorder, July 1998 revision.

The standardized neurological evaluation required approximately 1 hour per subject. The psychiatric
assessments required approximately 2 hours per subject, and the neuropsychological battery required
approximately 2 hours per subject. Subjects took all medications as prescribed by their clinical providers. All
tests were performed between 9 am and 5 pm in private, quiet, well-lighted rooms. All examiners were blinded
to other clinical information and imaging results, though in the course of the interviews it often became clear
whether the subjects were in the TBI or control group based off their endorsements of prior events. All

examiners were clinicians who underwent standardized training in administering the assessments.

Safety and Data Monitoring: Subjects were assigned a random 4 digit code number to protect
confidentiality and all research data was identified by code number only. A board certified psychiatrist (Dr.
Nelson) was immediately available in case the CAPS examination exacerbated PTSD symptoms. No
exacerbations requiring medical intervention occurred, though additional support from study staff was required

on several occasions.

Statistical Analyses: All data was analyzed using Statistica 10.0 (Statsoft Inc). Continuous variables
have been summarized as mean + standard deviation unless otherwise specified. The normal distribution of each
continuous variable was assessed using the Shapiro-Wilk test. For normally distributed variables, student’s t
tests were used to compare groups. For non-normally distributed variables, Mann-Whitney U (MWU) tests were
used. Although we pre-specified the hypothesis that TBI subjects would have worse outcomes than controls,

we haVe reported results of two-sided tests throughout to be conservative. Nominal p-values have been reported,
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but only considered significant using a Bonferroni correction for multiple comparisons with a significance level

Data from neuropsychological testing was further analyzed for the expected occurrence by chance that a
subject would have multiple abnormal evaluations. The binomial distribution was used with p=0.02275 for the
(n=18) neuropsychological variables examined. Prior to this analysis, all neuropsychological variables were

confirmed to be statistically independent as is required by the assumptions of this approach.

Correlation analysis was employed to investigate the relationship between initial and follow up data.
Nonparametric rank-based Spearman correlations were utilized. Pearson correlations were attempted, but the

residuals were not normally distributed as determined by the Shapiro Wilk test.

Logistic regression analysis were utilized to explore the relationship between a dichotomized measure of
clinical outcome (GOS-E), clinical measures 6-12 months post injury, and acute clinical data collected at 0-7
days. The Statistica 10.0 ‘generalized linear/nonlinear model building’ algorithm was used with the selection of
the ‘logit’ link function for logistic regression. The algorithm generated a distinct model for each possible
subset of quantitative measures of specific symptoms and impairments. Models were then ranked by Akaike
information criterion. Receiver-operating characteristic (ROC) curves were generated for the top ranked

models.
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RESULTS
Acute Clinical Measures

Assessments performed 0-7 days post-injury indicated more severe symptoms and worse performance in
the TBI group than in controls (Fig 1, Supplementary Fig 1). TBI subjects had significantly higher scores on
the Rivermead Post Concussion Symptoms Questionnaire (Fig 1A) than controls (p=0.0000002, Mann-Whitney
U). In contrast, there were no significant differences in performance on the Balance Error Scoring System
assessment (Fig 1B), a test of postural stability (p=0.36, Mann-Whitney U). Both groups, control and TBI
subjects, performed worse than the normative performance score of college varsity athletes (dashed line, Fig
1B). TBI subjects also endorsed significantly worse symptoms on measures of PTSD (p=0.000002, Mann-
Whitney U) and depression (p=0.0006, Mann-Whitney U) during this acute phase following injury (Fig 1C to

D).

In addition, TBI subjects generally performed worse than controls on the Automated Neurocognitive
Assessment Metrics (ANAM) test.after exposure to brain injury in Afghanistan compared to their individual
pre-deployment baseline (Supplementary Fig 1). This assessment was completed before they deployed to
combat theater and then repeated in theater 0-7 days post-injury or at the point of enrollment for the control
subjects. Scores represent the ‘delta’ of each subject’s performance compared to his or her own baseline testing
before deployment. Specifically, performance on simple reaction time (p=0.002, Supplementary Fig 1A),
procedural reaction time (p=0.004, Supplementary Fig 1D), ode substitution learning (p=0.0012,
Supplementary Fig 1E), mathematical processing (p=0.002, Supplementary Fig 1G) and match to sample
(p=0.0006, Supplementary Fig 1H) were significantly worse in TBI subjects 0-7 days post-injury (Mann-
Whitney U). The acute clinical symptoms and deficits in this subgroup of subjects who participated in the
complete longitudinal study were similar to those in the entire cohort. Self-reported sleep deprivation was also

substantially worse in the TBI subjects than controls (p=0.01, Supplementary Fig 1C).
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Other injuries sustained at the time of mTBI were all very minimal and all subjects were returned to
duty. Median time to return to duty was 7 days (range 2-23). All subjects had an Injury Severity Score (Baker
et al., 1974) (ISS) of zero meaning there were no injuries to the head and neck, face, chest, abdomen, extremity

or external as scored by the clinicians who recorded the ISS..,

Chronic Clinical Measures

At 6-12 months post-injury, global outcomes as measured by the Glasgow Outcome Scale-Extended
(GOSE) were significantly worse in TBI subjects than in controls (p=0.0001, Mann-Whitney U, Fig 2). The
majority of TBI subjects had moderate disability (GOS-E = 5-6). This was surprising given the relatively mild
TBI sustained in these non-medically evacuated service members, but in line with previous work reporting
GOS-E disability in service members medically evacuated from the combat theater for blast plus impact
complex concussive TBI (Macdonald et al., 2014). In a similar fashion, TBI subjects were found to have worse
impairment than controls on the NRS (p=0.00006, Mann-Whitney U, Fig 3A). Significant impairments were
observed in the executive/cognitive (p=0.001, Fig 3B) and mood/affect (p=0.002, Fig 3C) sub-domains of the
NRS. In contrast, there were no significant differences in neurological examination by the NOS-TBI (p=0.81,
Chi-square 0 vs. 1 or more, Supplementary Fig 2). Most subjects in both groups (25 of 34 controls and 27 of
38 TBI subjects) had no abnormalities on neurological examination. In controls, 6 subjects had olfactory
deficits, 1 had a partial visual field deficit, 1 had a partial gaze deficit, and 1 had partial sensory loss of a lower
limb. In TBI subjects 6 had olfactory deficits and 5 had partial hearing loss, one of whom also had a partial

gaze deficit.

TBI subjects had significantly worse impact of headache in comparison to controls, as identified by two
measures, the MIDAS and HIT-6. Headache impairment as assessed by the MIDAS (Supplementary Fig 3)
was significantly worse for TBI subjects on total impact (Supplementary Fig 3A, p=0.0001), overall severity

(Supplementary Fig 3B, p=0.00012), and frequency (Supplementary Fig 3C, p=0.000002) (all Mann-
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Whitney U). HIT-6 results (Supplementary Fig 4) also indicated overall worse impairment based on the total
score (Supplementary Fig 4A, p=0.00004), and frequency of severe headache pain (Supplementary Fig 4B,
p=0.004), frequency of limitations of abilities due to headache (Supplementary Fig 4C, p=0.001), frequency of
being tired because of headache (Supplementary Fig 4D, p=0.0008), frequency of being irritated because of
headache (Supplementary Fig 4E, p=0.0000002), and frequency of having reduced concentration due to

headache (Supplementary Fig 4F, p=0.000008) (all Mann-Whitney U).

Examination of neuropsychological test results identified trends towards worse performance in the TBI
group 6-12 months post-injury in comparison to controls although none that were significant after correction for
multiple comparisons (Supplementary Table 2). There was concern that these results may have been skewed
by the disproportionate number of controls who were older and had higher education (Table 1). Secondary
analysis restricted to enlisted service members only from each group revealed that these trends in
neurocognitive test performance were likely due to subject mismatch as most of the differences were not present
in this sub-group analysis (Supplementary Table 3). The only exception was the California Verbal Learning
Test long-delay free recall assessment of delayed verbal memory, where performance remained significantly
worse in the TBI group (p=0.004, Mann-Whitney U test). There was no significant difference between groups
(p=0.46, Mann-Whitney U test) on a forced choice test embedded in the California Verbal Learning Test that

was used to assess adequacy of effort; all subjects performed adequately on this measure.

However, evaluation at the single-subject level revealed subsets of TBI subjects with impaired cognitive
test battery performance (Fig 4). Abnormal performance on each individual assessment was defined as a
subject’s score that fell 2 standard deviations worse than the mean of the control group for that exam. For each
subject, the number of tests with abnormal performance was then summed. The number of subjects per group
was then compared to what would be expected by chance. For 18 variables, 66% of subjects per group would

be expected to have abnormal performance on 0 exams, 28% on 1 exam, and 5% on 2 or more exams. The TBI
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group had a greater number of subjects with 2 or more abnormal exams than what would have been expected by
chance for the group size, with 15 out of the 38 performing abnormally on 2 or more tests (Fig 4A, p = 0.0003,
Chi-Square). No significant difference was observed in the control group compared to what would have been
expected by chance (p=0.3925, Chi-square). Secondary evaluation of enlisted subjects only (Fig 4B) confirmed
this finding in a better matched sample (TBI: p=0.0012, CTL: p=0.2543, Chi-Square). There was a
heterogeneous distribution of which assessments were found to be abnormal for each subject. These findings are
in line with previously published work on medically-evacuated “mild”/ concussive TBI subjects(Mac Donald et

al., 2014, Macdonald et al., 2014).

