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ORIGINAL ARTICLE
Evidence of Hippocampal Structural Alterations in Gulf War
Veterans With Predicted Exposure to the Khamisiyah Plume
Linda L. Chao, PhD, Morgan R. Raymond, BS, Cynthia K. Leo, BA, and Linda R. Abadjian, PhD
Objectives: To replicate and expand our previous findings of smaller

hippocampal volumes in Gulf War (GW) veterans with predicted exposure

to the Khamisiyah plume. Methods: Total hippocampal and hippocampal

subfield volumes were quantified from 3 Tesla magnetic resonance images in

113 GW veterans, 62 of whom had predicted exposure as per the Department

of Defense exposure models. Results: Veterans with predicted exposure had

smaller total hippocampal and CA3/dentate gyrus volumes compared with

unexposed veterans, even after accounting for potentially confounding

genetic and clinical variables. Among veterans with predicted exposure,

memory performance was positively correlated with hippocampal volume

and negatively correlated with estimated exposure levels and self-reported

memory difficulties. Conclusions: These results replicate and extend our

previous finding that low-level exposure to chemical nerve agents from the

Khamisiyah pit demolition has detrimental, lasting effects on brain structure

and function.

A ccording to the Department of Defense (DOD), 100,000 US
military personnel were potentially exposed to chemical war-

fare agents when United States (US) combat engineers destroyed a
munition storage depot at Khamisiyah, Iraq in March 1991, after the
cease fire that ended the Persian Gulf War had been declared.1 We
previously reported evidence of smaller total hippocampal2 and
hippocampal subfield (ie, CA2, CA3, and dentate gyrus)3 volumes
in two independent cohorts of Gulf War (GW) veterans with
predicted exposure to the Khamisiyah plume compared with
matched, unexposed GW veterans. However, those earlier studies
had several limitations: first, we lacked information about the
veterans’ apolipoprotein E (ApoE) genotype, which has been
associated with smaller total hippocampal4,5 and smaller CA3/
dentate gyrus (DG) volumes in cognitively normal individuals
and in patients with Alzheimer’s disease (AD).6 Second, we did
not have information about the veterans’ history of head injury.
There is evidence that physical trauma to the head, either repeated
minor injuries or a single major injury, can reduce hippocampal
volume.7–9 Third, although we attempted to match the groups with
and without predicted Khamisiyah exposure for Gulf War illness
(GWI), or the Centers for Disease Control and Prevention (CDC)
chronic multi-symptom illness (CMI) case definition,10 we did not
have information about the severity of veterans’ CMI symptoms.
Finally, it was curious that we did not find any significant group
differences on neuropsychological tests of memory or any signifi-
cant correlations between hippocampal volume and memory func-
tion in veterans with predicted exposure to the Khamisiyah plume
given that the hippocampus is an important brain structure for
ght © 2017 American College of Occupational and Environmental
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learning and memory processes.11,12 Therefore, the aims of current
study were to: (1) replicate our findings of reduced total and
hippocampal subfield volumes in a third, independent cohort of
GW veterans with and without predicted exposure to the Khami-
siyah plume, this time controlling for variables that we were unable
take into account in the previous studies (ie, ApoE genotype, history
of head trauma, severity of CMI) and (2) examine the associations
between hippocampal volume and performance on a hippocampal-
dependent memory task (ie, the California Verbal Learning Test).13

In exploratory analyses, we also investigated the relationships
between estimated cumulative exposure levels, self-reported mem-
ory impairment severity, and verbal memory performance.

METHODS

Participants
Participants were all GW veterans recruited from 2014 to

2017 at the San Francisco Veterans Affairs Medical Center (SF
VAMC) as part of a VA-funded study on the effects of predicted
exposure to the Khamisiyah plume on brain structure and function.
The current study focused on 113 GW veterans who: (1) were not
part of any of the previous analyses where we found evidence of
reduced total hippocampal2 or hippocampal subfield3 volume in
veterans with predicted exposure to the Khamisiyah plume; (2) had
available ApoE genotype information; and (3) had artifact-free
structural magnetic resonance imaging (MRI) data. Written
informed consent, approved by the University of California, San
Francisco and the SF VAMC Institutional Review Boards, was
obtained from all study participants.

