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Abstract
Objectives: Veterans of the 1991 Gulf War (GW) were exposed to a myriad of potentially hazardous chemicals during deployment. Epidemiological 
data suggest a possible link between chemical exposures and Parkinson’s disease (PD); however, there have been no reliable data on the incidence 
or prevalence of PD among GW veterans to date. This study included the following 2 questions: 1. Do deployed GW veterans display PD-like symp-
toms? and 2. Is there a relationship between the occurrence and quantity of PD-like symptoms, and the levels of deployment-related exposures in 
GW veterans? Material and Methods: Self-reports of symptoms and exposures to deployment-related chemicals were filled out by 293 GW veterans, 
202 of whom had undergone 3 Tesla volumetric measurements of basal ganglia volumes. Correlation analyses were used to examine the relationship 
between the frequency of the veterans’ self-reported exposures to deployment-related chemicals, motor and non-motor symptoms of PD, and the total 
basal ganglia volumes. Results: Healthy deployed GW veterans self-reported few PD-like non-motor symptoms and no motor symptoms. In contrast, 
GW veterans with Gulf War illness (GWI) self-reported more PD-like motor and non-motor symptoms, and more GW-related exposures. Compared 
to healthy deployed veterans, those with GWI also had lower total basal ganglia volumes. Conclusions: Although little is known about the long-term 
consequences of GWI, findings from this study suggest that veterans with GWI show more symptoms as those seen in PD/prodromal PD, compared 
to healthy deployed GW veterans. Int J Occup Med Environ Health. 2019;32(4):503 – 26
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toms and the levels of deployment-related exposures in 
GW veterans.
Unfortunately, there have been no reliable data on the 
incidence or prevalence of PD among GW veterans to 
date [4]. While a handful of studies have examined GW ve-
terans’ health longitudinally, they have not specifically in-
quired about neurological conditions such as PD [12,13]. 
One longitudinal study concluded that GW veterans did 
not display higher mortality rates due to PD compared to 
non-deployed veterans [14]. However, it did not take into 
account the potential cases of GW veterans currently liv-
ing with PD or prodromal PD.
There is converging evidence from clinical, neuropatho-
logical and imaging research that the initiation of PD-spe-
cific pathology occurs prior to the occurrence of the “clas-
sical” motor symptoms of PD [15], which include resting 
tremor, bradykinesia (i.e., slowness of movement), rigid-
ity, and postural instability (i.e., problems with standing or 
walking, or impaired balance and coordination). It is note-
worthy that there have been reports of postural instabil-
ity in > 50% of GW veterans with “medically unexplained 
symptoms” (i.e., GWI) compared to only 10% of healthy 
controls [16,17]. In addition to motor symptoms, PD is 
also associated with a variety of non-motor symptoms that 
can precede the occurrence of the classical motor features 
in PD, sometimes by decades [18,19]. Interestingly, many 
symptoms of GWI are similar to the non-motor symptoms 
of PD. Table 2 summarizes the similarities between the 
symptoms queried by the Non-Motor Symptom (NMS) 
Scale for Parkinson’s Disease [20] and GWI symptoms.
The authors conducted secondary analyses on the data 
obtained from a convenience sample of 293 GW veterans 
used in previous studies to address the following 2 ques-
tions: 1. Does GW deployment increase a veteran’s risk 
of developing PD-like symptoms? 2. Are GW veterans 
with high levels of deployment-related exposures more 
likely to show PD-like symptoms than veterans with low 
levels of deployment-related exposures? The gold stan-

INTRODUCTION
Parkinson’s disease (PD) is the second most common 
age-related neurodegenerative disorder, preceded only by 
Alzheimer’s disease [1]. There are 2 forms of PD: famil-
ial PD, which is caused by a number of single gene muta-
tions (e.g., α-synuclein, ubiquitin C-terminal hydrolase L1 
[UCH-L1], parkin, leucine-rich repeat kinase 2 [LRRK 2], 
PTEN-induced kinase 1 [PINK 1], and DJ-1 genes [2]), 
and sporadic PD, which accounts for most PD cases. Al-
though the exact cause of sporadic PD remains elusive, 
epidemiological studies have implicated environmental 
exposures to chemicals such as pesticides and polychlori-
nated biphenyls in an increased risk of PD [3].
Many toxic chemicals were present in the 1991 Gulf 
War (GW) environment, including pesticides, low levels 
of chemical warfare agents released by the destruction 
of Iraqi munition facilities, depleted uranium munitions, 
and airborne contaminants from the Kuwaiti oil well 
fires [4]. Although the specific exposures among individual 
soldiers were most likely varied [4,5], these deployment-
related exposures have been suspected of contributing to 
the chronic symptomatic illness that affects an estimated 
25–32% of the nearly 700 000 U.S. GW veterans [4,6–9]. 
The symptomatic illness, referred to as Gulf War illness 
(GWI), typically includes some combinations of persis-
tent fatigue, widespread pain, memory and concentration 
problems, and mood disturbances [5].
This study has investigated whether the deployed GW 
veterans developed PD-like symptoms because some 
epidemiological studies suggest that environmental 
chemical exposures are associated with an increased risk 
of PD [3], and there were a number of toxic chemicals 
present in the GW milieu [4,5]. It is a well-known fact 
that some GW soldiers were exposed to high levels of 
pesticides and insect repellants [10,11], many of which 
have been linked to an increased risk of PD (Table 1). 
Therefore, this study has also examined the relationship 
between the occurrence and quantity of PD-like symp-
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Table 1. Pesticides used by Gulf War veterans during deployment and their relation to the Parkinson’s disease risk in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017

Pesticide Active ingredient Reference
General use pesticides

repellants DEET 33% cream/stick or DEET 75% liquid
permethrin 0.5% (P) spray

Furlong et al. [75]

area spray d-phenothrin 0.2%(P) aerosol
fly bait crystals methomyl 1% (C)

azamethiphos 1% (OP)
Gatto et al. [76]

pest strip dichlorvos 20% (OP) Narayan et al. [77]
Field use pesticides

spray liquids (emulsifiable concentrates) chlorpyrifos 45% (OP)
diazinon 48% (OP
malathion 57% (OP)
propoxur 14.7% (C)

Freire and Koifman [78]
Gatt et al. [76]
Narayan et al. [77]
Firestone et al. [79]

sprayed powder bendiocarb 76% (C) Wechsler et al. [80]
ultra-low volume fogs chlorpyrifos 19% (OP)

malathion 91% (OP)
Freire and Koifman [78]
Gatto et al. [76]
Narayan et al. [77]
Firestone et al. [79]

Delousing pesticide
delousing agent lindane 1% (OC) Corrigan et al. [81]

Pesticide-treated uniforms, tents, bedding, insect netting
repellant/permethrin permethrin (P) Furlong et al. [75]

Adapted from Winkenwerder W. [10].
C – carbamate; OC – organochlorine; OP – organophosphate; P – pyrethroid.