Clinical evaluations for PTSD and depression revealed a greater severity of symptoms in TBI subjects
than in controls 6-12 months post-injury (Fig 5). Symptoms of depression as measured by the MADRS were
more severe in TBI subjects (p=0.001, Mann-Whitney U, Fig 5A). 24% of TBI subjects and 6% of controls
were found to have moderate to severe depression(Snaith et al., 1986). Total PTSD symptom severity was also
significantly worse in TBI subjects than in controls as determined by the CAPS for DSM-IV (p=0.00014,
Mann-Whitney U, Fig 5B). 21% of TBI subjects were found to have moderate to severe PTSD while no control
subjects exceeded this threshold(Weathers et al., 2001). CAPS sub-domain B which quantifies symptoms of re-
experiencing or re-living traumatic events (Fig SC, p=0.0004) and CAPS sub-domain D which quantifies
feelings of hyper-arousal or hyper-vigilance (Fig 5E, p=0.0008) were also significantly worse in TBI subjects
than in controls. Importantly, there was no significant difference in the poor sleep index, a sub-measure of
CAPS-D which assesses the difference between the number of hours of sleep desired vs. the number of hours of
sleep reported. This is in contrast to previous reports of medically-evacuated blast plus impact complex
concussive TBI in which TBI subjects were found to have worse self-reported sleep than controls on this

assessment(Macdonald et al., 2014).
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Self-reported alcohol use was not significantly different across groups as evidenced by the Michigan
Alcohol Screening Test (Supplementary Fig 5) suggesting that alcohol abuse at follow up did not contribute to

the disability observed in these TBI subjects.

Relationship between Acute and Chronic Clinical Measures

Only very modest correlations were observed between clinical data acquired 0-7 days post-injury and
comparable measures collected at 6-12 month follow up (Fig 6). Correlations between acute self-report
symptom measures of depression (Fig 6A) and PTSD (Fig 6B) modestly correlated with results from structured
interviews administered for the comparable measure in the chronic phase post-injury. This modest correlation
was observed for both controls (r=0.31, p=0.07 for depression measures; =0.34, p=0.04 for PTSD measures)

and TBI subjects (r=0.37, p=0.02 for depression measures; r=0.38, p=0.02 for PTSD measures).

In addition, comparisons of early and chronic cognitive performance measures were explored. Only
measures of reaction time were found to be significantly correlated in TBI subjects (Fig 6C). No correlation

was observed in control subjects across any of the neuropsychological test measures.

Of interest, there were no correlations between the acute military acute concussion evaluation (MACE)

scores and any chronic clinical outcome measure.

Acute and Chronic Multivariate Predictors of Dichotomized Global Outcome

Predictors of dichotomized global outcome were examined using the acute clinical data only, chronic
clinical data only, and combined acute and chronic clinical data. Global outcome was defined by the
dichotomized GOS-E, with scores of 7 or 8 categorized as good outcome, and scores of 6 or below defined as
disabled. Candidate variables for the model using acute data only included total scores on the PTSD Checklist-

Military version (PCL-M), Beck Depression Inventory (BDI), Balance Error Scoring System (BESS),
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Rivermead Post-Concussion Symptoms Questionnaire (RPCSQ), the ‘delta’ scores from the 8 domains of the
Automated Neurocognitive Assessment Metrics — Traumatic Brain Injury Military Version 4 (ANAM), combat
exposure scale (CES), number of previous deployments, age, education, and group distinction (Control. vs
TBI). Acute PTSD symptoms as assessed by the PCL-M, group distinction (Control vs TBI), and age were the
variables in the best fit logistic regression model. Higher likelihood of disability was observed in older TBI
subjects with more severe PTSD symptoms (Fig 7). The receiver-operator curve (Fig 7A) indicated a good
prediction of dichotomized GOS-E with a receiver-operating characteristic area under the curve (AUC) of
0.8426. This multivariate model performed substantially better than any single variable; the AUC for PCL-M
alone was 0.76, for control vs TBI alone was 0.72, and for age alone was 0.56. There was also no apparent
relationship between time to return to duty and 6-12 month global outcome. In addition, there was no
relationship between a dichotomized measure of the GOSE defined as good outcome (GOSE 7-8) or moderate
disability (GOSE 6 or less) and the mTBI subject’s concussion history or history of previous blast exposure
(p=0.56 blast history vs. no blast history, p=0.39 previous concussions (0-1) vs. previous concussions (2 or

more), Chi-Square).

Candidate variables for the model using chronic clinical data only included total scores on the Clinician
Administered PTSD Scale for DSM IV (CAPS), Montgomery-Asberg Rating Scale (MADRS), Michigan
Alcohol Screening Test (MAST), Migraine Disability Scale (MIDAS), Headache Impact Test (HIT-6),
neurological outcome scale for TBI (NOS-TBI), group distinction (Control vs TBI), combat exposure scale
(CES), age, education, and the number of neuropsychological abnormalities. Using chronic clinical measures
only, the best fit logistic regression model contained the CAPS, MADRS, CES, and age (Fig 7B). The chronic

model provided an excellent reflection of global outcome with an AUC of 0.9551.

Using combined acute and chronic measures, the best fit model from logistic regression contained the

PTSD Checklist, Military version (PCL-M), Clinician Administered PTSD Scale for DSM IV (CAPS),
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Montgomery-Asberg Rating Scale for Depression (MADRS), Combat Exposure Scale (CES) and age (Fig 7C).

This model performed comparably to the chronic only model with an AUC of 0.9378.
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DISCUSSION

In summary, non-medically evacuated concussive blast-related TBI subjects fared more poorly than
controls in the chronic (6-12 months) phase following injury. Early clinical assessments revealed heightened
PTSD and depression symptoms along with worse cognitive performance on the ANAM in comparison to pre-
deployment baseline testing. At 6-12 month follow up, TBI subjects showed persistent and more severe
neurobehavioral, PTSD, and depression symptoms along with more significant headache impairment in
comparison to controls. Worse performance on neurocognitive exams largely resolved at the group level,
however analysis at the single-subject level revealed subsets of TBI subjects with lasting abnormal test

performance in 2 or more assessments.

Interestingly, results from logistic regression utilizing either acute measures or chronic data identified
that a diagnosis of TBI, age, and measures of psychological health contributed most strongly to the best
predictive models of adverse 6-12 month overall outcomes. Of no surprise, the model generated by the acute
data left a larger amount of the variance in 6-12 month outcome unaccounted for in comparison to the best
model generated from chronic data. This could be due to many factors including the validity of the self-report
measures (BDI, PCL-M) used acutely versus structured interviews (MADRS, CAPS) used at the chronic time
point, the consideration of both ‘current’ and ‘lifetime’ psychological trauma on the CAPS versus only ‘current-
military’ trauma on the PCL-M, or other factors. Balance, neurological deficits, headache impact, cognitive

performance, and alcohol use did not appear to contribute substantially to prediction of overall outcomes.

It is important to point out that the acute measures captured less of the determinants of global outcome
than the specific chronic assessments, and that acute and chronic measures of the same domains correlated only
modestly. This lends support to the need for new measures to be used in the early evaluation of these patients

that could better predict the long term impact of concussive brain injuries. However, irrespective of the
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measures tested, poor global outcome as evidenced by the GOS-E in this population appears to be largely driven
by psychological health measures, TBI status, and age. This finding adds to the growing body of literature
underscoring the very high risk of disability in patients with both psychological health impairments and
traumatic brain injury in the military(Hoge et al., 2008, Lippa et al., 2010, Polusny et al., 2011, Drag et al.,
2012, Maguen et al., 2012, Ruff et al., 2012, Scheibel et al., 2012, Vanderploeg et al., 2012, Eskridge et al.,
2013, Kontos et al., 2013, Verfaellie et al., 2013, Yurgil et al., 2013, Mac Donald et al., 2014, Macdonald et al.,

2014).

This study is the first to our knowledge to provide longitudinal assessments that include both acute
clinical information collected 0-7 days in the combat theater and chronic data collected 6-12 months in the
United States. Limitations include a modest sample size, mismatch in age and education across the groups, no
information collected regarding treatment during the interval between injury and evaluation, enrollment of
subjects only from two concussion care center treatment facilities in Afghanistan and lack of matched

A

assessments completed at both 0-7 days and 6-12 months. None of the participants had a known history of
PTSD, depression or other mental health disorders, which would have precluded them from being deployed to a
war zone based on pre-deployment health screening. However, pre-deployment medical records were not

A

accessible at the time of enrollment for confirmation. In addition, the evaluations collected at 0-7 days and 6-12
months were designed to asse;s many relevant domains in an efficient manner so that subject test fatigue would
not be a major problem. Nonetheless, it is possible that increased fatigue in the mTBI subjects relative to
controls could have contributed to the results. A notable strength is that evaluation and treatment of service

members with concussion acutely in theater was conducted based on established, standardized Department of

Defense protocols (DTM 09-033).

Since this study did not include a comparable cohort of non-blast-related brain injured participants, no

conclusions can be drawn regarding any specificity that may be present due to injury mechanism. However,
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recent findings in medically-evacuated blast and non-blast service members suggest that clinical outcome may

not be differentially related to injury mechanism (Mac Donald ef al., 2014).