Study Protocol and Measures

Clinical Assessments
The veterans were evaluated by a Ph.D. level psychologist

(L.R.A.) using the Structured Clinical Interview for DSM-IV Diag-
nosis (SCID),14 the clinician administered posttraumatic stress
disorder (PTSD) scale (CAPS),15 and an interview version of the
life stressor checklist-revised.16 To capture the veterans’ lifetime
history of traumatic brain injury (TBI), we used the Ohio State
University traumatic brain injury identification (OUS TBI-ID)
method.17,18 A previous study that examined the inter-rater
reliability of the SCID for DMS-IV Axis I disorders reported kappa
values in the range of 0.61 to 0.83, with a mean kappa of 0.71.19 The
CAPS also has high internal consistency, with an alpha of 0.94 for
the total score.15 Similarly, acceptable to high inter-rater reliability
the OSU TBI-ID has been reported for the OSU TBI-ID.17,18

Determination of Gulf War Illness (GWI) Case Status
The Kansas Military History and Health Questionnaire20 was

used to query veterans about their GWI symptoms and severity.
Subsequently, this information was used to classify veterans as CDC
CMI cases10 and Kansas GWI cases.20 Although both case defi-
nitions have been recommended by the National Academy of
Sciences Institute of Medicine (IOM), because the Kansas GWI
case definition is more rigorous than the CMI definition, the IOM
concluded that the Kansas GWI case definition may be more
appropriate for research purposes.21 For this reason, we used the
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Kansas GWI case definition in our statistical analyses. To account
for the veterans’ present health condition, we also included infor-
mation about whether veterans had a Kansas GWI exclusionary
criterion20 (ie, diabetes, heart disease other than high blood pres-
sure, lupus, rheumatoid arthritis, seizure disorder, cancer, liver and/
or kidney disease, hospitalization within the last 5 years for alcohol
or drug dependence, depression, and/or posttraumatic stress
disorder) in our analyses.

Image Acquisition
All veterans were scanned at the SF VAMC on a 3 Tesla (T)

Siemens Skyra MRI system (Erlangen, Germany) equipped with a
32-channel receiver head coil. The MRI scan protocol included
the following: (1) T1-weighted 3D whole brain gradient echo
MRI TR/TE/TI¼ 2500/2.98/1100 ms, 1.0� 1.0� 1.0 mm3 resolution.
(2) T2 weighted turbo spin echo MRI TR/TE 3200/11 ms,
0.9� 0.9� 3.0 mm3 resolution (for intracranial volume [ICV] esti-
mation), and (3) high resolution T2 weighted fast spin echo sequence
for hippocampal subfield volumetry (TR/TE 3990/17 ms, 0.4� 0.4 mm
in plane resolution, 2 mm slice thickness, 26 interleaved slices, angu-
lated perpendicular to the long axis of the hippocampal formation).

Determination of Total Hippocampal Volume
We used an automated, non-biased atlas-based Bayesian

segmentation procedure, applied in FreeSurfer v5.1 (http://surfer.
nmr.mgh.harvard.edu/), to derive quantitative estimates of total
hippocampal volume from the volumetric T1-weighted MR image.

