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Abstract

Background—We previously reported evidence of reduced cortical gray matter (GM), white
matter (WM), and hippocampal volume in Gulf War (GW) veterans with predicted exposure to
low-levels of nerve agent according to the 2000 Khamisiyah plume model analysis. Because there
is suggestive evidence that other nerve agent exposures may have occurred during the Gulf War,
we examined the association between the self-reported frequency of hearing chemical alarms
sound during deployment in the Gulf War and regional brain volume in GW veterans.

Methods—Ninety consecutive GW veterans (15 female, mean age: 52+8 years) participating in a
VA-funded study underwent structural magnetic resonance imaging (MRI) on a 3 T scanner.
Freesurfer (version 5.1) was used to obtain regional measures of cortical GM, WM, hippocampal,
and insula volume. Multiple linear regression was used to determine the association between the
self-reported frequencies of hearing chemical alarms during the Gulf War and regional brain
volume.

Results—There was an inverse association between the self-reported frequency of hearing
chemical alarms sound and total cortical GM (adjusted p= 0.007), even after accounting for
potentially confounding demographic and clinical variables, the veterans’ current health status,
and other concurrent deployment-related exposures that were correlated with hearing chemical
alarms. Post-hoc analyses extended the inverse relationship between the frequency of hearing
chemical alarms to GM volume in the frontal (adjusted p = 0.02), parietal (adjusted p=0.01), and
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occipital (adjusted p=0.001) lobes. In contrast, regional brain volumes were not significantly
associated with predicted exposure to the Khamisiyah plume or with Gulf War IlIness status
defined by the Kansas or Centers for Disease Control and Prevention criteria.

Conclusions—Many veterans reported hearing chemical alarms sound during the Gulf War. The
current findings suggest that exposure to substances that triggered those chemical alarms during
the Gulf War likely had adverse neuroanatomical effects.
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1. Introduction

Military personnel of the 1990-1991 Persian Gulf War (GW) encountered numerous
potentially hazardous substances during deployment, including oily black smoke generated
by burning oil well fires, low-levels of chemical nerve agents such as sarin and cyclosarin,
pyridostigmine bromide (PB) pills taken by U.S. and some coalition forces to protect against
the acute effects of nerve agents, excessive use of pesticides and insect repellants, munitions
containing depleted uranium, receipt of numerous vaccines, chemical resistant coating paint,
and other potential hazards (Steele et al., 2012; White et al., 2015). Although exposures to
these substances have been suspected of contributing to long-term ill health effects in GW
veterans, it has proved difficult to thoroughly evaluate the consequences of these exposures
because of the lack of measured data about who was exposed to what during the GW, and at
what levels. Despite this ambiguity, we know that at least some GW veterans were exposed
to low levels of chemical nerve agents when a munitions storage site at Khamisiyah, Iraq
was destroyed in early March 1991. This is because a United Nations Special Commission
inspection team that inspected the site in October 1991 found samples that tested positive for
sarin and cyclosarin (Haley and Tuite, 2013).

After the GW ended, the Presidential Advisory Committee and the National Security
Council requested the Department of Defense (DOD) and Central Intelligence Agency
(CIA) to model potential chemical warfare agent release events during the GW, including
those associated with detonation of the munitions storage site at Khamisiyah (Presidential
Advisory Committee on Gulf War Veterans’ llinessess, 1996). This lead to simulations that:
(1) approximated the direction and extent of these releases using meteorological data and
estimates of atmospheric transport and diffusion, (2) approximated the exposure dose across
the three days in March 1991 when exposure was deemed likely, and (3) attempted to
identify U.S. troops whose units may have been exposed by overlaying the geographical
coordinates of the modeled plume with the geographical positions of U.S. military units in
the theater on the dates in question. The simulations indicated that no military units were in
the “first noticeable effect” area, defined as 3 exposure at levels equal to or greater than 1
mg min/m3 by the US Army (McNamara and Leitnaker, 1971) and the Centers for Disease
Control and Prevention (CDC, 1988). However, 98,910 military personnel were identified to
have been in the “low level exposure” area, defined as exposure at levels equal to or greater
than the general population limit (i.e., 0.01296 mg min/m3) (Directorate for Deployment
Health Support of the Special Assistant to the Under Secretary of Defense (Personnel and
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Readiness) for Gulf War Illness, 1997). In 2000, the exposure plume data were re-analyzed
and refined using additional meteorological modeling information, updated estimates of the
total number of rockets destroyed, consideration of agent removal mechanisms, updated
unit-level location and personnel data, exposure thresholds for sarin and cyclosarin and
combined toxicity aspects of sarin and cyclosarin (Directorate for Deployment Health
Support of the Special Assistant to the Under Secretary of Defense (Personnel and
Readiness) for Gulf War Iliness Medical Readiness, and Military Deployments, 2002). This
second plume model identified an additional 2942 military personnel, for a total of 101,752
GW veterans with potential low-level exposure to sarin/cyclosarin.

In a review of the Khamisiyah plume models, the United States General Accounting Office
(2004) cited a number of problems, including inaccuracies in the source terms (e.g., quantity
and purity of nerve agent), underestimation of explosion plume heights, unrepresentative
conditions of field tests, and wide divergence of plume patterns from the various computer
plume. This lead the U.S. General Accounting Office to conclude that the plume models did
not reliably indicate which troops were exposed to nerve agent, if any was released from the
demolitions.

Despite the uncertainty associated the Khamisiyah plume models, we and others have
reported evidence of impaired neurobehavioral function (Chao et al., 2010; Proctor et al.,
2006; Toomey et al., 2009) as well as reduced total brain gray matter (GM) (Chao et al.,
2010, 2011) and white matter (WM) (Chao et al., 2011; Heaton et al., 2007) volume in
Khamisiyah-exposed veterans compared to non-exposed GW veterans. We have also found
evidence of reduced total hippocampal (Chao et al., 2010) and hippocampal subfield (i.e.,
CA2, CA3, and dentate gyrus) volumes (Chao et al., 2014) as well as WM microstructural
changes (Chao et al., 2015) as measured by diffusion tensor imaging (DTI) in GW veterans
with predicted Khamisiyah plume exposure compared to matched, unexposed GW veterans.
These findings in GW veterans with predicted Khamisiyah plume exposure are reminiscent
of the reports of long-term neurobehavioral (Miyaki et al., 2005; Nishiwaki et al., 2001) and
brain (e.g., hippocampal, insula and neighboring white matter atrophy and WM
microstructural abnormalities (Yamasue et al., 2007)) changes that have been described in
victims of the 1995 Tokyo subway sarin attack, a terrorist attack that exposed more than
5500 civilians to sarin gas (Suzuki et al., 1995).