Table 2. Similarities between the non-motor symptoms (NMS) in Parkinson’s disease (PD) and Gulf War Illness (GWI) symptoms  
in the study of Gulf War veterans (N = 293) recruited in 2002–2017

Non-motor symptom of PD Symptom presence in GWI
Domain 1. Cardiovascular, including falls

orthostatic hypotension (i.e., light- 
headedness on standing from sitting  
or lying position); falls due to fainting 
or blacking out

Davis et al. [82] reported a higher incidence of neurally mediated hypotension in fatigued 
GW veterans compared to unfatigued controls
Rayhan et al. [83] reported that exercise challenge induced orthostatic tachycardia  
in a subgroup of veterans with GWI
Haley et al. [84] reported that GW veterans who met any of the 3 syndrome criteria had 
higher self-reports of orthostatic intolerance
feeling dizzy, lightheaded or faint is a symptom of the Kansas GWI case definition [9]
there have been anecdotal reports of fainting or blacking out from veterans with GWI

Domain 2. Sleep/fatigue
dozing off or falling asleep 
unintentionally during daytime 
activities

anecdotal reports from veterans participating in the Veterans Affairs-funded (VA- funded) 
clinical trial of cognitive behavioral therapy for insomnia (CBTi) for veterans with GWI
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]
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Non-motor symptom of PD Symptom presence in GWI

Domain 2. Sleep/fatigue – cont.

fatigue or lack of energy that limits 
daytime activities

symptom in both Kansas GWI (KGWI) [9] and CDC CMI [6] case definitions
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

difficulties falling or staying asleep symptom in both KGWI [9] and CDC CMI [6] case definitions
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

urge to move legs or restlessness  
in legs that improves with movement 
when the patient is sitting or lying 
down inactive

anecdotally, many GW veterans have restless legs syndrome (RLS): 12% of GW veterans 
were excluded from our Cognitive Behavioral Therapy for Insomnia clinical trial because 
of high scores on RLS screening questionnaire [86]

Domain 3. Mood/cognition

lost interest in surroundings, in doing 
things, or lack of motivation to start 
new activities

feeling nervous, worried, or frightened 
for no apparent reason

symptom of the CDC CMI [6] case definition
reported in recent meta-analysis of GW veterans’ self-reported health symptoms [85]

feeling sad or depressed symptom in both KGWI [9] and CDC CMI [6] case definitions
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

flat moods; difficulty experience 
pleasure from usual activities

Domain 4. Perceptual problems/
hallucinations

hallucinations and/or delusions

experience double vision symptom of the KGWI case definition [9]

Domain 5. Attention/memory

problems sustaining concentration symptom in both KGWI [9] and CDC CMI [6] case definitions
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

problems remembering recent 
information

symptom in both KGWI [9] and CDC CMI [6] case definitions
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

forgets to do things reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

Domain 6. Gastrointestinal tract

dribbles saliva during the day

difficulty swallowing reported by Hallman et al. [87] in the Gulf War Health Registry cohort

constipation reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

Domain 7. Urinary dysfunction

urgency; frequency; nocturia Haley et al. [84] reported that GW veterans who met any of the 3 syndrome criteria had 
higher self-reports of urinary dysfunction
there are anecdotal reports of nocturia from GW veterans participating in the Cognitive 
Behavioral Therapy for Insomnia clinical trial

Table 2. Similarities between the non-motor symptoms (NMS) in Parkinson’s disease (PD) and Gulf War Illness (GWI) symptoms  
in the study of Gulf War veterans (N = 293) recruited in 2002–2017 – cont.
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ed by the Departments of Defense (DOD) and Veterans 
Affairs (VA) to examine the effects of exposure to the 
Khamisiyah plume [23,24] on brain structure and function. 
Written informed consent, approved by the University of 
California, San Francisco and the SF VAMC Institutional 
Review Boards, was obtained from all the participants.
In the sample, 231 (79%) veterans met the case definition 
for “chronic multisymptom illness” (CMI), as defined by 
Fukuda et al. [6] at the U.S. Centers for Disease Control 
and Prevention (CDC). This definition, sometimes referred 
to as the CDC case definition, requires veterans to endorse 
≥ 1 symptoms that have been ongoing for at least 6 months 
in 2 out of 3 symptom categories, including: fatigue, muscu-
loskeletal pain (e.g., joint pain/stiffness, muscle pain), and 
mood-cognitive problems (e.g., feeling depressed, moody, 
anxious, having trouble sleeping, difficulty remembering or 
concentrating, trouble with word finding) [6].
The Kansas GWI (KGWI) criteria [9], which require vet-
erans to endorse moderately severe or multiple chronic 
symptoms in at least 3 out of 6 defined symptom domains 
(i.e., fatigue/sleep problems, somatic pain, neurologic/
cognitive/mood symptoms, gastrointestinal symptoms, 
respiratory symptoms, and skin abnormalities), were met  
by 122 (42%) veterans. Qualifying symptoms had to 

dard for studying the exposure outcome relationships re-
quires the demonstration of a dose-effect relationship and 
a biological or environmental measure of the actual ex-
posure dose. Unfortunately, there are very few measured 
data indicating which GW veteran was exposed to which 
agent during the GW, and at what levels [4,5]. Therefore, 
the authors relied on the veterans’ self-reports of deploy-
ment-related experiences to assess GW-related exposures, 
as many epidemiological studies of GWI had previously 
done [5,6,8,9,21]. Characteristics suggestive of PD-like 
motor (i.e., tremors and/or shaking) and non-motor [20] 
symptoms were also quantified by self-reports. Finally, 
because the neurons in the substantia nigra (located in 
the midbrain) degenerate progressively in PD, triggering 
a cascade of functional changes in the basal ganglia [22], 
the authors examined the total basal ganglia volumes in 
a subgroup of the sample that had undergone 3 Tesla (3T)
magnetic resonance imaging (MRI) procedures.

MATERIAL AND METHODS
Study sample
The study sample consisted of 293 GW veterans who were 
recruited in 2002–2017 at the San Francisco Veterans Af-
fairs Medical Center (SF VAMC) as part of studies fund-

Non-motor symptom of PD Symptom presence in GWI

Domain 8. Sexual dysfunction
altered interest in sex or problems 
having sex

male sexual dysfunction noted in GW veterans with the Haley syndrome [84] female 
sexual dysfunction noted in GW veterans with chronic fatigue [88]
reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

Domain 9. Miscellaneous
unexplained pain symptom in both KGWI [9] and CDC CMI [6] case definitions

reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]
change in the ability to taste or smell anecdotal reports from veterans suffering from GWI
excessive sweating night sweats are a symptom of KGWI case definition [9]

reported in a recent meta-analysis of GW veterans’ self-reported health symptoms [85]

CDC CMI – Centers for Disease Control and Prevention Chronic Multisymptom Illness [6].

Table 2. Similarities between the non-motor symptoms (NMS) in Parkinson’s disease (PD) and Gulf War illness (GWI) symptoms  
in the study of Gulf War veterans (N = 293) recruited in 2002–2017 – cont.
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ate symptoms, and 3 for severe symptoms; 0 for no expo-
sure, 1 for 1–6 days of exposure, 2 for 7–30 days of expo-
sure, and 3 for > 30 days of exposure).
There is evidence that many of the GW-related exposures 
are highly intercorrelated [25,26]. Moreover, studies that 
have assessed the myriad of GW-related exposures with-
out controlling for the confounding effects of concurrent 
exposures have tended to report that nearly all of the 
GW-related experiences queried are linked to poor health 
outcomes in GW veterans [27,28]. In contrast, studies that 
have accounted for the effects of concurrent exposures 
have identified only a limited number of significant risk 
factors for GWI [5,29–31].