Determination of Hippocampal Subfield Volumes
We used the automatic segmentation of hippocampal sub-

fields (ASHS)22 to determine the volumes of the cornu ammonis
(CA) subfields CA1, CA2, CA3, dentate gyrus (DG), subiculum,
head and tail of the hippocampus, as previously described.23 The
DG label in the current study includes both the granular cell layer of
the dentate gyrus and the hilar region, sometimes called CA4. In
addition, each hippocampal subfield volume was normalized by the
number of slices that spanned the segmentation of that subfield, as
previously described.24

Intracranial Volume (ICV) Measurement
We used the BET program (FMRIB Image Analysis Group,

Oxford University, www.fmrib.ox.ac.uk/fsl) to determine each vet-
erans’ intracranial volume (ICV) after checking that all extracranial
and skull structures were removed and all intracranial structures
were fully preserved in the skull stripped images.

Assessment of Verbal Learning and Memory
We used the California Verbal Learning Test-II (CVLT-II),13

which has been previously described in detail,25,26 to assess verbal
learning and memory. The dependent variables included in statisti-
cal analyses were: number of words correctly recalled following
CVLT-II trial 1 (ie, immediate attention and memory), trials 1–5 (ie,
total learning), after a short delay (ie, retention), after a longer delay
(ie, delayed recall), the number of correctly identified target words
in a recognition memory test (ie, ‘‘hits’’), and a measure of total
recognition discriminability (ie, the extent to which veterans can
correctly discriminate target from non-target words in the recog-
nition memory test).

Apolipoprotein E (APOE) Status
As mentioned in the introduction, the APOE e4 allele has

been associated with smaller total hippocampal4,5 and smaller CA3/
DG volumes in cognitively normal individuals and in patients with
AD.6 For this reason, we controlled for APOE genotype in our
analyses of hippocampal volume. Veterans with 2/3 or 3/3 combined
APOE alleles were classified as APOE e4-negative while those with
ght © 2017 American College of Occupational and Environmental
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3/4 or 4/4 combined were classified as APOE e4-positive. Although
the APOE e4 allele is a genetic risk factor for AD,27,28 the 2/4
combined APOE allele has been associated with a lower risk for
AD.29 Thus, veterans with the 2/4 combined APOE allele were not
considered APOE e4-positive.

Statistical Analysis
IBM SPSS Statistics version 24 (IBM SPSS Statistics for

Windows, Version 24.0, IBM Corp, Armonk, NY) was used for
statistical analyses. Demographic and descriptive characteristics
were compared across the two exposure groups with t tests for
continuous variables and Fisher exact test for categorical variables.
For all analyses, P< 0.05 was considered a significant effect unless
otherwise described.

We used an analysis of covariance (ANCOVA), with age, sex,
ICV, Kansas GWI case and Kansas GWI exclusionary status, current
diagnoses of MDD and/or PTSD, current use of psychometric
medication (ie, antidepressants, mood stabilizers, and/or anticon-
vulsants used to control pain), APOE e2/e4 status, history of alcohol
abuse/dependence, and OUS TBI severity as covariates to examine
group differences in total hippocampal volume. Analyses of hippo-
campal subfield volume were carried out with multivariate analyses
of covariance (MANCOVAs) with the same covariates used in
analysis of total hippocampal volume. Because we had no hypoth-
eses about laterality effects, the volumes of the left and right total
hippocampus and hippocampal subfields were combined to reduce
the number of comparisons. Because we hypothesized that we
would replicate our previous findings of smaller total and smaller
CA2, CA3/DG volumes in veterans with predicted exposure, an
alpha value for significance was set at 0.05.

The analyses of group differences in CVLT-II scores were
also carried out with MANCOVAs with age, sex, years of education
and rank in the GW, Kansas GWI case and Kansas GWI exclu-
sionary status, current diagnoses of MDD and/or PTSD, current use
of psychometric medication, APOE e2 and e4 status, history of
alcohol abuse/dependence, and OSU TBI severity as covariates.
These analyses were corrected for multiple comparisons according
to the number of dependent variables (n¼ 6) and the average
intercorrelations among the variables.30 With an average intercor-
related correlation of r¼ 0.60, a 2-sided adjusted P< 0.024 was
considered statistically significant. Because delayed recall is con-
tingent on successful learning, we also repeated the analyses for
delayed recall using total learning (ie, performance on trials 1–5) as
a covariate.

