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1. Introduction:

Background and Purpose:  One of the earliest and longest running studies of Gulf War 

veteran’s (GWV) health was conducted with the Ft. Devens, MA army cohort (FDC) from the 

VA Boston Healthcare System (VABHS). The cohort was first surveyed within 5 days of their 

return and multiple cross sectional survey and in-person data provided some of the earliest 

cognitive, neuroimaging and environmental exposure outcomes since the 1990s. These findings 

included early documentation of the most common health symptoms, cognitive decrements in 

environmentally exposed GWV, and differences in structural neuroimaging, including lower 

white matter volumes (Proctor et al., 1998; White et al., 2001; Heaton et al., 2007). The FDC has 

been followed with longitudinal health surveys, and we have now completed a resurvey and 

biomarker study in which 50% of prior surveyed individuals have responded.  This most recent 

resurvey is providing valuable information pertaining to longitudinal health symptoms and the 

trajectory of health symptoms over time. Additionally, we are able to use this longitudinal self-

report data to monitor CDC and Kansas GWI criteria over time. However, these data are self-

report and only a small portion of individuals are being seen for cross-sectional analyses of 

proteins in the blood (GW100046). Since subsamples of the FDC took part in cognitive and 

neuroimaging studies between 1994 and 1996, we are now extending these studies by reassessing 

neurocognitive and neuroimaging status to more fully capitalize on the longitudinal nature of this 

cohort and the recent findings of oxidative stress markers in GWI. 

Scope: The overarching objective of this work study is to build on previous longitudinal studies 

to gain a better understanding of Gulf War Illness and to devise targeted treatment strategies. 

This study aims to conduct follow-up longitudinal cognitive evaluations on a sub-sample of 100 

Time 3 FDC veterans, most of whom were last evaluated in-person for cognitive functioning and 

with neuroimaging in the mid-1990s, to compare objective measurement of reported decline; and 

to determine cross-sectional blood and neuroimaging biomarkers (blood and structural 

volumetrics will also include longitudinal analyses) at 25+ years post deployment to the Gulf 

region, that may be consistent with cognitive outcomes and presumed pathobiological 

mechanisms (oxidative stress, ROS) of GWI. These data will evaluate the utility of previously 

unavailable blood and neuroimaging markers of oxidative stress, to devise a new diagnostic test 

for GWI in subgroups of GWV (TBI and OP exposed), and to provide a potential objective 

biomarker of treatment efficacy in clinical trials. 

2. Key Words: Gulf War Illness, central nervous system, biomarkers, glutathione, MR

Spectroscopy, Cognition, oxidative stress

3. Accomplishments:

What were the major goals of the project? 

o The major goals of the project as stated in the approved SOW for year 3 is listed

in the table below. Specifically, during year 3, the primary goals were to screen,

recruit, and complete longitudinal assessments of FDC veterans, as well as data

cleaning and MRI/MRS post-image processing. Milestones/target dates for

important activities or phases of these dates are listed in the table and actual

completion dates are listed below.



Tasks Timeline 

Task 1. Obtain necessary authorization prior to initiation of human 

subjects 

Months 

1a. Obtain Institutional Review Board (IRB) approval for research 

sites at VA Boston (VABHS), Boston University Medical Campus 

(BUMC), and Nova University (NSU) for protocols 

1-4

1b. Obtain DOD Human subjects Research Protections Office 

(HRPO) approvals 

5-7

1c. Complete hiring of necessary staff and ensure all mandatory IRB 

research related trainings are completed by all staff members 

1-8

Task 2. Preparation and Training for Clinical Study Procedures Months 

2a. Obtain Time 3 cognitive and MRI neuroimaging data for 

longitudinal analyses and participant contact information from the Ft. 

Devens cohort (FDC) study through the share drive at VABHS. 

1-2

2b. Develop manuals for neuropsychological testing protocol, 

structural MRI and Magnetic Resonance Spectroscopy (MRS) of 

glutathione oxidative stress marker (GSH) protocols and blood 

specimen collection protocols for several oxidative stress markers. 

1-6

2c. Train researchers and staff on cognitive, neuroimaging and 

phlebotomy protocols and quality control measures. 

6-9

Task 3. Screening, recruitment and longitudinal assessment of  FDC Gulf 

War veterans 

Months 

3a. Obtain informed consent from potentially eligible GW veterans 9-36

3b. Assess 150 FDC veterans and obtain demographics, medical 

history, self-report questionnaires and neuropsychological testing for 

planned longitudinal analyses. 

9-36

3c. Perform brain GSH MR Spectroscopy and structural MRI imaging 

and blood draw for oxidative stress markers from 100 Gulf War 

veterans for cross-sectional study. 

9-36

Task. 4. Data Cleaning and MRI/MRS image Post-processing Months 

4a. Post-process MRI/MRS neuroimaging data for data analysis. 18-40

4b. Score neuropsychological test data and upload summary data to 

VA Share drive for entry, cleaning and analyses. 18-38

4c. Ship blood samples to Nova University for analysis of GSH 

oxidative stress markers including (HNE, 8-iso-PGF2α). 18-36

4d. Perform analyses of plasma oxidative stress markers. 18-40

Task. 5. Merge Data and Perform Interim Data analyses Months 

5a. Data entry of all questionnaires, cognitive evaluations and quality 

control measures will be ongoing. 

18-42



5b. Interim Statistical analyses of data obtained from cognitive 

evaluations, blood markers, neuroimaging and questionnaire data will 

be performed periodically. 

18-42

5c. Annual reports of progress will be written. 18-36

Task 6. Perform Final Data Analysis and Prepare Manuscripts for 

Publication  (months 42-48) 

Months 

6a. Perform cross-sectional analyses comparing central and peripheral 

markers of oxidative stress in brain MRS (GSH) and plasma (HNE, 8- 

iso-PGF2α) compared with cognitive functioning and health symptom 

report in FDC veterans. 

42-45

6b. Perform longitudinal analyses of structural MRI imaging, 

cognitive, and health symptom outcomes from Time 3 and Time 6 in 

FDC veterans. 

42-46

6c. Write final study report 47-48

6d. Present findings at scientific meetings 42-48

6e. Prepare manuscripts for submission for cross-sectional and 

longitudinal studies. 

42-48

What was accomplished under these goals? 

Task 1: 

o We obtained necessary authorization prior to initiation of study (IRB approvals,

DoD HRPO approvals).

o We completed the hiring of staff and ensured that all mandatory trainings are now
completed.

Task 2: 

o We have obtained Time 3 cognitive and MRI neuroimaging data for the

longitudinal analysis and participant contact information form the Ft. Devens

cohort (FDC) study and Treatment Seeking Cohort (TSC) through the share drive

at VA Boston Health Care System (VABHS).

o We developed manuals for the neuropsychological testing protocol as well as

structural MRI and MRS of glutathione oxidative stress marker (GSH) protocols

and blood specimen collection protocols for oxidative stress markers.

o We have trained the researchers and staff on cognitive neuroimaging and

phlebotomy protocols and questionnaires.

Task 3: 

o We  have  obtained  informed  consent  and  longitudinal  assessment  of  63 FDC
veterans.

Task 4: 

o The neuropsychological test data was scored and uploaded to the VA share drive

for the 63 subjects who have complete assessments.

o Structural MRI and MRS of GSH data has been collected for 14 subjects who have

completed neuropsychological assessments

o Four shipments of blood samples has been sent to the NOVA university for analysis,

for the 62 subjects who have complete assessments.



How were the results disseminated to communities of interest? 

o Seven Ft. Devens Cohort longitudinal manuscripts have been published to date.

 Zundel CG, Price K, Grasso CM, Spiro A 3rd, Heeren T, Sullivan K, Krengel

MH. The impact of neurotoxicant exposures on posttraumatic stress disorder

trajectories: The Ft. Devens Gulf War Veterans Cohort. J Trauma Stress. 2022

Jun;35(3):955-966. doi: 10.1002/jts.22802. Epub 2022 Feb 12. PMID:

35150175; PMCID: PMC9541763.

 Krengel MH, Zundel CG, Heeren T, Yee M, Spiro A, Proctor SP, Grasso CM,

Sullivan K. Health symptom trajectories and neurotoxicant exposures in Gulf

War veterans: the Ft. Devens cohort. Environ Health. 2022 Jan 8;21(1):7. doi:

10.1186/s12940-021-00812-0. PMID: 34998396; PMCID: PMC8742929
 Zundel, C. G., Krengel, M. H., Heeren, T., Yee, M. K., Grasso, C. M.,

Janulewicz Lloyd, P. A., Coughlin, S. S., & Sullivan, K. (2019). Rates of

Chronic Medical Conditions in 1991 Gulf War Veterans Compared to the

General Population. International journal of environmental research and

public health, 16(6), 949.

 Zundel, C. G., Heeren, T., Grasso, C. M., Spiro, A., 3rd, Proctor, S. P.,

Sullivan, K., & Krengel, M. (2020). Changes in Health Status in the Ft.

Devens Gulf War Veterans Cohort: 1997-2017. Neuroscience insights, 15,

2633105520952675. https://doi.org/10.1177/2633105520952675
  Yee, M. K., Zundel, C. G., Maule, A. L., Heeren, T., Proctor, S. P.,

Sullivan, K. A., & Krengel, M. H. (2020). Longitudinal Assessment of

Health Symptoms in Relation to Neurotoxicant Exposures in 1991 Gulf

War Veterans: The Ft. Devens Cohort. Journal of occupational and

environmental medicine, 62(9), 663–668.

https://doi.org/10.1097/JOM.0000000000001910

 Clara G. Zundel, B.S., Kathryn Price, B.A., Claudia M. Grasso, B.A.,

Avron Spiro III PhD, Susan P. Proctor, DSc, Kimberly Sullivan, PhD,

and Maxine H. Krengel, PhD. The Impact of Neurotoxicant Exposures

on Posttraumatic Stress Disorder Trajectories: The Ft. Devens Gulf

War Veterans Cohort. J Trauma Stress. 2022 Jun;35(3):955-966. doi:

10.1002/jts.22802. Epub 2022 Feb 12.
 Maxine H. Krengel, Clara G. Zundel, Timothy Heeren, Megan Yee, Avron

Spiro, Susan P. Proctor, Claudia M. Grasso, Kimberly A. Sullivan. Health
Symptom Trajectories and Neurotoxicant Exposures in Gulf War Veterans:
The Ft. Devens Cohort. Environ Health. 2022 Jan 8;21(1):7. doi:
10.1186/s12940-021-00812-0.

What do you plan to do during the next reporting period to accomplish the goals? 

o We will continue to adjust the study protocol to accommodate possible COVID-19

requirements of Boston University to continue to facilitate enrollment in this study.

o We plan to continue enrolling individuals that have responded to our successful

recruitment efforts and have agreed to participate in this study in the past 12

months.

o We will continue to recruit until we have reached our anticipated goal of 100

participants by the next reporting period and present the preliminary results at

appropriate National and International meetings.

o We plan to recruit 50 more study participants by the next reporting period and

present the preliminary results at appropriate National and International meetings.

o We plan to complete publication of other manuscripts of preliminary results from

the GWI case- control medical conditions, and trajectory of symptom analyses and

the cognitive, MR Spectroscopy glutathione brain imaging and blood oxidative

https://doi.org/10.1177/2633105520952675
https://doi.org/10.1097/JOM.0000000000001910


stress markers during the next reporting period. 

o We have received IRB approval for a no cost extension, to continue our efforts of

recruiting participants for additional MRI with MRS data and blood specimens.

4. Impact:

What was the impact on the development of the principal discipline(s) of the project? 

o Gulf War Illness (GWI) can have a dramatic impact on the lives and well-being of
GW veterans who experience chronic and often debilitating symptoms. The

results of this study will help address a critical knowledge gap regarding the

nature of continued cognitive symptoms and other chronic health effects of GWI.

o This project will distinguish itself by examining the nature and trajectory of

symptoms by adding objective markers of longitudinal neurocognitive decline,
traditional structural MRI imaging and cutting-edge MRS brain imaging
techniques of oxidative stress markers (glutathione) compared with plasma
oxidative stress markers. When combined with the prior rich 20+ year
longitudinal data from the Ft. Devens and Treatment-seeking cohorts, this
provides an unprecedented opportunity to further characterize objective
biomarkers of illness in a well-characterized cohort of GW veterans.

o Defects in modulation of oxidative stress may well predispose individuals to damage

from reactive oxygen species (ROS) from environmental exposures, TBI or other

sources that could potentially be used as a diagnostic marker of illness.

o This analysis also offers an opportunity to determine whether a given therapeutic

strategy such as antioxidants including co-enzyme Q-10 or n-acetyl cysteine

supplementation in subgroups with low brain glutathione levels may be chosen as a

treatment option to improve a susceptible individual’s ability to modulate oxidative

stress, reduce accelerated aging and improve the symptoms of GWI utilizing a

personalized medicine approach.

What was the impact on other disciplines? 

o A major advantage of work with the Ft. Devens cohort showing mTBI to be related to

rates of GWI in our two recent papers suggests that the results of this study with oxidative
stress glutathione markers may be relevant not only to GWI but also to other veteran and
civilian groups with mTBI and neurotoxicant exposures as part of a multiple-hit
hypothesis.

o Blood and neuroimaging-based biomarkers of GWI provide an effective way to

enhance its management:

 It can be used as a diagnostic and prognostic tool with the ability to provide

information about rate of disease progression.

 It would help in identification of novel and effective treatments for multiple

disorders and environmental exposure groups (i.e. pesticides, nerve agents).

 It could be used for monitoring therapeutic efficacy for multiple disorders

 It could provide a cost-effective option for recruitment into clinical trials

What was the impact on technology transfer? 

o The biomarker that we hope to develop will be cost effective, available, and do not need

expensive technicians if we can identify an oxidative stress biomarker in blood that be

correlated with MR spectroscopy brain imaging markers that we will also collect and

analyze.

What was the impact on society beyond science and technology? 



o Our blood and brain imaging biomarkers should improve the quality of life for the

veterans of the GW who have GW illness because:

 Our  biomarkers  can  provide  objective  evidence  thereby validating  the

chronic health symptoms of ill GW veterans.