Gulf War-exposure indices
To avoid the confounding effects of intercorrelated, con-
current exposures, and to reduce the number of individual 
comparisons, the authors created 2 GW-exposure indices 
for data analysis in the present study. The first index was 
based on the work by Nisenbaum et al. [30], who, in a sur-
vey of 1002 GW veterans from 4 Air Force units, reported 
that severe and mild-moderate CDC CMI were positively 
associated with self-reported pyridostigmine bromide (PB) 
use, a carbamate that was given prophylactically to protect 
troops against nerve agent exposure during deployment 
[4,32], insect repellant use, and belief in a threat from bio-
logical or chemical weapons. Thus, the exposure index pro-
posed by Nisenbaum was generated by summing the veter-
ans’ responses to questions about the frequency of using PB 
pills, cream or liquid and/or powdered pesticides on their 
skin, and whether or not they had any experiences, while in 
the Persian Gulf region, that led them to believe they might 
have been exposed to chemical agents (0 = no; 1 = yes).
The second index was based on the work by Steele et al. 
[5] who found, in a survey of 304 GW veterans (144 KGWI  
cases and 160 controls), that the risk of KGWI was  
significantly associated with self-reported PB pill use and 
proximity to SCUD missile explosions among forward-

persist for the 6-month period preceding the study. Ad-
ditionally, veterans were excluded as KGWI cases if they 
reported being diagnosed with medical or psychiatric con-
ditions that could explain their symptoms or interfere with 
their ability to report them. Veterans who did not meet 
the CDC CMI or KGWI case definitions, and who did not 
have KGWI exclusionary condition(s), were considered 
“healthy.” Table 3 summarizes the demographic and clini-
cal characteristics of the study sample.

Kansas Gulf War Military History  
and Health Questionnaire
The Kansas Gulf War Military History and Health Question-
naire [9] was used to obtain information about the veter-
ans’ symptoms and medical conditions to classify them as 
CDC CMI and KGWI cases, to determine the number of 
PD-like symptoms, and to obtain information about the 
veterans’ GW-related exposures and experiences. The 
questionnaire, developed based on health and exposure 
questions, representative of those used in previous large 
population-based surveys of GW veterans [6,8,9,21], in-
quires about the veterans’ military and demographic 
characteristics, health and medical histories, when they 
first arrived in and finally departed from the Gulf region, 
the locations in which they served during the GW, and 
specific experiences or exposures of interest during GW 
deployment. The focus groups employed in the develop-
ment of the questionnaire revealed that military person-
nel were typically not in the position to know the specific 
types of chemicals to which they were exposed. Therefore, 
the questionnaire asks veterans about specific GW expe-
riences (e.g., coming into contact with destroyed enemy 
vehicles, which is an experience required for nearly all 
personnel directly exposed to spent depleted uranium) in-
stead of exposures to a particular substance (e.g., depleted 
uranium) [5]. The symptom and exposures portions of 
the questionnaire can be considered using a Likert scale  
(i.e., 0 for no symptoms, 1 for mild symptoms, 2 for moder-
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Table 3. Demographic, military and clinical characteristics in the study of Gulf War veterans (N = 293) recruited in 2002–2017

Variable
Participants

total
(N = 293)

with KGWI
(N = 122, 42%)

with CMI
(N = 231, 79%)

controls
(N = 48, 16%)

Age [years] (M±SD) 55.5±8.9 52.8±7.9c 54.8±8.7 57.3±8.7
Education [years] (M±SD) 15.0±2.4 14.3±2.2c 14.6±2.3c 16.4±2.3
Sex [n (%)]

males 246 (84) 102 (84) 192 (83) 42 (87)
females 47 (16) 20 (16) 39 (17) 6 (13)

Race [n (%)]
white 212 (72) 82 (67) 159 (69) 40 (83)
black 26 (9) 13 (11) 21 (9) 4 (8)
other 55 (19) 27 (22) 51 (22) 4 (8)

GW military characteristics
officer during GW [n (%)] 64 (22) 14 (12)c 37 (16)c 21 (44)
branch of service [n (%)]
army 168 (57) 72 (59) 138 (60) 21 (44)
marines 48 (16) 24 (20) 37 (16) 11 (23)
air force 31 (11) 12 (10) 24 (10) 5 (10)
navy 46 (16) 14 (12) 32 (14) 11 (23)

Type of service [n (%)]
active duty 215 (73) 98 (80) 174 (75) 33 (69)
reserves 59 (20) 18 (15) 41 (18) 14 (29)

National Guard 19 (7) 6 (5) 16 (7) 1 (2)
Khamisiyah Plume Exposure [n (%)] 104 (35) 47 (39) 84 (36) 13 (27)
Served in Iraq or Kuwait [n (%)] 196 (67) 84 (69) 162 (70)c 26 (54)
Comorbiditiesa [n (%)] 126 (43) 55 (45)c 113 (49)c 9 (19)

current PTSD 43 (15) 24 (20)c 43 (19)c 0 (0)
current MDD 33 (11) 18 (15)c 33 (14)c 0 (0)
alcohol history 93 (32) 35 (29) 82 (36)c 7 (15)
substance history 27 (9) 10 (8) 20 (9) 6 (13)

History of TBIb [n (%)]
improbable 105 (52) 45 (48) 68 (45) 32 (76)
possible 49 (24) 25 (27) 43 (29) 3 (7)
mild 46 (23) 23 (25) 39 (26) 6 (14)
moderate 2 (1) 1 (1) 1 (1) 1 (2)

CMI – chronic multisymptom illness; KGWI – Kansas Gulf War illness; MDD – major depressive disorder; PTSD – posttraumatic stress disorder.
a At least ≥ 1 of the psychiatric diagnoses listed below.
b Data available for 202 GW veterans.
c Different from controls: p ≤ 0.03.
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Clinical assessments
All the veterans surveyed were evaluated by a Ph.D. lev-
el psychologist with the Structured Clinical Interview for 
DSM-IV Diagnosis (SCID) [33] to diagnose the current 
major depressive disorder (MDD), and to rule out the 
individuals with a lifetime history of psychotic or bipolar 
disorders and alcohol or drug abuse or dependence within 
the previous 12 months. An interview version of the Life 
Stressor Checklist-Revised [34], which assesses 21 stressful 
life events (e.g., experiencing or witnessing serious ac-
cidents, illnesses, sudden death, and physical and sexual 
assault), was used to determine exposure to traumatic 
events. The Clinician Administered Posttraumatic Stress 
Disorder Scale (CAPS) [35] was used to diagnose the cur-
rent posttraumatic stress disorder (PTSD).
A group of 202 veterans, recruited in 2014–2017 for 
a VA-funded study, were also assessed with the Ohio 
State University Traumatic Brain Injury Identification 
(OUS TBI-ID) method to capture the severity of their 
lifetime history of TBI [36,37].