In conclusion, this study found that US military personnel with concussive blast-related TBI mild
enough to remain in theater still fared quite poorly on clinical outcome measures acquired 6-12 months
following injury. It was surprising that these concussive injuries, perceived by many as trivial, appeared to
result in significantly worse global outcomes and psychological health symptoms. Most notably, the percentage
of subjects with poor global outcome was much higher than what has been previously reported in comparable

civilian studies of “mild* traumatic brain injury or sports concussion(Alexander, 1995, Thornhill et a/., 2000,
Mosenthal et al., 2004, Sigurdardottir et al., 2009, Benedictus et al., 2010, Jacobs et al., 2010, Lannsjo et al.,

2013, Yuh et al., 2013, McMahon et al., 2014) and much more in line with recent studies of service members

with “mild”/concussive TBI that required medical evacuation from the combat theater(Mac Donald et al., 2014,
Macdonald et al., 2014). The incongruity between time to return to duty and the outcome measures is

likely the result of the fact that the return to duty decision is based on overall clinical assessments. These

are performed acutely and may not be an accurate reflection of subsequent disability associated with

mTBI, which may be better predicted by poor psychological health. Most importantly, the observation that
the best predictive models utilizing acute data provided a good but incomplete account of global outcome
suggests that further research will be necessary to identify additional determinants of adverse outcomes.
Identification of these determinants of outcome may in turn allow a rational approach to revising protocols for
the care and management of these patients(Conaton, 2012). It remains to be determined whether early
interventions focused on psychological health symptoms in high risk subjects will improve outcomes.
Likewise, the longer term implications of concussive blast

related military TBI are currently unknown and are an active area of ongoing research.
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MANUSCRIPT TABLES, FIGURES, AND FIGURE LEGENDS

Table 1. Participant Characteristics

Characteristic Control (n=34) TBI (n=38) P-Value
Age in years:
median (range) 28 (19-44) 26 (20-41) 0.02MWU
Education in years:
median (range) 15 (12-24) 13 (12-18) 0.0003 MWU
Gender no (%)
Male 27 (79%) 36 (95%) 0.05 Fisher’s Exact
Female 7 (21%) 2 (5%)
Race/ethnicity no (%)
White 22 (65%) 29 (77%) 0.28 Chi-Square
African American 5(15%) 2 (5%)
Hispanic/Latino 7 (20%) 7 (18%)
Asian 0 0
Branch of Service no (%)
US Army 13 (38%) 32 (84%) 0.0001 Chi-Square
US Air Force 2 (6%) 0
US Marine Corps 3 (9%) 6 (16%)
US Navy 16 (47%) 0
Military Rank no (%)
Enlisted 24 (71%) 35 (92%) 0.018 Fisher’s Exact
Officer 10 (29%) 3 (8%)
Enrollment Site (%)
Kandahar Airfield 31(91%) 30(79%) 0.15 Fisher’s Exact
Camp Leatherneck 3 (7%) 8 (21%)
Previous Deployments
median (range) 2(0-7) 2(0-8) 0.99 MWU

Previous Blast Exposures
median (range) 0(0-2) 0 (0-6) 0.0031 MWU
Previous Concussions
median (range) N/A 2 (0-11)
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Figure 1. Initial Clinical Assessments Indicate More Severe Concussion Symptoms, PTSD Symptoms

and Depression Symptoms in TBI patients vs. Controls. A. Rivermead Post-Concussion Symptoms

Questionnaire (Max 64). B. Balance Error Scoring System (Max 60), an assessment of balance and postural

stability. Dashed line indicates average score of normal performance by college varsity athletes. C. PTSD

Check List for Military (PCL-M) (Max 85). Dashed line indicates minimum score of 17 on questionnaire. D.

Beck Depression Inventory (Max 63). Uncorrected p-values reported. *indicates significance after Bonferroni

correction for multiple comparisons at p < 0.05/4 =0.0125.
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Figure 2. Global Measure of Outcome 6-12 Months After Enrollment Indicate Worse Outcomes in TBI

Subjects vs. Controls. Glasgow Outcome Scale — Extended (GOS-E). Mann-Whitney U test .
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Figure 3. Neurobehavioral Outcome Indicate Worse Outcomes in TBI Subjects vs. Controls A. Total
Neurobehavioral Rating Scale (NRS) Total Score (Max 87). B. Executive/Cognitive domain (Max 24). C.
Mood/affect domain (Max 15). D. Oral/motor domain (Max 12). E. Positive Symptoms domain (Max 21). F.
Negative Symptoms domain (Max 12). Higher scores on all of the measures indicate worse impairment.

Uncorrected p-values reported. *indicates significance after Bonferroni correction for multiple comparisons at

p<0.05/6 = 0.0083.
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Figure 4. Larger Numbers of TBI Subjects than Controls with 2 or More Neuropsychological
Performance Abnormalities at Follow Up. A. All subjects. B. Enlisted subjects only. The number of subjects
with neuropsychological test abnormalities are displayed by group in comparison to what would be expected by
chance (black bars). Percent of subjects is displayed to account for the differences in the number of subjects in
each group. Dotted box indicates the group of subjects who had poor performance on 2 or more of the 18
neuropsychological assessments. Poor performance is defined as a score that is greater than 2 standard
deviations away from the mean of the control group in the direction of worse performance. P-value calculated

using the chi-square test by group in comparison to the expected distribution for that group size.
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Figure 5. Greater Depression and PTSD Severity in TBI Subjects vs Controls at Follow-up. A. Depression
severity assessed by the Montgomery Asberg depression rating scale (MADRS) (Max 60). Dashed line
indicates cutoff for moderate to severe symptoms(Snaith ez al., 1986). B. PTSD severity assessed by the
Clinician administered PTSD scale for DSM IV (CAPS) (Max 136). Dashed line indicates cutoff for moderate
to severe symptoms(Weathers et al., 2001). C. CAPS B Severity — Re-experiencing (Max 40). D. CAPS C
Severity — Avoidance and Numbing (Max 56). E. CAPS D Severity — Increased Arousal and hypervigilance
(Max 40). F. Poor sleep index, taken from CAPS D1, defined as the self-reported number of desired hours of
sleep minus the number of hours reported. Higher scores on all of the measures indicate worse impairment.
Uncorrected p-values reported. *indicates significance after Bonferroni correction for multiple comparisons for

the 3 CAPS subdomains at p<0.05/3=0.0167.
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Figure 6. Modest correlations observed between acute and chronic measures of Depression, PTSD, and
Neuropsychological Test Performance-Reaction Time. A. Very modest correlations for both control and TBI
subjects were observed between the self-report symptom checklist for depression collected 0-7 days post-injury
and a structured interview administered by trained research staff at 6-12 month follow up. B. Similar modest
correlations were observed for controls and TBI subjects comparing acute self-report to chronic structured
interview data for PTSD symptoms. C. Metrics of reaction time collected as part of the neuropsychological
examination in both the acute (ANAM Procedural Reaction Time) and chronic phase (Conners’ Continuous
Performance Test II Reaction Time) significantly correlated in TBI subjects but not in controls using the

Bonferonni corrected criterion of p<0.05/6 = 0.0083.
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Logistic Regression for Global Outcome
Best Fit Models of Acute and Chronic Clinical Data

Model 1 (Acute Data) - GOSE: PCL-M, CTL/TBI, Age
Overall model : AIC 73.34, Likelihood ratio Chi square: 27.45

Parameter Estimate | 95% Confidence Interval P-value
Intercept -6.5626 (-10.4579 :-2.6672) 0.00096

PCL-M (PTSD Symptoms) | 0.0827 (0.0247 : 0.1408) 0.00521
Control vs. TBI 0.9139 (0.2418:1.5862) 0.00770

Age 0.1399 (0.0275:0.2521) 0.01473

Model 2 (Chronic Data) - GOSE: CAPS, MADRS, CES, Age
Overall model : AIC 56.29, Likelihood ratio Chi square: 52.13

Parameter Estimate | 95% Confidence Interval P-value
Intercept -3.5502 (-5.2967 :-1.8039) 0.00034

CAPS (PTSD Symptoms) 0.0714 (0.0063 : 0.1365) 0.03167
MADRS (Depression) 0.1117 (0.0017 : 0.2216) 0.04648
CES (Combat Exposure) | 0.1179 (0.0288 : 0.2069) 0.00947
Age 0.1893 (0.0384 : 0.3402) 0.00139

Model 3 (Acute & Chronic Data) - GOSE: CAPS, MADRS, CES, PCL-M, Age
Overall model : AIC 55.80, Likelihood ratio Chi square: 52.62

Parameter Estimate | 95% Confidence Interval P-value
Intercept -12.1446 (-18.5902 :--5.6991) 0.00022

CAPS (PTSD Symptoms) 0.0679 (-0.0022 : 0.1381) 0.05781
MADRS (Depression) 0.1081 (-0.0033 : 0.2195) 0.05715
CES (Combat Exposure) 0.1068 (0.0148 : 0.1988) 0.02286
PCL-M (PTSD Symptoms) | 0.0444 (-0.0282:0.1171) 0.23061
Age 0.2013 (0.0477 : 0.3549) 0.01020

Figure 7. Logistic Regression Models Predict Global Outcome Moderately Based on Acute Data and
Strongly Based on Chronic Data. A. Receiver-operator curve for best fit model of overall disability defined as

the dichotomized GOS-E of 7 or 8 — good outcome, and 6 or below — disabled using acute clinical data. The
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best model included the PTSD Checklist, Military version (PCL-M), Group distinction of Control vs TBI, and
Age. B. Receiver-operator curve for model of overall disability using chronic clinical data. The best fit model
consisted of the Clinician Administered PTSD Scale for DSM IV (CAPS), Montgomery-Asberg Rating Scale
for Depression (MADRS), Combat Exposure Scale (CES) and Age. This model showed improvement over the
acute data best fit model. C. Receiver-operator curve for best fit model of overall disability using both acute and
chronic clinical data. The model consisted of PTSD Checklist, Military version (PCL-M), Clinician
Administered PTSD Scale for DSM IV (CAPS), Montgomery-Asberg Rating Scale for Depression (MADRS),

Combat Exposure Scale (CES) and age.
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Supplementary Table 1. Comparison of Participant Characteristics Follow Up vs. No Follow Up