 Our biomarkers should lead to studies to develop treatment of brain injury that

may lead to improvement of their clinical condition.

5. Changes for approach and reasons for change:

o Changes: Tele-health neuropsychological measures per COVID-19 restrictions

We were granted an IRB amendment to recruit participants that have already completed the

neuropsychological assessments without having prior imaging done, to aid in increasing

participant numbers for the structural MRI and MRS of glutathione oxidative stress marker

(GSH) protocols and blood specimen collection protocols for oxidative stress markers.

Changes that had significant impact on expenditures 

o We were granted a no cost extension year to complete subject recruitment efforts.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 

select agents: 

o Significant changes in use or care of human subjects: None
o Significant changes in use or care of vertebrate animals: None

o Significant changes in use of biohazards, and/or select agents: None

6. Products:

Publications, conference papers, and presentations 

o Journal Publications

Zundel, C.G., Krengel, M. H., Yee, M.K., Grasso, C.M., Januelwicz Lloyd, P., Sullivan, 

K.A. Rates of Chronic Medical Conditions in 1991 Gulf War Veterans Compared to the 

General Population. International Journal of Environmental Research and Public Health 

Yee MK, Janulewicz PA, Seichepine DR, Sullivan KA, Proctor SP, Krengel MH. Multiple 

Mild Traumatic Brain Injuries Are Associated with Increased Rates of Health Symptoms and 

Gulf War Illness in a Cohort of 1990-1991 Gulf War Veterans. Brain Sci. 2017 Jul 

9;7(7). pii: E79. doi: 10.3390/brainsci7070079.  

Yee, M., Seichepine, D., Januelwicz Lloyd P., Sullivan, K., Proctor, SP & Krengel, M. 

Traumatic brain injury, health and rate of chronic multisymptom illness in veterans from 

the 1990-1991 Gulf War. Journal of Head Trauma Rehabilitation. 2016 Sep-Oct;31(5):320- 

8. doi: 10.1097/HTR.0000000000000173.

Yee, M. K., Zundel, C. G., Maule, A. L., Heeren, T., Proctor, S. P., Sullivan, K. A., &

Krengel, M. H. (2020). Longitudinal Assessment of Health Symptoms in Relation to

Neurotoxicant Exposures in 1991 Gulf War Veterans: The Ft. Devens Cohort. Journal of

occupational and environmental medicine, 62(9), 663–668.

https://doi.org/10.1097/JOM.0000000000001910

Zundel, C. G., Heeren, T., Grasso, C. M., Spiro, A., 3rd, Proctor, S. P., Sullivan, K., &

Krengel, M. (2020). Changes in Health Status in the Ft. Devens Gulf War Veterans Cohort:

1997-2017. Neuroscience insights, 15, 2633105520952675.

https://doi.org/10.1177/2633105520952675

https://doi.org/10.1097/JOM.0000000000001910
https://doi.org/10.1177/2633105520952675


 Zundel CG, Price K, Grasso CM, Spiro A 3rd, Heeren T, Sullivan K, Krengel MH. The

impact of neurotoxicant exposures on posttraumatic stress disorder trajectories: The Ft.

Devens Gulf War Veterans Cohort. J Trauma Stress. 2022 Jun;35(3):955-966. doi:

10.1002/jts.22802. Epub 2022 Feb 12. PMID: 35150175; PMCID: PMC9541763.

 Maxine H. Krengel, Clara G. Zundel, Timothy Heeren, Megan Yee, Avron

    Spiro, Susan P. Proctor, Claudia M. Grasso, Kimberly A. Sullivan. Health 

    Symptom Trajectories and Neurotoxicant Exposures in Gulf War Veterans: 

  The Ft. Devens Cohort. Environ Health. 2022 Jan 8;21(1):7. doi:  

  10.1186/s12940-021-00812-0. 

o Books or other non-periodicals, one-time publications
 None

o Other publications, conference papers, and presentations

 Price, K., Orlinsky L., Zundel, CG., Rivoira, P., Sullivan, K., Krengel, MH.

(2022) Longitudinal Data Collection of Neurotoxicant Exposures and Health

Symptoms in Gulf War Veterans. Poster Presentation- Military Health System

Research Symposium, Kissimmee, Florida

 Price, K., Orlinsky L., Zundel, CG., Rivoira, P., Sullivan, K., Krengel, MH.

(2022) Longitudinal Data Collection of Neurotoxicant Exposures and Health

Symptoms in Gulf War Veterans. International Neuropsychological Society -

Poster Presentation, Barcelona, Spain

 Krengel, MK. Mild Traumatic Brain Injury and Cognitive, Health and

Emotional Symptoms (2022)- Traumatic Brain Injury Symposium

Presentation- International Neuropsychological Society -Barcelona, Spain

 Price, K., Orlinsky, L., Krengel, MH., Sullivan, K., Zundel, CG.

Neuropsychological Functioning in Gulf War Illness: A Longitudinal Case

Study. International Neuropsychological Society -Poster Presentation, New

Orleans, Louisiana

 Price, K., Zundel, C.G., Grasso, C.M., Spiro, A., Heeren, T., Sullivan, K.A., &

Krengel, M.H. (In Review) Impact of Neurotoxicant Exposures on Post

Traumatic Stress Disorder Trajectories; The Ft. Devens Gulf War Veterans

Cohort. American Psychological Association 2021 Conference.

 Price, K., Zundel, C.G., Krengel, M.K. (2020). Longitudinal Change in PTSD

Symptomatology and Associations with Neurotoxicant Exposures in Gulf War

Veterans. International Neuropsychology Society 2020 Conference, Vienna,

Austria

 Price, K., Zundel, C.G., Krengel, M.K. (2020). Longitudinal Change in

PTSD Symptomatology and Associations with Neurotoxicant Exposures in

Gulf War Veterans. University of Massachusetts Boston – Psychology

Honors Student Presentation Day.

 Zundel, C.G., Yee, M.K., Sullivan,  K.,  Krengel,  M.K.  (2020).  A

Longitudinal Assessment of Health Symptoms and the Associations with

Neurotoxicant Exposures in 1991 Gulf War Veterans: The Ft. Devens

Cohort. International Neuropsychology al Society 2020 Conference,

Denver, CO.

 Grasso, C.M., Zundel, C.G., Krengel, M.H. (2020). Exposures, Healht, and

Neuropsychological Outcomes in Gulf War Veterans 25+ Years Post War.

International Neuropsychological Society 2020 Conference, Denver, CO,

Massachusetts Neuropsychological Society Science Symposium, and VA

Research Week.



 Zundel, C.G., Yee, M.K., Maule, A., Grasso, C.M., Sullivan, K., Krengel,

M. (2019). Health Symptoms Associated with Gulf War-Specific Exposures

in Male and Female Veterans: A Longitudinal Assessment. International

Neuropsychological Society 2019 Conference, New York, NY.

 Cohen, A.B., Zundel, C.G.,  Krengel,  M.K.,  Sullivan,  K.A.  (2018).

Preliminary Findings of Gender Differences and Symptomatology within

Gulf War Veterans. Massachusetts Neuropsychology Society Science

Symposium 2018

 Zundel, C.G., Lad, S.S., Yee, M.K., Grasso, C.M., Janulewicz Lloyd, P.A.,

Sullivan, K.A., Krengel, M.H. Rates of medical conditions: Do Gulf War

veterans differ from the general population? Presented at international

Neuropsychological Society 2018 Conference, Washington D.C.

 Krengel  MH,  Yee  M,  Nolan  T,  Janulewicz  Lloyd  PA,  Sullivan  K  &

Seichepine DR. Multiple Self-Reported Exposures to Mild Traumatic Brain

Injury and Neurotoxicants Predict Current Total Health Symptoms in a

Cohort of 1990-1991 Gulf War Veterans. Journal of International

Neuropsychological Society. Supplement 1, March 2016.

 Yee, M., Seichepine DR, Nolan T, Janulewicz Lloyd PA, Sullivan K &

Krengel MH. Multiple Self-Reported Brain Injuries are Associated with

Increased Health Symptoms in a Cohort of 1990-1991 Gulf War Veterans.

Journal of International Neuropsychological Society. Supplement 1, March

2016.

o Other products

Website(s) or other Internet site(s)

None 

Technologies or techniques 

None 



7. Participants and other Participating Organizations

Site 1: VA Boston Health Care System (VABHS) Site 2: Boston University Medical Campus 

(BUMC) 150 S. Huntington Avenue 715 Albany Street 

Boston, MA 02130 Boston, MA 02118 

Initiating PI: Maxine Krengel, PhD Partnering PI: Kimberly Sullivan, 

PhD Co-Investigator: Carole 

Palumbo, PhD 

Site 3:  Nova Southeastern University (NSU) Co-Investigator: Ronald Killiany, 

PhD 

3200 South University Drive 

Fort Lauderdale, Florida 33328-2018 

Co-Investigator: Richard C. Deth, 

PhD Collaborator: Nancy Klimas, 

MD 

Study Sites Responsibilities 

Site 1: Dr. Krengel and her VABHS team will be responsible for recruiting FDC study 

participants and conducting cognitive evaluations and phlebotomy to send to NOVA 

investigators.  Specifically, she will oversee the recruitment and blood draws/cognitive 

evaluations of FDC study participants and the processing of plasma samples that will be 

shared for the proposed study. Dr. Krengel will also oversee the experimental design, data 

analysis and interpretation and presentation of study results in collaboration with Dr. Sullivan 

and the other study investigators. Tasks 1-6 

Site 2: Dr. Sullivan and her BUMC team will be responsible for performing the MRS/MRI 

imaging protocols and post-processing the imaging data for cross-sectional (MRS) and 

longitudinal analyses (structural MRI). Specifically, she will oversee the imaging acquisition 

and post-processing protocols in collaboration with Drs. Killiany and Palumbo. Dr. Sullivan 

will also assist with the experimental design, data analysis and interpretation and presentation 

of study results in collaboration with Dr. Krengel and the other study investigators. Tasks 1-6 

Site 3: Dr. Deth and Klimas will be responsible for receiving the plasma samples from the 

Boston site and performing oxidative stress marker analyses for GSH, HNE and 8-iso-PGF2α 

for 

100 blood samples (50 GWI, 50 controls). Dr. Deth will also assist with the experimental 

design, interpretation of data, report and manuscript writing and presentation of results at 

scientific meetings. Tasks 1, 2, 4, 5, 6 

8. Special Reporting requirements:

None

9. Appendixes.
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RESEARCH

Health symptom trajectories 
and neurotoxicant exposures in Gulf War 
veterans: the Ft. Devens cohort
Maxine H. Krengel1*† , Clara G. Zundel1,2†, Timothy Heeren3, Megan Yee1,4, Avron Spiro5,6,7, Susan P. Proctor1,8, 
Claudia M. Grasso1 and Kimberly Sullivan4 

Abstract 

Background: Thirty years ago, Gulf War (GW) veterans returned home with numerous health symptoms that have 
been associated with neurotoxicant exposures experienced during deployment. The health effects from these expo-
sures have been termed toxic wounds. Most GW exposure-outcome studies utilize group analyses and thus individual 
fluctuations in symptoms may have been masked. This study investigates health symptom trajectories in the same 
veterans over 25 years.

Methods: Veterans were categorized into 5 a priori trajectory groups for each health symptom and Chronic Multi-
symptom Illness (CMI) clinical case status. Multinomial logistic regression models were used to investigate associa-
tions between these trajectories and neurotoxicant exposures.

Results: Results indicate that more than 21 Pyridostigmine Bromide (PB) pill exposure was associated with consist-
ent reporting of fatigue, pain, and cognitive/mood symptoms as well as the development of six additional symptoms 
over time. Chemical weapons exposure was associated with both consistent reporting and development of neuro-
logical symptoms over time. Reported exposure to tent heater exhaust was associated with later development of 
gastrointestinal and pulmonary symptoms. Veterans reporting exposure to more than 21 PB pills were more than 8 
times as likely to consistently meet the criteria for CMI over time.

Conclusion: This study highlights the importance of the continued documentation of the health impacts experi-
enced by GW veterans’, their resulting chronic health symptoms, and the importance of exposure-outcome relation-
ships in these veterans now 30 years post-deployment.
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Background
Thirty years ago, Gulf War (GW) veterans returned home 
from deployment with a constellation of health symp-
toms: some have been chronic, some have emerged over 
time, and others have remitted [1, 2]. Collectively, these 

symptoms are termed Gulf War Illness (GWI) and have 
been associated with central nervous system (CNS) dys-
function as a result of neurotoxicant exposures during 
the war and resultant toxic wounds [3, 4]. These expo-
sures include chemical warfare agents (sarin/cyclosarin), 
pesticide sprays and creams, pyridostigmine bromide 
(PB) prophylactic anti-nerve gas pills, smoke from oil 
well fires, tent heater exhausts, and others [3–6].

In the early years, research focused on determining 
the symptoms that characterized GWI, and identifying 
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potential neurotoxicant exposures that could be etiologi-
cally related to these symptoms. However, studies which 
compared GWI cohorts to controls did not allow for the 
comparison of the separate GWI health symptom trajec-
tories of an individual veteran. The majority of the studies 
employ the two most widely used case criteria for GWI, 
the Center for Disease Control (CDC)‘s Chronic Multi-
symptom Illness (CMI) criteria and the Kansas GWI cri-
teria [7, 8]. To date, these two criteria are recommended 
by the Institute of Medicine (IOM) and Department of 
Defense (DoD) for use in GWI research studies. How-
ever, both criteria were derived over 20 years ago and 
reflect what the illness looked like initially post-deploy-
ment. In addition, these criteria ask veterans whether 
they have experienced these symptoms over the past 
6 months. Therefore, the case criteria only capture cur-
rent symptoms and do not account for potential changes 
in symptoms over time [9]. This has made obtaining 
service-related benefits difficult for veterans with toxic 
wounds.

Specifically, the CDC criteria include the following 
symptom domains: fatigue, mood and cognition, and 
pain, whereas the Kansas criteria also include gastroin-
testinal, respiratory, and skin domains [7, 8]. Addition-
ally, the Kansas criteria exclude concomitant illnesses 
that could account for their chronic health symptoms, 
including neurologic disorders such as Parkinson’s dis-
ease, dementia, and stroke [8]. Relying on these case 
definitions 30 years post-deployment, researchers and cli-
nicians may not be adequately addressing the sensitivity 
and specificity of the illness as a whole, as some symp-
toms may have decreased and new symptoms may have 
emerged over time [1, 10].