We used Spearman rank correlations to assess the relation-
ship between total hippocampal volume, hippocampal subfield
volumes, CVLT-II test performance, and estimated cumulative
exposure doses, separately in veterans with and without predicted
exposure. Because normal probability plots and the Shaprio-
Wilks test indicated that the cumulative exposure level estimates
were not normally distributed, the exposure estimates were log-
transformed. Two veterans in this study were not identified as
having been with units that were in the hazard area after the
last DOD modeling effort in 2002. Thus, we did not have
cumulative exposure level estimates for these two veterans,
despite the fact that they were likely to have been exposed to
the Kahmisiyah plume.

Post-hoc Analysis I
Because the left hippocampus has specifically been impli-

cated in verbal memory processing,31 our findings of significant
correlations between total hippocampal volume and some of the
CVLT-II measures prompted us to further explore the specific
relationship between left hippocampal and left subfield volumes
and CVLT-II performance separately in veterans with and without
predicted exposure in post-hoc analyses.
 Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 1. Subject Demographic and Clinical Information

Non-exposed (N¼ 51) Exposed (N¼ 62)

Mean/No. Range Mean/No. Range

Age (yrs) 52.4 (7.7) 41–67 53.5 (8.0) 42–71
No. (%) female 14 (28%) 12 (19%)
Education (yrs) 14.5 (2.5) 11–20 15.0 (2.5) 12–20
Ethnicity

African American 3 (6%) 6 (10%)
Latino 4 (8%) 3 (5%)
White 39 (77%) 48 (77%)
Other 5 (10%) 5 (8%)

No. (%) married 37 (73%) 50 (81%)
No. (%) with current major depressive disorder (MDD) 6 (12%) 7 (11%)
Beck depression inventory (BDI) 9.3 (7.9) 0–42 10.0 (9.9) 0–54
No. (%) with posttraumatic stress disorder (PTSD) 12 (24%) 8 (13%)
Clinician administered PTSD scale (CAPS) 20.6 (23.2) 0–76 24.6 (22.4) 0–78
No. (%) on psychotropic medication 10 (20%) 12 (19%)
No. (%) officer during the Gulf War (GW) 15 (29%) 14 (23%)
No. (%) in the army during the GWa 23 (45%) 62 (100%)
Estimated exposure dose (mg min/m3) — 0.39 (0.57) 0.03–2.16
No. (%) who reported hearing chemical alarms during GW 37 (73%) 53 (86%)
No. (%) CDC CMI cases� 40 (78%) 52 (84%)
No. (%) Kansas GWI casesy 25 (49%) 29 (47%)
No. (%) with Kansas GWI exclusionary criteriaz 12 (24%) 20 (32%)
Kansas GWI symptom severity§ 23.6 (19.3) 0–84 21.9 (16.7) 0–69
No. (%) with self-reported memory difficulties 34 (67%) 41 (66%)
No. (%) with Apolipoprotein E (APOE) e2 allele 7 (14%) 12 (19%)
No. (%) with APOE e4 alleleb 14 (27%) 8 (13%)
No. (%) with history of alcohol abuse/dependencea 9 (18%) 22 (36%)
No. (%) with history of substance abuse/dependence 2 (4%) 8 (13%)
No. (%) with no traumatic brain injury (BTI)? 10 (20%) 17 (27%)
No. (%) with improbable TBI? 17 (33%) 19 (31%)
No. (%) with possible TBI? 10 (20%) 14 (23%)
No. (%) with mild TBI? 14 (28%) 11 (18%)
No. (%) with moderate TBI? 0 (0%) 1 (2%)

CDC, Centers for Disease Control and Prevention; CMI, chronic multi-symptom illness; GWI, Gulf War illness; TBI, traumatic brain injury.
�According to Fukuda et al.10

yAccording to Steele.20

zDiabetes, heart disease (other than high blood pressure), stroke, lupus, multiple sclerosis, rheumatoid arthritis, seizure disorder, cancer, liver and kidney disease, hospitalization
for PTSD, alcohol, and/or drug dependence since 1990.