The DOD/CIA plume models only focused on exposures associated with the Khamisiyah
demolitions. However, it has been suggested that other nerve agent exposures may have
occurred during the Gulf War (Committee on Banking, 1994; Haley and Tuite, 2013; Office
of the Special Assistant for Gulf War Ilinesses, 1996; Tucker, 1997; Tuite and Haley, 2013).
Therefore, the present study sought to examine whether there are associations between the
frequency of hearing chemical alarms in theater and regional brain volumes in GW veteran.
Due to the dearth of information on the types and doses of exposures experienced by GW
veterans in theater, we relied on self-reports to evaluate possible exposure to chemical nerve
agents, as previous epidemiologic studies have done (e.g., Haley and Tuite, 2013; Steele et
al., 2012). Based on our findings of reduced hippocampal (Chao et al., 2010, 2014) and total
brain GM volume (Chao et al., 2010, 2011) and our (Chao et al., 2011) and Heaton et al.
(2007) finding of reduced total brain WM volume among Khamisiyah-exposed veterans, we
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hypothesized there would be an inverse association between the self-reported frequency of
hearing chemical alarms sound during deployment and hippocampal, total brain GM and
WM volumes. We also investigated the association between self-reports of hearing chemical
alarms sound and the volume of the insula because Yamasue et al. (2007) had reported
reduced insular volumes in victims of the 1995 Tokyo subway sarin attack. Finally, because
Haley and Tuite (2013) reported a dose-response relationship between the number of times
nerve agent alarms sounded in a veteran’s immediate area and the risk of having Gulf War
illness (GWI), we examined the frequency of GWI cases among GW veterans who did and
did not reports of hearing chemical alarms sound during deployment.

2. Methods

2.1. Participants

We examined the neuroimaging data of 90 consecutive GW veterans who were recruited
from 2014-2015 at the San Francisco Veterans Affairs Medical Center (VAMC) as part an
on-going, VA-funded study on the effects of predicted exposure to sarin and cyclosarin from
the Khamisiyah plume exposure on brain structure and brain function. All participants gave
written informed consent, approved by the Institutional Review Boards of the University of
California, San Francisco and the San Francisco Veterans Affairs Medical Center.

2.2. Study protocol and measures

The complete study protocol included self-report questionnaires about physical and mental
health status, Gulf War military history, a psychological diagnostic interview, a battery of
neuropsychological tests, magnetic resonance imaging (MRI) on a 3 T scanner, and optional
saliva sampling for apolipoprotein E (APOE) genotyping. Results of the neuropsychological
assessments will be reported elsewhere. The current report focuses on evaluation of
associations between self-reports of hearing chemical alarms during deployment and
volumetric MRI data.

2.2.1. Exposure measures—\We used the Kansas Military History and Health
Questionnaire (Steele, 2000) to query veterans about 19 specific experiences or exposures of
interest during their deployment in the Gulf War. The questions emphasized the veterans’
experiences rather than their impressions of their exposures. For example, rather than asking
veterans if they had been exposed to depleted uranium, which many are unlikely to know,
the questionnaire asked if veterans had contact with destroyed enemy vehicles, an
experience required for nearly all personnel directly exposed to depleted uranium. The
following question used to assess exposure to chemical nerve agents during deployment:
“While you were in the Persian Gulf region, did you hear chemical alarms sound?” If
veterans responded “yes,” they were asked to indicate how many days they heard chemical
alarms sound (e.g., 1-6, 7-30, or 231 days).

The 2000 Khamisiyah plume analyses produced four modeled hazard areas, one for each
day in March 1991 between the 10th to the 13th when exposure to sarin/cyclosarin was
considered possible following the detonations of the munitions storage site in Khamisiyah
(Directorate for Deployment Health Support of the Special Assistant to the Under Secretary
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of Defense (Personnel and Readiness) for Gulf War IlIness Medical Readiness, and Military
Deployments, 2002). We requested and received the estimated days of exposure and dosages
assigned to each GW veterans classified as exposed by the 2000 Khamisiyah modeling from
the Directorate of Health Risk Management, US Army Center for Health Promotion and
Preventive Medicine. Cumulative dosage estimates were provided in mg min/m3 for each of
the units considered to be in any of the four hazard areas.

2.2.2. Gulf War illness (GWI) case definition—We used the Kansas Military History
and Health Questionnaire (Steele, 2000) to determine whether GW veterans met the case
definition for CDC “chronic multisymptom illness” (CMI) (Fukuda et al., 1998) and the
Kansas GWI (Steele, 2000). The CDC CMI criteria required veterans to endorse one or more
symptoms that had been ongoing for at least six months in two of three symptom categories.
The symptom categories include musculoskeletal pain (e.g., joint pain/stiffness, muscle
pain), mood-cognition problems (e.g., feeling depressed, moody, anxious, having trouble
sleeping, difficulty remembering or concentrating, trouble with word finding), and fatigue.

In addition, CDC CMI can be categorized as “severe” or “mild-moderate” depending on how
the veteran rates each defining symptom. The Kansas GWI criteria required veterans to have
multiple and/or moderate-to-severe chronic symptoms in at least three of six symptom
domains. Qualifying symptoms must have first been a problem during or after the Gulf War
and persisted over the 6-month period preceding the study. The Kansas GWI symptom
domains include: (i) fatigue/sleep problems, (ii) somatic pain, (iii) neurologic/cognitive/
mood problems, (iv) gastrointestinal problems, (V) respiratory problems, and (vi) skin
problems. The Kansas GWI case criteria also excludes veterans who report being diagnosed
with medical (e.g., diabetes, cancer, rheumatoid arthritis) or psychiatric (e.g., bipolar
disorder, schizophrenia) conditions that could either explain their symptoms or interfere with
their ability to report them. We used the Kansas GWI case definition in our primary analyses
because the Institute of Medicine (I0M, 2014) recently recommended that this case
definition be used for research purposes. The current study did not obtain the data necessary
for determining Haley syndrome criteria (Haley et al., 1997), which uses a complex
algorithm to determine symptom scores.