Importantly, these two criteria vary greatly in the pre-
sumptive rates of illness. The CDC criteria is likely to 
have increased rates of cases among various cohorts of 
GW veterans relative to the Kansas criteria (i.e. higher 
sensitivity but lower specificity) because the Kansas cri-
teria encompasses more bodily systems and excludes 
those with other neurologic or other chronic medi-
cal conditions [7, 8]. For example, the Kansas criteria 
excludes diabetes and stroke, when studies have shown 
that these conditions are increasing in GW veterans 
over time and are related to specific neurotoxicant 
exposures (PB and sarin exposure) [2, 10]. These expo-
sures may also be related to delayed or latent health 
symptoms that develop over time and can result in 
additional toxic wounds [1]. These strict Kansas crite-
ria exclusions may have helped to characterize the GW 
veteran population initially, but now, 30 years later, may 
not be as applicable and may be excluding the very vet-
erans who are the sickest and most affected by their 
deployment. For instance, in our recent study utilizing 

the population-based Ft. Devens Cohort (FDC) of GW 
veterans, we found that rates of both the CDC and Kan-
sas case criteria have increased substantially (by 20%), 
over the course of 20 years in these largely non-treat-
ment seeking veterans [2]. However, rates of Kansas 
GWI criteria continue to be lower than the CDC’s CMI 
criteria when those with chronic medical conditions are 
excluded (rates of cases at 66 and 79% respectively) [2].

An additional criticism of these criteria is that some 
of the symptoms may be sensitive to changes that 
are associated with normal aging (i.e., joint pain and 
sleep dysfunction), and thus may not reflect the actual 
deployment-related illness [11]. In a recent paper using 
the Department of Veteran Affairs’ Millennium Cohort, 
rates of CMI were compared between GW-era and 
non-era veterans over five separate time periods [12]. 
It was found that rates of CMI increased in all veteran 
groups over time, especially in those deployed to the 
Gulf region. The increased rates of CMI over time in 
other potentially non-exposed cohorts may suggest that 
the symptoms used in this criterion may be suscepti-
ble to non-deployment related factors, including nor-
mal aging. Further, as the GW veteran population ages 
and the initial rule-out diagnoses of the Kansas crite-
ria are increasing in prevalence, it is imperative that we 
assess and potentially revise the discrete symptoms and 
exclusionary criteria. Reevaluating the diagnostic cri-
teria will lessen the risk of excluding those individuals 
whose symptoms and medical conditions are related 
to GW deployment and who also have neurotoxicant-
induced accelerated age-related disorders. Additionally, 
a revised criteria should exclude those who might erro-
neously meet criteria due to mild symptoms that are 
expected for their current age-group (i.e., joint paint 
and sleep dysfunction that increased with age) [10].

A recent re-survey (2014–2016) of the Gulf War 
Era Cohort and Biorepository (GWECB) was con-
ducted to assess the current rates of GWI using both 
the CDC and the Kansas criteria, and to evaluate the 
utility of these criteria now to distinguish health prob-
lems reported by GW deployed veterans and GW era 
veterans [13]. The results of this study replicate what 
was found in Porter, et  al [12], in that 80% of non-
deployed era veterans reported symptoms consistent 
with the CDC GWI criteria, suggesting that this crite-
ria has reduced specificity [13]. For the Kansas crite-
ria, deployment status was associated with increased 
odds of reporting 27 of the 29 symptoms, suggesting 
its continued utility [13]. However, roughly 40% of the 
GWECB cohort had at least one medical or psychiat-
ric condition that is considered an exclusion condition 
in the Kansas criteria. This is a more than 30% increase 
from the original Kansas cohort, further emphasizing 
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the fact that these exclusion criteria need to be re-eval-
uated as GW veterans continue to age [13].

One possible explanation for variability of case sta-
tus and corresponding health symptoms across samples 
reported in the literature is that different exposures may 
result in different types, rates, and longevity and trajec-
tory of health symptoms [9, 14, 15]. Therefore, it is vitally 
important to continue to characterize the illness by toxi-
cant exposures, as some toxicant exposures are known 
to exert latent or delayed health effects, for instance, 
chronic respiratory problems and cancers including brain 
tumors [16–19]. Although exposure outcome studies 
have been conducted with both preclinical and clinical 
models, most are conducted with exposure mixtures or 
by case status (GWI versus controls), so it is often dif-
ficult to conclude which symptoms result from specific 
exposures. Additionally, exposure-outcome relation-
ship studies are often flawed because of the small sam-
ple sizes, limited exposure data, reliance on self-report or 
retrospective recall of exposure, cross-sectional analyses, 
or the use of treatment seeking populations with numer-
ous health complaints [3, 4].

It is especially important to conduct exposure-out-
come studies longitudinally in population-based non-
treatment seeking cohorts. To date, several longitudinal 
studies of health symptoms and rates of case criteria 
have been conducted in GW veterans from multiple 
countries including the US, UK and Australia [1, 2, 9, 
12, 20–22]. However, few studies have analyzed expo-
sure-based outcomes longitudinally [1, 12]. We recently 
reported on data from the longest-running population-
based cohort of GW veterans who returned from the 
war through Ft. Devens, MA (FDC) where we examined 
exposures related to health symptom outcomes [1]. We 
found increased rates of mood and cognitive outcomes 
in those reporting exposures to tent heaters, PB pills, and 
chemical warfare agents, and that the self-reported rates 
of these symptoms increased over time [1]. However, the 
analyses for this paper examined changes at the group 
rather than the individual level. Thus, it was not clear if 
specific symptoms fluctuated over time within individual 
veterans. For example, while the study showed that many 
symptoms increased over time, whether individual GW 
veteran symptom reporting increased, decreased, or fluc-
tuated over time was not examined.

Assessing individual veteran health symptom trajec-
tories is also important when analyzing trends in rates 
of a chronic disorder such as GWI. For example, there 
are many ways in which an individual could meet crite-
ria for the illness. In analyses investigating rates of ill-
ness longitudinally, it is often unclear if the individuals 
are arriving at clinical status via the same symptoms, or 
potentially if some of their symptoms have recovered or 

if new ones have emerged, thus having the veteran con-
tinue to meet GWI criteria but through different combi-
nations of symptoms. For example, there are 27 different 
ways in which an individual can meet the CDC’s CMI 
criteria [23]. Through group analyses, this may indicate 
that individuals have consistently met the criteria over 
time, when in fact, various symptoms may have fluctu-
ated or appeared over time, but the individual’s case sta-
tus remained unchanged (i.e. they still met criteria but by 
a different combination of symptoms).

Therefore, the most accurate way of assessing chang-
ing symptoms over time is to evaluate health symptom 
reporting longitudinally, in a way that assesses individual 
fluctuations in reporting, that may be masked in group 
analyses. To do this, each individual can be assigned 
into a trajectory group for every health symptom (i.e., 
no symptom, develops symptom, mixed reporting of the 
symptom, remission of symptom, and consistent report 
of symptom). The FDC, a cohort of deployed GW vet-
erans who have been followed since post-deployment in 
1991 and at three time points since (1992–1993, 1997–
1998, and 2013–2017), is one of the few cohorts which 
allows for this type of analysis. In this paper we evaluated 
the same 15 health symptoms as well as clinical case sta-
tus (GWI) in three separate time periods over 25 years, 
comparing individual veterans’ fluctuation in symptoms, 
or ‘symptom trajectories’, over time. In addition, given the 
exposure data compiled from this cohort over the years 
(beginning almost immediately post-deployment before 
some exposures were identified as potentially causative), 
we analyzed different trajectories of symptoms and CMI 
clinical case status in association with self-reported neu-
rotoxicant exposures in the GW theatre.

Methods
Participants and surveys
The FDC has been described previously [1, 2]. Briefly, 
this was a cohort of Active Duty, Reserve, and National 
Guard Army veterans who were deployed to the GW and 
returned home through Ft. Devens, MA. The initial base-
line survey in 1991 was designed to assess psychological 
health and combat exposure. Subsequent follow-up ques-
tionnaires (1992, 1997–1998, and 2013–2017) assessed 
long term health, psychological and functional well-
being, including Post-traumatic stress disorder as meas-
ured by the Mississippi Scale for Combat Related PTSD 
( [24] as well as self-report of GW specific neurotoxicant 
exposures. The current study uses a subset of the FDC 
participants (N = 293) who completed the Health Symp-
tom Checklist at all three follow-up time points (1992, 
1997–1998, and 2013–2017). All participants gave their 
informed consent for inclusion at each timepoint, before 
they participated in the surveys. Institutional review 
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board approvals were obtained from VA Boston Health-
care System and Boston University prior to initiating the 
surveys. The timeline of the FDC is displayed in Fig. 1.

The health symptom checklist
The minor differences in Health Symptom Checklist 
(HSC) versions across the three follow-up surveys have 
been explained in a previous study [1]. In brief, the HSC 
is a list of health symptoms originally adapted from Bar-
tone, Ursano [25]. Follow-up 1 contained a 20-item HSC, 
in which veterans were asked to indicate the frequency 
of symptoms over the past 4 weeks using a Likert-scale 
rating (none, a little, often, very often) [26], Follow-
up 2 contained a 52-item HSC, in which veterans were 
asked to indicate whether they experienced each health 
symptom over the past 4 weeks (yes or no) [27, 28], and 
Follow-up 3 contained a 34-item HSC, in which veter-
ans were asked to endorse whether they experienced 
a symptom (yes or no) over the past 30 days [1]. A total 
of 15 symptoms were consistently assessed at all three 
timepoints. All responses were dichotomized as present 
or absent. If a veteran indicated not experiencing a symp-
tom, and also endorsed a frequency, the response was 
recoded as being present.

CMI criteria
Chronic Multisymptom Illness (CMI) by the Center for 
Disease Control (CDC) criteria were determined as the 
presence of persistent symptoms over six months in two 
out of three domains: fatigue, cognitive/mood, and mus-
culoskeletal [7]. Because a limited number of symptoms 
[15] were consistently assessed at all three timepoints, 
our measure of the CMI criterion included: 1 symptom 
in the fatigue domain (overly tired/lack of energy), 4 in 
the cognitive/mood domain (depressed mood, difficulty 
concentrating, nervous or tense, trouble sleeping), and 1 
in the musculoskeletal domain (joint pain).

Gulf War exposure characterization
The full explanation of how GW exposures were charac-
terized in the FDC has been reported previously [1]. In 
brief, to minimize the length of time between deploy-
ment and recall, exposure data were taken from the Fol-
low-up 2 survey, 6 years after deployment. In this paper 
we report the associations between health symptom tra-
jectories and 4 exposures, including PB pills, chemical 
weapon alert, Khamisiyah weapons depot notification, 
and tent heater exposure.

Participants were asked to indicate how many anti-
nerve gas (PB) pills they took in the GW, on a scale of 
0, 1–2, 3–10, 11–21, and > 21. Responses were coded into 
whether they took more than 21 PB pills, dichotomized 
into yes (> 21) and no (< 21) responses, as the blister pack 
given troops included 21 pills and 21 pills has previously 
been associated with higher rates of GWI symptoms 
[29]. Similarly, participants were asked to indicate how 
many times they were on “formal alert” for a chemical 
attack (e.g., had to put on full MOPP gear) on a scale of 
0, 1–2, 3–10, 11–20, and 20 or more times. Responses 
were coded into whether they were on “formal alert” for 
more than 20 times, dichotomized into yes (> 20) and no 
(< 20) responses, as self-reported frequency of chemical 
alarms has been associated with adverse effects on brain 
structure, with the strongest effect observed for both 
7–30 days and 30+ days of hearing chemical alarms [30].

Veteran’s exposure to the Khamisiyah weapons demoli-
tion was determined. In March of 1991, the Army Corp 
of engineers detonated underground munition bun-
kers which unbeknownst to them housed thousands of 
Iraqi rockets, with chemical weapons sarin/cyclosarin in 
the tips of the rockets. When the explosions occurred, 
it was estimated that over 100,000 GW veterans were 
exposed to low-level sarin/cyclosarin due to their prox-
imity to the air plumes from the explosions [31, 32]. 
The Department of Defense (DoD) eventually notified 
exposed veterans by letter and a registry was established. 
A list of FDC veterans who received notification letters 

Fig. 1 Ft. Devens cohort reunion survey timeline
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of potential exposure to sarin based on their proximity 
to the Khamisiyah weapons depot detonations and pre-
sumed to be exposed to low levels of sarin/cyclosarin 
based on wind plume modeling in 2000 was obtained 
from the DoD. These exposures were categorized as a 
dichotomous variable, yes (received a notification let-
ter from the 2000 DOD exposure model) or no (never 
received a notification letter) for Khamisiyah exposure 
status as a proxy for sarin chemical weapons exposure 
during their deployment [32].

Lastly, participants were also asked whether they had a 
tent heater or stove in the area where they slept (yes vs. 
no).

Symptom (Sx) trajectory groups
In order to evaluate health symptom trajectories over 
time, five a priori symptom trajectory groups were cre-
ated based on responses at the three time points (No Sx, 
No Sx then Develops Sx, Mixed, Remitting Sx, Consist-
ent Sx) for each symptom assessed (see Table  1). The 
No Sx group contains veterans who never endorsed the 
symptom on all three follow-up surveys. The No Sx then 
Develops Sx group contains both veterans who initially 
did not report the symptom on the first follow-up sur-
vey, but later endorsed the symptom on Follow-up 2 and 
Follow-up 3 or veterans who initially did not report the 
symptom on the first two follow-up surveys but endorsed 
on Follow-up 3. The Mixed group contains veterans 
whose symptoms of endorsement fluctuated across the 
follow-ups (i.e., endorsed on follow-up 1, not endorsed 
on follow-up 2, and then endorsed again on follow-up 3; 
and not endorsed on follow-up 1 endorse on follow-up 2 
and then not endorsed again on follow-up 3). The Remit-
ting Sx group contains veterans who initially endorsed 
the symptom on follow-up 1 but they did not endorse the 
symptom on follow-up 2 and 3, as well as veterans who 
initially endorsed the symptom on follow-ups 1 and 2 but 
did not endorse on follow-up 3. Finally, the Consistent Sx 

group contains veterans who endorsed the symptom on 
all three follow-up surveys. Participants were classified 
into trajectory groups for each health symptom and CMI 
clinical case status.