The 3T magnetic resonance imaging data  
acquisition and processing
The 3T structural MRI data that consisted of a 3D T1-
weighted multi-echo Magnetization Prepared Rapid 
Gradient Echo (ME-MPRAGE: TR/TE/TI = 2500/2.98/ 
1100 ms, 1 mm3 isotropic imaging voxels), and a 3D T2-
weighted turbo spin-echo sequence (TR/TE = 3400/402 ms,  
1 mm3 isotropic imaging voxels), which was used to cal-
culate intracranial volume (ICV), were acquired and pro-
cessed for the 202 veterans recruited in 2014–2017 for 
a VA-funded study.
Freesurfer version 5.1 was used to label cortical and sub-
cortical tissue classes and derive quantitative estimates 
of the regional brain volume [38–40]. Freesurfer spatially 
normalizes each cortical surface to a template cortical sur-
face, allowing for the automatic parcellation of the cor-
tical surface [41]. Freesurfer also performs an automatic 

deployed GW veterans (i.e., those who served in Iraq and 
Kuwait), and with self-reported use of pesticide-treated 
uniforms, which was significantly correlated with the use 
of pesticides on skin among GW veterans who remained in 
support areas (i.e., not Iraq or Kuwait). Therefore, the expo-
sure index proposed by Steele was derived by summing the 
responses to questions about the frequency of taking PB and 
being within 1 mile of an exploding SCUD missile among the 
veterans who reported serving in Iraq and/or Kuwait, and by 
summing the responses to questions about the frequency of 
wearing pesticide-treated uniforms, using cream or liquid 
and/or powdered pesticides on skin among the veterans who 
did not report serving in Iraq and/or Kuwait.
While other risk factors have been identified for GWI 
[29,31], the authors did not base the exposure indices on 
these studies because they lacked information about wheth-
er the veterans surveyed had been stationed in northeastern 
Saudi Arabia on the fourth day of the air war [29], or if they 
had been seen in a clinic while they were in the Gulf region 
[31], and also because the authors did not have the necessary 
data to categorize GW veterans by the Haley syndrome [29] 
or the levels of general psychological distress [31].

Assessment of PD-like symptoms
The veterans’ self-reported number of PD-like symptoms, 
which were categorized as motor (i.e., tremors and/or shak-
ing) and non-motor in nature, were assessed with the symp-
tom portion of the Kansas Gulf War Military History and 
Health Questionnaire [9]. The authors used the domains from 
the Non-Motor Symptoms (NMS) Scale for Parkinson’s Dis-
ease [20] to quantify PD-like non-motor symptoms. These in-
cluded feeling dizzy, light-headed or faint (NMS Domain 1), 
fatigue, problems getting to or staying asleep (NMS Do-
main 2), feeling down or depressed, feeling anxious (NMS 
Domain 3), blurred or double vision (NMS Domain 4), dif-
ficulty concentrating, difficulty remembering recent informa-
tion (NMS Domain 5), pain in joints, muscles, or pain all over 
the body, and night sweats (NMS Domain 9).
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ICVraw i – the individual’s raw ICV,
ICVmean – the mean ICV of the study sample.

An analysis of covariance was used to examine group dif-
ferences in the adjusted basal ganglia volumes controlling 
for age, sex, a history of TBI severity, and a number of psy-
chiatric comorbidities. Finally, Spearman’s rank order cor-
relations were used to examine the relationship between 
the GW-exposure indices and the number of PD-like mo-
tor and non-motor symptoms endorsed by the veterans.

Post-hoc analysis 1
Because only a small subgroup (24%) of veterans self-re-
ported PD-like motor symptoms, in post-hoc analyses, the 
authors examined demographic, clinical, or military differ-
ences between the veterans who endorsed PD-like motor 
symptoms versus those who did not, using the Wilcoxon rank 
sum and χ2 tests. Finding that the veterans with PD-like mo-
tor symptoms also had larger GW-exposure indices than the 
veterans without motor symptoms prompted the authors to 
further explore the differences in the individual GW-related 
exposures queried by the Kansas Gulf War Military History  
and Health Questionnaire. A Bonferroni adjustment (α =  
0.05/14 exposures of interest) was used for these comparisons.

Post-hoc analysis 2
Because the gold standard for studies of the exposure out-
come relationships is to demonstrate a dose-effect rela-
tionship with a biological or environmental measure of the 
actual exposure dose, and because the DOD has attempt-
ed to estimate military personnel’s exposures to oil well 
fire smoke [42] and to low levels of sarin and cyclosarin 
from the demolition operations at Khamisiyah, Iraq [24], 
in the second post-hoc analysis, the authors examined the 
relationship between the number of PD-like motor and 
non-motor symptoms with DOD estimates of exposures to 
oil well fire smoke (N = 81 in the present sample) and the 
cumulative dosage of exposure to the Khamisiyah plume 

subcortical segmentation of the non-cortical voxels in the 
normalized brain volume to subcortical labels. The basal 
ganglia volume was derived by combining the subcortical 
segmentation of the caudate, putamen, and globus palli-
dus. Because the authors had no a priori hypotheses about 
laterality, the volumes of the left and right basal ganglia 
were combined into a single measure.

Statistical analyses
To determine whether the presence of PD-like symptoms 
was associated with having been deployed to the GW or 
with having KGWI/CMI, healthy veterans (i.e., not repre-
senting CMI or KGWI cases, and showing no KGWI ex-
clusionary condition[s]) were compared with KGWI and 
CMI cases. The Wilcoxon rank sum test was used to exam-
ine differences between continuous variables, and χ2 tests 
were used to examine differences between dichotomous 
variables. Although the symptom portion of the Kansas 
Gulf War Military History and Health Questionnaire in-
quires about the severity of a symptom (if it is present), for 
the sake of simplicity, the authors only considered the ab-
sence or presence of PD-like motor symptoms (i.e., trem-
ors and/or shaking) and non-motor symptoms. Because 
a given motor symptom was operationalized as a binary 
variable (either present or absent), group differences were 
analyzed with a χ2 test. Because the number of non-motor 
PD-like symptoms could range 0–10, the Wilcoxon rank 
sum test was used to analyze group differences.
The basal ganglia volume was adjusted for intracranial 
volume according to the following formula:

 BGa = BGraw – β(ICVraw i  – ICVmean) (1)

where:
BGa – the adjusted basal ganglia volume,
BGraw – the raw basal ganglia volume,
β – the slope of the regression line between ICV and the basal 
ganglia volume,
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Z = 9.81, p < 0.001) PD-like symptoms than healthy veter-
ans. KGWI (F1,124 = 6.68, p = 0.01) and CMI (F1,177 = 6.17, 
p = 0.01) cases also had smaller basal ganglia volumes than 
healthy controls, even after accounting for age, sex, a histo-
ry of TBI severity, and psychiatric comorbidities (Table 4).

