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Introduction: Gulf War Illness (GWI) is a chronic, multisymptom (e.g., fatigue, 
muscle/joint pain, memory and concentration difficulties) condition estimated to 
affect 25–32% of Gulf War (GW) veterans. Longitudinal studies suggest that few 
veterans with GWI have recovered over time and that deployed GW veterans may 
be at increased risks for age-related conditions.

Methods: We performed a retrospective cohort study to examine the current 
health status of 703 GW veterans who participated in research studies at the San 
Francisco VA Health Care System (SFVAHCS) between 2002 and 2018. We used 
the Veterans Affairs Frailty Index (VA-FI) as a proxy measure of current health 
and compared the VA-FIs of GW veterans to a group of randomly selected age- 
and sex-matched, non-GW veterans. We also examined GW veterans’ VA-FIs as 
a function of different GWI case definitions and in relationship to deployment-
related experiences and exposures.

Results: Compared to matched, non-GW veterans, GW veterans had lower VA-FIs 
(0.10  ±  0.10 vs. 0.12  ±  0.11, p <  0.01). However, the subset of GW veterans who met 
criteria for severe Chronic Multisymptom Illness (CMI) at the time of the SFVAHCS 
studies had the highest VA-FI (0.13  ±  0.10, p <  0.001). GW veterans who had Kansas 
GWI exclusionary conditions had higher VA-FI (0.12  ±  0.12, p <  0.05) than veterans 
who were Kansas GWI cases (0.08  ±  0.08) and controls (i.e., veterans with little 
or no symptoms, 0.04  ±  0.06) at the time of the SFVAHCS research studies. The 
VA-FI was positively correlated with several GW deployment-related exposures, 
including the frequency of wearing flea collars.

Discussion: Although GW veterans, as a group, were less frail than non-GW 
veterans, the subset of GW veterans who met criteria for severe CDC CMI and/
or who had Kansas GWI exclusionary conditions at the time of the SFVAHCS 
research studies were frailest at index date. This suggests that many ongoing 
studies of GWI that use the Kansas GWI criteria may not be capturing the group of 
GW veterans who are most at risk for adverse chronic health outcomes.
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1. Introduction

More than 650,000 U.S. soldiers served in Operations Desert 
Shield and Desert Storm, the military campaign waged by a coalition 
force of 35 nations against Iraq in 1991 in response to the invasion and 
annexation of Kuwait. After the Gulf War (GW) ended, many soldiers 
returned home with a multitude of unexplained symptoms (e.g., 
fatigue, memory and concentration problems, muscle and joint pain, 
headaches, gastrointestinal and other health problems) (Freeman 
et al., 2020). Gulf War Illness (GWI) is the term commonly used to 
describe this condition, which is estimated to affect 25–32% of 
deployed GW veterans (White et al., 2016). Longitudinal research 
suggests few GW veterans have recovered or substantially improved 
from GWI in the decades since the Gulf War ended (Research 
Advisory Committee on Gulf War Veterans Illnesses (Rac-Gwvi), 
2008, 2014; White et al., 2016).

Over the years, the cross-sectional studies that have examined 
GW veterans’ post-deployment health status have reported higher 
rates of chronic multisymptom illnesses such as fibromyalgia (Ismail 
et al., 2008; Kang et al., 2009), chronic fatigue syndrome (Unwin et al., 
1999; Gray et al., 2002; Ismail et al., 2008; Kang et al., 2009; Li et al., 
2011), irritable bowel syndrome (Gray et al., 2002; Kang et al., 2009), 
and chronic neurological disorders such as amyotrophic lateral 
sclerosis (Haley, 2003; Horner et al., 2008), brain cancer (Bullman 
et al., 2005; Barth et al., 2009; Young et al., 2010), seizures (Kang et al., 
2000; McCauley et al., 2002; Kang et al., 2009), neuralgias and neuritis 
(Kang et al., 2000, 2009), and chronic migraine headaches (Unwin 
et al., 1999; Kang et al., 2000; Gray et al., 2002; Kelsall et al., 2004; 
Porter et al., 2018). There have also been reports of higher rates of 
arthritis (Unwin et al., 1999; Kang et al., 2000; Gray et al., 2002; Li 
et al., 2011; Porter et al., 2018), lung diseases (Unwin et al., 1999; Kang 
et al., 2000; Cowan et al., 2002; Gray et al., 2002; McCauley et al., 2002; 
Kang et al., 2009; Li et al., 2011), eye or vision problems (Kang et al., 
2000) hypertension (Unwin et al., 1999; Kang et al., 2000; Gray et al., 
2002; Ismail et al., 2008; Kang et al., 2009; Li et al., 2011), and heart 
disease (Kang et al., 2000; McCauley et al., 2002; Kang et al., 2009; Li 
et al., 2011; Porter et al., 2018) in GW veterans compared to other 
veteran control groups. Moreover, there is suggestive evidence that 
deployed GW veterans may be  at significantly higher risks for 
age-related conditions (e.g., hypertension, hypercholesterolemia, 
myocardial infarct, diabetes, stroke, arthritis, and chronic bronchitis) 
compared to civilians (Zundel et al., 2019).

The first aim of this study was to examine the current health status 
of GW veterans who previously participated in research studies at the 
San Francisco VA Health Care System (SFVAHCS). We  used the 
Veterans Affairs Frailty Index (VA-FI) (Orkaby et al., 2019; Cheng 
et al., 2021) as a proxy measure of aging and vulnerability to poor 
outcomes. Frailty is a clinical syndrome commonly described in older 
adults (Fried et  al., 2001). Frailty can increase an individual’s 
vulnerability to adverse events such as mortality, morbidity, disability, 
and hospitalizations (Fried et al., 2001; Clegg et al., 2013), particularly 
after exposure to stressors (Morley et al., 2013). The VA-FI (Orkaby 
et al., 2019, Cheng et al., 2021) is an electronic index calculated from 
Veterans Health Administration (VHA) claims and electronic health 
records (EHR). The current study used the VA-FI as a proxy measure 
of the current health status of GW and non-GW veterans.

In the absence of diagnostic tests and validated case definitions 
for GWI, researchers have relied upon different criteria to study the 

chronic multisymptom condition. In 2013, the VA contracted with 
the Institute of Medicine (IOM), now the National Academy of 
Medicine (NAM), to develop a single case definition for 
GWI. However, the IOM/NAM panel was unable to do this due to 
limitations with the data that was available at the time (Institute of 
Medicine, 2014). Instead, the panel recommended the Kansas GWI 
case definition (Steele, 2000) be used for research and the Center for 
Disease Control and Prevention (CDC) Chronic Multisymptom 
Illness (CMI) case definition (Fukuda et al., 1998) be used for clinical 
purposes. However, both of these case definitions were developed in 
the late 1990s and early 2000s and were based on the types and 
pattern of symptoms reported by GW veterans in the decade post-
deployment (Steele et al., 2021). Furthermore, because both case 
definitions ask veterans whether they experienced symptoms over 
the past 6 months, neither case definition captures or accounts for 
potential changes in GWI symptoms over time (Maule et al., 2018; 
Steele et  al., 2021). Therefore, a second aim of this study was to 
examine the current health status of GW veterans as a function of 
the different GWI case definitions ascertained between 2002 
and 2018.

Many GW veterans were exposed to a myriad of chemicals during 
deployment (White et al., 2016). Some of chemicals present in the GW 
milieu were neurotoxins that have since been associated with chronic 
health symptoms that encompass multiple body systems (Steele, 
2000). Therefore, a final aim of this study was to examine the 
relationship between GW veterans’ deployment-related experiences 
and exposures and their current VA-FI.

To our knowledge, this is the first study to use the VA Frailty Index 
to examine GW veterans’ vulnerability to poor health outcomes. It has 
been suggested that deployed GW veterans may be aging more rapidly 
than their civilian counterparts (Zundel et al., 2019). For this reason, 
it is important to characterize and assess this group of veterans for the 
development of age-related syndromes. The major objectives of the 
study are to: (1) examine the VA-FI of past GW veteran research 
participants as a function of different GWI case definitions, (2) 
compare VA-FI in deployed GW veterans with a matched group of 
non-GW veterans, and (3) examine the relationship between VA-FI 
and GW veterans’ deployment related experiences and exposures. 
Because exposures to GW related chemicals and toxins may have 
altered the trajectory of aging in these veterans, it is important to have 
a better understanding of how GWI affects GW veterans’ current 
health and functional status.

2. Methods

All study procedures were approved by institutional review boards 
(IRB) at the University of California, San Francisco and the San 
Francisco VA Health Care System (SFVAHCS). Informed consent was 
obtained from all GW veterans who participated in the original 
research studies at the SFVAHCS. A waiver for consent was obtained 
for the retrospective cohort analysis because some of the study 
participants had died or were no longer receiving care through VHA 
when the analyses were performed.

We performed a retrospective cohort analysis of 703 GW 
veterans who participated in research studies related to GWI and 
GW-related exposures at SFVAHCS between 2002 to 2018. 
Electronic health records (EHR) and VA health care encounter 
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diagnostic codes were identified for 602 of the 703 past GW 
veteran study participants in the VA’s corporate data 
warehouse (CDW).

The VHA is an integrated health care system that captures and 
stores claims and health care data in a centralized national database 
(Price et al., 2015). The VA-FI is an electronic frailty index calculated 
from VHA administrative claims and EHR (Orkaby et  al., 2019; 
Cheng et  al., 2021). We  extracted International Classification of 
Diseases (ICD) diagnosis and procedure codes, Current Procedural 
Terminology (CPT), and Healthcare Common Procedure Coding 
System (HCPCS) codes for the GW veteran study participants from 
tables in CDW on an index date (04/05/2023). Smoking status was 
determined from the most recent clinical assessments of tobacco use 
prior to the index date.