Data analysis
Demographics and characteristics of the full FDC and the 
current study sample were presented using descriptive 
statistics. A multinomial logistic regression model was 
built with each health symptom trajectory grouping as 
the dependent variable, and one of the GW-specific expo-
sures (i.e., PB pills, self-reported exposure to chemical 
warfare agents, notification of proximity to Khamisiyah 
sarin/cyclosarin air plumes, and tent heater exposure) 
as the independent variable. Covariates included in the 
model were age, sex, and post-traumatic stress disorder 
(PTSD) status (score of > 89 on the Mississippi PTSD 
Scale indicative of PTSD), all derived from the baseline 
survey conducted in 1991. We chose to include base-
line PTSD status as a covariate to control for the cogni-
tive, mood, and somatic symptoms that may arise from 
trauma, and therefore not neurotoxicant exposures [33, 
34] . Additionally, for each individual exposure model, we 
included all other neurotoxicant exposures as covariates, 
to control for effects on symptoms from other exposures. 
Odds ratios (OR) and 95% confidence intervals (CI) were 
calculated from the logistic regression models. P values 
< 0.05 were considered significant. All analyses were per-
formed using SAS 9.4 (SAS, Cary, NC).

Results
Demographics and baseline characteristics
A total of 2949 FDC veterans completed the initial base-
line survey in 1991. A total of 295 veterans completed 
all follow-up surveys. Two veterans did not have com-
plete health symptom data for all three follow-up sur-
veys and were thus excluded from the study sample for a 
final sample size of 293. The veterans in the study sample 
were approximately 32 years old at the time of the initial 
1991 baseline survey and 54 years old by the last follow-
up survey (Table  2). Veterans were predominately male 
(87.4%) and White (92.8%). Over 16% of the veterans 
were on active duty at the time of the GW and 5.5% of 
the study sample exceeded the clinical cutoff of the Mis-
sissippi scale for PTSD. The full cohort from the initial 
1991 baseline survey did not differ from the study sample 
with regards to PTSD score or status. The study sample 
differed from the full FDC, as veterans were older, more 
likely to be White, and less likely to be male and initially 
on active duty. Demographics and characteristics for 
both the full FDC sample and the study sample are sum-
marized in Table 2.

Table 1 Descriptions of Symptom Trajectory Groups

Y = Endorsed Symptom N=Did Not Endorse Symptom

Symptom Trajectory 
Group

Follow-up 1 Follow-up 2 Follow-up 3

No Sx N N N

No Sx, Develops Sx N N Y

N Y Y

Mixed N Y N

Y N Y

Remitting Sx Y Y N

Y N N

Consistent Sx Y Y Y
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Individual symptom trajectories
The prevalence of trajectory groups for each symptom are 
described in Fig. 2 (sample sizes of each group are pre-
sented in Table  3). Less commonly reported symptoms 
(greater than 50% of veterans never endorsed across all 
three follow-up surveys) were crying easily, hands sweat-
ing, rapid heartbeat, dizziness, and shortness of breath. 
Symptoms that showed an increase in prevalence over 
time (greater than 20% of veterans did not report initially 
but reported at later follow-ups) were muscle twitching, 
depressed mood, trouble sleeping, fatigue, nervousness, 

and joint pain. The only symptom that waxed and waned 
over time was nervous or tense (with 20% of veterans 
in the mixed trajectory group). Remitting symptoms 
included headaches and nausea (with more than 20% of 
veterans in these trajectory groups). More commonly 
reported symptoms (greater than 30% of veterans con-
sistently reported these symptoms across all three follow-
up surveys) were fatigue, trouble sleeping, and joint pain.

The prevalence of trajectory groups for CMI clinical 
case status are described in Fig. 3 (sample sizes of each 
group are presented in Table  4). Most veterans (45%) 

Table 2 Demographics and Characteristics

*p < 0.05

Demographics/Characteristics Full Devens Cohort (N = 2949) Study Sample (N = 293)

Age at baseline survey, years* 30.2 + 8.3 32.3 + 8.5

Age at follow-up 3, years 54.28 + 8.56

Male, n (%)* 2702 (91.6) 256 (87.4)

White, n (%)* 2443 (82.8) 272 (92.8)

Active Duty at time of Gulf War, n (%)*
(versus Reserve, National Guard)

823 (27.9) 48 (16.4)

Mississippi PTSD scale-score 61.9 + 13.4 62.0 + 14.2

Clinical cutoff on Mississippi scale-score, n (%) 116 (3.9) 16 (5.5)

GW-Specific Neurotoxicant Exposures, n (%) Time 4 (N = 1291)

Took more than 21 Pyridostigmine Bromide (PB) Pills 210 (16.3) 50 (17.1)

20 or More Times on “Formal Alert” for a Chemical Attack 263 (20.4) 70 (23.9)

Received the 2000 DoD Notification for Possible Sarin Exposure from 
the Khamisiyah Weapons Demolition*

1024 (34.7) 121 (41.3)

Tent Heater or Stove in the Area Where you Slept* 788 (61.0) 200 (68.3)

Fig. 2 Percentage of veterans by symptom trajectory group for each health symptom
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Table 3 Associations between GW-Specific Neurotoxicant Exposures and Symptom Trajectories Adjusted for other exposures

Outcome Comparison Khamisiyah OR [95% CI] Tent Heater OR [95% CI] PB Pill (21 or 
More) OR [95% 
CI]

Chemical Alert 
(20 or More) OR 
[95% CI]

Difficulty Concentrating No Sx (n = 69) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 56)

1.44 [0.57–3.66] 0.65 [0.26–1.61] 3.53 [1.08–11.50] 0.74 [0.26–2.15]

Mixed (n = 46) 2.50 [0.95–6.58] 0.79 [0.29–2.14] 3.70 [1.00–13.70] 0.61 [0.19–2.00]

Remitting Sx (n = 49) 1.87 [0.76–4.57] 0.73 [0.29–1.85] 1.56 [0.45–5.40] 1.33 [0.50–3.52]

Consistent Sx (n = 68) 3.09 [1.26–57.61] 0.69 [0.27–1.75] 2.71 [0.81–9.13] 0.95 [0.34–2.63]

Dizziness No Sx (n = 133) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 39)

0.76 [0.30–1.93] 2.22 [0.83–5.91] 4.87 [1.78–13.37] 1.90 [0.70–5.17]

Mixed (n = 37) 0.82 [0.32–2.07] 1.34 [0.53–3.42] 0.35 [0.07–1.84] 2.38 [0.86–6.60]

Remitting Sx (n = 43) 1.09 [0.46–2.57] 1.31 [0.54–3.16] 2.33 [0.82–6.67] 1.54 [0.57–4.13]

Consistent Sx (n = 18) 6.49 [1.51–27.90] 1.11 [0.27–4.49] 8.59 [2.07–35.59] 0.85 [0.19–3.85]

Fatigue No Sx (n = 46) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 56)

0.78 [0.28–2.16] 1.16 [0.44–3.08] 3.93 [0.98–15.78] 1.31 [0.44–3.94]

Mixed (n = 30) 1.42 [0.46–4.39] 1.35 [0.44–4.17] 4.06 [0.85–19.52] 0.67 [0.16–2.70]

Remitting Sx (n = 49) 1.28 [0.48–3.42] 3.02 [1.05–8.68] 1.80 [0.39–8.33] 0.69 [0.21–2.31]

Consistent Sx (n = 101) 1.30 [0.53–3.19] 1.47 [0.60–3.61] 3.76 [1.02–13.88] 1.03 [0.37–2.88]

Crying Easily No Sx (n = 178) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 35)

1.02 [0.38–2.70] 2.23 [0.76–6.57] 1.73 [0.56–5.36] 1.15 [0.37–3.57]

Mixed (n = 18) 0.85 [0.21–3.43] 3.43 [0.62–19.01] 1.67 [0.32–8.68] 1.29 [0.27–6.13]

Remitting Sx (n = 39) 0.79 [0.29–2.16] 4.12 [1.18–14.39] 0.88 [0.26–3.04] 1.90 [0.66–5.47]

Consistent Sx (n = 12) 0.81 [0.15–4.28] Sample Size Issue 2.66 [0.43–15.52] 2.02 [0.32–12.65]

Nervous or Tense No Sx (n = 67) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 60)

1.12 [0.47–2.65] 0.99 [0.43–2.29] 3.80 [1.03–14.05] 1.21 [0.44–3.38]

Mixed (n = 59) 1.42 [0.58–3.45] 1.91 [0.75–4.82] 3.99 [1.05–14.99] 1.06 [0.36–3.13]

Remitting Sx (n = 38) 0.88 [0.33–2.32] 2.16 [0.80–5.88] 2.87 [0.68–12.03] 1.48 [0.49–4.45]

Consistent Sx (n = 62) 1.14 [0.44–2.99] 1.78 [0.65–4.84] 7.42 [1.89–29.09] 0.97 [0.30–3.08]

Upset Stomach/Nausea No Sx (n = 113) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 36)

0.35 [0.12–1.01] 5.42 [1.45–20.29] 0.64 [0.15–2.69] 0.57 [0.14–2.26]

Mixed (n = 40) 0.33 [0.11–0.93] 0.96 [0.37–2.49] 0.60 [0.15–2.44] 1.74 [0.62–4.92]

Remitting Sx (n = 64) 0.37 [0.16–0.82] 1.31 [0.60–2.90] 1.40 [0.55–3.53] 0.88 [0.36–2.13]

Consistent Sx (n = 36) 0.85 [0.30–2.38] 2.68 [0.79–9.13] 3.27 [1.03–10.31] 1.02 [0.32–3.28]

Shortness of Breath No Sx (n = 155) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 58)

0.76 [0.34–1.72] 3.46 [1.34–8.95] 2.68 [1.07–6.70] 1.61 [0.66–3.92]

Mixed (n = 28) 1.00 [0.29–3.38] 2.02 [0.51–8.02] 2.39 [0.60–9.54] 1.39 [0.36–5.42]

Remitting Sx (n = 21) 1.27 [0.43–3.72] 1.74 [0.51–5.94] 2.07 [0.55–7.78] 0.57 [0.14–2.44]

Consistent Sx (n = 24) 2.61 [0.74–9.24] 0.22 [0.05–0.88] 2.15 [0.43–10.70] 1.51 [0.38–6.02]

Depressed Mood No Sx (n = 77) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 63)

2.36 [0.99–5.63] 0.93 [0.40–2.19] 4.46 [1.34–14.80] 0.91 [0.33–2.47]

Mixed (n = 45) 1.51 [0.56–4.09] 0.83 [0.32–2.15] 3.90 [1.09–13.98] 1.18 [0.41–3.46]

Remitting Sx (n = 48) 3.19 [1.32–7.73] 1.23 [0.49–3.08] 3.10 [0.88–10.94] 1.06 [0.39–2.93]

Consistent Sx (n = 51) 2.99 [1.08–8.31] 1.12 [0.39–3.23] 7.01 [1.82–26.99] 1.00 [0.31–3.24]
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consistently met criteria for CMI across all three follow-
ups, followed by 19.5% of veterans who met criteria for 
CMI as time went on, 12.9% of veterans had a mixed tra-
jectory of CMI clinical case status, and 11.1% of veterans 
never met criteria for CMI across all follow-ups.

Associations between individual symptom trajectories 
and neurotoxicant exposures
PB pill (more than 21) exposure
Veterans who reported taking more than 21 PB pills 
were more than twice as likely to develop difficulty 

Table 3 (continued)

Outcome Comparison Khamisiyah OR [95% CI] Tent Heater OR [95% CI] PB Pill (21 or 
More) OR [95% 
CI]

Chemical Alert 
(20 or More) OR 
[95% CI]

Headaches No Sx (n = 63) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 31)

0.34 [0.11–1.04] 0.87 [0.30–2.50] 0.69 [0.15–3.28] 1.15 [0.30–4.48]

Mixed (n = 39) 1.00 [0.36–2.78] 0.94 [0.32–2.72] 0.65 [0.13–3.22] 4.10 [1.29–13.04]

Remitting Sx (n = 81) 0.34 [0.15–0.78] 1.54 [0.65–3.62] 2.10 [0.72–6.14] 1.00 [0.35–2.91]

Consistent Sx (n = 75) 0.44 [0.18–1.07] 0.76 [0.31–1.86] 2.82 [0.91–8.75] 2.09 [0.73–6.00]

Muscle Twitching No Sx (n = 111) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 61)

1.03 [0.47–2.24] 1.26 [0.58–2.74] 1.51 [0.57–4.00] 1.26 [0.50–3.17]

Mixed (n = 27) 0.87 [0.30–2.50] 0.80 [0.29–2.23] 1.49 [0.41–5.50] 0.83 [0.23–3.02]

Remitting Sx (n = 40) 0.94 [0.38–2.27] 2.39 [0.90–6.36] 0.96 [0.30–3.08] 1.39 [0.50–3.92]

Consistent Sx (n = 47) 0.98 [0.39–2.48] 3.11 [1.07–9.06] 2.18 [0.74–6.43] 2.23 [0.81–6.15]

No Sx, (n = 138) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 49)

0.55 [0.22–1.39] 0.40 [0.17–0.94] 4.72 [1.63–13.71] 0.17 [0.04–0.67]

Mixed (n = 37) 1.60 [0.61–4.23] 1.22 [0.40–3.70] 1.83 [0.58–5.82] 2.31 [0.83–6.45]

Remitting Sx (n = 34) 0.77 [0.30–2.01] 1.23 [0.43–3.51] 1.64 [0.46–5.75] 0.73 [0.23–2.29]

Consistent Sx (n = 25) 1.27 [0.41–3.91] 0.62 [0.19–2.00] 1.78 [0.43–7.37] 2.00 [0.60–6.62]

Hands Sweating No Sx (n = 199) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 15)

0.53 [0.10–2.68] 2.53 [0.50–12.75] 3.16 [0.73–13.66] 1.43 [0.32–6.37]

Mixed (n = 16) 4.09 [1.03–16.22] 2.43 [0.47–12.56] 4.47 [1.06–18.81] 1.53 [0.36–6.52]

Remitting Sx (n = 48) 1.43 [0.60–3.40] 1.51 [0.59–3.86] 2.32 [0.86–6.26] 1.23 [0.47–3.21]

Consistent Sx (n = 11) 5.22 [0.44–61.56] 2.36 [0.15–38.03] 3.18 [0.29–35.23] 1.65 [0.17–15.81]

Trouble Sleeping No Sx (n = 55) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 82)

0.72 [0.31–1.69] 1.35 [0.57–3.18] 1.43 [0.40–5.12] 1.12 [0.42–3.03]

Mixed (n = 35) 0.79 [0.27–2.27] 0.82 [0.29–2.32] 3.30 [0.82–13.26] 1.47 [0.46–4.71]

Remitting Sx (n = 33) 1.09 [0.39–3.05] 1.04 [0.37–2.97] 2.57 [0.63–10.42] 0.67 [0.18–2.41]

Rapid Heartbeat No Sx (n = 166) Ref. Ref. Ref. Ref.