Relationship between GW-exposure indices 
and PD-like symptoms
Table 5 summarizes the relationship between the 2 GW-ex-
posure indices and PD-like symptoms in the entire sample, 
and in various veteran subgroups. Both GW-exposure indi-
ces were positively correlated with each other in the entire 
sample and in all subgroups of GW veterans (p < 0.001 for 
all). Motor and non-motor PD-like symptoms were also 
positively correlated with each other in all groups except 
healthy veterans who did not report any motor symptoms. 
Both GW-exposure indices were positively correlated with 
the number of non-motor PD-like symptoms in the entire 
sample (Figure 1). Among CMI cases, the Nisenbaum index 
was positively correlated with non-motor PD-like symptoms 
(Figure 1). However, there were no significant relationships 
between the GW-exposure indices and non-motor PD-like 
symptoms among KGWI cases. There were no significant 
correlations between basal ganglia volumes, the GW-expo-
sure indices, or the number of PD-like symptoms.

Results of post-hoc analysis 1
Demographically, the veterans who self-reported having 
PD-like motor symptoms were less educated (Wilcoxon 
W = 8501.5, Z = 2.95, p = 0.003), less likely to have been 
officers (χ2 = 11.64, df = 1, p = 0.001), and more likely 
to have been forward deployed (i.e., served in Iraq and/
or Kuwait) during the GW (Wilcoxon W = 8501.5, Z = 
2.95, p = 0.003), and they had more psychiatric comorbidi-
ties (current PTSD: χ2 = 25.87, df = 1, p < 0.001; current 
MDD: χ2 = 5.43, df = 1, p = 0.02; a history of alcohol 
abuse/dependence: χ2 = 11.49, df = 1, p = 0.001) than 
the veterans who reported no motor symptoms (Table 6).

(N = 100 in the present sample; 4 veterans, for some rea-
son, were not identified in initial data collections when 
the last plume modeling effort occurred in 2002, but were 
later identified as having been with the units that were in 
the hazard area; therefore, they did not have the cumula-
tive exposure level estimates).

RESULTS
Table 3 summarizes the demographic and clinical char-
acteristics of the study sample. Demographically, KGWI 
cases were younger (Wilcoxon W = 9528.5, Z = 3.13, p = 
0.002), less educated (Wilcoxon W = 9050.0, Z = 4.89, 
p < 0.001), and less likely to have been officers during 
the GW (χ2 = 21.95, df = 1, p < 0.001) than healthy vet-
erans. Chronic multisymptom illness cases were margin-
ally younger (Wilcoxon W = 31 777.5.0, Z = 1.92, p = 
0.05), less educated (Wilcoxon W = 30 605.0, Z = 4.21, 
p < 0.001), less likely to have been officers (χ2 = 15.47, 
df = 1, p < 0.001), and more likely to have served in Iraq 
or Kuwait (χ2 = 4.61, df = 1, p = 0.03) during the GW 
than healthy veterans. Clinically, KGWI (Wilcoxon W = 
3319.0, Z = 3.15, p = 0.002) and CMI (Wilcoxon W = 
5603.5.0, Z = –3.73, p < 0.0001) cases had more comor-
bidities than healthy veterans.

Relationship between GW deployment,  
KGWI/CMI case status, and PD-like symptoms
Compared to healthy veterans, CMI cases had larger  
GW-exposure indices (Nisenbaum index: Wilcoxon W = 
4037.5, Z = 5.32; Steele index: Wilcoxon W = 4725.0,  
Z = 4.00, p < 0.001 for both), and more motor (Wilcoxon 
W = 5064.0, Z = 4.36, p < 0.001) and non-motor (Wilcox-
on W = 1482.5, Z = 10.36, p < 0.001) PD-like symptoms.  
Likewise, KGWI cases had larger GW-exposure indi-
ces (Nisenbaum index: Wilcoxon W = 2444.0, Z = 5.80; 
Steele index: Wilcoxon W = 2891.5, Z = 4.28, p < 0.001 
for both) and more motor (Wilcoxon W = 3264.0, Z = 
4.15, p < 0.001) and non-motor (Wilcoxon W = 1289.0, 
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Table 4. Gulf War-exposure indices, Parkinson’s disease-like (PD-like) symptoms, and intracranial volume-adjusted (ICV-adjusted) 
basal ganglia volumes by group in the study of Gulf War veterans (N = 293) recruited in 2002–2017

Symptoms
Participants

total
(N = 293)

with KGWI
(N = 122)

with CMI
(N = 234)

controls
(N = 48)

Gulf War-exposure indices (M±SD)
Nisenbaum indexa 3.3±2.2 4.1±2.0f 3.7±2.1f 1.9±1.9
Steele indexb 2.0±1.8 2.3±1.7f 2.2±1.8f 1.1±1.3

Parkinson’s disease-like symptoms
motorc [n (%)] 70 (24) 35 (29)g 69 (30)g 0 (0)
non-motord [n] (M±SD) 5.9±3.2 7.4±2.1f 7.1±2.3f 1.2±1.4

Adjusted basal ganglia volumese 2.13×104

(3.11×108)
–1.94×107

(2.54×108)g
–1.28×107

(2.83×108)g
1.14×108

(3.16×108)

Abbreviations as in Table 3.
a A sum of responses regarding the frequency of taking PB pills, using cream or liquid and/or powdered pesticides on skin, and the presence or absence 
of experiences that lead the veteran to believe s/he was exposed to chemical agents while in the Gulf region, based on Nisenbaum et al. [30].
b A sum of responses regarding the frequency of taking PB and being within 1 mile of an exploding SCUD missile among the veterans who served in 
Iraq and/or Kuwait, and a sum of responses regarding the frequency of wearing pesticide-treated uniforms, using cream or liquid and/or powdered 
pesticides on skin among the veterans who did not serve in Iraq or Kuwait, based on Steele et al. [5].
c Tremors and/or shaking.
d The total number of non-motor symptoms (i.e., feeling dizzy/light headed; fatigue; problems getting to/staying asleep; night sweats; blurred or 
double vision; pain in joints, muscles, or overall body pain; feeling anxious; feeling depressed; problems concentrating; problems remembering recent 
information) endorsed.
e Adjusted for intracranial volume (ICV).
f Significantly different from controls: p = 0.01.
g Significantly different from controls: p < 0.001.

Table 5. Spearman’s ρ from correlations between the Gulf War-exposure indices for motor and non-motor symptoms in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017

Variable
Spearman’s correlations

index symptoms
Nisenbauma Steeleb motor non-motor

Nisenbaum indexa

total – 0.74g 0.16f 0.34g

KGWI – 0.72g 0.04 0.12
CMI – 0.70g 0.08 0.16e

controls – 0.76g – 0.21
Steele indexb

total 0.74g – 0.12e 0.22g

KGWI 0.72g – 0.02 0.10
CMI 0.70g – 0.08 0.10
controls 0.76g – – 0.11
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Variable
Spearman’s correlations

index symptoms
Nisenbauma Steeleb motor non-motor

Motor symptomsc

total 0.16f 0.12e – 0.48g

KGWI 0.04 0.02 – 0.29f

CMI 0.08 0.08 – 0.43g

controls – – – –
Non-motor symptomsd

total 0.34g 0.22g 0.48g –
KGWI 0.12 0.10 0.29f –
CMI 0.16e 0.10 0.43g –
controls 0.21 0.11 – –

Abbreviations as in Table 3.
a A sum of responses regarding the frequency of taking PB pills, using cream or liquid and/or powdered pesticides on skin, and the presence or absence 
of experiences that lead the veteran to believe s/he was exposed to chemical agents while in the Gulf region, based on Nisenbaum et al. [30].
b A sum of responses regarding the frequency of taking PB and being within 1 mile of an exploding SCUD missile among the veterans who served in 
Iraq and/or Kuwait and a sum of responses regarding the frequency of wearing pesticide-treated uniforms, using cream or liquid and/or powdered 
pesticides on skin among the veterans who did not serve in Iraq or Kuwait, based on Steele et al. [5].
c Tremors and/or shaking.
d Feeling dizzy/light headed; fatigue; problems getting to/staying asleep; night sweats; blurred or double vision; pain in joints, muscles, or overall body 
pain; feeling anxious; feeling depressed; problems concentrating; problems remembering recent information) endorsed.
e p < 0.05.
f p < 0.01.
g p < 0.001.