Structured data in CDW and from the Death Ascertainment 
File indicated that 44 of the former SFVAHCS GW veteran 
participants were deceased at the index date. We  calculated the 
VA-FI for the 588 GW veteran participants who were alive at an 
index date. The VA-FI was calculated as the proportion out of 31 
equally weighted deficits incurred by the patient (Orkaby et  al., 
2019). These deficits account for impairments across multiple 
physiologic domains and were ascertained by the presence of 
specific sets diagnostic and procedure codes in patients’ records. 
We  further classified the veterans as non-frail (VA-FI 0–0.1), 
pre-frail (VA-FI 0.1–0.2), mildly frail (VA-FI 0.2–0.3), and 
moderately frail (VA-FI 0.3–0.4) and severely frail (VA-FI >0.4), 
using previously published frailty index cutoffs (Armstrong et al., 
2015; Blodgett et al., 2015; Pajewski et al., 2016).

To compare GW with non-GW veterans, we randomly selected 
558 veterans from CDW who were matched in age and gender to the 
living GW veteran participants of SFVAHCS research studies. Because 
Congress never repealed the Authorization for Use of Military Force 
after the Gulf War ended in February 1991 (Department of Veteran 
Affairs, 2021), any military personnel who served on active duty from 
August 2, 1990 to present is considered a Gulf War veteran. Therefore, 
to identify non-GW veterans, we used a list of social security numbers 
obtained from the Defense Manpower Data Center (DMDC) of 
GW-deployed and non-deployed GW era veterans. Veterans were 
presumed to be non-GW veterans if their SSN was not on the DMDC 
list. We extracted ICD-10, CPT, and HCPCS codes from the CDW for 
non-GW veterans on the same index date.

2.1. Chronic Multisymptom Illness criteria

Chronic Multisymptom Illness (CMI) by the Center for Disease 
Control (CDC) criteria (Fukuda et al., 1998) was determined as the 
presence of persistent symptoms over 6 months in two out of three 
domains: fatigue, cognitive/mood, and musculoskeletal. Our measure 
of the CMI case definition included: one symptom in the fatigue 
domain (overly tired/lack of energy), four symptoms in the cognitive/
mood domain (depressed mood, difficulty remembering, difficulty 
concentrating, trouble sleeping), and two symptoms in the 
musculoskeletal domain (joint pain and/or muscle pain). CMI was 
further categorized as “severe” if the veteran rated each defining 
symptom as severe. Otherwise CMI was categorized as “mild–
moderate.” We used the veterans’ responses on the health questionnaire 
to ascertain CDC CMI case status.

2.2. Kansas Gulf War Illness (GWI) criteria

The Kansas GWI case definition requires veterans to have 
moderately severe or multiple chronic symptoms in at least three of 
six categories: fatigue/sleep problems, pain, neurological/cognitive/
mood symptoms, respiratory complaints, gastrointestinal problems or 
skin symptoms (Steele, 2000). The Kansas GWI case criteria excludes 
veterans who have psychiatric conditions that may interfere with the 
accurate reporting of symptoms and/or medical conditions that might 
predict similar symptoms as GWI. We used the veterans’ responses on 
the Kansas Military History and Health questionnaire (Steele, 2000) 
to ascertain the Kansas GWI case status. Because this questionnaire 
was not part of all research protocols at the SFVAHCS, we were only 
able to ascertain Kansas GWI case status for a subset of the GW 
veteran study participants.

2.3. Khamisiyah exposure status

In March of 1991, U.S. troops detonated a munitions storage pit 
at Khamisiyah, Iraq that was later found to contain stockpiles of sarin 
and cyclosarin (Gulf Link, 2002). The plume that resulted from this 
demolition exposed potentially more than 100,000 U.S. troops to low 
levels of chemical nerve agents. Information about each veteran’s 
exposure to the Khamisiyah plume was obtained from the Deputy 
Assistant Secretary of Defense for Force Health Protection and 
Readiness, as previously described (Chao et al., 2010).

2.4. Other deployment-related exposures

We used the Kansas Gulf War and Health Questionnaire (Steele, 
2000) to ascertain deployment-related exposures. The questionnaire 
asked veterans about a broad range of experiences and exposures 
specifically associated with Gulf War service. For each exposure that 
veterans endorsed, they had to indicate the duration of the exposure 
(i.e., 0 = no exposure; 1 = exposed for a week or less; 2 = exposed for 
1 week to 2 month; 3 = exposed for a month or longer).

2.5. Statistical analyses

Mean values of continuous variables were compared using 
Wilcoxon rank sum test or the Kruskal-Wallis test. Proportional 
comparisons between veteran subgroups were assessed using chi- 
square tests. Spearman’s rank order correlation was used to examine 
the associations between VA-FI and deployment-related experiences 
and exposures. Previous reports indicate that many of the GW 
deployment-related exposures are highly intercorrelated (Fricker 
et al., 2000; Cherry et al., 2001; Steele et al., 2012). We also observed a 
high degree of correlation among the deployment related exposures 
(Spearman’s ρ  = 0.13 to 0.58), which suggests the potential for 
confounding error when evaluating exposure associations individually. 
Therefore, in post-hoc analyses, we examined the relationship between 
deployment-related exposures and VA-FI with a backward-step linear 
regression model. Potentially confounding variables (i.e., index age 
and GWI case/control/exclude status) were also entered into the 
regression model with the deployment-related exposures that were 
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significantly correlated with VA-FI. p values < 0.05 were considered 
significant. All analyses were performed using IBM SPSS Statistics 
(Version 29.0).

3. Results

3.1. Demographic and military 
characteristics

Table 1 summarizes the demographic and military characteristics 
of the GW veterans who participated in research studies at the 

SFVAHCS between 2002 to 2018. The analytic sample was comprised 
mostly of White males with 2–3 years of education post-high school 
who were approximately 63 years old at the index date. The sample was 
13% women and 29% non-White.

We located the EHR of 602 of the 703 former research study 
participants in CDW. Compared to veterans with EHR in CDW, 
veterans who were not in CDW were older at the index date (Z = 2.34, 
p = 0.02) and had more years of formal education (Z = 2.02, p = 0.04). 
There was marginally more veterans of “other” races among veterans 
in with EHR CDW than those not in CDW (χ2 = 7.26, df = 3, p = 0.06). 
More activity duty military personnel had EHR in CDW while more 
reservists did not have EHR in CDW (χ2 = 10.89, df = 3, p = 0.01).

TABLE 1 Demographics of the 704 Gulf War veteran participants.

Analytic 
sample

Veterans 
not in CDW

Veterans with ERH in CDW

ALL
Alive @ 

index date
Deceased @ 
index date

N 703 101 602 558 44

Age (years) at time of SFVAHCS study participation 48.1 (10.2) 50.0 (11.1) 47.7 (10.0) 47.2 (8.9) 53.8 (10.7)

Age (years) at index datea or death 62.5 (8.4) 64.4 (9.0) 62.2 (8.3) 62.2 (8.3) 66.1 (11.3)

Interval (years) between study participation and index date or death 14.6 (6.5) 14.3 (5.7) 14.7 (6.6) 14.9 (6.7) 12.3 (4.3)

Education (years) 14.9 (2.2) 15.4 (2.3) 14.8 (2.2) 14.8 (2.2) 15.5 (2.5)

Male: Female ratio 610:93 83:18 527:75 487:71 40:4

Race

  Caucasianb 416 (59.2%) 68 (67.3%) 348 (57.8%) 325 (58.2%) 23 (52.3%)

  African American 85 (12.1%) 12 (11.9%) 73 (12.1%) 65 (11.6%) 8 (18.2%)

  Otherc 120 (17.1%) 8 (7.9%) 112 (18.6%) 108 (19.4%) 4 (9.1%)

  Missing/no information 82 (11.7%) 13 (12.9%) 69 (11.5%) 60 (10.8%) 9 (20.5%)

SFVAHCS study participation status

  Included 551 (78.4%) 77 (76.2%) 474 (78.7%) 440 (78.9%) 34 (77.3%)

  Excluded 61 (8.7%) 6 (5.9%) 55 (9.1%) 47 (8.4%) 8 (18.2%)

  Withdrew 91 (12.9%) 18 (17.8%) 73 (12.1%) 71 (12.7%) 2 (4.5%)

GW Military Status

  Active duty 404 (58.0%) 46 (45.5%) 362 (60.1%) 343 (61.5%) 19 (43.2%)

  Reserve 102 (14.5%) 23 (22.8%) 79 (13.1%) 69 (12.4%) 10 (22.7%)

  National guard 37 (5.3%) 4 (4.0%) 33 (5.5%) 28 (5.0%) 5 (11.4%)

  Missing/no information 157 (22.3%) 28 (27.7%) 128 (21.3%) 118 (21.1%) 10 (22.7%)

  Predicted Khamisiyah exposure 156 (23.4%) 17 (16.8%) 148 (24.6%) 138 (24.7%) 10 (22.7%)

  CDC CMI casesd 363 (51.5%) 44 (57.1%) 318 (66.9%) 297 (67.3%) 21 (61.8%)

CDC CMI status

  No symptoms – control 102 (14.5%) 19 (18.8%) 83 (13.8%) 77 (13.8%) 6 (13.6%)

  Insufficient symptoms – control 88 (12.5%) 14 (13.9%) 74 (12.3%) 67 (12.0%) 7 (15.9%)

  Mild-intermediate CMI 301 (42.8%) 38 (37.6%) 263 (43.7%) 248 (44.4%) 15 (34.1%)

  Severe CMI 61 (8.7%) 6 (5.9%) 55 (9.1%) 55 (9.1%) 6 (13.6%)

  No datae 151 (21.5%) 24 (23.8%) 127 (21.1%) 117 (21.0%) 10 (22.7%)

Data presented as mean (SD) or number (%). CDW, Corporate Data Warehouse; EHR, electronic health record. SFVAHCS, San Francisco Veteran Affairs Health Care System. CDC CMI, 
Centers for Disease Control and Prevention Chronic Multisymptom Illness. 
aApril 5, 2023.
bDoes not includes White Hispanics.
cIncludes Latino/Hispanic.
dFatigue, muscle/joint pain, difficulty sleeping, remembering, concentrating, and feeling down depressed.
eBecause participant was excluded or withdrew from study.
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Forty-four of the 602 past study participants with EHR in CDW 
were deceased at the index date. Compared to veterans who were alive 
at the index date, the veterans who had passed away were older at the 
time of the SFVAHCS research studies (Z  = 3.85, p  < 0.001). The 
average interval between the time of study participation and the index 
date was greater in living veterans compared to average interval 
between the time study participation and death among deceased GW 
veterans (Z = −3.71 p < 0.001). A larger proportion of veterans who 
were deceased at the index date had been in the Reserves during the 
GW (χ2 = 8.65, df = 3, p = 0.03). A larger proportion of veterans who 
were deceased at the index date had been excluded from the original 
SFVAHCS research studies (χ2 = 6.51, df = 2, p = 0.04). Figure 1 shows 
a schematic of how many veterans were in each sub-group for the 
different comparisons.