No Sx, Develops Sx 
(n = 44)

0.89 [0.39–2.05] 1.19 [0.52–2.74] 1.53 (0.57–4.14] 1.33 [0.54–3.27]

Mixed (n = 26) 1.36 [0.46–4.06] 1.04 [0.34–3.15] 1.90 [0.51–7.11] 0.46 [0.10–2.03]

Remitting Sx (n = 30) 1.19 [0.42–3.38] 2.64 [0.70–9.89] 1.95 [0.57–6.69] 0.64 [0.17–2.37]

Consistent Sx (n = 16) 1.45 [0.42–5.01] 1.45 [0.38–5.59] 2.27 [0.54–9.51] 1.15 [0.29–4.54]

Joint Pain No Sx (n = 29) Ref Ref Ref Ref

No Sx, Develops Sx 
(n = 56)

1.16 [0.39–3.46] 1.04 [0.35–3.09] Sample Size Issue 0.67 [0.20–2.25]

Mixed (n = 46) 0.99 [0.31–3.15] 0.91 [0.30–2.79] Sample Size Issue 0.34 [0.09–1.38]

Remitting Sx (n = 39) 1.81 [0.58–5.68] 1.04 [0.33–3.33] Sample Size Issue 0.64 [0.17–2.34]

Consistent Sx (n = 104) 1.44 [0.50–4.15] 1.31 [0.45–3.81] Sample Size Issue 0.84 [0.26–2.67]

All analyses included age, gender, and baseline PTSD status as covariates. p < 0.05
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concentrating, dizziness, nervous or tense, shortness of 
breath, depressed mood, and skin rash over time, as com-
pared to those reporting < 21 PB pill exposure (0–21 pills) 
(p’s < 0.05). This exposure was also associated with fluctu-
ating reporting of nervous or tense, hands sweating, and 
depressed mood over time (p’s < 0.05). No associations 

were observed between PB pill (more than 21) exposure 
and symptom trajectories of headaches, muscle twitch-
ing, rapid heartbeat and crying easily (p’s > 0.05). Veter-
ans who reported taking more than 21 PB pills were more 
than twice as likely to consistently report these symp-
toms over three time periods, including the following: 

Fig. 3 Percentage of veterans by chronic multisymptom illness (CMI) trajectory group

Table 4 Associations between Exposures and CMI – GWI Trajectories

All analyses included age, gender, and baseline PTSD status as covariates. p < 0.05

Exposure Outcome Comparison OR 95% CI

Khamisiyah CMI - GWI No Sx (n = 32) Ref

No Sx, Develops Sx (n = 56) 1.46 [0.47, 4.49]

Mixed (n = 37) 1.56 [0.47, 5.20]

Remitting Sx (n = 33) 3.26 [0.97, 10.89]

Consistent Sx (n = 129) 1.58 [0.56, 4.43]

Tent Heater CMI - GWI No Sx (n = 32) Ref

No Sx, Develops Sx (n = 56) 0.82 [0.28, 2.36]

Mixed (n = 37) 1.80 [0.54, 6.06]

Remitting Sx (n = 33) 2.02 [0.57, 7.14]

Consistent Sx (n = 129) 1.10 [0.41, 2.91]

PB Pills (21 or more) CMI - GWI No Sx (n = 32) Ref

No Sx, Develops Sx (n = 56) 8.65 [0.97, 76.96]

Mixed (n = 37) 8.51 [0.90, 80.24]

Remitting Sx (n = 33) 3.44 [0.31, 38.45]

Consistent Sx (n = 129) 8.75 [1.03, 74.16]
Chemical Alert (20 or more) CMI - GWI No Sx (n = 32) Ref

No Sx, Develops Sx (n = 56) 1.44 [0.38, 5.38]

Mixed (n = 37) 1.11 [0.26, 4.77]

Remitting Sx (n = 33) 1.59 [0.38, 6.69]

Consistent Sx (n = 129) 1.35 [0.39, 4.62]
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dizziness, fatigue, nervous or tense, trouble sleeping, 
upset stomach/nausea, and depressed mood as com-
pared to those reporting < 21 PB pill exposure (0–21 pills) 
(p’s < 0.05). These results and odds ratios are reported in 
Table 3.

Chemical alert (20 or more) exposure
Veterans who reported experiencing 20 or more chemi-
cal alerts were more than four times as likely to fluctuate 
reporting of headaches over time (p < 0.05). Additionally, 
veterans who reported this exposure were less likely to 
develop skin rash over time (p < 0.05).

No associations were observed between chemical alert 
exposure (20 or more times) and symptom trajectories of 
hands sweating, trouble sleeping, rapid heartbeat, joint 
pain, difficulty concentrating, dizziness, fatigue, crying 
easily, nervous or tense, upset stomach/nausea, short-
ness of breath, depressed mood, and muscle twitching 
(p’s > 0.05). These results and odds ratios are reported in 
Table 3.

Khamisiyah weapons demolition sarin air plume notification 
letter received –
Veterans who reported receiving a Khamisiyah notifi-
cation letter from DoD were more than twice as likely 
to consistently report difficulty concentrating, dizzi-
ness, and depressed mood over the three time periods 
assessed compared to those who did not report receiving 
a Khamisiyah notification letter (p’s < 0.05). Those report-
ing this exposure were also more than 3 times as likely to 
recover from depressed mood over time (p < 0.05). Those 
reporting this exposure were more than 4 times as likely 
to fluctuate on reporting hands sweating (p < 0.05). Those 
reporting this exposure were significantly less likely to 
fluctuate in reporting upset stomach/nausea or to recover 
from this symptom over time (p’s < 0.05). Those report-
ing this exposure were significantly less likely to report 
headaches initially and then recover over time (p < 0.05). 
Significant associations were not observed between 
Khamisiyah exposure and symptom trajectories of short-
ness of breath, muscle twitching, skin rash, trouble sleep-
ing, rapid heartbeat, joint pain, fatigue, crying easily, and 
nervous or tense (p’s > 0.05). These results and odds ratios 
are reported in Table 3.

Tent heater exposure
Veterans who reported tent heater exposure were more 
than three times as likely to develop upset stomach/nau-
sea and shortness of breath over time compared to those 
reporting no exposure to tent heaters (p’s < 0.05). Addi-
tionally, those reporting this exposure were less likely 
to develop skin rash over time and less likely to con-
sistently report shortness of breath, compared to those 

reporting no exposure to tent heaters (p < 0.05). Those 
who reported this exposure were more than 3 times as 
likely to consistently report muscle twitching over time 
(p < 0.05). Veterans who reported this exposure were also 
three times as likely to recover from fatigue and crying 
easily over time as compared to those not reporting tent 
heater exposure (p < 0.05). No associations were observed 
between tent heater exposure and symptom trajectories 
of hands sweating, trouble sleeping, rapid heartbeat, joint 
pain, difficulty concentrating, dizziness, nervous or tense, 
depressed mood, and headaches (p’s > 0.05). These results 
and odds ratios are reported in Table 3.

Chronic multisymptom illness modified criteria (CMI)
Veterans who reported taking more than 21 PB pills were 
more than 8 times as likely to consistently meet the cri-
teria for CMI over time compared to those reporting 
< 21 PB pill exposure (0–21 pills) (p < 0.05). No significant 
associations were observed for chemical alert exposure, 
Khamisiyah weapons demolition exposure, or tent heater 
exposure for trajectories of meeting the CMI criteria 
(p’s > 0.05). These results are summarized in Table 4 and 
Fig. 4.

Discussion
To our knowledge, this study is the first of its kind to 
evaluate individual health symptom trajectories across 
three time periods over more than 25 years and associa-
tions with GW-specific neurotoxicant exposures. In addi-
tion, we do not know of another study where the same 
individuals were compared in terms of meeting case defi-
nition of CMI and exposures across three time-periods.

Our results showed that fatigue and general aches and 
pain/joint pain were identified as symptoms consistently 
endorsed by over 30% of this cohort of GW veterans at 
three time periods over the span of more than 25 years. 
These two symptoms are currently included in both the 
CDC and the Kansas criteria, and consist of two of the 
most prominent symptom domains: Fatigue and Pain [7, 
8]. Four symptoms (headache, poor concentration, poor 
sleep, nervousness) were consistently reported by at 
least 20% of the cohort who were surveyed at three time 
points. The symptoms of poor concentration and nerv-
ousness are in the Kansas and CMI criteria of cognition 
and mood. Headache, nervousness, and poor sleep are 
also CNS symptoms that are associated with GW deploy-
ment that should be considered in future case criteria 
iterations [3]. These findings of consistent health con-
cerns over 25 years in the same individuals also add cre-
dence for these symptoms’ future utility in biomarker and 
treatment development studies of GWI [2].

Only two symptoms, headaches (27%) and stom-
ach aches/nausea (21%) were endorsed initially but not 
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endorsed at later timepoints by a quarter and a fifth of 
the cohort respectively. We did not measure the extent 
to which targeted treatments were used for these symp-
toms, but it is possible that these individuals benefitted 
from such specialty clinic approaches at their local VA or 
private healthcare facilities.

Several symptoms were identified that were not appar-
ent early on post-deployment but appeared later. These 
symptoms included fatigue, depression, nervousness, 
muscle aches, poor sleep, aches and pains, and short-
ness of breath, which were all endorsed by over 20% of 
the sample. Unique symptoms that were not reported 
above, and developed over time included mood, pain and 
respiratory domains, indicating their continued utility in 
current case criteria.

Several symptoms were never endorsed by at least 50% 
of our cohort. These included crying easily, hands sweat-
ing, skin rash, shortness of breath, and rapid heartbeat. 
These symptoms tend to represent autonomic nervous 
system (ANS) disturbance and although there have been 
reports of ANS symptoms in GW veterans, it may repre-
sent a smaller subgroup and may be consistent with par-
ticular toxicant exposure outcomes [35, 36]. Differences 
in symptom reporting were noted throughout the group-
ings, which may be related to the exposures that were 
experienced in theatre.

Several associations between GW-specific neurotoxi-
cant exposures and health symptom trajectories were 
observed. PB exposure of more than 21 pills was asso-
ciated with consistent reporting of fatigue and trou-
ble sleeping, cognitive and mood symptoms, as well as 
nausea/upset stomach, and dizziness. Symptoms that 

developed over time in this exposed group included diz-
ziness, difficulty concentrating, nervous/tense, shortness 
of breath, depressed mood, and skin rash. This exposure 
was not associated with any symptoms remitting over 
time. This exposure had associations with all symptom 
domains currently encompassed in the two case defini-
tions for GWI [7, 8], suggesting a widespread effect of 
CNS-dysfunction affecting all major body systems, which 
is in line with previous studies that have found associa-
tions between this exposure and the illness (CMI) as a 
whole [7, 28]. They also represent many symptoms of 
the acetylcholinergic system which PB targets [37–39]. 
In fact, the current study found that veterans reporting 
PB exposure of more than 21 pills were more than eight 
times as likely to consistently meet the criteria for CMI 
over the span of more than 25 years, which is consistent 
with prior findings and expands upon the cross-sectional 
results of Steele, Sastre [40] and Wolfe, Proctor [28]. 
Over 250,000 were exposed to PB, which is a significant 
concern in considering a cause for the development of 
chronic health outcomes in these veterans [6, 38, 39]. 
These results suggest that an alternative to PB pills should 
be used in future deployments and that troops who were 
exposed to more than 21 PB pills should be considered 
under new legislative category of toxic wounds for ser-
vice connection.

Self-reported exposure to 20 or more chemical alerts 
was associated with no consistent reporting of any of 
the symptoms. There were also no symptoms that 
developed later. However those who reported exposure 
to 20 or more chemical alerts were likely to show fluc-
tuating reporting of headaches over time.

Fig. 4 Percentage of veterans in chronic multisymptom illness (CMI) trajectory group by more than 21 pyridostigmine bromide (PB) pill exposure
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Suspected sarin exposure at the Khamisiyah weapons 
demolition was associated with consistent reporting of 
difficulty concentrating and dizziness over time, and 
depressed mood similar to what has been reported in 
previous studies and further validating the chronic CNS 
effects of these exposures (1, 42). However, they were 
also three times as likely to recover from depressed 
mood over time.

Tent heater exposure was associated with consistent 
reporting of shortness of breath and also to report the 
development of nausea/upset stomach and shortness of 
breath over time,. This latter finding is suggestive of a 
possible delayed or latent effect of this exposure on the 
gastrointestinal and respiratory systems. Veterans with 
this exposure were three times as likely to recover from 
fatigue and crying easily over time.. These findings are 
similar to other studies that have reported associations 
between tent heater exposure and neurological and pul-
monary symptoms [27, 28]. However, this is the first 
study to our knowledge to report an association between 
tent heaters with gastrointestinal symptoms.

Limitations and strengths
The current analysis was limited to veterans who 
responded and had complete health symptom data for 
all three follow-up studies, which may limit the general-
izability of our results, not only to the greater FDC, but 
to the entire GW veteran population. For example, our 
study sample was more likely to be male and White and 
less likely to have been active duty during the GW than 
was found in the total Devens cohort. Confirmatory stud-
ies should be conducted in more representative samples.