Control Control T8I Follow TBI No
Characteristic Follow Up | No Follow P-Value Up (n=38) Follow Up P-Value
(n=34) Up (n=67) (n=57)
Age in years:
. 27 (20- 26 (20-
median (range) | 28 (19-44) | g 0.09 MWU 41) | 25(20-41) 0.26 MWU
Gender no (%)
Male [ 27(79%) | 52 (78%) | 0.84 Chi-Square | 36 (95%) | 57 (100%) | 0.08 Fisher’s Exact
Female 7 (21%) 15 (22%) 2 (5%) 0
Branch of Service no (%)
USArmy | 13(38%) | 26(39%) | 0.96 Chi-Square | 32 (84%) | 47 (82%) 0.82 Chi-Square
USAirForce | 2(6%) | 10(15%) 0 0
US Marine Corps 3 (9%) 8 (12%) 6 (16%) 9 (16%)
USNavy | 16 (47%) | 23 (34%) 0 1(2%)
Military Rank no (%)
Enlisted [ 24 (71%) | 54 (81%) | 0.23 Chi-Square | 35(92%) | 54 (95%) | 0.61 Fisher’s Exact
Officer | 10 (29%) 13 (19%) 3 (8%) 3 (5%)
Enrollment Site (%)
Kandahar Airfield | 31(91%) | 58 (87%) | 0.49 chi-square | 30(79%) | 42 (74%) 0.56 Chi-Square
Camp Leatherneck 3 (7%) 9 (13%) 8 (21%) 15 (26%)
Previous Deployments
median (range) 2(0-7) 1(0-6) 0.18 MWU 2 (0-8) 2 (0-11) 0.79 MWU
Combat Exposure Scale 5+9 5+8 0.93 MWU 18+9 19+9 0.52 MWU
MACE Exam Score n/a n/a n/a 24+5 244 0.77 MWU
Return to Duty Time (days)
Median (Range) n/a n/a n/a 7 (2-23) 7 (2-26) 0.62 MWU
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Supplementary Table 2. Neuropsychological Test Performance

Control TBI P-Value
Test (n=34) (n=38) Test
25-Foot Walk (seconds)
(Motor Strength, Balance, Coordination) 3.78 +0.60 4.23+0.68 p=0.004 Student’s t
Conners’ Continuous Performance Test Il
Omission Errors (T-score):
(Attention Lapses) 48.85+10.51  60.41+28.13 p=0.22 MWU
Commission Errors (T-score):
(Impulsivity) 53.83+11.03 54.69+10.16  P=0.73 Student’st
Hit Rate (T-score):
(Reaction Time) 46.06+9.88  50.81+10.33 p=0.018 MWU
Hit Rate Block Change (T-score):
(Sustained Vigilance) 48.67 £5.56 54,69 +13.43 Pp=0.018 Student’s t
lowa Gambling Test (T-score)
(Impulsivity) 48.21+10.8 51.34+11.4  p=0.24 Student’st

Ruff-Light Trail Learning Test (T-score)

Trials Correct (Visual Memory) 52.62 +10.41 50.11£9.30 p=0.02 MWU
Wechsler Test of Adult Reading (Standard Score)

(Estimate of Pre-injury Verbal Intelligence) 105.41+10.58 99.03+12.50 P=0.023 Student’st
California Verbal Learning Test Il

Long-Delay Free Recall (Standard Score)

(Verbal Memory) 0.15+1.28 -0.57+0.92 p=0.013 MWU
Total Intrusions (Standard Score)

(Falsely Recalled Items) 0.14+0.84 0.50 +1.22 p=0.20 MWU
List B vs. Trial 1 List A (Standard Score)

(Proactive Memory Interference) 0.00 + 1.05 -0.12 £0.90 p=0.48 MWU

Grooved Pegboard

(Motor Speed & Coordination)

Average Dom & Non-Dom Time (seconds) 67.68+10.34  71.63+7.44 p=0.03 MWU
Trail Making Test

Trails A time (seconds)

(Visual Scanning, Coordination) 23.24+7.65 23.6+7.08 p=0.84 Student’s t
Trails B time (seconds)
(Trails A + Mental Flexibility) 55.38+18.65 64.43+23.89  Pp=0.09 Student’st
Controlled Oral Word Association
Total Score: (Verbal Fluency) 42.82+9.61 41.45+11.47  p=0.59 Student’st

D-KFES Color-Word Interference Test

(Executive Function)

Color & Word Naming (summed scaled score) 20.85 + 4.95 20.5 +4.15 p=0.46 Student’s t
Inhibition (scaled score) 10.79+2.43 9.55+2.82 p=0.05 Student’s t
Inhibition/Switching (scaled score) 10.18 +2.42 8.92+3.59 p=0.06 Student’s t

Bonferroni Correction for Multiple Comparisons (p=0.05/18 = 0.00278)
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Supplementary Table 3. Neuropsychological Test Performance — Enlisted Subjects Only

Test
25-Foot Walk (seconds)

(Motor Strength, Balance, Coordination)
Conners’ Continuous Performance Test Il

Omission Errors (T-score):

(Attention Lapses)
Commission Errors (T-score):
(Impulsivity)
Hit Rate (T-score):
(Reaction Time)
Hit Rate Block Change (T-score):
(Sustained Vigilance)
lowa Gambling Test (T-score)
(Impulsivity)
Ruff-Light Trail Learning Test (T-score)
Trials Correct (Visual Memory)

Wechsler Test of Adult Reading (Standard Score)

(Estimate of Pre-injury Verbal Intelligence)
California Verbal Learning Test Il

Long-Delay Free Recall (Standard Score)

(Verbal Memory)

Total Intrusions (Standard Score)
(Falsely Recalled Items)

List B vs. Trial 1 List A (Standard Score)

(Proactive Memory Interference)
Grooved Pegboard
(Motor Speed & Coordination)
Average Dom & Non-Dom Time (seconds)
Trail Making Test

Trails A time (seconds)

(Visual Scanning, Coordination)

Trails B time (seconds)

(Trails A + Mental Flexibility)

Controlled Oral Word Association

Total Score: (Verbal Fluency)
D-KFES Color-Word Interference Test
(Executive Function)
Color & Word Naming (summed scaled score)

Inhibition (scaled score)
Inhibition/Switching (scaled score)

Control (n=22)

3.97+0.65

50.09+27.52

54.57+9.90

45.08+10.45

48.33+12.68

49.86+9.87

53.45+10.45

103.77£9.38

0.25+0.83

0.20+0.74

0.02+1.02

70.59+9.97

24.97+8.38

54.58421.26

41.23+10.74

20.41+4.64

10.55+2.40
9.77+4.64

TBI (n=33)

4.05+0.63

59.10+18.05

54.34£9.63

50.06+9.46

53.85+9.06

51.36+12.10

51.06£7.03

98.67+12.11

-0.61£1.13

0.58+1.33

-0.05+0.80

71.1348.52

23.9616.84

64.07+23.37

42.33+10.35

20.27+4.35

9.79+2.85
9.00+3.59

P-Value Test

p=0.02 Student’s t

p=0.47 MWU

p=0.93 Student’s t

p=0.03 MWU

p=0.06 Student’s t

p=0.64 Student’s t

p=0.04 MWU

p=0.10 Student’s t

p=0.002 MWU*

p=0.25 MWU

p=0.68 MWU

p=0.71 MWU

p=0.63 Student’s t

p=0.12 Student’s t

p=0.71 Student’s t

p=0.91 Student’s t

p=0.31 Student’s t
p=0.34 Student’s t

Bonferroni Correction for Multiple Comparisons (p=0.05/18 = 0.00278)
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Supplementary Figure 1. Comparison of ANAM scores 0-7 days post-injury to Baseline Performance
Indicate Evidence of Worsening Performance in TBI Subjects vs. Controls. Each data point is reported as
the ‘Delta,” defined as subject performance in theater minus subject performance at baseline collected as part of
pre-deployment evaluation. Shaded arrows indicate direction of worse performance. A. Simple reaction time.
B. Simple reaction time repeated. C. Sleep deprivation by self-report (hours). D. Procedural reaction time. E.

Code substitution learning. F. Code substitution delay. G. Mathematical Processing. H. Match to sample.
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Uncorrected p-values reported. *indicates significance after Bonferroni correction for multiple comparisons at

p<0.05/8=0.00625.

NOS-TBI Score

p=0.81 V
(m 11 1] AN
Control TBI

Supplementary Figure 2. No Difference Between Groups in Focal Neurological Deficits. Focal

neurological deficits were assessed using the Neurological Outcome Scale for Traumatic Brain Injury (NOS-

TBI).
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Supplementary Figure 3. TBI Subjects Had Greater Headache-Related Disability at Follow Up Than
Controls. A. Overall headache impairment assessed by the Migraine Disability Assessment Test (MIDAS) total
score (Max 180). B. Total headache grade score for headache impact severity (Max 4). C. MIDAS-A
assessment for headache frequency (Max 90). D. MIDAS-B assessment for headache pain intensity (Max 10).
Higher scores on all of the measures indicate worse impairment. Uncorrected p-values reported. *indicates

significance after Bonferroni correction for multiple comparisons at p<0.05/4=0.0125.
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Supplementary Figure 4. An Alternate Measure of Headache Impact Also Indicated Greater Effects of
Headache in TBI Subjects vs Controls A. Headache impairment assessed by the headache impact test (HIT-6)
(Max 78). B. Frequency of severe headache pain. C. Frequency of headaches limiting ability to complete daily
activities. D. Impact of headache in the past 4 weeks on how often a subject felt tired. E. Impact of headache
in the past 4 weeks on how often a subject felt fed up or irritated. F. Impact of headache in the past 4 weeks on
how often a subject was limited in their concentration at work. G. Impact of headache determined by how often
a subject wishes to lie down. Uncorrected p-values reported. *indicates significance after Bonferroni correction

for multiple comparisons at p<0.05/7=0.0071.
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Supplementary Figure 5. No Difference Between Groups in Self-Reported Alcohol Use at Follow Up.

Alcohol use was assessed using the Michigan Alcohol Screening Test (MAST).
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ABSTRACT (250 words MAX-Currently 250
BACKGROUND

Care for military personnel with combat-related concussive traumatic brain injury (TBI) has substantially

changed in recent years, yet the trends in clinical outcomes remain largely unknown.

METHODS

We prospectively assessed clinical outcomes 6-12 months after TBI in four cohorts of active-duty US Military
personnel injured in theater along with military controls. Enrollment occurred from 2008-2013 at Landstuhl

Regional Medical Center in Landstuhl, Germany and 2 sites in Afghanistan.