§Created by summing GWI symptom severity scores from Kansas Gulf War Military History and Health Questionnaire.20

?According to the Ohio State University Traumatic Brain Injury Identification (OSU TBI-ID) Method.17,18

aFisher exact test, P< 0.05, 2-sided.
bFisher exact test, P¼ 0.06, 2-sided.
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Exploratory Post-hoc Analysis II
Despite the fact that many GW veterans have subjective

memory complaints, there has been controversy in the literature
about whether these self-reported memory complaints are related
to decrements on objective cognitive tests measures.32–34 There-
fore, in an exploratory post-hoc analysis, we examined the
relationship between the severity of self-reported memory diffi-
culties as queried by the Kansas Gulf War Military History and
Health Questionnaire (ie, mild, moderate, or severe) and
objective performance on the CVLT-II. Because memory impair-
ment can be a symptom of GWI, we used partial correlation to
control for the severity of overall GWI symptoms in our explo-
ration of the relationship between CVLT-II scores and the
severity of self-reported memory difficulties. To do this, we
summed the responses to 29 questions from the symptom portion
of the Kansas Gulf War Military History and Health Question-
naire about GWI/CMI symptoms (eg, fatigue, pain, gastrointes-
tinal, respiratory, neurological, mood, and skin problems). The
symptom portion of Kansas Gulf War Military History and
Health Questionnaire asks participants to indicate if they have
ght © 2017 American College of Occupational and Environmental
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a GWI symptom, and if so, how severe it is (ie, 0¼ none,
1¼mild, 2¼moderate, 3¼ severe). In this respect, it is like a
four-point Likert scale. In the current sample, overall GWI
symptom severity scores ranged from 0 to 84 (higher scores
indicate more and/or more severe symptoms) and had a Cronbach
a of 0.95.

RESULTS
Table 1 summarizes the demographic, military, and clinical

data of the study sample. The two exposure groups only differed on
two demographic/clinical variables: (1) all veterans with predicted
Khamisiyah exposure served in the army during the Gulf War
whereas only 45% of the veterans without predicted exposure served
in the army (Fisher exact test, P< 0.001). (2) More veterans with
predicted exposure had a history of alcohol abuse/dependence
compared with veterans without predicted exposure (Fisher exact
test, P< 0.04). Although not statistically significant, there was a
trend (P¼ 0.06) for there to be more APOE e4-carriers among
veterans without predicted exposure compared with veterans with
predicted exposure.
 Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 2. Least Square Mean Total and Hippocampal Subfield Volumes by Predicted Exposure Group�

Non-Exposed Exposed ANCOVA

Total hippocampusy 8757.18 (815.22) 8308.51 (757.58) F1,105¼ 12.77, P¼ 0.001
CA1 subfieldz 59.54 (4.91) 57.84 (5.54) F1,111¼ 2.59, P¼ 0.11
CA2 subfieldz 1.77 (0.35) 1.73 (0.38) F1,111¼ 0.34, P¼ 0.56
CA3/dentate gyrus subfieldz 41.33 (5.08) 39.00 (4.51) F1,111¼ 6.26, P¼ 0.01

Volumes are (mm3) are means and standard deviation (in parentheses).
ANCOVA, analysis of covariance.
�Adjusted for age, sex, ICV, Kansas GWI case status and exclusionary status, current diagnoses of MDD and/or PTSD, current use of psychotropic medication, APOE e2/e4

status, history of alcohol abuse/dependence, and OUS TBI severity.
yDetermined by Freesurfer v.5.1; data available for 46 veterans without and 60 veterans with predicted Khamisiyah exposure.
zDetermined by ASHS and normalized for number of slices in segmentation; data available for 50 veterans without and 62 veterans with predicted Khamisiyah exposure.