Second, no objective measures of GW-specific neuro-
toxicant exposures are available. Therefore, although we 
used self-report measures of these exposures, we mini-
mized recall bias by using exposure data from Follow-
up 2, which was less than 5 years after veterans returned 
from the GW and before many exposure-outcome 
reports had been published. Further, the first two follow-
up surveys were conducted before the DoD notification 
letters of suspected sarin exposure at the Khamisiyah 
weapons demolition were sent. Thus, veteran’s report-
ing of symptoms may be less biased, as they may not 
have known that they were exposed to sarin and would 
not attribute their symptoms to that exposure. In addi-
tion, exposures were reduced to binomial yes/no varia-
bles with yes denoting a specified amount based on prior 
research. Unfortunately, we did not have the statistical 
power to break these categories down. Exposure catego-
ries were not mutually exclusive. We were also limited 
to the exposure questions previously asked and there-
fore, we are not able to look at other acetylcholinesterase 
inhibitors and the impact on health symptoms over time.

Third, the current study was limited to using 15 
health symptoms variables that were reported at all 3 
follow-up surveys. It would be of interest to explore 
not only other health symptoms but also neuropsy-
chological performance and neuroimaging markers 
longitudinally, to track disease progression, and to 
potentially identify new or latent effects of exposure. 
Next, while no data on potential treatment use were 
collected for this cohort, we acknowledge that treat-
ment use could have affected not only the symptoms 
that were observed to resolve over time, but other 
symptom trajectories as well. Lastly, results should be 
interpreted with caution as analyses were not adjusted 
for multiple comparisons.

Conclusions
This study highlights the importance of the continued 
documentation of GW veterans’ health status by GW-
specific neurotoxicant exposures, and the importance 
of exposure-outcome relationships in these veterans 
now 30 years post-deployment. Importantly, several 
symptoms were identified that have been consistently 
endorsed for nearly 25 years post-deployment, suggesting 
chronic effects of the GW-specific neurotoxicant expo-
sures. Therefore, the current recommended case criteria 
by Fukuda and Steele remain relevant based on this longi-
tudinal analysis and could be further refined and updated 
with regard to exclusionary criteria and symptom inclu-
sionary criteria based on our reported exposure-outcome 
relationships. Additionally, while several treatments 
addressing neuroinflammatory and neuroimmune mech-
anisms are currently being investigated through clinical 
trials, targeting symptom alleviation would improve vet-
eran’s quality of life until treatments for the illness as a 
whole become widely available.
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Abstract
GulfWar veterans (GWVs)were exposed to neurotoxicants, including sarin nerve
gas, anti–nerve agent pills, pesticides, oil well fires, and fumes from unvented
tent heaters, all of which have been associated with subsequent adverse health.
Posttraumatic stress disorder (PTSD) symptoms have also been associated with
GW deployment; however, associations between exposures and PTSD symptoms
have not been investigated. We assessed PTSD symptom trajectories and associ-
ations with neurotoxicant exposures in Ft. Devens Cohort (FDC) veterans (N =

259)who endorsed trauma exposure during deployment and completed the PTSD
Checklist at three follow-ups (1992–1993, 1997–1998, 2013–2017). Results indi-
cate that among veterans with more severe initial PTSD symptoms, symptoms
remained significantly higher across follow-ups, Bs = −1.489–1.028, whereas
among those with low initial PTSD symptoms, symptom severity increased sig-
nificantly over time,Bs= 1.043–10.304.Additionally, neurotoxicant exposurewas
associated with a significant increase in PTSD symptoms, Bs = −1.870–9.003.
Significant interactions between time and exposures were observed for PTSD
symptom clusters, suggesting that among participants with high initial PTSD
symptom, unexposed veterans experienced symptom alleviation, whereas
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provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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exposed veterans’ PTSD symptoms remained high. In GWVs with low initial
PTSD symptoms, both unexposed and exposed veterans experienced PTSD symp-
tom exacerbations over time; however, this occurred at a faster rate among
exposed veterans. These findings suggest that in the years following deployment,
GWVswhowere exposed to both traumatic events and neurotoxicantsmay expe-
rience more severe and chronic PTSD symptoms than those without neurotoxi-
cant exposures.

Compared with nonmilitary populations, veterans report
more traumatic experiences, which occur during bothmil-
itary training and deployment. As a result, some veter-
ans develop PTSD (i.e., ∼12% of Gulf War veterans; Kang
et al., 2003). Veterans who suffer from PTSD report poorer
health, lower health-related quality of life, and higher lev-
els of disability compared to those without PTSD (Fang
et al., 2015). There has been extensive research within
veteran populations on predispositions for PTSD, includ-
ing biological and psychosocial factors as well as specific
characteristics of traumatic events, which has highlighted
the heterogeneity of this disorder (see Able and Benedek,
2019, for a review). However, less attention has been given
to evaluating change in individual PTSD symptoms and
symptom clusters over time and examining which factors
may influence chronicity.
Most research on PTSD symptom trajectories in veteran

populations has focused on short-term follow-ups (i.e., 1–
10 years). Although the results of these studies have been
mixed, most have identified a subgroup of veterans who
report a worsening or chronic trajectory of PTSD or expe-
rience an exacerbation of symptoms over time; however, in
these studies, the number of veterans who experience this
trajectory has been low (i.e., ∼6%–10%; Mota et al., 2019;
Vasterling et al., 2016). Few studies have surveyed PTSD
symptoms for more than 10 years of follow-up. The find-
ings from these studies suggest that the longer the follow-
up period, themore likely an increase in PTSD symptomol-
ogy is observed (Karstoft, 2013), with one study reporting
that 20% of veteran participants exhibited a chronic trajec-
tory of PTSD for over 20 years (Marmar et al., 2015).
Overall, most findings indicate that within short-term

follow-up periods conducted in early adulthood, the rates
of chronic PTSD symptom trajectories appear to be low.
However, in studies with longer follow-up periods that
extend into later life, these rates appear much higher,
potentially due to the changes associated with aging, such
as worsening cognitive function and additional stress (e.g.,
retirement, bereavement), which have been identified as
possible predictors of late-life exacerbated, reactivated, or

new-onset clinical PTSD symptomology (Davison et al.,
2016; Mota et al., 2016).
Most longitudinal studies assessing PTSD symptomol-

ogy have been conducted with veterans who served either
during theVietnamWar era or in support of the recent con-
flicts in Iraq and Afghanistan, whereas few studies have
assessed PTSD trajectories in 1991 Gulf War (GW) veter-
ans. Overall, the rates of PTSD within GW veterans as
assessed immediately following their return home have
been shown to be relatively low, ranging from 3.3% to 7.2%
(Research Advisory Committee on Gulf War Veterans’ Ill-
nesses [RAC-GWVI], 2008). One study of GW National
Guard reservists from medical and police units found that
PTSD symptoms increased significantly over the span of 2
years, with hyperarousal symptoms reported as the most
severe among all measured symptoms at all assessment
points (Southwick, 1995). Similarly, in cohorts of GW vet-
erans from Louisiana, PTSD symptoms related to emo-
tional numbing and hyperarousal were shown to signifi-
cantly increase over the course of 1 year, whereas symp-
toms of reexperiencing and avoidance showed no change
(Benotsch et al., 2000; Thompson et al., 2004). The longest
assessment of PTSD symptoms to date within GW veter-
ans (Orcutt, 2004) was conducted over a period of 6 years
within the Ft. Devens Cohort (FDC), the longest-running
cohort of GW veterans. The author found that PTSD symp-
toms following the GW were best categorized into two
groups: one characterized by low levels of symptoms with
little increase over time and one by higher levels of ini-
tial symptoms that increased significantly over time. These
findings suggest that PTSD symptoms within GW veter-
ans may not be homogenous and may, in fact, be related
to other deployment-related factors, such as environmen-
tal hazards.
GW veterans are a unique cohort in that their deploy-

ment contained multiple potential exposures to neurotox-
icants, including sarin nerve gas, pyridostigmine bromide
pills (PB), pesticides, and combustion byproducts from oil
well fires and unvented tent heaters (White et al., 2016).
These exposures have since been associated with chronic
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IMPACT OF NEUROTOXICANT EXPOSURES ON PTSD TRAJECTORIES 957

health symptoms that encompass multiple body systems
including fatigue; pain; neurological, cognitive, and mood
issues; and gastrointestinal, respiratory, and skin problems
(Steele, 2000). Although neurotoxicant exposures may be
the most notable feature of the 1991 Gulf War, veterans
may have been exposed to other harmful experiences, such
as mild traumatic brain injury (mTBI) and psychologi-
cally traumatic events. Recently, researchers have investi-
gated a “multiple-hit” hypothesis, which posits that expo-
sure to both mTBI and neurotoxicants is associated with
increased rates of Gulf War Illness (GWI) and chronic
medical conditions, when compared with either exposure
alone or no exposure at all (Janulewicz et al., 2018). We
similarly hypothesized that exposure to both traumatic
events and neurotoxicants during deployment would be
associated with increased rates of PTSD symptoms and/or
increased symptom severity in a sample of GW veterans.
To our knowledge, the present study was the first to inves-
tigate trajectories of PTSD symptoms over a 20-year follow-
up period in GW veterans. The current study was a lon-
gitudinal analysis using the FDC’s recent resurvey, con-
ducted more than 20 years postwar (i.e., 2013–2017), and
considered the potential impact of GW-specific neurotoxi-
cant exposures on PTSD symptoms and trajectories.

METHOD

Participants and procedure

The FDC of GW veterans is the longest-running cohort of
GW veterans and has been described in prior papers (Yee
et al., 2020; Zundel et al., 2019). In summary, during the
spring of 1991, active duty, reserve, andNationalGuardU.S.
Army personnel who had been deployed to the GW and
returned home through Ft. Devens inMassachusetts, were
recruited to participate in a survey to assess psychological
health and combat exposure. Subsequent questionnaires
were mailed to participants in 1992 (Follow-Up 1), 1997–
1998 (Follow-Up 2), and 2013–2017 (Follow-Up 3) to assess
long-termhealth, psychological and functional well-being,
and GW-specific environmental and combat exposures.
This study utilized a subset of individuals in the FDC

who completed the baseline survey and all three follow-
up surveys and had complete data for the PTSD Checklist
(PCL; Weathers, 1991) at each assessment point. Relevant
covariates from the baseline survey included age and gen-
der. Of the 295 veterans who completed all three follow-
up surveys, we excluded 19 who reported no traumatic
event exposure and 17who did not have sufficient data (i.e.,
missing most data points) for the PCL at all three follow-
up surveys in which they participated; this resulted in an
analytic sample of 259 GW veterans. Of these 259 veter-

ans, 19 had one or two missing data points for the PCL on
the follow-up surveys. Missing data points were replaced
with the average of the other symptoms within the spe-
cific PTSD symptom cluster using a single-imputation
method.
Because the first study to investigate PTSD symptom

trajectories within the FDC found that the sample was
best categorized into two groups (i.e., veterans with low
vs. high initial symptoms; Orcutt, 2004), we stratified our
analyses to assesswhether the effect of neurotoxicant expo-
sures was different for individuals with high levels of ini-
tial PTSD symptoms versus those with low levels of ini-
tial PTSD symptoms. These low and high initial PTSD
symptom groups were determined by their PCL score at
Follow-Up 1 such that participants with a score above 35
were considered to have high initial PTSD symptoms (n
= 46), and those with a score of 35 or below were consid-
ered to have low initial PTSD symptoms (n = 213). These
thresholds were implemented following the National Cen-
ter for PTSD guidelines forDSM-IV PCL cutoffs for admin-
istration in a general, non–treatment-seeking population
(National Center for PTSD, n.d.).
All demographic variables used as covariates in the

analyses were taken from the baseline survey, which
occurred in 1991. Before administering each survey, partic-
ipants gave their informed consent for inclusion on each
occasion. Prior to each survey distribution, approval was
obtained from the Institutional Review Board at Veteran
Affairs Boston Healthcare System and, when required, by
the Human Research Protection Office at U.S. Army Med-
ical Research & Development Command (USAMRDC).

Measures

PTSD symptoms

Because the FDC began in 1991, PTSD symptoms were
defined using the prevailing definition from the fourth
edition of the Diagnostic and Statistical Manual of Men-
tal Disorders (DSM-IV; American Psychiatric Association
[APA], 1994). To evaluate PTSD symptoms, we used the
PCL (Weathers et al., 1991), a 17-item self-report question-
naire reflecting the PTSD criteria outlined in the DSM-IV.
Participants were asked to rate how much they had been
bothered by each symptom during the past month, with
responses ranging from 1 (not at all) to 5 (extremely). Symp-
tom ratings were summed for a total PTSD symptom sever-
ity score (range: 17–85), with a score of 36 or higher indica-
tive of probable PTSD (National Center for PTSD, n.d.).
Although the DSM-IV contains three symptom clusters,

with avoidance and numbing symptoms grouped together,
there is growing evidence that these aspects of PTSD may
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represent two distinct symptom groups, wherein avoid-
ance is a more strategic and effortful mechanism, and
numbing is a more automatic response to hyperarousal
(APA, 1994; Asmundson et al., 2000; Foa et al., 1992). Thus,
several factor analytic studies have been conducted on
the PTSD criteria in the DSM-IV and concluded that an
individual’s symptoms load on to four separate factors:
reexperiencing, avoidance, numbing, and hyperarousal
(Asmundson et al., 2000; King et al., 1998); the fifth edition
of the DSM (DSM-5) has since incorporated this change
(APA, 2013). Therefore, we chose to investigate a four-
factor model of PTSD. For the present study, we scored the
PCL both for total PTSD symptom severity and for the four
factor-based subscales: Reexperiencing (Items 1–5), Avoid-
ance (Items 6–7), Numbing (Items 8–12), andHyperarousal
(Items 13–17). The symptom cluster scores were derived by
adding up the individual ratings, ranging from 1 to 5, for
each symptom cluster.