2.2.3. Clinical assessments—All subjects were evaluated by a Ph.D. level psychologist
using the Structured Clinical Interview for DSM-/V Diagnosis (SCID, Spitzer et al., 1992),
the Clinician Administered PTSD Scale (CAPS, Blake et al., 1995) and an interview version
of the Life Stressor Checklist-Revised (Wolfe et al., 1996). The Life Stressor Checklist-
Revised assesses 21 stressful life events (e.g., experiencing or witnessing serious accidents,
illnesses, sudden death, and physical and sexual assault) to determine exposure to traumatic
events. The CAPS was used to diagnose current posttraumatic stress disorder (PTSD). The
SCID was used to diagnose current major depressive disorder (MDD) and to rule out
individuals with a lifetime history of psychotic or bipolar disorders and alcohol or drug
abuse or dependence within the previous 12 months. Other exclusion criteria were
neurological illness, head trauma with loss of consciousness greater than 10 min, medical
disorders affecting brain function, and conditions contradictory for MRI.
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2.2.4. Determination of apolipoprotein E (APOE) 4 allele status—Because the
apolipoprotein E (APOE) e4 allele, the strongest genetic risk factor for Alzheimer’s disease
(AD, Harold et al., 2009; Lambert et al., 2009), has demonstrated a particular phenotype of
middle temporal lobe atrophy (Lehtovirta et al., 2000), we controlled for APOE genotype in
our analyses to rule out the possibility that any associations between hearing chemical
alarms and regional brain volume was independent of the genetic risk for AD. APOE
genotype data was available for 69/90 participants. Subjects with 2/3 or 3/3 combined alleles
were classified as APOE e4-negative while those with 3/4 or 4/4 combined alleles were
classified as APOE e4-positive. Because the 2/4 combined allele has been associated with a
lower risk of AD (Corder et al., 1994), these subjects were excluded from the APOE e4-
positive group.

2.2.5. Image acquisition—All subjects underwent MRI of the brain on a Siemens 3 Tesla
Skyra system at the San Francisco Veterans Affairs Medical Center. A 3D T1-weighted
multi-echo Magnetization Prepared Rapid Gradient Echo (ME-MPRAGE) protocol was used
to obtain images with optimal contrast between GM, WM, and cerebral spinal fluid (CSF)
(TR/TE/TI = 2500/2.98/1100 ms; 1 mm3 isotropic imaging voxels). A 3D T2-weighted
turbo spin-echo sequence (TR/TE = 3400/402 ms; 1 mm? isotropic imaging voxels) was
acquired for calculation of intracranial volume (ICV).

2.2.6. Image processing—We used Freesurfer Version 5.1 to label cortical and
subcortical tissue classes and derive quantitative estimates of regional brain volume (Dale et
al., 1999; Desikan et al., 2006; Fischl et al., 1999). Briefly, Freesurfer processing of the
volumetric T1-weighted images included motion correction, brain extraction and removal of
non-prain tissue using a hybrid watershed/surface deformation procedure (Segonne et al.,
2004), automated spatial transformation and WM segmentation of subcortical volumetric
structures (Fischl et al., 2004a), intensity normalization, tessellation of GM/WM boundary,
automated topology correction (Segonne et al., 2007), and surface deformation following
intensity gradients to optimally place GM/WM and CM/CSF borders at the location where
the greatest shift in intensity defines the transition to the other tissue class (Dale et al.,
1999).

Freesurfer spatially normalizes each cortical surface to a template cortical surface, allowing
for the automatic parcellation of the cortical surface (Fischl et al., 2004b). Freesurfer also
performs an automatic subcortical segmentation of the non-cortical voxels in the normalized
brain volume to subcortical labels (e.g., hippocampus). To protect against type | error, we
combined the parcels to examine volumes of the entire cortical gray and white matter.
Because we had no a priori hypotheses about laterality, volumes of the hippocampus and
insula were summed across hemispheres to further reduce the number of measurements.

Because we observed a significant inverse association between the frequency of hearing
chemical alarms sound and total cortical GM volume, this prompted us to further investigate
the association between the frequency of hearing chemical alarms and GM volume in the
frontal, temporal, parietal, and occipital lobes in post-hoc analyses. In the Desikan
nomenclature, the frontal lobe parcel included the precentral gyrus, superior frontal, caudal
and rostral middle frontal, pars opercularis, pars triangularis, pars orbitalis, lateral and
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medial orbitofrontal cortex, frontal pole, and caudal and rostral anterior cingulate gyri. The
parietal lobe parcel included the postcentral gyrus, inferior parietal, superior parietal,
supramarginal, paracentral, precuneus, posterior cingulate, and isthmus of the cingulate. The
temporal lobe parcel included the transverse temporal, bank of the superior temporal sulcus,
superior, middle, and inferior temporal gyri, temporal pole, entorhinal cortex, fusiform, and
parahippocampal gyri. The occipital lobe parcel included the lateral occipital, cuneus,
pericalcarine, and lingual gyri. The reconstructed cortical surface models of each participant
were manually inspected to ensure segmentation accuracy. Because cortical parcellations
were combined to derive total and regional lobar GM volumes, subjects who had poor
segmentation (i.e., underestimation of GM) due to poor image quality or misregistration in
any parcellation were excluded from statistical analyses. Thus, the current analysis included
artifact-free data structural MRI data from 90 consecutive GW veterans.

2.3. Statistical analysis

IBM SPSS Statistics version 23 was used for all analyses. We used multiple linear
regressions to examine the association between frequencies of hearing chemical alarms and
measures of cortical GM, WM, hippocampal, and insular volume. The analyses were
adjusted for age, male gender, ICV, diagnoses of current PTSD and/or MDD, current use of
psychotropic medication (i.e., antidepressants, benzodiazepine, and/or antiepileptic
medication used to control pain), history of alcohol and/or substance abuse/dependence,
predicted exposure to the 2000 Khamisiyah plume, and Kansas-GWI case status. The
analyses were corrected for multiple comparisons according to the number of regions of
interest (ROISs) (i.e., cortical GM, cortical WM, hippocampus, insula) and the average
intercorrelations among the ROIs (Sankoh et al., 1997). With an average intercorrelation 7=
0.65, a 2-sided adjusted p < 0.031 was considered statistically significant. We also calculated
Cohen’s £ (Cohen, 1988) to estimate the effect size for a single variable (i.e., hearing
chemical alarms) within the regression models.

2.3.1. Post-hoc analyses—The significant inverse association between the frequency of
hearing chemical alarms sound and total cortical GM volume prompted us to further
investigate the association between the frequency of hearing chemical alarms and GM
volume in the frontal, temporal, parietal, and occipital lobes in post-hoc analyses.
Adjustment for multiple comparisons was made according to the number of ROISs (i.e.,
frontal, parietal, temporal, and occipital lobes) and the average intercorrelations among the
ROIs (r=0.85). A 2-sided adjusted p < 0.041 was considered statistically significant for the
post-hoc analyses.