RESULTS

Global disability, neurobehavioral impairment, depression severity, and post-traumatic stress disorder (PTSD)
severity were worse in all concussive TBI groups in comparison to controls (p<0.0001). There was a modest but
statistically significant trend towards improved PTSD in later cohorts relative to earlier cohorts. Blast—exposed
controls without apparent TBI also exhibited significantly worse global disability (p=0.004), neurobehavioral
impairment (p=0.001), depression (p=0.006) and PTSD severity (p<0.0001) than non-blast-exposed controls.
Most subjects had normal neuropsychological performance, but subsets of subjects with TBI and blast-exposed
controls had impaired neuropsychological performance. Overall disability was largely driven by TBI diagnoses,
evacuation status, depression, and PTSD severity, but not by neuropsychological performance, age, education,

self-reported sleep deprivation, or injury mechanism.
CONCLUSIONS

Despite changes in care for US military personnel with blast-related concussive TBI, 6-12 month
outcomes have improved only modestly and are often poor. Future focus on mental health treatment after
concussive TBI and after blast exposure without apparent TBI appears warranted. However, adverse outcomes
are incompletely explained, and additional domains of assessment will be required to fully address the causes of

disability after wartime injury.



INTRODUCTION

There are more than 2.5 million veterans of the recent conflicts in Iraq and Afghanistan with more than a
third completing multiple deployments®. It is estimated that roughly 20% of this deployed force suffered a head
injury? in these wars; 83.3% of whom endured a mild, uncomplicated traumatic brain injury (TBI) or
concussion®*. The long term impact of these war time injuries is still largely unknown. Previous studies in

5-22

active-duty US military and veterans have been restricted to single cohort evaluations®“ often involving

56,89 12-19

retrospective record review or self-report

Furthermore, on June 21, 2010 the US Military issued a Directive Type Memorandum (DTM 09-033)
with the objective to “identify, track and ensure the appropriate protection of Service members exposed to
potential concussive events, including blast events, to the maximum extent possible.”? Prior to June 2010, TBI
screening was not routinely implemented in Afghanistan or Irag and there were no standardized provisions for
recurrent TBI prevention or treatment. There were accounts of strong disincentives to report symptoms plus a
near universal desire of service members to remain with their units. Return-to-duty decisions were generally left
to line commanders, not medical providers. Thus, many injuries were not immediately reported.? However,
there have been no reports to our knowledge directly comparing military concussive TBI outcomes before and

after the implementation of the DTM.

As part of our efforts to assess the role of advanced MRI methods in the identification and assessment of
the effects of concussive TBI in US military personnel**?, we obtained standardized, prospective, clinician
rating-based outcome information 6-12 months after injury in four distinct cohorts of US Military personnel
between 2008 and 2013 using essentially identical methods across studies”?%. This provided the opportunity to

assess the results of the “natural experiment’ initiated with the issuance of the DTM in 2010.



MATERIALS and METHODS

Subjects: We enrolled a total of 591 subjects between 2008 and 2013 across the cohorts, 347 of which
completed follow up 6-12 months later at Washington University in Saint Louis (Fig. 1). The first 3 cohorts
were enrolled at Landstuhl Region Medical Center (LRMC) following medical evacuation from theater (Study
1-3). LRMC is the primary triage facility for all medically evacuated casualties originating from Iraq and
Afghanistan. Study 1 cohort was enrolled from November 2008 to August 2009 and accepted patients 0-90
days post-injury. Study 2 cohort was enrolled from September 2010 to March 2011 and accepted patients 0-30
days post-injury. Study 3 cohort was enrolled from October 2010 to May 2013 and accepted patients 0-30 days
post-injury. Study 4 cohort was enrolled at Kandahar Air Field and Camp Leatherneck in Afghanistan from
March to September 2012 and accepted patients 0-7 days post-injury who remained in theater. Subjects with
military-related blast exposure but without clinical evidence of recent TBI were referred to as ‘blast controls.’
Subjects without blast exposure or TBI were referred to as ‘non-blast controls.” Subjects with blast-plus-impact
concussive TBI were referred to as ‘Blast+impact TBI.” Subjects with non-blast-related concussive TBI (i.e.

TBI from mechanisms other than blast) were referred to as ‘non-blast TBI’.

Inclusion criteria across cohorts for the concussive TBI group were as follows: 1A) a positive screen for
TBI at LRMC based on standard US military clinical criteria?® including self-report of blast exposure or non-
blast mechanism such as blunt trauma resulting in loss of consciousness, amnesia for the event, or change in
neurological status (for studies 1-3) or, 1B) a clinical diagnosis of TBI in Afghanistan based on the criteria from
the American Congress of Rehabilitation 1993, (for study 4) 2) TBI from blast or non-blast mechanisms of
injury within the specified time of enrollment, 3) US military, 4) ability to provide informed consent in person,
5) no contraindications to MRI such as retained metallic fragments, 6) no prior history of moderate to severe
TBI based on Department of Defense criteria, 7) no prior history of major psychiatric disorder, 8) agreement to

communicate by telephone or email monthly for 6-12 months and then travel to Washington University for in-



person follow-up. Inclusion criteria for the control groups were the same except for a negative diagnosis of

TBI.

Protocol: The research protocol was approved by the Human Research Protection Office at Washington
University, the Institutional Review Board at Brooke Army Medical Center, the Clinical Investigation
Regulatory and Human Research Protection Offices of the U.S. Army Medical Research and Materiel
Command and the Department of Defense Central Command Medical Research and Materiel Command
Institutional Review Board. Written informed consent was obtained from all subjects in person at the time of
enrollment; no surrogate consent was allowed. Competence to provide informed consent was assessed in a
standardized fashion based on responses to questions regarding the purpose of the study, expected requirements
for participation, and potential risks. Additional written consent was obtained from the subjects at the time of

follow-up at Washington University.

Clinical Assessments: Overall clinical outcome was assessed using the Glasgow outcome scale
extended (GOS-E)?"?. The GOS-E is scored from 1-8: 1=dead, 2=vegetative, 3-4=severe disability, 5-
6=moderate disability, 7-8=good recovery. Moderate disability (GOS-E = 5-6) is defined as one or more of the
following: 1) inability to work to previous capacity 2) inability to resume the majority of regular social and
leisure activities outside the home 3) psychological problems which have frequently resulted in ongoing family
disruption or disruption of friendships. Severe disability is defined as reduced ability to perform activities of
daily living such that supervision is required. Standardized, structured interviews were performed according to

published guidelines?’.

In-person clinical evaluations at Washington University included a neurobehavioral assessment,
neuropsychological test battery, and psychiatric evaluation. The neurobehavioral assessment involved a

structured exam and interview designed for TBI patients (Neurobehavioral Rating Scale-Revised),?® scored

30
I

using a previously published 5 sub-domain model®. The neuropsychological test battery consisted of the

31
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Conner’s Continuous Performance Test 11°7, a computer-based assessment of attention, impulsivity, reaction

time, and vigilance; the California Verbal Learning Test 112, an assessment of verbal declarative memory; the



25 hole grooved pegboard test®, an assessment of upper extremity motor speed and coordination; a timed 25
foot walk; the Trail Making test*, an assessment of visual scanning, coordination and mental flexibility; the
Controlled Oral Word Association test®™, an assessment of verbal fluency; the Wechsler Test of Adult
Reading™, an estimate of pre-injury verbal intelligence. The psychiatric evaluation included the Clinician-
Administered PTSD Scale for DSM-IV (CAPS)*’ and the Montgomery-Asberg Depression Rating Scale

(MADRS)*.

Statistical Analyses: Data was analyzed using Statistica 12.0 (Statsoft Inc). The normal distribution of
each continuous variable was assessed using the Shapiro-Wilk test. For normally distributed variables, Analysis
of Variance, Analysis of Covariance and Student’s t tests were used to compare groups. For non-normally
distributed variables, Kruskal-Wallis Tests and Mann-Whitney U tests were used. We pre-specified the
hypothesis that concussive TBI subjects would have worse outcomes than controls. One-sided tests were used
when hypotheses were pre-specified, and two-sided tests were used otherwise. Uncorrected p-values have been
reported, but only considered significant if p<0.05 after correction for multiple comparisons. For trends over
time, linear regression and generalized linear models were used. Logistic regression modeling was utilized to
explore the relationship between a dichotomized measure of clinical outcome (GOS-E), and the demographic

and clinical measures collected 6-12 months post injury. Models were ranked by Akaike information criterion.



RESULTS

Demographics of the subjects were consistent across the cohorts from 2008-2013. Most subjects were

young, high-school educated, male, enlisted members of the US Army (Supplementary Table S1).

Scores on the military acute concussion evaluation (MACE) completed after medical evacuation to
LRMC or directly following injury in Afghanistan did not significantly differ across studies within concussive
TBI groups (Supplemental Fig. S1A, p=0.87 Kruskal Wallis ANOVA). Furthermore, there were no trends in

MACE as a function of date of injury (Supplemental Fig. S1A, p=0.52 linear regression).

Global Outcomes

Global outcomes at 6-12 month follow-up assessed using the Glasgow Outcome Scale-Extended
significantly differed by group (Fig. 2A, p<0.0001 Kruskal-Wallis ANOVA). Concussive TBI subjects had
significantly worse outcomes than both the non-blast control subjects (p<0.0001) and blast controls (p<0.0001,
one-sided Mann-Whitney U tests). The blast control subjects exhibited significantly worse outcomes than non-
blast control subjects (p=0.0044, two-sided Mann-Whitney U). The percentage of subjects who had an overall

outcome of moderate to severe disability ranged from 62-96% in the TBI cohorts.