Chao et al JOEM � Volume XX, Number X, Month 2017
Binary Comparisons Between Predicted Exposure
Groups

Table 2 lists the least square mean volumes of the total
hippocampus and hippocampal subfields by group. Compared with
veterans without predicted exposure, veterans with predicted
exposure had smaller total hippocampal volume (F1,105¼ 12.77,
P¼ 0.001), even after adjusting for age, sex, ICV, Kansas GWI case
status and exclusionary status, current diagnoses of MDD and/or
PTSD, current use of psychometric medication, APOE e2/e4 status,
history of alcohol abuse/dependence, and OUS TBI severity. We
obtained similar results when we controlled for CDC CMI case
status instead of the Kansas GWI case status. We also observed
similar results when we did not control for either Kansas GWI or
CDC CMI case status.

There was no main effect of group when the volumes of
the CA1, CA2, and CA3/DG subfields were entered in a single
omnibus MANCOVA (Wilks Lambda¼ 0.94, Pillais approximate
F3,96¼ 2.15, P¼ 0.10). However, the individual ANCOVAs revealed
a significant group effect for CA3/DG subfield volume (F1,111¼ 5.75,
P¼ 0.02). In contrast, there were no significant group effects for CA1
(F1,111¼ 1.84, P¼ 0.18) or CA2 (F1,111¼ 0.45, P¼ 0.50) volumes.
Again, we obtained similar results when we controlled for CDC CMI
case status instead of the Kansas GWI case status and when we did not
control for Kansas GWI or CDC CMI case status.

Table 3 lists the least square mean CVLT-II dependent
variables by group, accounting for age, sex, years of education,
rank during the GW, Kansas GWI case status and exclusionary
status, current diagnoses of MDD and/or PTSD, current use of
psychometric medication, APOE e2/e4 status, history of alcohol
ght © 2017 American College of Occupational and Environmental

TABLE 3. Least Square Mean CVLT-II Scores by Predicted Exposu

CVLT-II

Measures

Non-Exposed

(N¼ 51; mean

age: 52.4� 7.7)

Exposed

(N¼ 62; mean

age: 3.5� 8.0) F1,112

N

Sa

40–

Trial 1 (raw) 6.3 (1.5) 5.9 (1.8) 1.70
Trials 1–5 (raw) 51.0 (9.9) 48.9 (8.5) 1.33 5
Short delay (raw) 11.0 (3.1) 10.4 (2.7) 0.95 1
Long delay (raw) 11.0 (3.3) 10.9 (3.0) 0.04 1
Recognition hits (raw) 14.8 (1.6) 14.1 (1.8) 4.60a

Total recognition
discriminability (d0)

3.2 (0.8) 2.9 (0.7) 3.69b

Means and standard deviation (in parentheses) are reported.
�Data from Norman et al.35

yAccounting for age, sex, years of education, rank during the GW, Kansas GWI case s
psychotropic medication, OUS TBI severity, APOE e2/e4 status, and past history of alcoh

aP< 0.04.
bP¼ 0.06.
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abuse/dependence, and OUS TBI severity. We also include raw
scores for CVLT trial 1, trials 1–5, short- and long-delay free recall
from a large scale normative study that assessed the contribution of
influences of ethnicity as well as other demographic factors on
CVLT performance.35

When all the CVLT-II dependent variables of interest were
entered in a single omnibus MANCOVA, there was no main effect of
group (Wilks lambda¼ 0.90, Pillais approximate F6,93¼ 1.70,
P¼ 0.13). Although veterans with predicted exposure recognized
fewer words than veterans without predicted exposure (individual
ANCOVA for recognition hits: F1,112¼ 4.60, P< 0.04), this was not
statistically significant after corrections for multiple comparisons
(with an average intercorrelated correlation of r¼ 0.60, a 2-sided
adjusted P< 0.02 was considered statistically significant) Table 4.