GW environmental exposures
FDC veterans were asked about their environmental expo-
sures specific to GW deployment at Follow-Up 2 and
Follow-Up 3. To reduce potential recall bias, exposure
data were taken from the Follow-Up 2 survey, which was
administered 6 years postdeployment. The neurotoxicant
exposures of interest were pesticide smell, oil smell, diesel
smell, tent heater combustion byproducts, PB pills, and
chemical warfare (i.e., number of times on formal alert),
based on prior research with the FDC (Proctor et al., 1998;
Proctor et al., 2006; White et al., 2016; Wolfe et al., 1998;
Wolfe et al., 2002; Yee et al., 2020; Zundel et al., 2019). Par-
ticipants were asked whether they had experienced a pes-
ticide smell, oil smell, or diesel smell as well as if they had
a heater or stove in the area in which they slept; each was
coded as a “yes” or “no” response.
Participants were asked to indicate how many anti–

nerve gas (i.e., PB) pills they took in the GW, with response
options of 0, 1–2, 3–10, 11–21, and more than 21. Responses
were coded into whether they took any PB pills (“yes”) or
never took PB pills (“no”), as previous FDC studies have
found significant health effects using this grouping (Yee
et al., 2020; Zundel et al., 2019). Additionally, as a sepa-
rate variable, responses were coded into whether partici-
pants took more than 21 PB pills, dichotomized into “yes”
(fewer than 21) and “no” (21 ormore) responses, as the blis-
ter pack given to troops included 21 pills, which was the
equivalent of taking the recommended doses formore than
7 days (Keeler et al., 1991; RAC-GWVI, 2008). Additionally,
several studies have reported associations between taking
more than 21 PB pills and a significantly increased risk for

GWI, whereas taking fewer than 21 has been associated
with only a modestly increased risk (RAC-GWVI, 2008).
Similarly, participants were asked to indicate how many
times they were on “formal alert” for a chemical attack
(e.g., had to put on full Mission Oriented Protective Pos-
ture [MOPP] gear), with response options of 0, 1–2, 3–10,
11–20, and 20 or more times. Responses were coded into
whether they were ever on formal alert (i.e., more than 0
times; “yes”) or never on “formal alert” (i.e., one or more
times; “no”). As a separate variable, if they were on for-
mal alertmore than 20 times,whichwas dichotomized into
“yes” for more than 20 times “no” for fewer than 20 times,
as the self-reported frequency of chemical alarms has been
associated with adverse effects on brain structure, with the
strongest effects observed for both 7–30 days and 30 days or
more of hearing chemical alarms (Chao et al., 2016).

Data analysis
Descriptive statistics were calculated to compare the
demographic, military, and exposure characteristics of the
full FDC, after removing the current sample, with the
current sample as well as participants with high versus
low initial PTSD symptom levels (see Table 1). Repeated
linear regressions using the generalized estimation equa-
tions (GEE) approach, stratified by low and high initial
PTSD symptom status, were used to analyze the PTSD
symptom outcomes (i.e., total score, four symptom clus-
ter scores) over time. GEE, introduced by Zeger (1986), is
used to analyze repeated-measures data while accounting
for the within-subject correlation inherent in these data
(Ballinger, 2004). Each model contained time as a categor-
ical variable (Follow-Ups 1, 2, or 3), one of the exposure
measures as a factor, and baseline age and gender as covari-
ates. Interaction terms for Follow-Up 2 for each exposure
and Follow-Up 3 for each exposure were initially included
in each model; nonsignificant terms were removed from
finalmodels. In reporting the results, beta valueswere used
to indicate the unstandardized slopes from the regression
models. This study utilized a subset of the FDC composed
of individuals who completed the baseline survey and all
three follow-up surveys and had complete data for the PCL
at each survey; thus, there were no missing data. We con-
sidered p values less than .05 to be significant. False dis-
covery rate correction was applied for multiple compar-
isons to the main effect models of the four cluster scores
as well as the total score outcomes. Because of sample size
issues, we did not perform adjustments for interactions
terms; instead, unadjusted p values are presented, as these
results are more exploratory. All analyses were performed
using SPSS (Version 25).
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IMPACT OF NEUROTOXICANT EXPOSURES ON PTSD TRAJECTORIES 959

TABLE 1 Demographic and baselinea characteristics of the full Ft. Devens Cohort (FDC) and the study sample

FDC with study
sample removed Study sample

High initial PTSD
symptoms

Low initial PTSD
symptoms

Characteristic (N = 2,690) (N = 259) (n = 46) n = 213)
M SD M SD pb M SD M SD pb

Age (years) 29.94 8.37 32.43 8.60 < .001 32.09 9.03 32.50 8.53 .770
n % n % n % n %

Male 2467 91.7 226 87.3 .016 36 78.3 190 89.2 .045
Caucasian 2202 81.9 241 93.1 < .001 42 91.3 199 93.4 .613
Activity dutyc 781 29.0 42 16.2 < .001 5 10.9 37 17.4 .279
Trauma typed

Combat/mopping up 697 25.9 95 36.7 < .001 21 45.7 74 34.7 .161
Exposure to
noncombat
life-threatening event

121 4.5 19 7.3 .043 3 6.5 16 7.5 .814

Personal domestic
violence

647 24.1 49 18.9 .043 7 15.2 42 19.7 .481

Anticipation of life
threat

236 8.8 30 11.6 .060 8 17.4 22 10.3 .173

Attributes of war zone
environment

219 8.1 19 7.3 .651 0 0 19 8.9 .036

Intraunit
hassles/personal
performance

455 16.9 47 18.1 .624 7 15.2 40 18.8 .567

No event 307 11.4 0 0 < .001 0 0 0 0 1.000

Note: PTSD = posttraumatic stress disorder.
aAs assessed in 1991. bFor continuous variables an independent samples t-test was used and for nominal variables, a chi-squared test was used to determine
statistical significance. cVersus reserve or National Guard. dDescriptions of each traumatic event category can be found in Wolfe et al. (1993).

RESULTS

Demographic, baseline, and exposure
characteristics

Demographic comparisons between the full FDC and the
study sample, as well as between participants with high
versus low initial PTSD symptom levels, are summarized
in Table 1. The study sample differed from the full FDC
by age, gender, race, active duty status during the GW,
and trauma type. Most participants (n = 259) were male
(87.3%) andWhite (93.1%), with 16.2% reporting active duty
status at the time of the GW. The mean participant age in
1991 (i.e., baseline survey administration) was 32.43 years.
The most commonly reported traumatic event was combat
or “mopping up”, which entailed suiting up in full MOPP
gear in the advent of a chemical attach (∼36.7%), followed
by personal/domestic (∼18.9%). At Follow-Up 2 (i.e., 1997–
1998), 68.3% of veterans reported exposures to a diesel smell
as well as unvented tent heaters, 70.3% reported expo-
sure to an oil smell, and 33.4% reported exposure to an
insecticide or pesticide smell. Moreover, 18.5% of veterans

reported taking more than 21 PB pills and 25.1% reported
hearing 20 or more chemical alarms. Exposure character-
istics are also summarized in Supplementary Table S1.

Change in PTSD symptoms over time

Amongparticipantswith high initial PTSD symptom levels
(17.8% of the sample), there were no significant changes to
the four PTSD symptom cluster scores or the total symp-
tom score across the study period, ps = .238–.816, indi-
cating that there was no significant increase in or the
resolution of symptoms over time. In veterans with low
initial PTSD symptom levels (82% of the sample), both
PTSD symptom cluster scores and total scores significantly
increased over time, ps < .001 except for scores on the
Avoidance subscale, which did not increase from Follow-
Up 1 to Follow-Up 2, p= .240, but did significantly increase
from Follow-Up 1 to Follow-Up 3, p < .001. Correlations
between cluster scores and total scores across follow-ups,
stratified initial PTSD symptom level status, are reported
in Supplementary Tables S2 and S3.
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960 ZUNDEL et al.

F IGURE 1 Significant Time x Pesticide Smell Exposure
interactions for the total score. Note. Significant p values represent
the difference between groups (exposed vs. unexposed) at that
follow-up point. This figure is exemplary of all other significant
interactions. *p < .05

Longitudinal associations between GW
neurotoxicant exposures and PTSD
symptom scores

In veterans with high initial PTSD symptom levels, no sig-
nificant main effects of exposure were observed for diesel
smell, oil smell, unvented tent heaters, insecticide or pes-
ticide smell, exposure to more than 20 chemical attack
alerts, for any PTSD symptom cluster score or total score,
ps = .460–.896. A significant main effect of exposure to
more than 21 PB pills was observed for the total PTSD
symptom score as well as the subscale scores for Reexpe-
riencing, Avoidance, and Hyperarousal. Among veterans
who reported exposure to more than 21 PB pills, there was
at least one additional symptom reported in each cluster
or an increase in severity of one symptom from each clus-
ter, ps = .030–.044. No significant main effect of exposure
to more than 21 PB pills was observed for the Numbing
subscale score, p = .667. Additionally, a significant main
effect of any PB pill exposure was observed for the Numb-
ing subscale score such that exposed participants reported
more than two additional symptoms or increased symp-
tom severity, B = 2.530, 95% CI [0.740, 4.320], p = .030. No
significant main effects of exposure to any PB pills were
observed for the Reexperiencing, Avoidance, or Hyper-
arousal subscales or for the total score, ps = .130–474.
Significant interactions between time and insecticide or

pesticide smell exposure in veteranswith high initial PTSD
symptom levels were observed for the reexperiencing clus-
ter, B= 3.767, 95%CI [0.670-6.913], p= .019, and total score,
B = 7.998, 95% CI [0.094-15.902], p = .047. The total score
interactions are displayed in Figure 1. A significant inter-
action was observed between time and exposure to more

than 21 PB pills for the numbing score, B = 4.105, 95%
CI [1.067, 7.143], p = .008. Although a very small num-
ber of veterans who had high initial PTSD symptom lev-
els reported no exposure to chemical attack alarms (n =
4), those whowere exposed appeared to report increases in
PTSD symptoms (i.e., all clusters and total score) over time,
whereas unexposed participants recovered or appeared to
have a decrease in symptoms over time. These data are not
reported due to low statistical power. The effects of expo-
sure in participants with high initial PTSD symptom levels
are summarized in Table 2.
Among participants with low initial PTSD symptom lev-

els, no significant main effects of exposure were observed
for diesel smell, tent heaters, insecticide or pesticide smell,
any PB pill ingestion, more than 20 chemical attack alerts,
any chemical attack alerts, for all PTSD symptom cluster
scores, or PTSD total score, ps = .060–.917. Oil smell expo-
sure was associated with a significant score increase on
the Avoidance subscale, B = 0.425, 95% CI [0.079, 0.772],
p = .030; Hyperarousal subscale, B = 0.711, 95% CI [0.228,
1.194, p = .020; and total PTSD symptom score, B = 1.652,
95% CI [0.321, 2.984], p = .030. No significant associations
were observed between oil smell exposure and scores on
the reexperiencing or numbing subscales, ps = .110–300.
Exposure to more than 21 PB pills was associated with a
significant score increase on the Reexperiencing,B= 1.303,
95%CI [0.409, 2.197], p= .020; Avoidance,B= 0.537, 95%CI
[0.088, 0.985], p = .038; or Numbing subscales, B = 1.100,
95%CI [0.152, 2.048], p= .038. No associationwas observed
for exposure to more than 21 PB pills and Hyperarousal
subscale score, p = .635.
There were significant results for the interactions

between time and insecticide or pesticide smell exposure
among participants with low initial PTSD symptom levels
for the Reexperiencing subscale, B = 0.896, 95% CI [0.074,
1.718], p= .033; Numbing subscale, Follow-Up 2: B= 1.310,
95% CI [0.259, 2.361], p = .015, Follow-Up 3: B = 1.677, 95%
CI [0.103, 3.251], p = .037; Hyperarousal subscale, Follow-
Up 2: B = 1.221, 95% CI [0.157, 2.286], p = .025, Follow-
Up 3: B = 2.139, 95% CI [0.724, 3.553], p = .003; and total
scores, Follow-Up 2: B = 3.740, 95% CI [1.072, 6.409], p
= .006, Follow-Up 3: B = 5.409, 95% CI [1.087, 9.730], p
= .014. The total score interactions are displayed in Fig-
ure 1. A significant interaction between time and expo-
sure to more than PB pills was observed for the hyper-
arousal subscale, B = 1.625, 95% CI [0.240, 3.010], p = .021,
and total scores, B = 3.870, 95% CI [0.286, 7.454, p = .034.
These interactions are displayed in Supplementary Figure
S1, Panels B and C. Significant interactions between time
and diesel smell exposure were observed for the reexperi-
encing, B = 1.871, 95% CI [0.833, 2.909], p < .001; avoid-
ance, Follow-Up 2: B = 0.486, 95% CI [0.043, 0.930], p =
.032, Follow-Up 3: B = 0.836, 95% CI [0.211, 1.462, p = .009
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IMPACT OF NEUROTOXICANT EXPOSURES ON PTSD TRAJECTORIES 961

TABLE 2 Associations between neurotoxicant exposures and Posttraumatic Stress Disorder Checklist symptom cluster scores

Reexperiencing
score Avoidance score Numbing score

Hyperarousal
score Total score

Exposure Slope SE Slope SE Slope SE Slope SE Slope SE
High initial PTSD symptoms (n = 46)
Diesel smell 0.519 1.557 0.869 0.758 0.551 1.414 1.941 1.152 3.879 4.300
Oil smell 0.545 1.735 −.424 0.817 −.167 1.480 1.674 1.295 0.628 4.789
Unvented tent heaters 0.983 1.230 0.807 0.614 0.392 1.032 −.306 1.026 1.876 3.363
Insecticide/pesticide
smell

−.870* 1.190 0.367 0.562 0.525 0.995 0.988 0.927 −.846* 2.660

> 21 pyridostigmine
bromide pills

2.969 1.400 1.262 0.599 0.550* 1.278 2.212 0.920 9.003 3.275

Any pyridostigmine
bromide pills

1.811 1.259 1.173 0.667 2.530 0.913 0.814 1.138 6.328 3.256

On alert for chemical
attack (> 20)

1.409 1.151 0.186 0.559 0.266 1.043 1.285 0.878 3.146 3.116

Low initial PTSD
symptoms (n = 213)