Because 78% of the current sample met the CDC CMI case definition, in a second post-hoc
analysis we attempted to control for the veterans’ current health status as a causal
mechanism of the observed neuroanatomical findings. Specifically, we used hierarchical
linear regression to examine the ability of hearing chemical alarms (entered in the last step
of the regression model) to predict total cortical, frontal, parietal, and occipital lobe GM
volume (the dependent variables) over and above the independent variables considered in the
original analysis (i.e., age, male gender, ICV, diagnoses of current PTSD and/or MDD,
current use of psychotropic medication, history of alcohol and/or substance abuse/
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dependence, predicted exposure to the 2000 Khamisiyah plume, and Kansas-GW!I case
status, forced into the first step of the regression model) and health variables, which were
forced into the second step of the regression model. The health variables included whether
or not the veterans had a Kansas-GWI| exclusionary criterion (i.e., diabetes, heart disease
other than hypertension, stroke, lupus, multiple sclerosis, rheumatoid arthritis, Parkinson’s
disease, AD, amyotrophic lateral sclerosis, cancer, liver and/or kidney disease,
schizophrenia, bipolar disorder, any current infections disease lasting six months or longer)
and the severity scores of the 6 Kansas GWI symptom domains (i.e., fatigue/sleep, somatic
pain, neurologic/cognitive/mood, gastrointestinal, respiratory, and skin) derived from the
Kansas Gulf War Military History and Health Questionnaire.

In a third post-hoc analysis, we attempted to control for other concurrent GW deployment-
related exposures. Because research suggests that deployment-related exposures can be
highly inter-correlated (Cherry et al., 2001; Fricker et al., 2000; Steele et al., 2012), we first
used Spearman’s Rank Order Correlation to determine which of the 18 other deployment-
related experiences/exposures queried by the Kansas Military History and Health
Questionnaire were significantly correlated with hearing chemical alarms. Next, we used
hierarchical linear regression to examine the ability of hearing chemical alarms (entered in
the last step of the regression model) to predict total cortical GM, frontal, parietal, and
occipital lobe GM volume (the dependent variables) over and above the independent
variables considered in the original analysis, which were forced into the first step of the
regression model, and the other GW deployment-related exposures that were significantly
correlated with hearing chemical alarms, which were forced into the second step of the
regression model.

Table 1 summarizes the demographic, military, and clinical data of 90 GW veterans studied.
Forty-six (51%) veterans had GW!I according to the Kansas case definition (Steele, 2000)
while 70 (77%) veterans fulfilled the CDC CMI criteria (Fukuda et al., 1998). Fifty-two
(58%) GW veterans had predicted exposure to the 2000 Khamisiyah plume, while 73 (81%)
GW veterans reported hearing chemical alarms sound in theater. There were 30 GW veterans
not identified as having predicted exposure to the 2000 Khamisiyah plume who reported
hearing chemical alarms sound in theater.

3.1. Association between the frequency of hearing chemical alarms and brain volume

Table 2 shows the association between the frequencies of hearing chemical alarms sound in
theater and measures of cortical GM, WM, hippocampal, and insula volume. All fits were
significant (all model p’s < 0.0001, 0.42 < R%’s < 0.77). There was a significant inverse
association between the frequency of hearing chemical alarms and total cortical GM volume
(standardized coefficient p = -0.17, t=-2.77, p=0.007; Cohen’s £ = 0.09; see Fig. 1A). In
contrast there were no significant association between hearing chemical alarms and cortical
WM (Cohen’s £ = 0.01), hippocampal (Cohen’s Z = 0.03), or insula (Cohen’s £ = 0.03)
volume. Although there was an association between predicted exposure to the Khamisiyah
plume and hippocampal volume (standardized coefficient p = -0.19, = -2.03, p< 0.05),

Neurotoxicology. Author manuscript; available in PMC 2017 June 05.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Chao et al.

Page 9

this association was no longer significant after adjustments for multiple comparisons. Using
the CDC CMI case definition instead of the Kansas GWI cases did not significantly alter the
inverse association between the frequency of hearing chemical alarms sound in theater and
total cortical GM volume. There were no significant associations between regional brain
volume and the days of predicted exposure to the Khamisiyah plume or the estimated dose
of exposure to the Khamisiyah plume.

To determine if the association between the frequency of hearing chemical alarms and total
cortical GM volume was independent of the genetic risk for AD, we re-ran the model
adjusting for the presence of the apoE4 genotype, which was available for 69 subjects. The
regression coefficients for hearing chemical alarms were of similar magnitude and direction
as the models without APOE. Moreover, total cortical GM was not significantly associated
with the APOE &4 genotype.

3.2. Post-hoc analyses of the association between the frequency of hearing chemical
alarms and lobar GM volume

The significant, inverse association between the self-reported frequency of hearing chemical
alarms and total cortical GM volume prompted us to further examine the relationship
between hearing chemical alarms and lobar GM volumes in post-hoc analyses. The results of
this post-hoc analysis are summarized in Table 3.

All fits in the post-hoc regression models were significant (all model p’s <0.0001, 0.51 <
R%’s < 0.75). There was a significant, inverse association between the frequency of hearing
chemical alarms and GM volume in the frontal lobe (standardized coefficient = —0.16, ¢=
-2.46, p=0.02, Cohen’s # = 0.08), parietal lobe (standardized coefficient = -0.18, t=
-2.57, p=0.01, Cohen’s £ =0.08), and occipital lobe (standardized coefficient 8= -0.30, ¢
=-3.55, p=0.001, Cohen’s # = 0.16; see Fig. 1B-D). There was no significant association
between hearing chemical alarms and temporal lobe GM volume (Cohen’s £ = 0.01). As
with the primary analysis, re-running the models with CDC CMI case definition instead of
Kansas GWI case definition did not significantly alter the inverse association between
hearing chemical alarms and GM volumes in the frontal, parietal, and occipital lobes.
Similarly, rerunning the models to adjust for the presence of the APOE e4 genotype did not
significantly alter the magnitude or the direction of the inverse relationship between the
frequency of hearing chemical alarms and GM volumes in the frontal, parietal, and occipital
lobes. There were no significant association between regional lobar GM volume measures
and APOE &4 genotype.

Tables 2 and 3 also show the association between the other independent variables and brain
volume. As expected, smaller head size (as indicated by smaller ICVs) and older age were
significantly associated with decreased brain volume. Females had smaller frontal lobe
volumes than males and veterans with current PTSD had smaller cortical WM and parietal
GM volumes.