Table 6. Demographic, military and clinical characteristics as a function of self-reported motor symptoms in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017

Variable
Symptoms

motor
(N = 70, 24%)

non-motor
(N = 223, 76%)

Age [years] (M±SD) 54.0+8.7 56.0+8.9
Education [years] (M±SD) 14.3+2.2a 15.2+2.4
Sex [n (%)]

males 57 (81)  189 (85)
females 13 (19) 34 (15)

Race [n (%)]
white 46 (66) 166 (74)
black 6 (9) 20 (9)
other 18 (23) 37 (17)

Table 5. Spearman’s ρ from correlations between  the Gulf War-exposure indices for motor and non-motor symptoms in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017 – cont.
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Variable
Symptoms

motor
(N = 70, 24%)

non-motor
(N = 223, 76%)

GW military characteristics
officer during GW [n (%)] 5 (7)a 65 (29)
branch of service [n (%)]

army 42 (60) 126 (57)
marines 10 (14) 38 (17)
air force 3 (4) 28 (13)
navy 15 (21) 31 (14)

type of service [n (%)]
active duty 54 (77) 161 (72)
reserves 12 (17) 47 (21)
National Guard 4 (6) 15 (7)

Khamisiyah Plume Exposure [n (%)] 22 (33) 80 (36)
Served in Iraq or Kuwait [n (%)] 51 (77)c 142 (64)
Comorbiditiesa [n (%)] 45 (64)c 81 (36)

current PTSD 23 (34)c 20 (9)
current MDD 13 (19)c 20 (9)
ETOH history 33 (49)c 60 (27)
substance history 6 (9) 21 (10)

History of TBIb [n (%)]
improbable 13 (38) 92 (55)
possible 10 (29) 39 (23)
mild 11 (32) 35 (21)
moderate 0 (0) 2 (1)

GW-exposure indices [n (%)]
Nisenbaum index 4.0 (2.0)c 3.2 (2.2)
Steele index 2.3 (1.9)c 1.8 (1.7)

Specific GW exposures [n (%)]
oil well fire smoke 2.1 (1.0) 1.8 (1.1)
proximity to SCUD missile explosion 0.9 (0.9) 0.6 (0.8)
hearing chemical alarms sound 1.5 (1.0) 1.2 (1.0)
contact with destroyed enemy vehicles 1.2 (1.0) 1.0 (1.0)
contact with US vehicles destroyed by friendly fire 0.5 (0.8) 0.3 (0.7)
took PB pills 1.6 (1.1) 1.4 (1.1)
contact with POWs 0.9 (1.0) 0.8 (1.0)

Table 6. Demographic, military and clinical characteristics as a function of self-reported motor symptoms in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017 – cont.
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operations at Khamisiyah, Iraq [24], and the self-reported 
presence of PD-like motor and non-motor symptoms or 
the basal ganglia volume.

DISCUSSION
The first question asked in this study is as follows: Does GW 
deployment, in the absence of having developed GWI, in-
crease a veteran’s risk of having PD-like symptoms? In this 
convenience sample of deployed GW veterans, there were 
no self-reports of PD-like motor symptoms among “healthy” 
(i.e., those without KGWI/CMI or any KGWI exclusionary 
condition[s]) veterans (Figure 2). Healthy GW veterans also 
self-reported fewer non-motor PD-like symptoms compared 
to KGWI and CMI cases. Thus, GW deployment, in the 
absence KGWI or CMI, does not appear to increase a vet-
eran’s risk of having PD-like symptoms. However, it should 
be noted that this convenience sample of 293 deployed GW 
veterans, who were originally recruited for neuroimaging 
studies investigating the effects of exposure to the Khamisi-
yah plume on brain function and structure, may not be com-
pletely representative of all GW veterans.

Although the GW-exposure indices were created to avoid 
the confounding effects of intercorrelated, concurrent 
exposures, the indices may have obscured the individual 
effects of certain exposures over others. Because veter-
ans with PD-like motor symptoms also had larger GW-
exposure indices than veterans with no motor symptoms 
(Nisenbaum index: Wilcoxon W = 31 111, Z = 2.72, 
p = 0.006; Steele index: Wilcoxon W = 31 529.5, Z = 2.07, 
p < 0.04), this prompted the authors to explore group dif-
ferences in individual GW-related exposures of interest. 
Post-hoc analyses revealed that the veterans who endorsed 
PD-like motor symptoms were more likely to report seeing 
their living area being sprayed or fogged with pesticides 
than the veterans who self-reported no motor symptoms 
(Wilcox on W = 28 386, Z = 2.93, p = 0.003) (Table 6).

Post-hoc analysis 2 results
There were no significant relationships between the DOD 
estimates of military GW military personnel’s exposures to 
oil well fire smoke [42] or the cumulative dosage estimates 
to low levels of sarin and cyclosarin from the demolition 

Variable
Symptoms

motor
(N = 70, 24%)

non-motor
(N = 223, 76%)

Specific GW exposures [n (%)] – cont.
used powdered pesticides on skin 0.5 (1.0) 0.4 (0.9)
used cream/liquid pesticides on skin 1.7 (1.3) 1.4 (1.3)
wore pesticide-treated uniform 1.0 (1.3) 0.7 (1.2)
wore flea collar 0.2 (0.6) 0.1 (0.5)
saw the living area sprayed with pesticides 0.9 (1.1)d 0.5 (0.9)
lived in a tent heated by fuel-burning heater 1.5 (1.4) 1.5 (1.4)
had contact with Chemical Agent Resistant Coating paint 0.8 (1.1) 0.4 (0.9)

a At least ≥ 1 of the psychiatric diagnoses listed below.
b Data available for 202 GW veterans.
c Significantly different from the veterans without motor symptoms, p < 0.04.
d Significantly different from the veterans without motor symptoms after Bonferroni adjustment (p = 0.003).