Neurobehavioral Assessment

Neurobehavioral impairment assessed using the Neurobehavioral Rating Scale-Revised also differed
significantly by group (Fig. 2B, p<0.0001 Kruskal Wallis ANOVA). Concussive TBI subjects exhibited
significantly worse neurobehavioral impairments than both non-blast controls (p<0.0001) and blast controls
(p=0.001, one-sided Mann-Whitney U tests). Blast controls were more impaired than non-blast controls
(p<0.0001, two-sided Mann-Whitney U test). Impairments were noted in each of the 5 sub-domains:
mood/affect, executive/cognitive function, oral/motor function, positive symptoms, and negative symptoms

(Supplemental Fig. S2; all p<0.0001, Kruskal Wallis ANOVA).

Neurobehavioral impairments among concussive TBI subjects were less severe for those injured after

June 21, 2010 than for those injured before the issuance of the DTM (Fig. 2C, p=0.017, Mann Whitney U test).



The significance was marginal (p=0.057, ANCOVA) when including the following covariates: age, education,
branch (army vs. other), race (white vs. other), mechanism of injury (blast vs. non-blast) and evacuation to
LRMC vs. treatment in Afghanistan with return to duty. None of the covariates were significantly associated
with neurobehavioral impairment. Furthermore, there was a trend towards less severe neurobehavioral
impairment after concussive TBI as a function of date of injury (Fig. 2D). Average impairments decreased by
1.05 points (out of 87) per year from 2008-2013 (r>=0.04, p=0.0037, linear regression). However, this trend lost

statistical significance when including the covariates in the statistical model (p=0.08, generalized linear model).
Neuropsychological Testing

Across independent cohorts, most concussive TBI patients performed indistinguishably from controls on
neuropsychological testing (Supplemental Table S2). Evaluation at the single-subject level revealed subsets of
concussive TBI subjects with impaired neuropsychological performance (Fig. 3). Abnormal performance on
each individual assessment was defined as a subject’s score that fell outside 2 standard deviations worse than
the mean of the pooled non-blast control group for that exam. For each subject, the number of tests with
abnormal performance was then summed. The number of subjects per group was then compared to what would
be expected by chance. More subjects with abnormal test performance in 2 or more neuropsychological
assessments than expected by chance were observed in the evacuated TBI subjects from studies 1-3 (51/161,
31%, p=0.00001), the non-evacuated TBI subjects from study 4 (10/31, 26%, p=0.003), and blast control
subjects (10/45. 22%, p=0.01, Chi-square tests). There were no differences between subjects injured before vs.
after the issuance of the DTM (p=0.87) and no trends in neuropsychological test abnormalities after concussive

TBI as a function of date of injury (p=0.53).
Post-Traumatic Stress Disorder and Depression

Clinician ratings of depression and PTSD severity substantially differed across groups (Fig. 4,
p<0.0001, Kruskal Wallis ANOVA). Concussive TBI subjects were more depressed than both non-blast control
(p<0.0001) and blast control (p=0.0062, one-tailed Mann-Whitney U tests) subjects. Blast controls also had

more depression than non-blast controls (p=0.0007 two-tailed Mann-Whitney U test). Similarly, concussive



TBI subjects also more severe PTSD than both non-blast controls (p<0.0001) and blast controls (p=0.0004, one-
tailed Student’s t tests). Blast controls also had more severe PTSD than non-blast controls (p<0.0001 two-tailed
Student’s t test). All three PTSD domain sub-scores (re-experiencing, avoidance and numbing, hyperarousal)
were found to also be significantly different across groups, as was self-reported sleep deprivation

(Supplemental Figure S3, p<0.0001 Kruskal-Wallis ANOVAS).

Among concussive TBI subjects, both depression and PTSD were less severe for those injured after the
issuance of the DTM than before (Fig. 4C-D, p=0.02 for depression p=0.006 for PTSD, Mann Whitney U tests).
However, the statistical significance was lost (p=0.12 for depression, p=0.07 for PTSD, ANCOVA) when
including the covariates. Evacuated TBI subjects (studies 1-3) had more severe PTSD than non-evacuated
(study 4) subjects (p=0.03) in this analysis. There were trends towards less severe depression and PTSD as a
function of date of injury (Fig. 4E-F). Depression decreased by 1.6 points (out of 60) and PTSD decreased by
5.9 points (out of 156) on average per year from 2008-2013 (r>=0.035, p=0.012 for depression, r’=0.069,
p=0.00037 for PTSD, linear regression). The trend for depression lost significance (p=0.15) but the trend for

PTSD maintained statistical significance when including the covariates (p=0.03, generalized linear models).
Multivariate Predictors of Dichotomized Global Outcome

Dichotomized global outcome was defined as follows: GOS-E scores of 7-8 were categorized as good
outcome and scores of <6 were defined as disabled. Candidate variables for logistic regression modeling
included PTSD severity (CAPS total score), depression severity (MADRS), poor sleep index, group distinction
(Control vs. TBI), exposure (blast vs. non-blast), enrollment site distinction (evacuated vs. non- evacuated), age,
education, and number of neuropsychological test abnormalities. The best logistic regression contained the
CAPS, MADRS, group distinction (control vs. TBI), and enrollment site distinction (evacuated vs. non-
evacuated) with a receiver-operating characteristic area under the curve 0.8351 (Fig. 5). Higher likelihood of
disability was observed in service members with diagnoses of concussive TBI who were evacuated and had

more severe PTSD and depression.

DISCUSSION



In summary, there were adverse clinical outcomes 6-12 months after concussive TBI in a substantial
majority of US military personnel injured in theater. Outcomes were generally consistent across four cohorts
enrolled from 2008-2013, though there were modest improvements in PTSD severity over time. Blast-exposed
service members without apparent TBI had outcomes that were intermediate between subjects with concussive
TBI and non-blast-exposed military controls. Adverse global outcomes were most strongly associated with

concussive TBI, PTSD and depression severity, and requirement for medical evacuation from theater.

The percentage of concussive TBI subjects with poor overall outcome at 6-12 month outcome (62-96%)
far exceeds what is routinely reported in the civilian literature for comparable patient populations where reports
range from 22-47% %*%°. Blast-related TBI itself does not appear to be a major contributor, as subjects with

non-blast-related TBI fared comparably.??

This is the first study to our knowledge to attempt to assess the effects of the issuance of the
Department of Defense Directive Type Memorandum (DTM) in 2010 regarding identification and treatment of
military concussive TBI in theater.”® While such an assessment was not our pre-specified purpose, these 4
longitudinal cohorts assessed in a homogenous fashion over 5 years provided a serendipitous opportunity to do
so. Strengths of this study include the use of a prospective, observational, longitudinal research design;
enrollment of all combat-deployed, active-duty US military; the inclusion of subjects with both blast-related and
non-blast-related concussive TBI; the assessment of both blast-exposed and non-blast-exposed combat-
deployed controls; the incorporation of both medically-evacuated and non-medically evacuated casualties; and

the comparison of four independent cohorts of subjects across all branches of the military.

Nonetheless, there are several limitations that should be acknowledged: 1) diagnostic accuracy, 2) self-
report for many of the key outcome measures, 3) heterogeneous treatment across centers in theater and in the
US after injury 4) single time point for most assessments 5) incomplete assessment of combat exposure severity
6) no objective markers of the severity of initial injury, 7) possible unmeasured covariates that differ between

groups 8) lack of long-term follow-up.



Based on this data, it appears that the severity of PTSD and depression are strongly linked to overall
outcomes following concussive TBI in US service members. However, the direction of causality cannot be
determined from the current results. In our view, the most likely scenario is that concussive TBI along with the
emotional dysregulation that accompanies deployment in a war zone interact supra-additively to worsen
outcomes; TBI may damage the brain’s emotional regulation circuitry and emotional dysregulation may
interfere with recovery from TBI. However, it is also possible that the overall injury severity is the primary
driver of both overall outcomes and emotional dysregulation. A third alternative is that the stress of a wartime
event labeled as a concussive injury leading to subsequent separation from ones’ unit may result in worsening
PTSD and depression, which in turn drive disability. Clearly, future studies involving objective measures of
primary brain injury severity and careful anatomical delineation of the relevant brain circuitry involved in

emotional regulation will be required to address these alternatives.
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Total Enrollment from 2008 to 2013: 591

} |

Landstuhl Regional Medical Center Kandahar Airfield/Camp Leatherneck
Landstuhl, Germany (Medical Evacuation) Afghanistan (No Medical Evacuation)
l ! ! !
Study 1 (2008-2009) || Study 2 (2010-2011) || Study 3 (2010-2013) Study 4 (2012)
0-90 days post-injury 0-30 days post-injury 0-30 days post-injury 0-7 days post-injury
Median: 14 days Median: 7 days Median: 9 days Median: 4 days
Total: 84 Total: 40 Total: 255 Total: 212
BlastCTL: 21 Blast+Impact TBI: 40 Non-blastCTL: 97 Non-blast CTL: 101
Blast+impact TBI: 63 Blast CTL: 35 Blast+Impact TBI: 95
Non-blast TBI: 44 *Disqualified: 16
Blast+impact TBI: 79
v l

Total Completed 6-12 Month Follow Up at Washington University in Saint Louis: 347

Y h 4

 J Y

Study 1 Total: 65 Study 2 Total: 32 Study 3 Total: 183 Study 4 Total: 72
BlastCTL: 18 Blast+Impact TBI: 32 Non-blast CTL: 69 Non-blast CTL: 34
Blast+impact TBI: 47 BlastCTL: 27 Blast+impact TBI: 38
Non-blast TBI: 29 (100 invited)

Blast+Impact TBI: 53
**Disqualified: 5

Figure 1. Consort Diagram of Cross Cohort Enrollment.

*Subjects disqualified for poor performance on the Test of Memory Malingering and/or substantial artifacts on
MRI; a criteria of the study.

**Subjects disqualified at follow up for clear malingering and/or erratic performance on clinical evaluations.
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Figure 2. Global Measures of Outcome. A. Glasgow Outcome Scale — Extended (GOS-E). Percent of service
members with moderate to severe disability are reported under each study group on the graph. B.
Neurobehavioral outcome assessed using the Neurological Rating Scale-Revised (NRS) Total Score: (Max 87).
Results assessed 6-12 months after enroliment. C. Worse neurobehavioral outcomes before the issuance of the
DTM on 6/21/10 compared to afterwards (p=0.017, Mann-Whitney U test, p=0.057 ANCOVA). D. Trend
towards reduced neurobehavioral impairment over time (p=0.0037 linear regression, p=0.08 generalized linear

model).