3.3. Post-hoc analyses controlling for potentially confounding health variables

Because 78% of the GW veterans in the current study sample fulfilled the CDC CMI case
definition, we attempted to control for the veterans’ diminished health status as a causal
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mechanism of the observed neuroanatomical findings in a second set of post-hoc analysis.
Specifically, we used hierarchical linear regression to examine the ability of hearing
chemical alarms (independent variable entered in the last step of the regression) to predict
total cortical, frontal, parietal, and occipital lobe GM volume over and above the
independent variables from the original analysis (entered in the first step of the regression)
and “health” variables, forced into the second step of the regression. The “health” variables
included whether or not the veterans had a Kansas GWI exclusionary criterion and the
severity scores of the six Kansas GWI symptom domains. As shown in Table 4, Model 1,
hearing chemical alarms significantly predicted total cortical GM volume, frontal, parietal,
and occipital lobe GM volume even after accounting for demographic, clinical, and health
variables in the regression models.

3.4. Post-hoc analyses accounting for concurrent deployment-related exposures and

experiences

Because many other deployment-related exposures have been suspected of contributing to
long-term ill health in GW veterans, we attempted to control for these concurrent exposures
in a third post-hoc analysis. We found 7 other deployment-related experiences to be
significantly correlated with hearing chemical alarms sound in theater. These include:
exposure to smoke from oil well fires (Spearman’s r= 0.28, p=0.008), being within 1 mile
of a SCUD missile explosion (Spearman’s r=0.28, p= 0.009), contact with destroyed
enemy vehicles (Spearman’s r=0.26, p= 0.02), using cream or liquid pesticide on the skin
(Spearman’s r=0.24, p= 0.03), wearing pesticide-treated uniforms (Spearman’s r=0.29, p
= 0.007), witnessing living area being sprayed with pesticides (Spearman’s r=0.22, p=
0.04), and living/sleeping in a tent heated by a fuel-burning stove (Spearman’s r=0.26, p=
0.02). Next, we used hierarchical linear regression to examine the ability of hearing
chemical alarms sound (entered in the last step of the regression) to predict total cortical,
frontal, parietal, and occipital lobe GM volume over and above the independent variables
from the original analysis, entered in the first step of the regression, and these 7 correlated,
deployment-related exposures, forced into the second step of the regression. As shown in
Table 4, Model 2, the self-reported frequency of hearing chemical alarms significantly
predicted total cortical, parietal, and occipital lobe GM volume even after accounting for
demographic and clinical variables and correlated, concurrent GW-related exposures/
experiences. Only frontal lobe GM volume was not significantly associated with the
frequency of hearing chemical alarms after accounting for the correlated concurrent
exposure in the regression.

3.5. Association between hearing chemical alarms and GWI cases

When we dichotomized the self-reports of hearing chemical alarms (i.e., yes/no), we found
that there were significantly more Kansas GWI cases (56%) among veterans who reported
hearing chemical alarms compared to veterans who did not report hearing chemical alarms
(25%; Fisher’s exact test p = 0.03). In contrast, there was no difference in the incidence of
CDC CMI cases between veterans who did (79%) and did not (69%) report hearing chemical
alarms sound in theater (Fisher’s exact test p= 0.34). When we treated self-reports of
hearing chemical alarms as a categorical variable (i.e., did not hear chemical alarms, heard
chemical alarms for 1-6 days, 7-30 days, or =31 days), we found more Kansas GWI cases
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among veterans who reported hearing chemical alarms sound most frequently (77%)
compared to veterans who heard the chemical alarms sound less frequently (i.e., 53% among
those who heard alarms 7-30 days, 50% among those who heard alarms 1-6 days, and 25%
among veterans who did not report hearing the alarms at all; 2 linear-by-linear association
=6.85, df= 1, p=0.009). There was no significant difference in the incidence of CDC CMI
cases among veterans who heard chemical alarms =31 days (85%), 7-30 days (73%),1-6
days (83%) or among veterans who did not report hearing the alarms (69%; XZ linear-by-
linear association = 0.28, df=1, p= 0.60). There was no significant difference in the
incidence of CDC CMI cases among veterans with (75%) or without (82%) predicted
exposure to the Khamisiyah plume (Fisher’s exact test p= 0.61). There was no significant
difference in the incidence of Kansas GWI cases among veterans with (46%) or without
(58%) predicted exposure to the Khamisiyah plume (Fisher’s exact test p= 0.29).

4. Discussion

The major finding of this study is a significant, inverse association between the self-reported
frequency of hearing chemical alarms sound during deployment in the Gulf War and total
cortical, frontal, parietal, and occipital lobe GM volume in GW veterans. These inverse
associations were independent of predicted exposure to the Khamisiyah plume, demographic
and clinical variables, GWI status, and the veterans’ current health status. The inverse
association between the self-reported frequency of hearing chemical alarms and total cortical
GM, parietal, and occipital lobe GM volumes were also independent of correlated,
concurrent deployment-related exposures. The local effect sizes (i.e., Cohen’s #) of the
associations between hearing chemical alarms and regional brain volume ranged from 0.09
for total cortical GM to 0.15 for occipital GM volume, which represent medium effect sizes
(Cohen, 1988).

When U.S. troops first arrived in the Gulf region, there were uncertainties about whether
they would be exposed to chemical weapons because Irag had used such weapons in fighting
Iran and in attacks on the Kurdish minority. For this reason, chemical alarms were
distributed throughout the region to warn of such attacks. The alarms were sensitive and
sounded frequently, prompting military personnel to don protective gear and ingest PB pills
as an antidote to the effects of nerve agents (I0OM, 2014).

Because the chemical alarms were extremely sensitive, it has been suggested that they may
have been triggered by substances other than chemical nerve agents, such as organic solvents
and pesticides (I0M, 2014). However, other sources have described the sudden sounding of
tens of thousands of chemical alarms on the same day the morning after coalition bombing
of huge nerve agent storage sites in Irag (Committee on Banking, 1994; Haley and Tuite,
2013; Office of the Special Assistant for Gulf War IlIinesses, 1996; Tucker, 1997; Tuite and
Haley, 2013). Moreover, the phenomenon of the sudden, simultaneous sounding of multiple
chemical alarms recurred several times during the air war (Tuite and Haley, 2013; Haley and
Tuite, 2013). For this reason, it is unlikely that the widespread sounding of chemical weapon
alarms during the Gulf War were all due to organic solvents and pesticides, even if it may
have occurred on some occasions.
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If we assume that the veterans’ self-reports of hearing chemical alarms sound during
deployment is a proxy for possible exposure to chemical nerve agents, then our finding of a
significant inverse association between the frequency of hearing chemical alarms sound in
theater and total cortical GM volume is consistent with our prior reports of reduced cortical
GM volume in GW veterans with predicted exposure to the Khamisiyah plume (Chao et al.,
2010, 2011). In post-hoc analyses, we extended this finding to cortical GM volume in the
frontal, parietal, and occipital lobes. We also show that the significant inverse association
between hearing chemical alarms and total cortical, frontal, parietal, and occipital lobe GM
volumes was independent of the veterans’ current health status/GWI symptoms and that the
inverse relationship between hearing chemical alarms and total cortical, parietal, and
occipital lobe GM volumes was independent other correlated, concurrent deployment-related
exposures.