Table 6. Demographic, military and clinical characteristics as a function of self-reported motor symptoms in the study  
of Gulf War veterans (N = 293) recruited in 2002–2017 – cont.
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listed personnel during the GW. Not surprisingly, healthy 
veterans also had fewer psychiatric comorbidities (e.g., cur-
rent PTSD or MDD) compared to KGWI and CMI cases.
The second question asked in this study is as follows: Does 
having KGWI/CMI increase a veteran’s risk of having 
PD-like symptoms? Veterans with KGWI/CMI endorsed 

Healthy deployed veterans also had lower GW-exposure 
indices compared to KGWI and CMI cases, which may ex-
plain why they stayed “healthy.” Demographically, healthy 
veterans (16% of the study sample) were different from 
KGWI and CMI cases, who tended to be younger and less 
educated, and were more likely to be minorities and en-
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The Nisenbaum exposure index, based on Nisenbaum et al. [30], was derived by summing the self-reported frequency taking of PB pills, using  
cream or liquid and/or powdered pesticides on skin, and the presence or absence of experiences that lead the veteran to believe s/he was exposed  
to chemical agents while in the Gulf region.
The Steele exposure index, based on Steele et al. [5], was derived by summing the self-reported frequency of taking PB and being within 1 mile  
of an exploding SCUD missile among veterans who served in Iraq and/or Kuwait and among veterans who did not serve in Iraq or Kuwait, it was 
derived by summing the self-reported frequency of wearing pesticide-treated uniforms, using cream or liquid and/or powdered pesticides on skin.

Figure 1. Parkinson’s disease-like non-motor symptoms (NMS) as a function of the a) 2 Gulf War-exposure indices in the entire study 
sample, b) healthy deployed veterans, c) Centers for Disease Control and Prevention Chronic Multisymptom Illness (CDC CMI) 
cases, and d) Kansas Gulf War illness (KGWI) cases in the study of Gulf War veterans (N = 293) recruited in 2002–2017
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Not surprisingly, both KGWI and CMI cases had larger 
GW-exposure indices compared to healthy veterans. This 
reaffirms the idea that GWI is related to exposure to de-
ployment-related chemicals [4,5]. Both GW-exposure in-
dices were positively correlated with non-motor PD-like 
symptoms in the entire sample of 293 GW veterans  
(Figure 1). Thus, it may be that the occurrence of GWI 
with Parkinsonian features is associated with exposures to 
chemicals present in the GW environment. Among CMI 
cases, the Nisenbaum exposure index was positively cor-
related with the number of non-motor PD-like symptoms. 
However, there were no significant correlations in other 
subgroups of veterans. The latter finding may relate to the 
restricted range of exposures and symptoms in the sub-
groups (e.g., healthy veterans tended to have few exposures 
and few symptoms while ill/symptomatic veterans tended 
to have higher levels of exposures and more symptoms).
Only 24% of this convenience sample of deployed GW 
veterans self-reported PD-like motor symptoms. This 
subgroup of veterans with PD-like motor symptoms had 
fewer years of formal education, were less likely to have 
been officers during the GW, and more likely to have been 
forward deployed (i.e., in Iraq and/or Kuwait). They also 
had more psychiatric comorbidities, and were more likely 
to report seeing their living area being sprayed or fogged 
with pesticides than veterans without motor symptoms. 
The latter finding is interesting in light of certain meta-
analyses that have reported associations between rural 
living, pesticide exposure, and PD [43,44]. When the pro-
portion of agricultural land was used as a marker of ru-
rality, the incidence of PD increased progressively with 
rurality [45]. Furthermore, specific agricultural activities 
have been associated with a higher PD risk, even in non-
farmers, suggesting that non-occupational pesticide expo-
sures plays a role in PD [45].
Another main finding of this study is that KGWI and CMI 
cases had smaller basal ganglia volumes than healthy GW 
veterans. This result is in line with Haley’s suggestion that 

significantly more PD-like motor and non-motor symp-
toms than healthy veterans. But this is not unexpected 
given the overlap between many of the PD-like symptoms 
and KGWI/CMI symptoms (Table 2).
Because epidemiological studies have linked environmental 
exposures, such as pesticides, metals, and polychlorinated 
biphenyls, to an increased risk of PD [3], the authors investi-
gated the relationship between GW-exposures of interest and 
the number of PD-like symptoms that veterans endorsed. To 
avoid the confounding effects of intercorrelated, concurrent 
exposures [25,26], and to reduce the number of individual 
comparisons, 2 GW-exposure indices were created for anal-
yses. The first index, based on Nisenbaum et al. [30], was 
created by combining the veterans’ self-reported frequency 
taking of PB pills, using pesticides on skin, and a belief that 
they may have been exposed to chemical agents. The second 
index, based Steele et al. [5], was derived by combining the 
self-reported frequency of taking PB pills and being within  
1 mile of an exploding SCUD missile among the veterans 
who served in Iraq and/or Kuwait. Among the veterans who 
did not serve in Iraq and/or Kuwait, the index was derived by 
combining the self-reported frequency of wearing pesticide-
treated uniforms and using pesticides on skin.
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Figure 2. Healthy veterans, and Kansas Gulf War illness 
(KGWI) and chronic multisymptom illness (CMI) cases, both 
without and with PD-like motor symptoms, in the study of Gulf 
War veterans (N = 293) recruited in 2002–2017
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vidual soldier was with his or her unit on the days when the 
exposures were modeled. Furthermore, the United States 
General Accounting Office (GAO) has cited a number of 
problems with the Khamisiyah plume models, including 
inaccuracies in the source terms (e.g., quantity and pu-
rity of nerve agent), underestimation of explosion plume 
heights, unrepresentative conditions of field tests, and 
wide divergence of plume patterns from the various com-
puter models [57], which led the GAO to conclude that 
the plume models did not reliably indicate which troops 
were exposed to nerve agent released from the Khamisi-
yah demolitions. Finally, the DOD plume models do not 
take into account other nerve agent exposures that may 
have occurred in the Gulf War [23,58–60].
There are many interesting similarities between GWI and 
sporadic PD:
1. Epidemiological studies have linked environmental 

chemical exposures to an increased risk of both dis-
eases [3–5].

2. Gene-environment interaction effects have been im-
plicated in the incidence risk of both diseases because 
of some genetically-determined inter-individual dif-
ferences in metabolizing specific types of chemicals 
[61,62]. In the case of GWI, Steele et al. reported that 
GW veterans with genetic variants of the butyrylcho-
linesterase (BChE) enzyme, which is less able to me-
tabolize acetylcholinesterase inhibiting chemicals (such 
as carbamates) [63], were at a greater risk of developing 
KGWI if they used PB during deployment [4,32].

3. Both diseases are highly variable and their symptoms 
may differ among different patients [64].

4. Both diseases have been proposed to be syndromes 
with multiple possible etiologies [5,65].

5. Many GWI symptoms are similar to non-motor PD 
symptoms (Table 2).

6. Mechanistic studies suggest that oxidative stress, neu-
roinflammation and mitochondrial dysfunction are in-
volved in the pathogenesis of both diseases [4,66–68].