3.2. Effect of SFVAHCS study participation 
on VA-FI

Although all veterans initially signed informed consent forms to 
participate in research activities at the SFVAHCS, not all veterans were 
included in the studies. Some veterans were excluded because they did 

not meet all of the parent research studies’ inclusion criteria. Other 
veterans withdrew from the research studies after signing consents. 
There was a significant effect of study participation on VA-FI 
(H[2] = 13.77, p = 0.001): Veterans who were excluded from research 
had higher VA-FIs (0.15 ± 0.11) than veterans who were included 
(0.09 ± 0.01) and veterans who withdrew from the research studies 
(0.09 ± 0.09). There was a significant effect of study participation on 
VA-FI category (χ2 = 20.44, df = 8, p = 0.009). Fewer veterans who had 
been excluded from research were non-frail (40%) compared to 
veterans who had been included (65%) and veterans who withdrew 
(66%) from the research studies. At the same time, more veterans who 
had been excluded from research were mildly frail (21%) compared to 
veterans who had been included (8%) and veterans who withdrew 
(7%) from the research studies.

3.3. GW vs. non-GW veterans

We randomly selected 588 veterans from CDW who were 
matched to the living GW veterans for age and sex (see Table 2). The 
mean VA-FI of the 558 GW veteran study participants who were alive 
at the index date was 0.10 ± 0.10 (see Table 3). Non-GW veterans had 

FIGURE 1

Schematic showing the total number of GW Veterans in the sample and how the various subgroups were derived. GWV, Gulf War Veterans; SFVAHCS, 
San Francisco VA Health Care System; ERH, Electronic Health Records; CDW, Corporate Data Warehouse; CDC CMI, Centers for Disease Control and 
Prevention Chronic Multisymptom Illness; GWI, Gulf War Illness; KS, Kansas.

https://doi.org/10.3389/fnins.2023.1245811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Chao 10.3389/fnins.2023.1245811

Frontiers in Neuroscience 06 frontiersin.org

a higher VA-FI (0.12 ± 0.11) than GW veterans (Z = 2.84, p = 0.004). 
However, there were more current smokers among non-GW than GW 
veterans (χ2 = 6.48, df = 1, p = 0.01). When we re-ran the analysis and 
stratified by smoking status, the difference in VA-FI was only 
marginally significant in non-smokers (Z  = 1.89, p  = 0.06; GW: 
0.09 ± 0.09; non-GW: 0.10 ± 0.10) and insignificant in smokers 
(Z = 1.04, p = 0.30; GW: 0.19 ± 0.11; non-GW: 0.21 ± 0.12; see Figure 2).

There was a marginal effect of group on VA-FI category (χ2 = 8.13, 
df = 4, p = 0.09). More GW than non-GW veterans had VA-FIs in the 
non-frail category (63% vs. 56%) and there was a trend for more 
non-GW than GW veterans to have VA-FIs in the severely frail 
category (3% vs. 1%). When we stratified the analysis by smoking 
status, there were no significant differences in VA-FI categories 
between GW and non-GW veterans among smokers and 
non-smokers.

The prevalence of individual VA-FI deficits in GW and non-GW 
veterans is presented in Table 3. Compared to non-GW veterans, GW 
veterans had lower rates of anxiety (χ2  = 6.02, p  = 0.01), coronary 
artery disease (χ2 = 9.29, p = 0.002), cerebrovascular disease (χ2 = 7.05, 
p = 0.008), diabetes (χ2 = 6.76, p = 0.009), hypertension (χ2 = 15.04, 
p < 0.001), peripheral vascular disease (χ2 = 4.35, p = 0.04), and weight 
loss (χ2 = 5.08, p = 0.02). When we limited the analyses to current 
non-smokers, only differences in rates of diabetes (χ2 = 5.24, p = 0.02) 
and hypertension (χ2 = 8.30, p = 0.004) remained significantly different 
between GW and non-GW veterans.

3.4. Effects of CDC CMI case status

Table 4 summarizes the demographic characteristics of CDC CMI 
cases and controls. There was no age difference between CDC CMI 
cases and controls (i.e., veterans with few or no CMI symptoms) at the 
time of the SFVAHCS research studies; however, CDC CMI cases 
older at index date (Z = −2.49, p = 0.01) despite there being a shorter 
time interval between study participation and index date among CMI 
cases than controls (Z = −2.17, p = 0.03). Controls had more years of 
formal education compared to CMI cases (Z = −3.94, p < 0.001).

There was a significant effect of CMI case status on VA-FI 
(Z = 4.17, p < 0.001): Veterans who met CMI criteria at the time of the 
SFVAHCS studies had higher VA-FI (0.10 ± 0.01) than controls 
(0.07 ± 0.09, Table 5). See Figure 2, there was also a significant effect 

of CMI case status on VA-FI category (χ2 = 13.31, df = 4, p = 0.01). 
Compared to controls, fewer CMI cases had VA-FIs in the non-frail 
category (59% vs. 76%) while more CMI cases had VA-FIs in the 
pre-frail (28% vs. 15%).

CMI can be  categorized as “severe” if the veteran rates each 
defining symptom as severe or “mild moderate” for milder complaints. 
Of the 287 CMI cases, 49 met criteria for severe CMI cases while the 
remaining 248 were mild–moderate CMI cases. There was a significant 
effect of CMI category on VA-FI (H[3] = 28.89, p < 0.001): Controls 
had the lowest VA-FI (0.07 ± 0.9), mild–moderate CMI cases had 
intermediate VA-FI (0.10 ± 0.10), while severe CMI cases had the 
highest VA-FI (0.13 ± 0.10). See Figure 2, there was a significant effect 
of CMI severity category on VA-FI category (χ2  = 26.67, df  = 12, 
p  = 0.009). Fewer severe CMI cases had VA-FIs in the non-frail 
category (43%) compared to controls (76%) and mild–moderate CMI 
cases (62%). More severe CMI cases had VA-FIs in the pre-frail 
category (39%) compared to controls (15%) and mild–moderate CMI 
cases (26%).

Table 5 summarizes the VA-FI individual deficits in CMI cases 
and controls. There were significant differences in rates of anxiety 
(χ2 = 5.32, df = 1, p = 0.02), chronic pain (χ2 = 21.16, df = 1, p < 0.001), 
dementia (χ2 = 12.58, df = 1, p < 0.001), depression (χ2 = 15.15, df = 1, 
p < 0.001), lung disease (χ2 = 4.97, df = 1, p = 0.03), and peripheral 
neuropathy (χ2 = 5.02, df = 1, p = 0.03). There were trends of higher 
rates of hypertension (χ2 = 3.27, df = 1, p = 0.07), liver disease (χ2 = 2.98, 
df = 1, p = 0.08), and thyroid disease (χ2 = 3.74, df = 1, p = 0.05) between 
CMI cases and controls (see Table 4).

3.5. Effects of Kansas GWI case status

Of the GW veterans with ERH in CDW, we were able to ascertain 
Kansas GWI case status for 240 veterans: 74 veterans had medical and/
or psychiatric conditions that excluded them from being considered 
as Kansas GWI cases (GWI excludes), 106 veterans met Kansas GWI 
criteria (4 were deceased at the index date), while 60 were controls.

Table  4 summarizes the demographic characteristics of GW 
veterans who met the Kansas GWI case condition and those who did 
not because they had few or insufficient GWI conditions (controls) or 
because they had conditions that were exclusionary for the Kansas 
GWI case definition. Although there was no significant age difference 

TABLE 2 Characteristics of GW and non-GW veterans.

GW veterans Non-GW veterans

N 588 588

Age (years) at index date, mean (SD) 62.1 (8.3) 62.2 (4.7)

Age range (years) at index date 50–87 54–72

Sex, % Male 487 (87.3%) 487 (87.3%)

Race, n (%)

  Caucasian 523 (58.2%) 340 (60.9%)

  African American 65 (11.6%) 116 (20.8%)

  Other* 108 (19.4%) 19 (3.4%)

  Missing/no information 60 (10.8%) 83 (14.9%)

Current smokers, n (%) 55 (9.9%) 83 (14.9%)

*Includes Hispanic/Latino in GW veterans.
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at the time of study participation, there was a group effect on age at 
the index date (H[3] = 13.43, p = 0.002) because GWI excludes were 
older than GWI cases. There was also a group effect on the interval 

between study participation and the index date (H[3] = 65.35, 
p < 0.001). There was a group effect on race on (χ2 = 11.04, df = 4, 
p = 0.03) because more controls were White while more GWI excludes 

TABLE 3 VA-FI and individual health deficits in GW and Non-GW veterans.