We previously used voxel-based morphometry (VBM) to examine regional differences in
GM density between GW veterans with and without predicted exposure to the Khamisiyah
plume (Chao et al., 2010). Although none of the regional differences in GM density in the
VBM analysis survived corrections for multiple comparisons, it is noteworthy that the VBM
analysis identified clusters located in the frontal, parietal, and occipital lobes, where we
found significant inverse relationships between the frequency of hearing chemical alarms
sound and GM volume in the current study.

There is evidence that exposure to low doses of organophosphorus (OP) chemicals (e.g.,
chemical nerve agents such as sarin and cyclosarin and many of the pesticides used during
the GW) insufficient to cause frank poisoning due to acetylcholinesterase inhibition can still
have chronic ill-health effects. For example, one in vitro study showed that cellular
processes can be altered by exposure to concentrations of OPs insufficient to cause acetyl-
cholinesterase inhibition (Eaton et al., 2008). Low-level and/or chronic exposure to OPs
have also been linked to lasting neuropsychological deficits such as decreased processing
speed and increased mood complaints in agricultural workers and professional pesticide
applicators (Bazylewicz-Walczak et al., 1999; Kamel et al., 2007; Mackenzie Ross et al.,
2010; Roldan-Tapi et al., 2005; Steenland et al., 1994; Stephens et al., 1995; Toomey et al.,
2009). Two recent meta-analyses that examined data from nearly 2000 cases of low-level
occupational OP exposures reported significant decrements in working memory, visual
memory, attention, psychomotor speed, executive function, and visuospatial function relative
to non-exposed controls (Ismail et al., 2012; Ross et al., 2013). Notably, these cognitive
processes have been linked with integrity of the frontal (Alvarez and Emory, 2006; Beyer
and Krishnan, 2002; Corbetta and Shulman, 2002; Ester et al., 2015; Kochunov et al., 2010),
parietal (Corbetta and Shulman, 2002; Ester et al., 2015), and occipital (Knopman et al.,
2014) cortex, where we found significant, inverse associations between GM volume and the
frequency of hearing chemical alarms sound in theater.

Heaton et al. (2007) were the first to report a significant association between higher levels of
estimated Khamisiyah plume exposure and reduced WM volume. Although we also detected
an effect of predicted Khamisiyah exposure on total brain WM volume in our previous 4
Tesla imaging study of GW veterans, we did not observe an effect of predicted Khamisiyah
exposure on WM volume in our initial investigation of 1.5 T imaging data. Similarly, we did
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not find an association between self-reports of hearing chemical alarms and total brain WM
volume in the current study. However, in line with a prior report by Villarreal et al. (2002),
we did find a significant effect of current PTSD diagnosis on total brain WM volume in the
present study. Therefore, it may be possible that exposure to low-levels of OP chemicals has
a more subtle effect on WM volume than on GM volume, which makes it more difficult to
differentiate from other clinical confounds (such as current PTSD). Some support for this
comes from the very small local effect size (£ = 0.01) that hearing chemical alarms had on
cortical WM volume.

It is noteworthy that self-reports of hearing chemical alarms had a significant, inverse
relationship with brain volumetric data in the current study while predicted Khamisiyah
plume exposure did not. One possible explanation for the discordant associations that we
observed between regional brain volumes and predicted Khamisiyah plume exposure versus
self-reports of hearing chemical alarms in the current study may be that the two methods
(i.e., plume modeling and self-reports) identified different subsets of GW veterans. For
example, 81% of the current study sample reported hearing chemical alarms whereas only
58% had predicted Khamisiyah plume exposure. Also, there were 30 GW veterans who
reported hearing chemical alarms who had not been identified as having predicted
Khamisiyah plume exposure. Furthermore, it has been suggested that there were other nerve
agent exposures in the Gulf War besides the one associated with the Khamisiyah demolitions
(Committee on Banking, 1994; Haley and Tuite, 2013; Office of the Special Assistant for
Gulf War IlInesses, 1996; Tucker, 1997; Tuite and Haley, 2013). Because the DOD/CIA
plume models only focused on exposures associated with the Khamisiyah demolitions,
which occurred after the end of the ground war (Presidential Advisory Committee on Gulf
War Veterans’ Ilinessess, 1996; Haley and Tuite, 2013; Tuite and Haley, 2013), whereas the
chemical alarms sounded mostly in the early phase of the war (Haley and Tuite, 2013; Tuite
and Haley, 2013), it follows that the two methods would not necessarily identify an
overlapping group of GW veterans.

Although we initially made the assumption that the veterans’ self-reports of hearing
chemical alarms sound during deployment was a proxy for possible exposure to chemical
nerve agents, there is some evidence that there were also blister agents (i.e., mustard gas) in
the Gulf War milieu. For example, Czech chemical experts contracted by the Saudi
government to provide chemical weapons surveillance for their troops detected both nerve
and blister agents during the Gulf War (Agency, 1993; Tuite and Haley, 2013).Therefore, it
may be possibile that veterans who heard chemical alarms sound during deployment were
exposed to a different combination of substances than the veterans with predicted exposure
to the Khamisiyah plume. With this respect, it is interesting to note that we observed an
inverse association between hippocampal volume and predicted exposure to the Khamisiyah
plume in the present study but not between hippocampal volume and self-reports of hearing
chemical alarms. Although the inverse association between hippocampal volume and
predicted Khamisiyah exposure did not survive corrections for multiple comparisons, it is,
nevertheless reminiscent of our previous findings in GW veterans with predicted
Khamisiyah exposure (Chao et al., 2010, 2014) and of a previous neuroimaging study of
victims of the 1995 Tokyo subway sarin attack (Yamasue et al., 2007). If the hippocampus is
more sensitive to sarin/cyclosarin exposure, indicated by predicted exposure to the
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Khamisiyah plume, than exposures to other types of agents that may have triggered some of
the chemical alarms during the Gulf War, this could, at least in part, explain why we
observed a different relationship between hippocampal volume and predicted Khamisiyah
plume exposure compared to the self-reports of hearing chemical alarms. However, there is
no way to discern whether a GW veteran was exposed to chemical nerve agents,
blisteragents, or both.