Diesel smell 0.281* 0.207 −.059* 0.155 0.656 0.437 −.113* 0.290 0.344* 0.715
Oil smell 0.209* 0.202 0.425 0.177 0.765 0.448 0.711* 0.246 1.652* 0.679
Unvented tent heaters 0.492 0.329 −.163* 0.163 0.367 0.459 −.032* 0.311 2.037 1.227
Insecticide/pesticide
smell

0.338* 0.239 0.520 0.208 0.203* 0.358 0.537* 0.301 1.324* 0.792

> 21 pyridostigmine
bromide pills

1.303 0.456 0.537 0.229 1.100 0.484 0.187* 0.395 1.150* 1.023

Any pyridostigmine
bromide pills

0.412 0.342 0.279 0.170 0.603 0.429 0.701 0.396 1.995 1.188

On alert for chemical
attack (> 20)

0.870 0.433 0.101 0.206 0.216 0.467 0.698 0.490 1.886 1.441

On alert for chemical
attack (any)

−.190 0.535 0.103 0.273 0.672 0.659 0.701 0.501 1.286 1.826

Note: All analyses included baseline age, gender, and time as covariates. Slope refers to the unstandardized slopes of themain effect of exposure from the regression
models. Bold font indicates a significant main effect at p < .05.
*p < .05 for interactions between time and exposure.

and hyperarousal clusters, B= 1.628, 95% CI [0.304, 2.952],
p = .016; as well as for the total score, B = 5.234, 95% CI
[1.602, 8.865]. These interactions are displayed in Supple-
mentary Figure S2. Significant interactions between time
and oil smell exposure were observed for the reexperienc-
ing, B = 1.960, 95% CI [.886, 3.035], p < .001; hyperarousal,
B = 1.955, 95% CI [0.668, 3.243], p = .003; and total scores,
B = 5.275, 95% CI [1.559, 8.992], p = .005. These interac-
tions are displayed in Supplementary Figure S3. Significant
interactions between time and unvented tent heater expo-
sure were observed for the avoidance, B = 0.566, 95% CI
[0.117, 1.016], p= .013, and hyperarousal scores, Follow-Up
2: B= 1.472, 95% CI [0.441, 2.503], p = .005, Follow-Up 3: B
= 1.635, 95% CI [0.271,3.000], p = .019. These interactions
are displayed in Supplementary Figure S4. The effects of
exposure in participants with low initial PTSD symptom
levels are summarized in Table 2.

DISCUSSION

To our knowledge, this was the first study of its kind to
examine changes in PTSD symptom clusters over time in
GW veterans and investigate the impact of neurotoxicant
exposures on such changes. The results suggest that among
veterans with low initial PTSD symptom levels at Follow-
Up 1, PTSD symptom cluster scores significantly increased
over the span of 25 years but remained below the clini-
cal cutoff suggestive of PTSD. These findings support those
from research conducted in other veteran cohorts demon-
strating increases in PTSD symptoms over time (Mota
et al., 2016; Vasterling et al., 2016). These prior studies have
focused solely on veterans with a PTSD diagnosis and have
not included veterans who may have subclinical symp-
tom levels. Because the current study included all veter-
ans regardless of whether they report low or high levels of
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962 ZUNDEL et al.

initial PTSD symptoms, the findings highlight that indi-
vidual symptoms or symptom clusters may change over
time regardless of whether relevant scores exceed a cutoff
suggestive of a PTSD diagnosis. This gives credence to the
need for consistent follow-up of psychiatric issues in post-
deployed veterans.
PTSD symptoms may increase over time for several dif-

ferent reasons. Factors related to aging, such as late-life
stressors and life changes contribute to increases in post-
traumatic stress symptoms over time (Davison et al., 2016;
Mota et al., 2016; Vasterling et al., 2016). Late-life stres-
sors that come with normal aging may include changes in
employment, poorer physical health, and illness and death
in friends and family. Additionally, with age,many individ-
uals begin to reminisce about their life and may return to
memories of their traumatic experiences, causing a subse-
quent increase in symptoms. Therefore, it appears that GW
veterans follow a trajectory similar to those seen in other
veteran cohorts wherein PTSD symptoms increase across
time.
In contrast, among participants with high initial PTSD

symptom levels at Follow-Up 1, PTSD symptom cluster
scores did not significantly change over 25 years. In fact,
scores remained relatively high and stayed significantly
higher than scores in veterans with lower initial symp-
tom levels. Although we did not investigate treatment use,
these data suggest that veterans who reported more severe
initial PTSD symptoms at Follow-Up 1 did not experience
symptom alleviation or resolution over time. Although
rates of PTSD for GW veterans are relatively low (Kang
et al., 2003), there is still a need for continued screening
and clinical evaluation of veterans deemed to be at risk of
PTSD in this group.
The present findings suggest that GW veterans, espe-

cially those who experiencedmultiple neurotoxicant expo-
sures during deployment, may be unique as compared to
veterans of other conflicts in that participants showed an
increase in or chronicity of PTSD symptoms. We found
that self-reported neurotoxicant exposures were associ-
ated with increased PTSD symptom cluster scores in vet-
erans with both low and high initial PTSD symptom lev-
els at Follow-Up 1. For example, among veterans with
more severe symptoms, those with reported PB pill expo-
sure scored, 2.5 points higher, on average, on the Numb-
ing subscale than those who were unexposed, suggesting
two additional reported symptoms or a 2-point increase
in symptom severity. Among participants with low ini-
tial symptom levels, those who reported exposure to 21 or
more PB pills scored an average of 1.3 points higher on the
Reexperiencing subscale than those who were unexposed,
suggesting one additional reported symptom or a 1-point
increase in symptom severity. Regardless of initial symp-
tom severity, the findings indicate that these neurotoxicant

exposures exert adverse effects on PTSD symptoms. This is
similar to observations reported by Janulewicz et al. (2018),
who investigated a multiple-hit hypothesis regarding the
impact of neurotoxicant exposures andmTBI on increased
health-related symptoms and chronic medical conditions.
Importantly, our results are also consistent with those

related to the survivors of the 1995 Tokyo sarin terrorist
attack. Sarin nerve gas is an acetylcholinesterase inhibitor
and, thus, depletes levels of cholinesterase, leading to
excess acetylcholine in synapses and a chronic state of
hyperexcitability (Golomb et al., 2008). Research on this
population has found that survivors exhibit persistent pat-
terns of PTSD symptoms, with hyperarousal symptoms the
most frequently reported, and that these patterns are corre-
lated with serum cholinesterase levels as measured shortly
after the attack (Araki et al., 2005; Ohtani et al., 2004;
Tochigi et al., 2005). Tochigi et al. (2005) concluded that
these findings could have been due to higher degrees of
psychological trauma in individualswho experience severe
situations associated with more exposure to sarin or that
higher levels of sarin exposure cause more severe damage
to the brain, leading to more severe posttraumatic stress
symptoms.
Researchers have recently hypothesized that environ-

mental and occupational exposures, such as those experi-
enced during the GW prime individuals to react adversely
to traumatic events via an increased proinflammatory
state, thus increasing the risk for and symptoms of PTSD
(Georgopoulos et al., 2018;Walker et al., 2016). This is simi-
lar to hypotheses posited in the mTBI literature suggesting
that neuroinflammation resulting frombrain injury under-
lies the high rates of comorbid mTBI and PTSD (Kaplan
et al., 2018). In fact, elevated levels of proinflammatory
cytokines and chemokines have been observed in GW vet-
erans. For example, Butterick et al. (2019) observed ele-
vated levels of interleukin-6 and C-reactive proteins, mark-
ers of proinflammatory processes, in blood samples of GW
veterans obtained nearly 30 years postwar. Recently, evi-
dence of in vivo neuroinflammation, as assessed using
a positron emission tomography radioligand that binds
to active microglial and astrocytes, was observed in GW
veterans, suggesting active inflammatory processes occur-
ring nearly 30 years after potential neurotoxicant exposure
(Alshelh et al., 2020). Therefore, it is possible that GW
veterans exposed to neurotoxicants and traumatic events
during deployment may be experiencing a multiple hit of
proinflammatory responses, which, in turn, increases the
severity or longevity of PTSD symptoms.
We observed several significant interactions between

neurotoxicant exposures and time on PTSD symptom clus-
ter scores. These interactions were observed at Follow-Up
2 and Follow-Up 3, which occurred 6–7 years and 20 years,
respectively, after the war. This suggests that as time goes
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IMPACT OF NEUROTOXICANT EXPOSURES ON PTSD TRAJECTORIES 963

on, exposed veterans exhibit distinct trajectories of PTSD
symptoms as compared to unexposed veterans. Among
participants with high initial PTSD symptom levels, unex-
posed veterans were shown to experience a decrease in
PTSD symptom severity over time, whereas exposed vet-
erans experienced no significant change but maintained a
relatively high symptom level. For example, among veter-
answithmore severe initial symptoms, thosewho reported
exposure to more than 21 PB pills endorsed nearly five
more symptoms or an increase in symptom severity on
the PCL Numbing subscale by end of the follow-up period
as compared to those who did not report this exposure.
In participants with low less severe initial symptom lev-
els, both exposed and unexposed veterans experienced an
increase in PTSD symptoms over time; however, exposed
veterans showed a much steeper and earlier increase in
symptom severity. For example, among veterans with low
initial PTSD symptom levels, those who reported insecti-
cide or pesticide smell exposure endorsed more than two
symptoms or an increase in symptom severity on the PCL
Hyperarousal subscale by the end of the follow-up period
as compared to those who did not report this exposure.
GW neurotoxicant exposures have been hypothesized

to induce accelerated aging patterns (Proctor et al., 2006;
Zundel et al., 2019). Accelerated aging is the phenomenon
in which individuals may experience symptoms of aging,
including medical conditions like diabetes and high blood
pressure or symptoms like sleep dysregulation or joint
pain, much earlier than their same5aged peers (Proctor
et al., 2006; Zundel et al., 2019). The apparent increase in
PTSD symptoms seen in the later years of follow-up among
participants with low initial PTSD symptom levels who
reported exposure to neurotoxicants may, in part, be due
to an accelerated aging pattern. This could explain why the
increase in PTSD symptoms commonly observed in other
veteran cohorts over time appeared to be occurring at a
faster rate in exposed groups versus unexposed groups.
The present findings suggest that neurotoxicant expo-

sures may play a role in increased PTSD symptoms over
time within a GW veteran cohort. Although exposure to
traumatic events or neurotoxicants alone has been shown
to induce inflammatory responses and the subsequent
risk of posttraumatic stress or health-related symptoms,
together, these two insults may result in both symptom
exacerbation and a prolonged course of symptoms. There-
fore, clinicians who treat veterans should be aware of
other possible neurobiological factors, such as neurotoxi-
cant exposure, that may impact their patients’ experience
with PTSD.Doing somay benefit treatment plans formood
disturbances and other chronic health issues reported by
GW veterans.
Study limitations should be noted. First, study dropout

and selection bias are inherent in longitudinal studies,

as individuals with more health problems may be more
likely to remain in the study than healthy individuals;
alternatively, longitudinal studies may exclude the sick-
est veterans, who are either too ill to participate or may
have died during the course of the study. Thus, the study
sample differed from the full FDC on several key demo-
graphic characteristics and, as such, the reported find-
ings may not be generalizable to the full FDC nor to the
entire GW veteran population. Second, although we exam-
ined PTSD symptoms using a self-report measure, clinical
PTSD diagnosis cannot be confirmed. Third, it is unknown
whether the posttraumatic stress symptoms observed in
this study resulted from wartime trauma or index trau-
matic events that occurred after deployment. Additionally,
the results of the study may be confounded by the fact
that veterans who experienced neurotoxicant exposures
may have also experienced more traumatic events dur-
ing or after deployment, which may independently lead to
more severe or chronic PTSD trajectories. Fourth, informa-
tion regarding participants’ involvement in psychological
or physical health–related treatments were not included
in the surveys. It is possible that treatment could have
affected both how symptoms changed and symptom trajec-
tories over time. Additionally, patients with unexplained
illnesses may have an increased incidence of PTSD due
to the poor treatment they receive by the medical com-
munity as well as the stigma surrounding these illnesses
and a general lack of support (Weir et al., 2014). This may,
in part, explain why PTSD symptoms have been found to
increase for many GW veterans who continue to be told
that their chronic symptoms are psychosomatic (National
Academies of Sciences, Engineering, and Medicine, 2016).
Next, self-reported exposures to neurotoxicant exposures
were used, as no objective measures of war-related expo-
sures are available. However, recall bias was minimized
by using exposure data from Follow-Up 2, which was
less than 5 years following participants’ return from the
GW and before many exposure-outcome reports had been
made public. Further, the survey’s neurotoxicant datawere
dichotomized into “yes” and “no” responses, limiting our
ability to investigate dose–response relationships. Addi-
tionally, it is unknown whether neurotoxicant exposure
before or after the GW may have influenced the current
findings. Future studies should include lifetime neurotox-
icant exposure history.
Further research should focus on examining the mech-

anisms by which neurotoxicant exposure impacts PTSD
symptoms. Specifically, studies examining the associa-
tion between cognitive dysfunction and PTSD symptoms
are needed, as elevated neuroinflammatory responses can
also affect cognitive processes, including deficits in execu-
tive function, attention, and learning and memory, which
may interfere with trauma-exposed individuals’ ability to
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964 ZUNDEL et al.

process their experience, leading to an increased risk of
developing PTSD symptoms (Quinones et al., 2020). Fur-
ther, future studies should investigate normal aging stres-
sors (e.g., retirement, declines in physical health) and their
impact on PTSD symptoms over time, which would enable
the nature of the effects in the current study to be further
delineated (i.e., increases in symptomsdue to normal aging
or due to neurotoxicants). Additionally, future researchers
should investigate whether there are specific treatment-
resistant PTSD symptoms (e.g., irritability) that are promi-
nent within neurotoxicant-exposed populations, and addi-
tional studies examining PTSD trajectories between those
who do and do not receive treatment are warranted. More-
over, the interaction between time and PTSD symptom
cluster scores suggests that longitudinal studies should be
conducted to examine the trajectories of reported symp-
toms in all neurotoxicant-exposed populations, not just
within GW veterans.
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