All Current Non-Smokers Only

GWVs
(n =  558)

Non-GWVs
(n =  558)

GWVs
(n =  503)

Non-GWVs
(n =  475)

VA-FI 0.10 (0.10) 0.12 (0.11)* 0.09 (0.09) 0.10 (0.10)†

VA-FI categories

 Non-Frail (<0.1) 350 (62.7%) 311 (55.7%) 332 (66.0%) 291 (61.3%)

 Pre-Frail (0.1–0.2) 133 (23.8%) 149 (26.7%) 118 (23.5%) 121 (25.5%)

 Mildly Frail (0.2–0.3) 51 (9.1%) 59 (10.6%) 37 (7.4%) 40 (8.4%)

 Moderately Frail (0.3–0.4) 18 (3.2%) 25 (4.5%) 12 (2.4%) 18 (3.8%)

 Severely Frail (> 0.4) 6 (1.1%) 14 (2.5%) 4 (0.8%) 5 (1.1%)

VA-FI deficits

 Atrial fibrillation 29 (5.2%) 21 (3.8%) 25 (5.0%) 17 (3.6%)

 Anemia 48 (8.6%) 61 (10.9%) 36 (7.2%) 38 (8.0%)

 Anxiety 97 (17.4%) 130 (23.3%)* 78 (15.5%) 94 (19.8%)†

 Arthritis 135 (24.2%) 162 (29.0%)† 108 (21.5%) 126 (26.5%)†

 Coronary artery disease 32 (5.7%) 60 (10.8%)* 25 (5.0%) 36 (7.6%)†

 Cancer 51 (9.1%) 49 (8.8%) 40 (8.0%) 42 (8.8%)

 Chronic pain 98 (17.6%) 106 (19.0%) 78 (15.5%) 75 (15.8%)

 Cerebrovascular disease 15 (2.7%) 33 (5.9%)* 14 (2.8%) 18 (3.8%)

 Dementia 37 (6.6%) 27 (4.8%) 27 (5.4%) 18 (3.8%)

 Depression 166 (29.7%) 171 (30.6%) 127 (25.2%) 123 (25.9%)

 Diabetes 105 (18.8%) 141 (25.3%)* 86 (17.1%) 109 (22.9%)*

 Durable medical equipment 66 (11.8%) 80 (14.3%) 56 (11.1%) 57 (12.0%)

 Falls 14 (2.5%) 19 (3.4%) 8 (1.6%) 14 (2.9%)

 Fatigue 49 (8.8%) 43 (7.7%) 38 (7.6%) 26 (5.5%)

 Failure to thrive 1 (0.2%) 5 (0.9%) 0 (0%) 1 (0.2%)

 Gait abnormality 34 (6.1%) 49 (8.8%)† 23 (4.6%) 33 (6.9%)

 Hearing impairment/loss 103 (18.5%) 82 (14.7%)† 92 (18.3%) 70 (14.7%)

 Heart failure 14 (2.5%) 22 (3.9%) 11 (2.2%) 13 (2.7%)

 Hypertension 204 (36.6%) 268 (48.0%)* 174 (34.6%) 207 (43.6%)*

 Incontinence 13 (2.3%) 18 (3.2%) 10 (2.0%) 13 (2.7%)

 Kidney disease 31 (5.6%) 40 (7.2%) 25 (5.0%) 34 (7.2%)

 Liver disease or cirrhosis 37 (6.6%) 32 (5.7%) 29 (5.8%) 24 (5.1%)

 Lung disease (COPD, asthma) 83 (14.9%) 94 (16.8%) 67 (13.3%) 60 (12.6%)

 Muscular issue 15 (2.7%) 25 (4.5%) 7 (1.4%) 13 (2.7%)

 Osteoporosis 9 (1.6%) 13 (2.3%) 8 (1.6%) 10 (2.1%)

 Parkinson’s disease 9 (1.6%) 10 (1.8%) 9 (1.8%) 9 (1.9%)

 Peripheral neuropathy 37 (6.6%) 52 (9.3%)† 30 (6.0%) 39 (8.2%)

 Peripheral vascular disease 27 (4.8%) 44 (7.9%)* 23 (4.6%) 30 (6.3%)

 Thyroid disease 42 (7.5%) 43 (7.7%) 39 (7.8%) 35 (7.4%)

 Vision comorbidity 47 (8.4%) 63 (11.3%) 40 (8.0%) 52 (10.9%)

 Weight loss 13 (2.3%) 27 (4.8%)* 11 (2.2%) 15 (3.2%)

*Significantly (p < 0.05) different between GWV and non-GWV. †Marginally (0.05 < p < 0.10) different between GWV and non-GWV.

https://doi.org/10.3389/fnins.2023.1245811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Chao 10.3389/fnins.2023.1245811

Frontiers in Neuroscience 08 frontiersin.org

were Black and other races. Fewer controls met CDC CMI criteria 
(χ2 = 44.98, df = 2, p < 0.001) while no controls met severe CMI criteria 
(χ2 = 9.52, df = 2, p = 0.009).

There was a significant effect of Kansas GWI case status on VA-FI 
(H[2] = 27.37, p < 0.001): Controls had the lowest VA-FI (0.04 ± 0.6), 
Kansas GWI cases had intermediate VA-FI (0.08 ± 0.08), while Kansas 
GWI excludes had the highest VA-FI (0.13 ± 0.12; see Table 5 and 
Figure 2). Table 5 also summarizes the VA-FI individual deficits in 
GW veterans who were Kansas GWI cases, controls and had Kansas 
GWI exclusionary conditions. There was a significant effect of GWI 
case status on VA-FI (H[3] = 32.22, p < 0.001; controls, GWI cases, and 
GWI excludes were all significantly different from each other). There 
was a significant effect of GWI case status on VA-FI category 
(χ2 = 32.26, df = 8, p < 0.001): More controls were non-frail, more GWI 
cases and GWI excludes were pre-frail, and more GWI excludes were 
moderately frail.

Examination of VA-FI individual deficits revealed significant 
differences in anemia (χ2  = 6.77, df  = 2, p  = 0.03; GWI excludes > 
controls), anxiety (χ2 = 7.59, df = 2, p = 0.02; GWI > controls), arthritis 
(χ2 = 8.00, df = 2, p = 0.02; GWI excludes > controls, GWI marginally 
> controls), coronary artery disease (χ2 = 6.56, df = 2, p = 0.04; GWI 
excludes > controls and marginally > GWI), chronic pain (χ2 = 7.49, 
df = 2, p = 0.03; GWI > controls, GWI excludes marginally > controls), 
depression (χ2 = 14.17, df = 2, p < 0.001; controls < GWI and GWI 
excludes), diabetes (χ2 = 41.00, df = 2, p < 0.001; all groups different 
from each other), gait abnormality (χ2 = 9.42, df = 2, p = 0.009; GWI 
excludes > GWI), hypertension (χ2 = 19.63, df = 2, p < 0.001; GWI 

excludes > GWI and controls), kidney disease (χ2  = 6.89, df  = 2, 
p = 0.03; GWI excludes > control), liver disease (χ2 = 10.80, df = 2, 
p  = 0.005; GWI excludes > control, marginally > GWI, GWI 
marginally > controls), peripheral neuropathy (χ2  = 11.87, df  = 2, 
p  = 0.003; GWI excludes > GWI and controls), and perivascular 
disease (χ2  = 13.69, df  = 2, p  = 0.001; GWI excludes > GWI and 
controls). There were marginal differences in rates of atrial fibrillation 
(χ2 = 5.63, df = 2, p = 0.06), use of durable medical equipment (χ2 = 5.81, 
df = 2, p = 0.06), and osteoporosis (χ2 = 5.79, df = 2, p = 0.06).

3.6. Relationship between 
deployment-related exposures and VA-FI

Table  6 lists the correlation coefficient between deployment-
related exposures and experiences and VA-FI. Hearing Chemical 
alarms sound (Spearman’s ρ  = 0.14, p  = 0.03), using powdered 
pesticides on the skin, (Spearman’s ρ = 0.14, p = 0.03), wearing flea 
collars (Spearman’s ρ = 0.19, p = 0.005), and seeing living areas sprayed 
or fogged with pesticides (Spearman’s ρ  = 0.14, p  = 0.03) were 
significantly associated with VA-FI. Coming into contact with fresh 
chemical agent resistant coating (CARC) paint was marginally 
associated with VA-FI (Spearman’s ρ = 0.13, p = 0.05).

Because there was high degree of correlation and interrelationships 
among deployment-related exposures (data not shown), in post-hoc 
analyses, we used a backward stepwise linear regression model to 
examine the relationship between deployment-related exposures and 

FIGURE 2

Bar graph showing VA-FI in GW and non-GW veterans as a function of current smoking status and in GW veterans as a function of CDC CMI and 
Kansas GWI case definition. Error bars represent standard error of the mean. *p < 0.05, †p = 0.06.
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VA-FI. The regression model was significant (R2 = 0.16, F6,158 = 5.07, 
p  < 0.001). The final variables remaining in the model, that were 
significantly associated with VA-FI were Kansas GWI case status 
(standardized β  = 0.26, t  = 3.57, p  < 0.001), wearing flea collar 
(standardized β  = 0.15, t  = 2.03, p  < 0.05), and seeing living area 
sprayed or fogged with pesticides (standardized β = 0.15, t = 2.00, 
p < 0.05).

4. Discussion

To our knowledge, this is the first study to evaluate vulnerability 
to poor health outcomes in GW veterans using the frailty index as a 
proxy measure. Frailty is generally considered to be  a state 
characterized by reduced physiological reserve and loss of resistance 
to stressors caused by accumulated age-related deficits (Clegg et al., 
2013). Over the years, researchers have operationalized frailty in a 
couple of different ways. The frailty phenotype describes frailty as a 
biological syndrome with specific phenotypic presentations (e.g., 
unintentional weight loss, self-reported exhaustion, weakness, slow 
walking speed and low physical activity) (Fried et al., 2001). The frailty 
index operationalizes frailty as a state caused by the accumulation of 

health deficits during the life course (Mitnitski et al., 2001). Because 
the frailty index is calculated as a ratio of the number of deficits 
present to the number of total deficits considered, the more deficits 
one has, the more likely one is to be frail, the higher the frailty index. 
The VA-FI is an electronic index developed to use VHA administrative 
claims and electronic health records data to measure frailty specifically 
in Veterans (Orkaby et al., 2019).