Based on Haley and Tuite’s (2013) findings of a dose-response relationship between the
number of times nerve agent alarms sounded in a veteran’s immediate area and the risk of
having GWI, we examined the frequency of GWI cases among veterans who did and did not
report of hearing chemical alarms in theater in the current study. There are a number of
different definitions of GWI (e.g., CDC CMI (Fukuda et al., 1998)), Kansas GWI (Steele,
2000), and Haley syndrome criteria (Haley et al., 1997). Haley and Tuite (2013) found a
significant a dose—response relationship between the number of times nerve agent alarms
sounded and both Haley syndrome and CDC CMI criteria. Contrary to Haley and Tuite
(2013), we did not find more CDC CMI cases among GW veterans who reported hearing
chemical alarms. However, Haley and Tuite examined a larger sample (A= 8020) than we
did. Therefore, it is possible that our failure to replicate their finding is due to a lack of
power in the current study.

Haley and Tuite (2013) did not examine Kansas GWI cases in their study. However, we used
the Kansas GWI case definition in the current study based on the recommendations of the
2014 10M report on GWI case definitions. We found more Kansas GWI cases among
veterans who reported hearing chemical alarms sound in theater (56%) compared to veterans
who did not report hearing chemical alarms (25%). When we treated self-reports of hearing
chemical alarms as a categorical variable, we found more Kansas GWI cases among
veterans who reported hearing the chemical alarms most frequently (77%) compared to
veterans who reported hearing the alarms less frequently (53% among those who heard
alarms 7-30 days, 50% among those who heard alarms 1-6 days, and 25% among veterans
who did not report hearing the alarms at all). However, it is important to point out that this
analysis did not take into account the veterans’ branch of service or deployment, which
Steele et al. (2012) found interacted significantly with GWI in a stratified analysis. We also
did not account for other concurrent deployment-related exposures in this analysis because
the size of our sample did not afford us the ability to evaluate precisely defined subgroups.
When they used a stratified analysis that accommodated differences among veteran
subgroups and logistic modeling to control for confounding concurrent exposures, Steele et
al. (2012) found that Kansas GWI was most strongly associated with use of PB pills and
proximity to exploded SCUD missiles among personnel who were in Iraq or Kuwait. For
personnel who remained in support areas, Kansas GWI was most strongly associated with
wearing pesticide-treated uniforms and using skin pesticides. Although Steele et al. (2012)
did not find self-reports of hearing chemical alarms to be significantly associated with risk
for Kansas GW!I in that study, in a preliminary case-control study of a group of forward
deployed, enlisted Army personnel, Dr. Steele reported that GW veterans with a particular
genotype of the paraoxonase 1 (PON1) enzyme were at significantly increased risk for
Kansas GWI if they also reported hearing chemical alarms sound in theater (Dr. Lea Steele’s
presentation to the 2015 RAC-GWVI Meeting on April 20-21, 2015, pp. 50-73 of the
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meeting minutes). PON1 is an enzyme that plays a significant role in the breakdown of
various kinds of OP chemicals (Costa et al., 2013). Different PON1 genotypes can affect an
individual’s resistance to the effects of OP-containing pesticides and nerve agents (Clerx et
al., 2012; Costa et al.,1990; Li et al.,1993). Thus, it is interesting that Dr. Steele found that
GW veterans who were carriers of the PONL1 allele that is less effective at metabolizing
chemical nerve agents were at increased risk for Kansas GWI if they also reported hearing
chemical alarms in theater. We did not examine PON1 genotype in the current study.
However, Dr. Steele’s preliminary findings of interactions between PON1 genotype and
GW:-related exposures hint at the possibility that similar interactions may contribute to the
reduced regional brain volumes that we observed in the present study. Future research will
be needed to more carefully evaluate this hypothesis.

This study had several limitations: first, we did not query for exposures and experiences that
may have occurred in the years since the end of the Gulf War. For this reason, we cannot rule
out the possibility that non-GW related exposures and/or experiences (e.g., occupational
chemical exposures, excessive pesticide use, etc.) that took place in the 25 years since the
end of the Gulf War may have contributed to the current findings. Second, we did not have a
group of healthy, control GW veterans for comparison purposes (i.e., only 8 veterans did not
have predicted Khamisiyah exposure, Kansas GWI, or Kansas GWI exclusionary criteria).
However, we did attempt to control for potentially confounding demographic, clinical, and
health-related variables the main and post-hoc analyses. Third, our reliance on the veterans’
own reports of their wartime experiences could have introduced errors due to inaccurate
reporting or recall of exposures. However, the lack of measured data on the types and doses
of exposures experienced by GW veterans in theater severely limits the number of methods
that investigators can use to evaluate the consequences of deployment-related exposures
(e.g., Haley and Tuite, 2013; Steele et al., 2012). A final limitation of this study is that we
did not examine PON1 genotype, which may have significant interactions with certain GW-
related exposures and may have contributed to the reduced regional brain volumes that we
observed in the present study. These limitations notwithstanding, the current findings
suggest that exposure to substances that triggered chemical alarms during the Gulf War may
have had adverse neuroanatomical effects on more GW veterans than just those with
predicted exposure to the Khamisiyah plume.
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Fig. 1.
Adjusted total cortical (A), frontal (B), parietal (C), and occipital (D) lobe gray matter (GM)

volume plotted as a function of the self-reported frequencies of hearing chemical alarms
sound in theater. The y~axis represents the unstandardized residuals that resulted from
regressing the regional brain volumes (dependent variables) on age, sex intracranial volume,
Kansas-GWI status, predicted Khamasiyah exposure, current PTSD and/or major depressive
disorder, current use of psychotropic medication, history of alcohol and/or substance abuse/
dependence (independent variables). The square represents the mean value of the
unstandardized residuals and the error bars represent the 95% confidence interval.
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Table 1

Demographic, clinical, and military characteristics of study sample.