an injury to or loss of dopaminergic neurons in the basal 
ganglia may be related to GWI, as classified by the Haley 
syndrome factor analyses [46,47]. However, not all studies 
have replicated Haley et al.’s finding [48], and the pres-
ent study categorized GW veterans by the CDC CMI and 
KGWI case definitions, and not by the Haley syndrome. 
This finding is also noteworthy because the basal ganglia 
function is severely impaired in PD [49] and a decreased 
basal ganglia volume has been reported in PD [49–55].
However, the authors did not find any significant relation-
ship between the total basal ganglia volume and PD-like 
symptoms or the GW-exposure indices. This may be be-
cause PD is histopathologically associated with the loss of 
dopaminergic neurons in the substantia nigra [56]. There-
fore, the total basal ganglia volume is not sensitive enough 
to detect the effects of GW-related exposures or PD-like 
symptoms. It may be that more PD-specific measures 
(e.g., iron and neuromelanin, a pigment produced in do-
paminergic neurons of the substantia nigra that selectively 
degenerates in PD) are needed to detect associations with 
GW-related exposures and/or PD-like symptoms.
Because the gold standard for studies of the exposure out-
come relationships requires the demonstration of a dose-
effect relationship between a biological or environmen-
tal measure of the actual exposure dose and an outcome 
of interest, in the second post-hoc analyses, the authors 
looked for, but did not find, any significant relationships 
between DOD estimates of exposure to smoke from oil 
well fires, to the Khamisyah plume, PD-like motor and 
non-motor symptoms, and the basal ganglia volume. This 
negative finding may be due to a lack of power. The au-
thors only had estimates of oil well fire smoke exposure 
for 81 veterans in the sample, and of the cumulative ex-
posure to the Khamisiyah plume for 100 veterans in the 
sample. The negative finding may also relate to inaccura-
cies in the DOD estimates. The exposure level estimates 
were calculated at the unit rather than individual level. 
Therefore, there is no definitive way of checking if an indi-
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combinations of chemicals during deployment. Therefore, 
another limitation of this study is that the GW-exposure 
indices did not adequately account for the complex, possi-
bly additive, but not necessarily linear effects of chemicals 
when combined into mixtures such as those experienced in 
theater by GW veterans.
Also, because the authors did not inquire about the vet-
erans’ exposures and experiences that may have occurred 
in the years since the end of the GW, the possibility can-
not be ruled out that non-GW related exposures and/or 
experiences (e.g., occupational chemical exposures, exces-
sive pesticide use, etc.) that have taken place in the nearly 
30 years since the end of the GW may have contributed to 
their PD-like symptoms. The recruitment of participants 
lasted over a period of 15 years, with a gap in between 
2 separate studies. This could have introduced a confound 
because certain symptoms may develop (or cease) over 
time and the recall of exposures could have gotten more 
difficult as the time passed, or more distinct in instances 
where a particular exposure or situation was discussed in 
the media as indicative of GWI, causing veterans to re-
member the exposure more vividly.
Another limitation is that this convenience sample of 
GW veterans who participated in the previous studies 
investigating the effects of exposure to the Khamisiyah 
plume on brain function and structure may not be rep-
resentative of all GW veterans. Because the previous 
studies did not specifically target healthy, symptom-free 
veterans for recruitment, only 16% of the present sample 
were “healthy” deployed veterans. Also, a current or life-
time history of any psychiatric disorder with psychotic 
features acted as an exclusionary condition for these pre-
vious studies. Because psychosis is a common symptom 
of PD [74], this may have led to an underrepresentation 
of PD cases in the present sample. Because of these limi-
tations, future studies based on larger, randomly selected 
samples of GW veterans will be needed to replicate and 
extend these findings.

As noted in the introduction, PD is a heterogeneous dis-
ease with different clinical subtypes that have been defined 
based on key clinical features [69,70]. There is some evi-
dence that the different PD subtypes differ in their patho-
physiological mechanism or disease progression [69,71]. 
It has also been suggested that different causative fac-
tors may be involved in different clinical subtypes of PD 
[72,73]. Therefore, it is an intriguing possibility that GWI 
may be an early form of 1 subtype of PD. Future studies 
with larger, randomly selected samples of GW veterans 
undergoing clinical evaluations for PD will be needed to 
answer this question.
The present study’s findings should be considered in light 
of some limitations. First, the veterans involved were not 
clinically assessed for PD; PD-like symptoms were only as-
sessed by self-reports. Second, the assessment of PD-like 
symptoms and GW-related exposures by self-reports may 
be subject to recall bias.
However, the lack of measured data on the types and 
doses of exposures experienced by GW veterans in the-
ater severely limits the methods that investigators can use 
to evaluate the consequences of GW-related exposures 
[5,60]. One key feature of the GW theater experience 
is exposure to a multitude of chemicals. To reduce the 
number of individual comparisons and to avoid the con-
founding effects of intercorrelated, concurrent exposures, 
2 GW-exposure indices were created based on the works 
by Niesebaum et al. [30] and Steele et al. [5]. However, it is 
possible that by combining exposures, the authors inadver-
tently obscured the importance of certain exposures over 
others. This may explain, at least in part, why the GW-ex-
posure indices were not significantly correlated with the 
total basal ganglia volume.
In a post-hoc analysis, the authors found that the veterans 
with PD-like motor symptoms were more likely to report 
having witnessed their living area being sprayed with pesti-
cides than the veterans with no motor symptoms. It is like-
ly that different GW veterans were exposed to different 
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sas veterans: association of symptoms with characteristics of 
person, place, and time of military service. Am J Epidemiol. 
2000;152(10):992–1002, https://doi.org/10.1093/aje/152.10.992.

10. Winkenwerder W. Environmental Exposure Report: Pesti-
cides Final Report [Internet]. Washington, D.C.: U.S. De-
partment of Defense, Office of the Special Assistant to the 
Undersecretary of Defense (Personnel and Readiness) for 
Gulf War Illnesses Medical Readiness and Military Deploy-
ments; 2003 [cited 2018 Apr 5]. Available from: https://gulf-
link.health.mil/pest_final/index.html.

11. Sullivan K, Krengel M, Bradford W, Stone C, Thompson TA, 
Heeren T, et al. Neuropsychological functioning in military 
pesticide applicators from the Gulf War: Effects on infor-
mation processing speed, attention and visual memory. 
Neurotoxicol Teratol. 2018;65:1–13, https://doi.org/10.1016/ 
j.ntt.2017.11.002.

12. Li B, Mahan CM, Kang HK, Eisen SA, Engel CC. Longitu-
dinal health study of US 1991 Gulf War veterans: changes 
in health status at 10-year follow-up. Am J Epidemiol. 
2011;174(7):761–8, https://doi.org/10.1093/aje/kwr154.

13. Dursa EK, Barth SK, Schneiderman AI, Bossarte RM. 
Physical and Mental Health Status of Gulf War and Gulf 
Era Veterans: Results From a Large Population-Based Epi-
demiological Study. J Occup Environ Med. 2016;58(1):41–6, 
https://doi.org/10.1097/JOM.0000000000000627.

14. Barth SK, Kang HK, Bullman TA, Wallin MT. Neurologi-
cal mortality among U.S. veterans of the Persian Gulf War:  

CONCLUSIONS
Although little is known about the long-term conse-
quence of GWI, findings from this convenience sample  
of 293 GW veterans suggest that GW deployment, in the 
absence of KGWI or CMI, is not associated with show-
ing PD-like symptoms. In contrast, KGWI and CMI cases 
not only displayed more PD-like symptoms, but KGW 
and CMI cases also had smaller basal ganglia volumes 
and more GW-related exposures of concern than healthy  
GW veterans. Because the present study did not clinically 
evaluate the veterans involved for PD, future studies will 
be necessary to determine if KGWI and/or CMI cases tru-
ly are at increased risk of developing PD.
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