The first major finding of this study is that GW veterans had lower 
VA-FIs (i.e., were healthier) than age- and sex-matched non-GW 
veterans. This finding was somewhat unexpected given previous 
reports of higher rates of chronic multisymptom illness, neurological, 
and other disorders in GW veterans compared to other veteran 
control groups (e.g., Ismail et al., 2008; Kang et al., 2009). However, 
there were more smokers among non-GW veterans compared to our 
GW veteran cohort. When we  stratified the analysis by current 
smoking status, non-smoking non-GW veterans had marginally, but 
not significantly, higher VA-FIs compared to non-smoking non-GW 
veterans. Among smoking veterans, there was no significant difference 
between GW and non-GW veterans.

Because the two veteran groups were matched on age, it is likely a 
majority of the “non-GW” veterans are veterans of the U.S. wars in 
Afghanistan (Operation Enduring Freedom; OEF) and Iraq 

TABLE 4 Demographics of GW veterans as a function of CDC CMI and Kansas GWI case status.

CDC CMI status Kansas GWI status

Control CMI case Control GWI case GWI exclude

N 144 297 60 102 74

Age (years) at time of SFVAHCS study 48.3 (10.0) 47.5 (8.6) 49.9 (8.7) 48.4 (7.7) 50.0 (10.2)

Age (years) at index datea 64.2 (9.0) 61.9 (8.1) 62.4 (7.3) 59.7 (7.4) 64.7 (9.8)

Interval between SFVAHCS study and index date (years) 15.8 (4.2) 14.4 (5.1) 6.7 (1.0) 6.7 (1.0) 6.5 (1.0)

Education (years) 15.5 (2.3) 14.5 (2.1) 15.5 (2.4) 14.6 (2.3) 14.8 (2.2)

Male: Female ratio 129:5 252:45 50:10 85:17 65:9

Race

  Caucasianb 95 (66.0%) 196 (66.0%) 48 (80%) 75 (73.5%) 41 (55.4%)

  African American 22 (15.3%) 33 (11.1%) 3 (5%) 9 (8.8%) 10 (13.5%)

  Otherc 26 (18.1%) 68 (22.9%) 9 (15%) 18 (17.6%) 23 (31.1%)

SFVAHCS study participation status

 Included 143 (99.3%) 297 (100%) 60 (100%) 102 (100%) 74 (100%)

 Excluded 1 (0.7%)

GW military status

 Active duty 113 (78.5%) 227 (76.4%) 47 (78.3%) 82 (80.4%) 54 (73%)

 Reserve 20 (13.9%) 49 (16.5%) 8 (13.3%) 14 (13.7%) 17 (23%)

 National guard 9 (6.3%) 19 (6.4%) 5 (8.3%) 6 (5.9%) 3 (4.1%)

 Missing/no informatione 2 (1.4%) 2 (0.7%)

 Predicted Khamisiyah exposure 39 (27.1%) 78 (26.3%) 20 (33.3%) 40 (39.2%) 25 (33.8%)

 CDC CMI casesd – 297 (100%) 20 (33.3%) 83 (81.4%) 56 (75.7%)

 Severe CMI case – 49 (16.5%) 0 (0%) 15 (14.7%) 8 (10.8%)

Data presented as mean (SD) or number (%). 
aApril 5, 2023.
bDoes not includes White Hispanics.
cIncludes Latino/Hispanic.
dFatigue, muscle/joint pain, difficulty sleeping, remembering, concentrating, and feeling down depressed.
eBecause participant was excluded or withdrew from study.
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(Operation Iraqi Freedom; OIF; Operation New Dawn; OND). 
However, we could not verify this in VA records because all military 
personnel who served on active duty from August 2, 1990 to present 

are considered Gulf War veterans. This is because Congress never 
repealed the Authorization for Use of Military Force after the Gulf 
War ended in February 1991 (Affairs, 2021).

TABLE 5 VA-FI and individual health deficits as a function of CDC CMI and Kansas GWI status.

CDC CMI status Kansas GWI status

Control
(n =  144)

CMI case
(n =  297)

Control
(n =  60)

GWI case
(n =  102)

GWI exclude
(n =  74)

VA-FI 0.07 (0.09) 0.10 (0.10)* 0.04 (0.06) 0.08 (0.08)* 0.12 (0.12)*

VA-FI categories

 Non-Frail 110 (76.4%) 175 (56.9%) 53 (88.3%) 72 (70.6%) 34 (45.9%)

 Pre-Frail 21 (14.6%) 83 (27.9%) 5 (8.3%) 22 (21.6%) 25 (33.8%)

 Mildly Frail 9 (6.3%) 27 (9.1%) 2 (3.3%) 7 (6.9%) 9 (12.2%)

 Moderately Frail 3 (2.1%) 9 (3.0%) 0 (0%) 1 (1%) 5 (6.8%)

 Severely Frail 1 (0.7%) 3 (1.0%) 0 (0%) 0 (0%) 1 (1.4%)

VA-FI deficits

 Atrial fibrillation 6 (4.2%) 18 (6.1%) 4 (6.7%) 1 (1%) 6 (8.1%)

 Anemia 13 (9.0%) 23 (7.7%) 1 (1.7%) 5 (4.9%) 9 (12.2%)*

 Anxiety 14 (9.7%) 54 (18.2%)* 4 (6.7%) 23 (22.5%)* 10 (13.5%)

 Arthritis 30 (20.8%) 73 (24.6%) 7 (11.7%) 24 (23.5%)~ 24 (32.4%)*

 Coronary artery disease 7 (4.9%) 21 (7.1%) 2 (3.3%) 5 (4.9%) 10 (13.5%)*

 Cancer 13 (9.0%) 26 (8.8%) 4 (6.7%) 9 (8.8%) 9 (12.2%)

 Chronic pain 7 (4.9%) 66 (22.2%)* 4 (6.7%) 24 (23.5%)* 13 (17.6%)~

 Cerebrovascular disease 2 (1.4%) 8 (2.7%) 1 (1.7%) 1 (1.0%) 3 (4.1%)

 Dementia 1 (0.7%) 29 (9.8%)* 2 (3.3%) 8 (7.8%) 5 (6.8%)

 Depression 21 (14.6%) 95 (32.0%)* 5 (8.3%) 32 (31.4%)* 26 (35.1%)*†

 Diabetes 20 (13.9%) 60 (20.2%) 0 (0%) 11 (10.8%)* 29 (39.2%)*

 Durable medical equipment 13 (9.0%) 35 (11.8%) 2 (3.3%) 11 (10.8%) 12 (16.2%)~

 Falls 5 (3.5%) 6 (2.0%) 0 (0%) 0 (0%) 2 (2.7%)

 Fatigue 6 (4.2%) 25 (8.4%) 1 (1.7%) 8 (7.8%) 7 (9.5%)

 Failure to thrive 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 Gait abnormality 7 (4.9%) 17 (5.7%) 1 (1.7%) 1 (1.0%) 7 (9.5%)†

 Hearing impairment/loss 25 (17.4%) 54 (18.2%) 11 (18.3%) 22 (21.6%) 14 (18.9%)

 Heart failure 4 (2.8%) 5 (1.7%) 0 (0%) 0 (0%) 2 (2.7%)

 Hypertension 44 (30.6%) 117 (39.4%)~ 11 (18.3%) 29 (28.4%) 39 (52.7%)*†

 Incontinence 2 (1.4%) 5 (1.7%) 0 (0%) 2 (2%) 0 (0%)

 Kidney disease 7 (4.9%) 18 (6.1%) 0 (0%) 4 (3.9%) 7 (9.5%)*

 Liver disease or cirrhosis 5 (3.5%) 23 (7.7%)~ 0 (0%) 5 (4.9%)~ 10 (13.5%)*

 Lung disease (COPD, asthma) 14 (9.7%) 53 (17.8%)* 4 (6.7%) 15 (14.7%) 8 (10.8%)

 Muscular issue 4 (2.8%) 4 (1.3%) 0 (0%) 1 (1%) 2 (2.7%)

 Osteoporosis 1 (0.7%) 6 (2.0%) 0 (0%) 1 (1%) 4 (5.4%)~

 Parkinson’s disease 1 (0.7%) 4 (1.3%) 1 (1.7%) 0 (0%) 0 (0%)

 Peripheral neuropathy 4 (2.8%) 25 (8.4%)* 0 (0%) 3 (2.9%) 9 (12.2%)*†

 Peripheral vascular disease 5 (3.5%) 17 (5.7%) 1 (1.7%) 1 (1%) 9 (12.2%)*†

 Thyroid disease 5 (3.5%) 25 (8.4%)~ 2 (3.3%) 9 (8.8%) 5 (6.8%)

 Vision comorbidity 13 (9.0%) 21 (7.1%) 4 (6.7%) 3 (2.9%) 10 (13.5%)

 Weight loss 3 (2.1%) 7 (2.4%) 2 (3.3%) 0 (0%) 2 (2.7%)

*Different from controls, p < 0.05. †Different from GWI cases, p < 0.05. ~marginally (0.05 < p < 0.10) different from controls.
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If, in fact, most of the “non-GW” veterans were OEF/OIF/OND 
veterans, one reason why this group of veterans had higher VA-FI than 
GW veterans may be  due to traumatic brain injuries (TBI), the 
“signature injury” of the U.S. wars in Iraq and Afghanistan (Menon 
et al., 2010; Arriola and Rozelle, 2016). It is well documented that TBI 
can produce both acute and chronic consequences that lead to 
permanent disabilities that increase long-term mortality (Masel and 
DeWitt, 2010; Corrigan and Hammond, 2013) TBIs can also result in 
various secondary pathological conditions (Institute of Medicine, 
2009). Because the changes initiated by TBI can persist for months to 
years after the initial injury (Bramlett and Dietrich, 2015), When 
we examined the individual VA-FI deficits, non-GW veterans had 
higher rates of anxiety, coronary artery disease, cerebrovascular 
disease, diabetes, hypertension, peripheral vascular disease, and 
weight loss than deployed GW veterans. It is noteworthy that a 
number of studies have reported increased risk for anxiety (Mallya 
et al., 2015), cardiovascular (Eric Nyam et al., 2019) and metabolic 
disorders (Kumar et al., 2018), including diabetes (Capatina et al., 
2015) in the chronic phase of TBI recovery.