Hl Expected E=1 Non-blast controls (n=103) M Blast controls (n=45)
604 R T1BI Non-evacuated (n=38) BB TBI Evacuated (n=161)

40- Non-blast controls 7/103, N.S. Chi-Square
Blast controls 10/45, p=0.01 Chi-Square

TBI non-evacuated 10/38, p=0.003 Chi-Square
TBI evacuated 53/161, p=0.00001 Chi-Square

Percent of Subjects

Number of Neuropsych Test Abnormalities
Defined as >2 StDev from Mean of Non-blast controls

Figure 3. Neuropsychological testing abnormalities. The number of subjects with neuropsychological test
abnormalities are displayed by group in comparison to what would be expected by chance (black bars). Percent
of subjects is displayed to account for the differences in the number of subjects in each group. Dotted box

indicates the group of subjects who had poor performance on 2 or more of the 13 neuropsychological variables.
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Figure 4. PSTD and Depression Severity. A. Depression severity assessed by the Montgomery Asberg
depression rating scale (MADRS) (Max 60). B. PTSD severity assessed by the Clinician administered PTSD
scale for DSM 1V (CAPS) (Max 136). Dotted lines indicate the threshold for moderate to severe
symptomatology for each evaluation. C. Worse depression before the issuance of the DTM on 6/21/10
compared to afterwards (p=0.02, Mann-Whitney U test, p=0.12 ANCOVA). D. Worse PTSD before the
issuance of the DTM compared to afterwards (p=0.006, Mann-Whitney U test, p=0.07 ANCOVA). E. Trend
towards reduced depression over time (p=0.012 linear regression, p=0.15 generalized linear model). F.

Statistically significant reduction in PTSD over time (p=0.00037 linear regression, p=0.03 generalized linear

model).
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Figure 5. Predictors of Global Outcome. A. Receiver-operator curve and parameter table for best fit model of
overall disability defined as the dichotomized GOS-E of 7 or 8 — good outcome, and 6 or below — disabled. The
best model contained the CAPS PTSD severity score, MADRS Depression severity score, group distinction of
Control vs TBI, and enrollment site distinction of patients requiring medical evacuation vs. those that did not

require medical evacuation.
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Supplementary Methods

Active duty military subjects were not paid for participation, though travel expenses to Washington
University were covered. Subjects not on active military duty status at the time of follow-up were paid $240

plus travel expenses for participation.

For the control groups in the LRMC cohorts who were medically evacuated, gastrointestinal,
dermatological, and women’s health reasons were the main diagnoses. Orthopedic injuries from non-combat
events such as broken bones resulting from recreational sports on time off or work-related accidents also
comprised a subset of this population. The control group from Afghanistan mostly included onsite personnel
who volunteered to participate in the study. A small number of controls enrolled in Afghanistan also had minor
orthopedic injuries from non-combat events that did not require medical evacuation to LRMC. All clinical
histories from the controls indicated no current or previous diagnoses of TBI. The blast control groups endorsed
previous history of blast exposure but were found not to have had TBI following a clinical evaluation for

possible brain injury at LRMC.

For the blast TBI groups across all of the cohorts, all available clinical histories indicated blast exposure
plus another mechanism of head injury such as a fall, motor vehicle crash, or being struck by a blunt object.
None suffered an isolated blast injury. The mechanisms of injury for the non-blast TBI group were primarily
falls, motor vehicle crashes, or being struck by a blunt object that did not involve blast exposure. For both the
blast and non-blast TBI groups, clinical histories indicated a change in the level of consciousness or loss of
consciousness for a few minutes and post-traumatic amnesia for less than 24 hours. The requirement for in-
person informed consent made more severe TBI patients typically not eligible and none were enrolled. No
intracranial abnormalities were detected on non-contrast head CT. Thus, all TBI subjects met the DoD criteria

for uncomplicated *mild‘/ concussive TBI.

All clinical histories were verified by study personnel taking additional clinical history and reviewing

medical records. None that screened positive for TBI were determined not to have had a TBI upon further

2



inspection. Initial records of clinical status in TBI subjects using the Military Assessment of Concussion Exam
(MACE )" were reviewed. This brief cognitive test assesses orientation, immediate verbal memory,

concentration, and short term delayed verbal memory.

The standardized neurological exam and interview required approximately 1 hour per subject. The
psychiatric assessments required approximately 2 hours per subject, and the neuropsychological battery
required approximately 2 hours per subject. Subjects took all medications as prescribed by their clinical
providers. All tests were performed between 9 am and 5 pm in private, quiet, well-lighted rooms. All examiners
were blinded to other clinical information, though in the course of the interviews it often became clear whether
the subjects were in the TBI or control group based off their endorsements of prior events. All examiners were

clinicians who underwent standardized training in administering the assessments.

A relatively easy forced choice test embedded in the California Verbal Learning Test was used to assess

adequacy of effort. 5 subjects, all from study 3, were disqualified for either poor effort or clear malingering.

The CAPS was scored using standard scoring rules from the Blake et al, National Center for Post-

traumatic Stress Disorder, July 1998 revision.

Safety and Data Monitoring: Subjects were assigned a random 4 digit code number to protect
confidentiality and all research data was identified by code number only. A board certified psychiatrist (E.
Nelson) was immediately available in case the CAPS examination exacerbated PTSD symptoms. No
exacerbations requiring medical intervention occurred, though additional support from study staff was required

on several occasions.

For clinical evaluations, the principal investigator audited 1 in 10 randomly selected subjects’ data sets
to ensure that data was scored and entered correctly. These audits revealed only minor discrepancies in scoring

criteria which were then corrected across the entire cohort of subjects.

Additional Statistical Analyses:



Following Dunn’s correction for multiple comparisons, there were no significant differences in GOS-E
within comparable sub-group of subjects across studies. Therefore, the data was combined into the following

three groups for additional analysis: Non-blast control, blast control, concussive TBI.

For ANCOVA and generalized linear models there were too few officers (8 total) or females (10 total)

for accurate statistical assessment, so the analysis was limited to enlisted males.

To determine the number of neuropsychological tests expected to be abnormal by chance, the binomial
distribution was used with p=0.02275 for the (n=13) neuropsychological variables examined. Prior to this
analysis, all neuropsychological variables were confirmed to be statistically independent as is required by the

assumptions of this approach.

There were no significant differences in the number of subjects with abnormal neuropsychological test
performance in 2 or more neuropsychological assessments between evacuated TBI subjects, non-evacuated TBI

subjects, and blast control subjects.

For logistic regression, the Statistica 12.0 ‘generalized linear/nonlinear model building’ algorithm was
used with the selection of the “logit’ link function for logistic regression. The algorithm generated a distinct
model for each possible subset of demographic data and quantitative measures of specific symptoms and

impairments. Models were then ranked by Akaike information criterion.



Supplementary Tables

Supplemental Table S1. Follow Up Participant Characteristics

Study 1 Study 2 Study 3 Study 4
Characteristic Blast CTL | Blast TBI Blast TBI Non-blast | Blast CTL Non-blast Blast TBI Non-blast Blast TBI
(n=18) (n=47) (n=32) CTL (n=69) (n=27) TBI (n=29) (n=53) CTL (n=34) (n=38)
Age in years:
median (range) | 32(20-49) 26 (19-45) | 24 (19-44) 31 (21-49) 34 (22-46) 28.5 (20-50) 26 (19-47) 28 (19-44) 26 (20-41)
Education in years:
median (range) | 13 (12-18) 12 (8-17) | 12(9-16) 14 (9-28) 13 (10-19) 14 (9-18) 12 (12-18) | 15(12-24) 13 (12-18)
Gender
no (%)
Male | 16 (100%) 47 (100%) | 29 (91%) 63 (91%) 25 (92%) 26 (87%) 51 (96%) 27 (79%) 36 (95%)
Female 0 0 3 (9%) 6 (9%) 2 (8%) 3 (13%) 2 (4%) 7 (21%) 2 (5%)
Race/ethnicity
no (%)
White | 15 (83%) 35 (74%) 22 (68%) 50 (73%) 20 (77%) 19 (60%) 40 (76%) 22 (65%) 29 (77%)
African American | 2 (11%) 5 (11%) 5 (16%) 16 (23%) 4(12%) 7 (27%) 4 (6%) 5 (15%) 2 (5%)
Hispanic/Latino 1(6%) 2 (4%) 5(16%) 3 (4%) 2 (8%) 3 (10%) 7 (14%) 7 (20%) 7 (18%)
Asian 0 5 (11%) 0 0 1(3%) 1(3%) 2 (4%) 0 0
Branch of Service
no (%)
US Army 15 (83%) 42 (89%) 26 (81%) 55 (80%) 24 (89%) 26 (90%) 46 (90%) 13 (38%) 32 (84%)
US Air Force 2 (11%) 0 0 11 (16%) 0 2 (7%) 1(2%) 2 (6%) 0
US Marine Corps 1(6%) 5 (11%) 5 (16%) 3 (4%) 3 (11%) 1(3%) 5 (6%) 3 (9%) 6 (16%)
US Navy 0 0 1(3%) 0 0 0 1(2%) 16 (47%) 0
Military Rank
no (%)
Enlisted | 16 (89%) 45 (96%) 32 (100%) 63 (91%) 24 (89%) 27 (93%) 52 (98%) 24 (71%) 35 (92%)
Officer | 2 (11%) 2 (4%) 0 6 (9%) 3 (11%) 2 (7%) 1(2%) 10 (29%) 3 (8%)
Theatre of
Operation no (%)
Afghanistan | 6 (33%) 28 (60%) | 27 (84%) 55 (80%) 21 (77%) 18 (60%) 50(94%) | 34 (100%) 38(100%)
Irag | 12 (69%) 19 (40%) 5(16%) 14 (20%) 6 (23%) 11 (40%) 3 (6%) 0 0