Because delayed recall is contingent on successful learning,
we repeated the analyses for delayed recall using total learning (ie,
performance on trials 1–5) as a covariate. Total learning was a
significant covariate (F1,97� 138.23, P< 0.001) for both short- and
long-delay free recall. However, there was still no significant over
all group difference for short- or long-delay free recall after
accounting for total learning.

Relationship Between Total Hippocampal and
Subfield Volumes, CVLT-II Performance, and
Estimates of Cumulative Exposure Levels

Among veterans with predicted exposure, there were positive
correlations between total hippocampal volume and performance on
CVLT-II trial 1 (ie, immediate attention and memory; Spearman
r¼ 0.28, P¼ 0.03), recognition hits (Spearman r¼ 0.32, P¼ 0.01),
 Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 4. Results of Post-hoc Correlations between CVLT-II Performance, the Severity of Self-Report Memory Impairment,
and Overall GWI Symptoms

Non-Exposed (n¼ 51) Exposed (n¼ 62)

CVLT-II Measures Memory Impairment Overall GWI Symptom Memory Impairment Overall GWI Symptom

Trial 1 �0.04 �0.05 �0.18 �0.17
Trials 1–5 �0.14 �0.09 �0.32b �0.25
Short-delay free recall �0.23 �0.10 �0.29a �0.12
Long-delay free recall �0.14 0.06 �0.35b �0.20
Recognition hits �0.11 �0.05 �0.39b �0.27a

Total recognition discriminability �0.07 0.04 �0.22 �0.19

Spearman rho reported. CVLT-II, California Verbal Learning Test-II; GWI, Gulf War illness.
aP� 0.05.
bP� 0.01.
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and total recognition discriminability (Spearman r¼ 0.26,
P< 0.05) in veterans with predicted exposure. In contrast, there
were no significant correlations between hippocampal volume and
CVLT-II performance in veterans without predicted exposure.

Because the left hippocampus has been implicated in verbal
memory processing,31 we further examined the relationship between
left total hippocampal and left subfield volumes and CVLT-II per-
formance in post-hoc analyses. Among veterans with predicted
exposure, left hippocampal volume correlated positively with per-
formance on CVLT-II trial 1 (Spearman r¼ 0.30, P¼ 0.02), trials 1–
5 (Spearman r¼ 0.28, P¼ 0.03), short-delay free recall (Spearman
r¼ 0.26, P< 0.05), recognition hits (Spearman r¼ 0.32, P¼ 0.01),
and total recognition discriminability (Spearman r¼ 0.28, P¼ 0.03).
In contrast, there were no significant correlations between left
hippocampal subfield volumes and CVLT-II performance among
veterans without predicted exposure.

Among veterans with predicted exposure, we also found an
inverse correlation between the log-transformed exposure level
estimates and total recognition discriminability (Spearman
r¼�0.27, P¼ 0.04).

Post-hoc Exploratory Analyses of Self-Reported
Memory Difficulties and CVLT-II Performance

Among veterans with predicted exposure, the self-reported
severity of memory difficulties was significantly correlated with
CVLT-II performance (trials 1–5: Spearman r¼�0.32, P¼ 0.01;
short-delay free recall: Spearman r¼�0.29, P¼ 0.03; long-delay free
recall: Spearman r¼�0.35, P¼ 0.006, and recognition hits: Spear-
man r¼�0.39, P¼ 0.002). Even after controlling for overall GWI
symptom severity, which, as expected, was significantly correlated with
the severity of self-reported memory difficulties (Spearman r¼ 0.78 in
veterans with predicted exposure), self-reported memory difficulties
still correlated negatively with performance on CVLT-II short-delay
free recall (partial correlation coefficient¼�0.33, P¼ 0.009), long-
delay free recall (partial correlation coefficient¼�0.30, P¼ 0.02), and
recognition hits (partial correlation coefficient¼�0.25, P< 0.05). In
contrast, there were no significant correlations between the self-
reported severity of memory difficulties and CVLT-II performance
among veterans without predicted exposure.