Another unexpected finding of this study is that rates of 
fatigue and chronic pain, two hallmark symptoms of GWI, were 
not higher in GW veterans compared to non-GW veterans at 
index date. However, not all of the GW veterans in the cohort had 
CMI/GWI at the time of the SFVHACS research studies. When 
we examined subgroups of GW veterans, we found differences in 
rates of chronic pain between controls and CDC CMI cases and 
between controls and Kansas GWI. Because the GW veterans were 
originally queried about their CMI/GWI symptoms 5–21 years 
prior to the index date, this suggests the veterans’ CMI/GWI 
symptoms of pain have not changed much over time. In contrast, 
rates of fatigue were not significantly different between controls 
and CMI cases or between controls and Kansas GWI cases. This 

suggests that, unlike pain, the veterans’ CMI/GWI symptoms of 
fatigue have likely changed or evolved over time.

Not all of the GW veterans in the retrospective cohort actually 
participated in research studies at the SFVAHCS. Some veterans were 
excluded because they did not meet the original studies’ inclusion 
criteria. Other veterans changed their minds and withdrew from the 
studies. Results indicate that veterans who were excluded from the 
original research studies had higher VA-FIs than veterans who were 
included and veterans who withdrew. This is not unexpected 
considering that the original SFVAHCS research studies’ exclusionary 
criteria included contraindications for MRI (e.g., pacemakers), severe 
physical impairment, psychiatric disorders with psychotic features, 
history of neurologic or systemic illnesses that affect central nervous 
system function, and/or moderate to severe traumatic brain injury. In 
fact, significantly more veterans who had been excluded from the 
original SFVAHCS research study were deceased at the index date 
compared to veterans who were included or who withdrew from 
SFVAHCS research studies.

There was a significant effect of CMI status on VA-FI: Veterans 
who met CDC CMI criteria at the time of the SFVAHCS studies had 
higher VA-FIs (i.e., were frailer) at the index date than controls (i.e., 
veterans who had insufficient symptoms to meet CMI criteria). 
Examination of individual VA-FI deficits revealed higher rates of 
anxiety, chronic pain, depression, lung disease, peripheral neuropathy, 
and dementia in CMI cases compared to controls. Considering that 
the mean age of the GW veteran cohort was 62 years at the index date, 
it is concerning that there was a higher rate of dementia (9.8% vs. 
0.7%) among CMI cases compared to controls. We have previously 
reported a higher-than-expected rate of mild cognitive impairment 
(Chao, 2020), considered a prodromal phase of dementia (Petersen, 
2011), in a subset of the GW veterans who are part of the current 
retrospective sample. Therefore, the current finding of a higher rates 
of dementia in CMI cases relative to controls lends further support to 
the idea that veterans with CMI are at increased risk for 
neurodegenerative diseases.

As with CDC CMI, there was a significant effect of Kansas GWI 
case status on VA-FI. As one might expect, GWI cases had higher 
VA-FIs than controls. However, veterans who were excluded from 
being considered as GWI cases because of medical and/or psychiatric 
conditions (i.e., GWI excludes) had even higher VA-FIs than GWI 
cases. When we examined individual VA-FI deficits, veterans who 
were excluded from being considered as GWI cases had higher rates 
of anemia, arthritis, coronary artery disease, depression, diabetes, 
hypertension, kidney disease, liver disease, peripheral neuropathy, and 
perivascular disease. This is not surprising because many of these 
conditions were likely what prevented these veterans from being 
considered as Kansas GWI cases at the time of the SFVAHCS studies. 
However, many of these conditions are also related to aging or may 
be accelerated by aging. Therefore, it is possible that not all of these 
medical conditions were pre-existing at the time of the 
SFVAHCS studies.

Several deployment-related experiences and exposures were 
significantly and positively correlated with VA-FI. These include 
hearing chemical alarms sound (a proxy measure for potential 
exposure to low levels of chemical nerve agent), using powdered 
pesticides, wearing flea collars, seeing ones’ living area sprayed or 
fogged with pesticides, and coming into contact with chemical agent 
resistant coating paint. Notably, most of these deployment-related 
experiences and exposures contain neurotoxins, particularly 

TABLE 6 Correlation Coefficients between VA-FI and deployment 
experiences/exposures.

GW experiences/exposures Spearman’s ρ
Regular smoker during deployment 0.12

Saw smoke from oil well fires −0.02

Heard chemical alarms sound 0.14*

Within 1 mile of exploding SCUD 0.08

Contact with prisoners of war 0.07

Contact dead animals 0.05

Contact with destroyed enemy vehicles 0.04

Contact with American vehicles hit by friendly fire 0.04

Used cream/spray pesticides on skin 0.02

Used powdered pesticides on skin 0.14*

Wore pesticide-treated uniforms 0.04

Wore flea collars 0.19**

Saw living area sprayed/fogged with pesticides 0.14*

Received one or more shots in arm in theater 0.10

Received one or more shots in buttocks in theater 0.10

Used pyridostigmine bromide pills −0.03

Contact with fresh CARC paint 0.13†

†p = 0.05, *p < 0.05, **p < 0.01. CARC, chemical agent resistant coating.
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organophosphates. Previous studies have reported that many of the 
exposures associated with GW deployment are highly intercorrelated 
(Fricker et al., 2000; Cherry et al., 2001; Steele et al., 2012). In line with 
this, we also observed a high degree of correlation among deployment 
exposures in the GW veterans who completed the Kansas Gulf War 
and Health Questionnaire. Because this suggests a potential for 
confounding error when evaluating associations individually, in 
post-hoc analyses, we  used a backward-step linear regression to 
examine the associations of deployment experiences and current 
health, as measured by VA-FI. After the least significant variables were 
removed, only Kansas GWI case status, wearing flea collars, and 
witnessing living are being sprayed or fogged with pesticides were 
significantly associated with VA-FI.

It is noteworthy that (Haley and Kurt, 1997) previously reported that 
wearing flea collars during the GW was associated with increased risk of 
developing Haley Syndrome 1 (impaired cognition). The Research 
Advisory Committee on Gulf War Veterans’ Illnesses (Research Advisory 
Committee on Gulf War Veterans Illnesses (Rac-Gwvi), 2008) has also 
cited evidence of an association between exposure to pesticides and 
multisymptom illness consistent with GWI. The current finding suggests 
that exposures to pesticides, particularly those present in flea collars, may 
be associated with frailty and current ill health independent of GWI.

This study had some limitations that warrant discussion. First, the 
cohort included only GW veterans who enrolled in research studies at 
the SFVAHCS and whose EHR were located in the VA’s CDW. This may 
limit the generalizability of these findings to the larger population of 
GW veterans. Presumably, the veterans whose EHR we were unable to 
locate in CDW were not utilizers of VA healthcare services. This may 
further limit the generalizability of these findings because it has been 
reported that VA users are more likely to have multiple medical 
conditions, endorse a disability, and score lower on measures of 
functioning than non-VA users (Meffert et al., 2019). Another limitation 
is the study’s reliance on self-reports, which is subject to recall bias, for 
health symptoms and deployment-related experiences and exposures. 
However, this limitation is common to other Gulf War research studies 
because there is no diagnostic test for GWI and self-report is currently 
the only method available for assessing GWI. Furthermore, because 
there was an absence of records or measurements quantifying chemical 
exposures during deployment, self-report is one of the only methods of 
investigating the effects of GW exposures on veteran health. It is 
possible that there were deployment-related exposures not assessed by 
the Kansas Military History and Health questionnaire that had an effect 
on the VA-FI. A final limitation is that the study was not adequately 
powered to examine potential sex differences in VA-FI and how 
biological sex may affect the relationship between exposures to 
deployment-related chemicals and current health status. Future, better 
powered studies will be necessary to address this question.

5. Conclusion

We evaluated GW veterans’ vulnerability to poor health outcomes 
using the frailty index as a proxy measure conclusion. Our results 
suggest that GW veterans, as a group, are not frailer (i.e., in worse 
health) than non-GW veterans who use VA healthcare. However, GW 
veterans who met criteria for severe CMI and who had Kansas GWI 
exclusionary conditions 5–21 years ago were significantly more frail 
than other GW veterans and non-GW veterans. We also found that GW 
veterans who met CDC CMI criteria had higher rates of dementia than 

control GW veterans. Thus, it may be prudent to counsel GW veterans 
with CMI to adopt lifestyle changes that have been associated with 
lowering dementia risk. The veteran subgroup with the highest VA-FI 
were GW veterans who had Kansas GWI exclusionary conditions. This 
suggests that research and treatment studies that employ the Kansas 
GWI case definition may be overlooking the subgroup of GW veterans 
who are most vulnerable to poor health outcomes.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by University of 
California, San Francisco Institutional Review Board. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

LC designed the experiment, analyzed the data, drafted the 
manuscript, contributed to the article, and approved the 
submitted version.

Funding

This study was supported by grant from the U.S. Department of 
Veterans Affairs (No. CX000798-05 and IK6CX002522).

Acknowledgments

The author would like to thank Gary Tarasovsky for his assistance 
with extracting the veterans’ EHR from CDW. This material was the 
result of work supported with resources and the use of facilities at the 
San Francisco Veterans Affairs Medical Center.