N 90
Age at time of study, mean (SD) 52.3 (8.3)
Years of education, mean (SD) 15.5(2.3)
Female, NV (%) 15 (17%)
Race
White, V(%) 63 (70%)
Black, N (%) 10 (11%)
Other, N (%) 17 (19%)
Military status during Gulf War
Active duty, N/ (%) 73 (81%)
Reserves, N (%) 12 (13%)
National Guard, N (%) 5 (6%)
Rank
Enlisted, NV (%) 69 (77%)
Officer, N (%) 21 (23%)
Branch of service
Army, N (%) 68 (76%)
Marines, N (%) 14 (16%)
Air Force, NV (%) 5 (6%)
Navy, N (%) 3(3%)
Location in Theater
Kuwait, V(%) 51 (57%)
Iraq, NV (%) 48 (53%)
Bahrain, NV (%) 46 (51%)
Saudi Arabia, V(%) 89 (99%)
At sea, N (%) 12 (13%)
Other, N (%) 6 (7%)
Heard chemical alarms sound, N (%) 73 (81%)
1-6 days, NV (%) 30 (33%)
7-30 days, N (%) 30 (33%)
231 days, N (%) 13 (14%)
Predicted Khamisiyah exposure,? NV (%) 52 (58%)
CDC Chronic Multisymptom llIness case, NV (%) 70 (77%)
Kansas Gulf War IlIness case, NV (%) 46 (51%)
Current PTSD diagnosis, N (%) 11 (12%)
Clinician Administered PTSD Scale, mean (SD)  21.1 (20.8)
Current MDD diagnosis, N (%) 10 (11%)
Beck Depression Inventory score, mean (SD) 9.1(7.6)
Using psychotropic medication, NV (%) 17 (19%)
History of alcohol abuse/dependence, N (%) 27 (30%)
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N 90
History of substance abuse/dependence, N (%) 8 (9%)

APOE4 allele,? N (%) 19 (21%)

aAccording to the DoD.

bData unavailable for 21 veterans.
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Table 2

Page 23

Relationships between self-reported frequencies of hearing chemical alarms to measures of total cortical GM,
WM, hippocampal, and insula volume reported as B (SE).

Unstandar dized coefficientsB(SE)  Cortical GM Cortical WM Hippocampus Insula
Intercept 141,573 (36,086) 64,216 (47,985) 6109 (1,017) 2619 (1822)
Hearing chemical alarms -8113 (2926) -511 (3906) -116 (82) -220 (153)
Age ~1496 (340) ~2240 (460) -29 (10) -9(17)
Male sex -9503 (8446) 2856 (11,364) 156 (238) 291 (427)
IcvV 0.255 (0.022) 0.342 (0.029) 0.003(0.001)  0.00/(0.001)
Kansas GWI case 6411 (5847) 14,337 (7824) -65 (165) -198 (299)
2000 Khamisiyah plume exposure -9217 (5412) =7274 (7287) -310 (165)2 -335 (275)
Current MDD 1794 (8861) -9034 (11,728) 258 (250) 439 (447)
Current PTSD -14322 (9142)  -40,396 (12,098) -361 (258) 236 (462)
Current psychotropic medication use  —4193 (7235) 15,791 (9594) -134 (204) -699 (366)
Past ETOH abuse/dependence 6998 (6565) 2139 (8700) -43(185188)  -174(332)
Past substance abuse/dependence 9134 (10,138) 4910 (13,430) 17 (286) 197 (513)

GM, gray matter; WM, white matter; ICV, intracranial volume; GWI, Gulf War IlIness; MDD, Major Depressive Disorder; PTSD, Posttraumatic
Stress Disorder; ETOH, alcohol. Bold: adjusted p < 0.031.

4p<0.05.
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Table 3

Page 24

Relationships between self-reported frequencies of hearing chemical alarms to measures of cortical volume

reported as B (SE).

Unstandar dized coefficientsB(SE) ~ Frontal GM Parietal GM Temporal GM  Occipital GM
Intercept 45930 (14,120) 41,254 (12,157) 34,496 (10,770) 15,549 (6564)
Hearing chemical alarms -2914 (1182) —-2558 (995) -852 (873) -1846 (520)
Age -551 (134) -428 (113) -355 (101) -186 (61)
Male sex -7764 (3274)  -2392 (2812) 1425 (2521) -2110 (1530)
IcvV 0.099 (0.008) 0.072 (0.007) 0.056 (0.006) 0.028 (0.004)
KS-GWI 2062 (24,316) 2265 (1951) 1758 (1745) 1268 (1073)
2000 Khamisiyah plume exposure -3217 (2142) -3090 (1814) -1744 (1615) -1381 (1005)
Current MDD 2449 (3432) 693 (2993) -814 (2645) -1436 (1566)
Current PTSD -4882 (3543)  -6578(3079)  -—4069 (2728)  —860 (1571)
Current psychotropic medication use  —1108 (2805) —-301 (2464) —2238 (2159) 724 (1372)
Past ETOH abuse/dependence 3031 (2547) 2753 (2186) 964 (1959) 958 (1127)
Past substance abuse/dependence 2868 (3943) 3273 (3561) 1763 (3026) 1234 (1724)

Bold: adjusted p< 0.04.

GM, gray matter; ICV, intracranial volume; GWI, Gulf War IlIness; MDD, Major Depressive Disorder; PTSD, Posttraumatic Stress Disorder;

ETOH, alcohol.
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Table 4

Post-hoc regression analyses accounting for the effects of adverse health symptoms (model 1) and concurrent
GW exposures (in model 2) on the dependent variables.

Dependent Variables

Cortical GM  Frontal GM  Parietal GM  Occipital GM

Model 1
Step 14
R 0.735 0.726 0.684 0.543
Fuozs 21679 20.169 16.659 8.219
Step 2b
R 0.760 0.759 0.694 0.610
AR 0.025 0.033 0.010 0.066
AR 7 1.06 1.34 0.33 150
Step 3¢
R 0.780 0.776 0.716 0.659
AR 0.019 0.017 0.022 0.050
Afo 686 5.088 5.43¢ 8.93"
Model 2
Step 14
R 0.725 0.723 0.674 0.537
Foso 18179 17.459 14.099 7.089
Step 20
R 0.744 0.739 0.700 0.579
AR? 0.019 0.017 0.025 0.042
AFrg, 0.65 0.55 0.74 0.76
Step 3¢
R 0.768 0.753 0.734 0.657
AR 0.025 0.013 0.034 0.078
Afe 6516 321 7.737 12.12F

a\/ariables entered: age, male sex, ICV, KS GWI case, predicted Khamisiyah exposure, diagnosis of current MDD and/or PTSD, current use of
psychotropic medication, history of alcohol and/or substance abuse/dependence.

Variables entered: KS GWI exclusionary criteria, fatigue, pain, neurological, mood, cognitive, skin, gastrointestinal, and respiratory symptom
severity scores.

cVariabIe entered: Frequency of hearing chemical alarm.

Variables entered: seeing smoke from oil well fires, living area being fogged or sprayed with pesticides; being within one mile of SCUD missile
explosion; coming into direct contact with destroyed enemy vehicles; using pesticide cream or liquid on skin; wearing pesticide-treated uniform;
living/sleeping in tent heated by a fuel-burning heater.

€h<0.05.

'fo< 0.01.

Neurotoxicology. Author manuscript; available in PMC 2017 June 05.



1duosnue Joyiny WA 1duosnuey Joyiny WA

1duosnuey Joyiny WA

Chao et al.

9p<0.001.
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