DISCUSSION
In the current study we replicated our previous findings of

smaller total hippocampal2 and smaller CA3/DG hippocampal
subfield volumes3 in a third, independent sample of GW veterans
identified by the DoD exposure models as having possible exposure
to nerve gas agents from the demolition operation in Khamisiyah,
Iraq. Furthermore, we extended these previous findings by demon-
strating that the effect of predicted exposure to the Khamisiyah
ght © 2017 American College of Occupational and Environmental
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plume on total hippocampal and CA3/DG subfield volumes is
independent of several factors that may affect hippocampal volume,
such as the veterans’ ApoE4 genotype,5,6,36 TBI severity,7–9 diag-
noses of PTSD37–39 and clinical depression, current use of psycho-
tropic medication,40–44 history of alcohol abuse/dependence,45,46

and a the presence of other medical conditions that may influence
hippocampal volume (eg, Kansas GWI exclusionary criterion such
as cardiovascular disease and diabetes mellitus).47

Despite the initial skepticism about the assumptions made by
the DoD plume models,48,49 our current and previous findings of
smaller total hippocampal2 and CA3/DG3 volumes in GW veterans
with predicted exposure to the Khamisiyah plume are in line with
several previous rodent studies on the effects organophosphate
poisoning on the hippocampus50,51 and the effects of subclinical
(ie, levels that do not cause any overt clinical signs even after
multiple days of exposure) sarin exposure on the dentate gyrus, CA4
and CA3 hippocampal subfields.52,53 It is also noteworthy that
reduced hippocampal volume has been reported in surviving victims
of the 1995 Tokyo sarin subway attack.54

Although memory differences between veterans with and with-
out predicted exposure on the CVLT-II did not survive corrections for
multiple comparisons in the current study, we did observe positive
correlations between total hippocampal volume, particularly on the left
side, and CVLT-II performance in veterans with predicted exposure.
We also found an inverse correlation between memory performance
and the DoD’s estimated cumulative exposure levels and an inverse
association between the severity of self-reported memory difficulties
and memory performance in GW veterans with predicted exposure to
the Khamisiyah plume. The fact that we found this relationship, 25
years after the demolition at Khamisyah may be related, in part, to the
Henderson et al53 finding that rats with subclinical exposures to sarin
had subtle biological and neurochemical changes in the hippocampus
that that persist long after the exposure.

In the aging-dementia literature, it has been suggested that
individuals with subjective memory complaints may be at increased
risk for developing Alzheimer’s disease (AD).55 Evidence in support
of this comes from findings of significant correlations between
subjective memory complaints and decreased performance on objec-
tive memory measures,56 faster rates of decline on immediate recall
and related psychometric measures,57,58 and findings of reduced
entorhinal cortex,59 hippocampal, anterior cingulate, and precuneus
volumes,60 and higher amyloid-b deposition56,61,62 in individuals
with subjective memory complaints compared with healthy controls.
Memory complaints are common among GW veterans, particularly
those with GWI.32,63,64 We recently reported evidence that subjective
memory complaints predicted CVLT-II performance (short-and long-
delay free recall) over and above potentially confounding demo-
graphic and clinical variables in 272 GW veterans with CDC CMI.65
 Medicine. Unauthorized reproduction of this article is prohibited 
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In the current study, we found an inverse association between the
severity of self-reported memory difficulties and CVLT-II memory
performance in GW veterans with predicted exposure to the Khami-
siyah plume, independent of CDC CMI or GWI status. This, together
with our findings of reduced hippocampal volume, which has been
associated with the development of late-life dementia66,67 in three,
separate groups of GW veterans with predicted exposure to the
Khamisiyah plume, suggest that regular follow-up of these veterans,
particularly as they approach old age, may be warranted.
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