Conflict of interest

The author declares that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fnins.2023.1245811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Chao 10.3389/fnins.2023.1245811

Frontiers in Neuroscience 13 frontiersin.org

References
Armstrong, J. J., Andrew, M. K., Mitnitski, A., Launer, L. J., White, L. R., and 

Rockwood, K. (2015). Social vulnerability and survival across levels of frailty in the 
Honolulu-Asia Aging Study. Age Ageing 44, 709–712. doi: 10.1093/ageing/afv016

Arriola, V. D., and Rozelle, J. W. (2016). Traumatic brain injury in United States 
Operation Enduring Freedom/Operation Iraqi Freedom (OEF/OIF) Hispanic 
veterans—a review using the PRISMA method. Behav. Sci. 6:3. doi: 10.3390/bs6010003

Barth, S. K., Kang, H. K., Bullman, T. A., and Wallin, M. T. (2009). Neurological 
mortality among U.S. veterans of the Persian Gulf War: 13-year follow-up. Am. J. Ind. 
Med. 52, 663–670. doi: 10.1002/ajim.20718

Blodgett, J., Theou, O., Kirkland, S., Andreou, P., and Rockwood, K. (2015). Frailty in 
NHANES: comparing the frailty index and phenotype. Arch. Gerontol. Geriatr. 60, 
464–470. doi: 10.1016/j.archger.2015.01.016

Bramlett, H. M., and Dietrich, W. D. (2015). Long-term consequences of traumatic 
brain injury: current status of potential mechanisms of injury and neurological 
outcomes. J. Neurotrauma 32, 1834–1848. doi: 10.1089/neu.2014.3352

Bullman, T. A., Mahan, C. M., Kang, H. K., and Page, W. F. (2005). Mortality in US 
Army Gulf War veterans exposed to 1991 Khamisiyah chemical munitions destruction. 
Am. J. Public Health 95, 1382–1388. doi: 10.2105/AJPH.2004.045799

Capatina, C., Paluzzi, A., Mitchell, R., and Karavitaki, N. (2015). Diabetes insipidus 
after traumatic brain injury. J. Clin. Med. 4, 1448–1462. doi: 10.3390/jcm4071448

Chao, L. L. (2020). The prevalence of mild cognitive impairment in a convenience 
sample of 202 Gulf War veterans. Int. J. Environ. Res. Public Health 17:7158. doi: 10.3390/
ijerph17197158

Chao, L. L., Rothlind, J. C., Cardenas, V. A., Meyerhoff, D. J., and Weiner, M. W. 
(2010). Effects of low-level exposure to sarin and cyclosarin during the 1991 Gulf War 
on brain function and brain structure in us veterans. Neurotoxicology 31, 493–501. doi: 
10.1016/j.neuro.2010.05.006

Cheng, D., Dumontier, C., Yildirim, C., Charest, B., Hawley, C. E., Zhuo, M., et al. 
(2021). Updating and validating the U.S. veterans affairs frailty index: transitioning from 
Icd-9 to Icd-10. J. Gerontol. A Biol. Sci. Med. Sci. 76, 1318–1325. doi: 10.1093/gerona/
glab071

Cherry, N., Creed, F., Silman, A., Dunn, G., Baxter, D., Smedley, J., et al. (2001). Health 
and exposures of United kingdom Gulf War veterans. Part II: the relation of health to 
exposure. Occup. Environ. Med. 58, 299–306. doi: 10.1136/oem.58.5.299

Clegg, A., Young, J., Iliffe, S., Rikkert, M. O., and Rockwood, K. (2013). Frailty in 
elderly people. Lancet 381, 752–762. doi: 10.1016/S0140-6736(12)62167-9

Corrigan, J. D., and Hammond, F. M. (2013). Traumatic brain injury as a chronic 
health condition. Arch. Phys. Med. Rehabil. 94, 1199–1201. doi: 10.1016/j.
apmr.2013.01.023

Cowan, D. N., Lange, J. L., Heller, J., Kirkpatrick, J., and Debakey, S. (2002). A case-
control study of asthma among U.S. Army Gulf War veterans and modeled exposure to 
oil well fire smoke. Mil. Med. 167, 777–782. doi: 10.1093/milmed/167.9.777

Department of Veterans Affairs (2021). Gulf War Veterans [Online]. Available: https://
Www.Benefits.Va.Gov/Persona/Veteran-Gulfwar.Asp#:~:Text=More%20than%20
650%2c00020service20members,Considered%20a%20gulf%20war%20veteran 
(Accessed May 18, 2023).

Eric Nyam, T. T., Ho, C. H., Chio, C. C., Lim, S. W., Want, J. J., Chang, C. H., et al. 
(2019). Traumatic brain injury increases the risk of major adverse cardiovascular and 
cerebrovascular events: a 13-year, population-based study. World Neurosurg. 122, E740–
E753. doi: 10.1016/j.wneu.2018.10.130

Freeman, M., Nugent, S. M., Ayers, C. K., Winchell, K. A., Press, A., O'neil, M. E., et al. 
(2020). Gulf War illness: a systematic review of therapeutic interventions and management 
strategies. Washington, DC: Department of Veterans Affairs, Evidence Synthesis 
Program, Health Services Research and Development Service, VA Office of Research 
and Development.

Fricker, R. D., Reardon, E., Spektor, D. M., Cotton, SK, Hawes-Dawson, J, and Pace, 
JE (2000). A review of the scientific literature as it pertains to Gulf War illnesses. Volume 
12: pesticide use during the Gulf War: a survey of Gulf War veterans. Santa Monica, CA: 
Rand.

Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J., et al. 
(2001). Frailty in older adults: evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. 
Sci. 56, M146–M156. doi: 10.1093/gerona/56.3.M146

Fukuda, K., Niesenbaum, R., Stewart, G., Thompson, W. W., Robin, L., Washko, R. M., 
et al. (1998). Chronic multisymptom illness affecting air force veterans of the Gulf War. 
JAMA 280, 981–988. doi: 10.1001/jama.280.11.981

Gray, G. C., Reed, R. J., Kaiser, K. S., Smith, T. C., and Gastanaga, V. M. (2002). Self-
reported symptoms and medical conditions among 11,868 Gulf War era veterans: the 
Seabee health study. Am. J. Epidemiol. 155, 1033–1044. doi: 10.1093/aje/155.11.1033

Gulf Link (2002). Directorate for Deployment Health Support of the Special Assistant 
to the Under Secretary of Defense (Personnel And Readiness) for Gulf War Illness 
Medical Readiness and Military Deployments. U.S. Demolition Operations at the 
Khamisiyah Ammunition Point (Case Narrative). Available at: https://gulflink.health.
mil/retired/khamisiyah_041497/kham7.html

Haley, R. W. (2003). Excess incidence of ALS in young Gulf War veterans. Neurology 
61, 750–756. doi: 10.1212/wnl.61.6.750

Haley, R. W., and Kurt, T. L. (1997). Self-reported exposure to neurotoxic chemical 
combinations in the Gulf War. JAMA 277, 231–237. doi: 10.1001/
jama.1997.03540270057027

Horner, R. D., Grambow, S. C., Coffman, C. J., Lindquist, J. H., Oddone, E. Z., 
Allen, K. D., et al. (2008). Amyotrophic lateral sclerosis among 1991 Gulf War veterans: 
evidence for a time-limited outbreak. Neuroepidemiology 31, 28–32. doi: 
10.1159/000136648

Institute of Medicine (2009). Longterm consequences of traumatic brain injury. 
Washington, DC, The National Academies Press.

Institute of Medicine. (2014). Chronic multisymptom illness in Gulf War veterans: case 
definitions reexamined. Washington, DC: The National Academies Press.

Ismail, K., Kent, K., Sherwood, R., Hull, L., Seed, P., David, A. S., et al. (2008). Chronic 
fatigue syndrome and related disorders in UK veterans of the Gulf War 1990–1991: 
results from a two-phase cohort study. Psychol. Med. 38, 953–961. doi: 10.1017/
S0033291707001560

Kang, H. K., Li, B., Mahan, C. M., Eisen, S. A., and Engel, C. C. (2009). Health of us 
veterans of 1991 Gulf War: a follow-up survey in 10 years. J. Occup. Environ. Med. 51, 
401–410. doi: 10.1097/JOM.0b013e3181a2feeb

Kang, H. K., Mahan, C. M., Lee, K. Y., Magee, C. A., and Murphy, F. M. (2000). Illnesses 
among United States veterans of the Gulf War: a population-based survey of 30,000 veterans. 
J. Occup. Environ. Med. 42, 491–501. doi: 10.1097/00043764-200005000-00006

Kelsall, H. L., Sim, M. R., Forbes, A. B., Glass, D. C., Mckenzie, D. P., Ikin, J. F., et al. 
(2004). Symptoms and medical conditions in Australian veterans of the 1991 Gulf War: 
relation to immunisations and other Gulf War exposures. Occup. Environ. Med. 61, 
1006–1013. doi: 10.1136/oem.2003.009258

Kumar, R. G., Juengst, S. B., Wang, Z., Dams-O'connor, K., Dikmen, S. S., 
O'neil-Pirozzi, T. M., et al. (2018). Epidemiology of comorbid conditions among adults 
50 years and older with traumatic brain injury. J. Head Trauma Rehabil. 33, 15–24. doi: 
10.1097/HTR.0000000000000273

Li, B., Mahan, C. M., Kang, H. K., Eisen, S. A., and Engel, C. C. (2011). Longitudinal 
health study of us 1991 Gulf War veterans: changes in health status at 10-year follow-up. 
Am. J. Epidemiol. 174, 761–768. doi: 10.1093/aje/kwr154

Mallya, S., Sutherland, J., Pongracic, S., Mainland, B., and Ornstein, T. J. (2015). The 
manifestation of anxiety disorders after traumatic brain injury: a review. J. Neurotrauma 
32, 411–421. doi: 10.1089/neu.2014.3504

Masel, B. E., and Dewitt, D. S. (2010). Traumatic brain injury: a disease process, not 
an event. J. Neurotrauma 27, 1529–1540. doi: 10.1089/neu.2010.1358

Maule, A. L., Janulewicz, P. A., Sullivan, K. A., Krengel, M. H., Yee, M. K., 
Mcclean, M., et al. (2018). Meta-analysis of self-reported health symptoms in 
1990–1991 Gulf War and Gulf War-era veterans. BMJ Open 8:E016086. doi: 
10.1136/bmjopen-2017-016086