Supplemental Table S2. Neuropsychological Test Performance

Study 1 Study 2 Study 3 Study 4
Assessment Blast Control Blast+Impact Blast +Impact Non Blast Control Blast Control Non Blast TBI (n=29) Blast+Impact Non Blast Control Blast+Impact
(n=18) TBI (h=47) TBI (h=32) (n=69) (n=27) TBI (n=53) (n=33) TBI (h=38)
25-Foot Walk (seconds)*
5.18 £2.05 4.96 +£1.02 4.65 +1.37 3.92 £0.82 4.22 +0.66 4.76 £1.16 459+1.17 3.78 £0.60 4.23 +£0.68
(Motor Strength, Balance, Coordination)
Conners’ Continuous Performance Test |1
Omission Errors (T-score):
54.49 +£21.18 51.39+12.56 75.67 £64.71 48.29 £12.17 47.45 +7.51 53.30+15.11 56.06 £19.8 48.85 +10.51 60.41 £28.13
(Attention Lapses)
Commission Errors (T-score):
50.92 £10.54 51.73 £9.64 55.36 £8.85 50.40 £10.60 50.02 £8.19 52.46 £9.81 54.05+10.6 53.83+£11.03 54.69 £10.16
(Impulsivity )
Hit Rate (T-score):
494 +11.22 47.69 £9.04 47.88 £12.80 4894 £11.72 48.98 +8.67 52.10+12.22 47.83 £8.63 46.06 £9.88 50.81+£10.33
(Reaction Time)
Hit Rate Block Change (T-score):
52.62 £+10.29 52.17 £+10.74 4992 +13.73 52.05+10.62 48.01 +8.82 51.64 £13.75 48.73 £12.0 48.67 £5.56 54.69 £13.43
(Sustained Vigilance)
Wechsler Test of Adult Reading (Standard
Score)
97.56 £12.56 98.3+11.74 100.09 £10.48 102.88 +14.55 100.56 £10.99 98.52 +11.10 99.49 +11.66 105.41 £10.58 99.03 £12.50
(Estimate of Pre-injury Verbal Intelligence)
California Verbal Learning Test |1
Long-Delay Free Recall (Standard Score)
0+0.89 -0.13+0.94 -0.33+1.31 -0.17 £1.10 -0.15 +£0.95 -0.32+1.27 -0.58+1.21 0.15+1.28 -0.57 £0.92
(Verbal Memory)
Total Intrusions (Standard Score)
0.44 +£1.45 0.15+1.04 0.28 +1.10 0.22 +1.00 0.22 £0.95 0.52+1.42 0.45+1.38 0.14 +0.84 0.50+1.22
(Falsely Recalled Items)
List Bvs. Trial 1 List A (Standard Score)
0.11 +1.13 -0.34+1.11 -0.23 +1.16 0.08 +0.87 -0.15 +0.89 0.58 +1.03 -0.16 £1.12 0.00 £1.05 -0.12 +0.90
(Proactive Memory Interference)
Grooved Pegboard*
(Motor Speed & Coordination)
Average Dom & Non-Dom Time (seconds)| 80.94 +11.54 7731 +£12.65 78.72 £14.28 69.03+£17.7 69.04 £10.56 75.84 £15.85 75.54 £15.52 67.68 £10.34 71.63+7.74
Trail Making Test
Trails Atime (seconds)
2478 +5.86 27.28 £+10.54 28.02 £+11.28 22.10+8.61 2426 +£7.41 26.57 £14.10 28.5+16.69 23.24 +£7.65 23.6+7.08
(Visual Scanning, Coordination)
Trails B time (seconds)
59.56 £+ 15.80 66.79 £22.53 63.06 £19.01 57.12 £24.77 57.00 £14.97 67.52 £+31.28 61.19 £21.40 55.38 £18.65 64.43 £23.89
(Trails A + Mental Flexibility)
Controlled Oral Word Association*
3433 +7.35 35.91+£9.31 34.19 £9.53 42.1+10.18 40.37 £9.05 37.62 £9.98 37.75+9.30 42.82 £9.61 41.45 +£11.47

Total Score: (Verbal Fluency)




Supplemental Table S2: * Significant group differences by Kruskal-Wallis ANOVA after Bonferroni
correction for multiple comparisons.

Performance on three tests was significantly different across studies by Kruskal Wallis ANOVA after correction
for multiple comparisons. This included the 25 hole grooved pegboard test (p=0.00001), an assessment of
upper extremity motor speed and coordination; a timed 25 foot walk (p=0.0001), and the Controlled Oral Word
Association test (p=0.001), an assessment of verbal fluency. For each assessment the non-blast control subjects
from study 3 and 4 outperformed blast control subjects and the medically evacuated concussive TBI groups
from studies 1-3. There were no significant differences after Dunn’s correction for multiple comparisons

between the non-blast controls and non-medically evacuated concussive TBI group from study 4.



Supplementary Figures
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Supplemental Figure S1. Military Assessment of Concussion Evaluation (MACE). Lower scores indicate
greater concussion impairment (Max 30, Symptomatic defined as below 25). A. No difference in MACE
between cohorts (p=0.87 Kruskal Wallis ANOVA). B. No trends in MACE as a function of date of injury
(p=0.52, linear regression).
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Supplement Figure S2. Neurobehavioral Rating
Scale Sub-Domains. A. Mood/affect domain (Max
15). B. Executive/Cognitive domain (Max 24). C.
Oral/motor domain (Max 12). D. Positive
Symptoms domain (Max 21). E. Negative
Symptoms domain (Max 12). Higher scores on all
of the measures indicate worse impairment.
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Supplemental Figure S3. Sub-Domains
of the Clinician Administered PTSD
Scale (CAPS) for DSM 1V. A. CAPS B
Severity — Re-experiencing (Max 40). B.
CAPS C Severity — Avoidance and
Numbing (Max 56). C. CAPS D Severity —
Increased Arousal and hypervigilance (Max
40). D. Poor sleep index, defined as the
self-reported number of desired hours of
sleep minus the number of hours reported
taken from subsection D-1 of the CAPS.
Higher scores on all of the measures
indicate worse impairment.

Poor sleep index was found to be
significantly different across groups
(p=0.00001, Kruskal Wallis ANOVA). For
the poor sleep index, we did not collapse
all concussive TBI groups the way we did
for several of the other measures because
blast TBI subjects from study 1 differed
significantly from blast TBI subjects in
study 4 (p<0.05, Dunn’s Multiple
Comparison Test). However, both non-
blast control groups were pooled and both
blast control groups were pooled because
these did not differ from each other. With
this pooling, we found that the overall
ANOVA was again significant (p<0.0001).
In post-hoc testing, blast+impact
concussive TBI subjects from studies 1 and
2 had higher poor sleep indexes than non-
blast controls (p<0.05) but none of the TBI
groups differed from the blast controls. The
blast control group was not statistically
significantly different from the non-blast
control group.



Supplementary Discussion

Directive Type Memoranda (DTM) are policy-making documents, and compliance is required throughout the
Department of Defense. The key provisions of the DTM? on concussion/mild TBI (mTBI) issued in 2010 were

the following:

1) Mandatory evaluations for mTBI for any Service member exposed to a potential mechanism of injury
such as a blast, vehicle collision, rollover, blow to the head, or loss of consciousness. This included

those without apparent injuries, as a major goal was to reduce the incidence of unreported mTBI.

2) Mandatory reporting of both positive and negative mTBI evaluations in Service members’ medical

records and to the organizations tasked with implementing improved protective strategies.

3) Standardizing treatment of mTBI, including mandatory rest and recovery periods, instructions for

medics and corpsmen, and specific clinical algorithms for early symptom management.

4) Mandatory comprehensive evaluations by qualified medical providers for Service members with 3 or
more documented mTBI’s in a 12 month period. Responsibility for return-to-duty decisions was assigned

specifically to medical providers.

Importantly, none of our data directly bear on the question of the extent to which these specific provisions in the
DTM were actually followed. Thus, we cannot assess the true effect of full implementation of the changes in
care articulated in the DTM. Furthermore, it is unclear whether 6-12 month outcomes are truly representative
of long term function or quality of life. ** > ®" Studies are currently underway to explore >5 year outcomes in

these military concussive TBI cohorts.

One of the most striking findings in this report is that over a 5 year period from 2008 to 2013, the
severity of disability, PTSD and depression following concussive TBI in deployed US military personnel
improved only marginally. Clearly, more effective interventions to treat PTSD and depression should be

considered a top priority. Pre-injury resilience training and interventions starting at very early times following

11



concussive TBI in high risk individuals, such as US military service members, could be effective strategies. In
other contexts, both PTSD and depression are at least partially treatable with a combination of medications®*°

1113 or cognitive processing therapy ****. No

and psychological interventions such as prolonged exposure
additional clinical care was provided as part of these research studies and we did not collect data on the specific
interventions the study participants received. However, recent literature indicates that only a relatively small
fraction of US military service members complete a full course of treatment for PTSD and depression. Reasons
cited include lack of access, fear of stigma, poor follow-up compliance, and initial worsening of symptoms
during the early part of the therapy. Likewise, reasons for less than ideal pharmacotherapy effectiveness include
troubling side effects, irregular compliance, and concomitant drug or alcohol use™?!. Anecdotal reports
obtained from the participants in these studies are in line with the above cited concerns. Alternatively it is
possible that the effects of these standard treatments for PTSD and depression are less effective in the context of
TBI because of brain circuitry disruption and neurochemical deregulation. Thus, based on the results presented

here, a logical direction for future studies would involve assessment of the efficacy of both established and

novel therapeutic approaches to PTSD and depression in patients with traumatic brain injury.
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