Mccauley, L. A., Lasarev, M., Sticker, M., Rischitelli, G., and Spencer, P. S. (2002). 
Illness experience of Gulf War veterans possibly exposed to chemical warfare agents. 
Am. J. Prev. Med. 23, 200–206. doi: 10.1016/S0749-3797(02)00497-X

Meffert, B. N., Morabito, D. M., and Sawicki, D. A. (2019). U.S. veterans who do and 
do not utilize VA healthcare services: demographic, military, medical, and psychosocial 
characteristics. Prim Care Companion CNS Discord 21:18m02350. doi: 10.4088/
PCC.18m02350

Menon, D. K., Schwab, K., Wright, D. W., and Maas, A. I.Demographics and Clinical 
Assessment Working Group of the International and Interagency Initiative toward 
Common Data Elements for Research on Traumatic Brain Injury and Psychological 
Health (2010). Position statement: definition of traumatic brain injury. Arch. Phys. Med. 
91, 1637–1640. doi: 10.1016/j.apmr.2010.05.017

Mitnitski, A. B., Mogilner, A. J., and Rockwood, K. (2001). Accumulation of deficits 
as a proxy measure of aging. Sci. World J. 1, 323–336. doi: 10.1100/tsw.2001.58

Morley, J., Vellas, B., Abellan Van Kan, G., Anker, S. D., Bauer, J. M., Bernabei, R., et al. 
(2013). Frailty consensus: a call to action. J. Am. Med. Dir. Assoc. 14, 392–397. doi: 
10.1016/j.jamda.2013.03.022

Orkaby, A. R., Nussbaum, L., Ho, Y. L., Gagnon, D., Quach, L., Ward, R., et al. (2019). 
The burden of frailty among us veterans and its association with mortality, 2002–2012. 
J. Gerontol. A Biol. Sci. Med. Sci. 74, 1257–1264. doi: 10.1093/gerona/gly232

Pajewski, N. M., Willaimson, J. D., Applegate, W. B., Berlowitz, D. R., Bolin, L. P., 
Chertow, G. M., et al. (2016). Characterizing frailty status in the systolic blood pressure 
intervention trial. J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 71, 649–655. doi: 10.1093/
gerona/glv228

Petersen, R. C. (2011). Mild cognitive impairment. N. Engl. J. Med. 364, 2227–2234. 
doi: 10.1056/NEJMcp0910237

Porter, B., Long, K., Rull, R. P., and Dursa, E. K. (2018). Millennium cohort study team 
health status of Gulf War and era veterans serving in the US military in 2000. J. Occup. 
Environ. Med. 60, E261–E267. doi: 10.1097/JOM.0000000000001280

https://doi.org/10.3389/fnins.2023.1245811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1093/ageing/afv016
https://doi.org/10.3390/bs6010003
https://doi.org/10.1002/ajim.20718
https://doi.org/10.1016/j.archger.2015.01.016
https://doi.org/10.1089/neu.2014.3352
https://doi.org/10.2105/AJPH.2004.045799
https://doi.org/10.3390/jcm4071448
https://doi.org/10.3390/ijerph17197158
https://doi.org/10.3390/ijerph17197158
https://doi.org/10.1016/j.neuro.2010.05.006
https://doi.org/10.1093/gerona/glab071
https://doi.org/10.1093/gerona/glab071
https://doi.org/10.1136/oem.58.5.299
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1016/j.apmr.2013.01.023
https://doi.org/10.1016/j.apmr.2013.01.023
https://doi.org/10.1093/milmed/167.9.777
https://Www.Benefits.Va.Gov/Persona/Veteran-Gulfwar.Asp#:~:Text=More%20than%20650%2c00020service20members,Considered%20a%20gulf%20war%20veteran
https://Www.Benefits.Va.Gov/Persona/Veteran-Gulfwar.Asp#:~:Text=More%20than%20650%2c00020service20members,Considered%20a%20gulf%20war%20veteran
https://Www.Benefits.Va.Gov/Persona/Veteran-Gulfwar.Asp#:~:Text=More%20than%20650%2c00020service20members,Considered%20a%20gulf%20war%20veteran
https://doi.org/10.1016/j.wneu.2018.10.130
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1001/jama.280.11.981
https://doi.org/10.1093/aje/155.11.1033
http://Www.Gulflink.Osd.Mil/Khamishaii
http://Www.Gulflink.Osd.Mil/Khamishaii
https://doi.org/10.1212/wnl.61.6.750
https://doi.org/10.1001/jama.1997.03540270057027
https://doi.org/10.1001/jama.1997.03540270057027
https://doi.org/10.1159/000136648
https://doi.org/10.1017/S0033291707001560
https://doi.org/10.1017/S0033291707001560
https://doi.org/10.1097/JOM.0b013e3181a2feeb
https://doi.org/10.1097/00043764-200005000-00006
https://doi.org/10.1136/oem.2003.009258
https://doi.org/10.1097/HTR.0000000000000273
https://doi.org/10.1093/aje/kwr154
https://doi.org/10.1089/neu.2014.3504
https://doi.org/10.1089/neu.2010.1358
https://doi.org/10.1136/bmjopen-2017-016086
https://doi.org/10.1016/S0749-3797(02)00497-X
https://doi.org/10.4088/PCC.18m02350
https://doi.org/10.4088/PCC.18m02350
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1100/tsw.2001.58
https://doi.org/10.1016/j.jamda.2013.03.022
https://doi.org/10.1093/gerona/gly232
https://doi.org/10.1093/gerona/glv228
https://doi.org/10.1093/gerona/glv228
https://doi.org/10.1056/NEJMcp0910237
https://doi.org/10.1097/JOM.0000000000001280


Chao 10.3389/fnins.2023.1245811

Frontiers in Neuroscience 14 frontiersin.org

Price, L. E., Shea, K., and Gephart, S. (2015). The veterans affairs’s corporate data 
warehouse: uses and implications for nursing research and practice. Nurs. Adm. Q. 39, 
311–318. doi: 10.1097/NAQ.0000000000000118

Research Advisory Committee on Gulf War Veterans Illnesses (Rac-Gwvi). (2008). 
Gulf War illness and the health of Gulf War veterans. Washington, DC.

Research Advisory Committee on Gulf War Veterans Illnesses (Rac-Gwvi). (2014). 
Gulf War illness and the health of Gulf War veterans: Research update and 
recommendations, 2009–2013. Boston: U.S. Government Printing Office.

Steele, L. (2000). Prevalence and patterns of Gulf War illness in kansas veterans: 
association of symptoms with characteristics of person, place, and time of military 
service. Am. J. Epidemiol. 152, 992–1002. doi: 10.1093/aje/152.10.992

Steele, L., Klimas, N., Krengel, M., Quinn, E., Toomey, R., Little, D., et al. (2021). 
Brain-immune interactions as the basis of Gulf War illness: clinical assessment and 
deployment profile of 1990–1991 Gulf War veterans in the Gulf War illness consortium 
(GWIC) multisite case-control study. Brain Sci. 11:1132. doi: 10.3390/brainsci11091132

Steele, L., Sastre, A., Gerkovich, M. M., and Cook, M. R. (2012). Complex  
factors in the etiology of Gulf War illness: wartime exposures and risk factors in 

veteran subgroups. Environ. Health Perspect. 120, 112–118. doi: 10.1289/
ehp.1003399

Unwin, C., Blatchley, N., Coker, W., Ferry, S., Hotopf, M., Hull, L., et al. (1999). Health 
of UK servicemen who served in Persian Gulf War. Lancet 353, 169–178. doi: 10.1016/
S0140-6736(98)11338-7

White, R. F., Steele, L., O'callaghan, J. P., Sullivan, K., Binns, J. H., Golomb, B. A., et al. 
(2016). Recent research on Gulf War illness and other health problems in veterans of the 
1991 Gulf War: effects of toxicant exposures during deployment. Cortex 74, 449–475. 
doi: 10.1016/j.cortex.2015.08.022

Young, H. A., Maillard, J. D., Levine, P. H., Simmens, S. J., Mahan, C. M., and 
Kang, H. K. (2010). Investigating the risk of cancer in 1990–1991 US Gulf War veterans 
with the use of state cancer registry data. Ann. Epidemiol. 20, 265–272.E1. doi: 10.1016/j.
annepidem.2009.11.012

Zundel, C. G., Krengel, M. H., Heeren, T., Yee, M. K., Grasso, C. M., Lloyd 
Janulewicz, P. A., et al. (2019). Rates of chronic medical conditions in 1991 Gulf 
War veterans compared to the general population. Int. J. Environ. Res. Public Health 
16:949. doi: 10.3390/ijerph16060949

https://doi.org/10.3389/fnins.2023.1245811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1097/NAQ.0000000000000118
https://doi.org/10.1093/aje/152.10.992
https://doi.org/10.3390/brainsci11091132
https://doi.org/10.1289/ehp.1003399
https://doi.org/10.1289/ehp.1003399
https://doi.org/10.1016/S0140-6736(98)11338-7
https://doi.org/10.1016/S0140-6736(98)11338-7
https://doi.org/10.1016/j.cortex.2015.08.022
https://doi.org/10.1016/j.annepidem.2009.11.012
https://doi.org/10.1016/j.annepidem.2009.11.012
https://doi.org/10.3390/ijerph16060949

	Examining the current health of Gulf War veterans with the veterans affairs frailty index
	1. Introduction
	2. Methods
	2.1. Chronic Multisymptom Illness criteria
	2.2. Kansas Gulf War Illness (GWI) criteria
	2.3. Khamisiyah exposure status
	2.4. Other deployment-related exposures
	2.5. Statistical analyses

	3. Results
	3.1. Demographic and military characteristics
	3.2. Effect of SFVAHCS study participation on VA-FI
	3.3. GW vs. non-GW veterans
	3.4. Effects of CDC CMI case status
	3.5. Effects of Kansas GWI case status
	3.6. Relationship between deployment-related exposures and VA-FI

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

