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Abstract

Many veterans chronically ill from the 1991 Gulf War exhibit symptoms of altered sensation,
including chronic pain. In this study of 55 veterans of a Construction Battalion previously
examined in 1995-1996 and 1997-1998, brain activation to innocuous and noxious heat stimuli
was assessed in 2008-2009 with a quantitative sensory testing fMRI protocol in control veterans
and groups representing three syndrome variants. Testing outside the scanner revealed no
significant differences in warm detection or heat pain threshold among the four groups. In the
fMRI study, Syndrome 1 and Syndrome 2, but not Syndrome 3, exhibited hypo-activation to
innocuous heat and hyper-activation to noxious heat stimuli compared to controls. The results
indicate abnormal central processing of sensory and painful stimuli in 2 of 3 variants of Gulf War
illness and call for a more comprehensive study with a larger, representative sample of veterans.
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1 Introduction

An estimated 26% to 32% of 1991 Gulf War veterans experience multisymptom conditions
not explained by stress or psychiatric illness (Binns et al., 2004). Although factor analysis
has yielded symptom clusters and syndrome classifications of Gulf War IlIness (Haley and
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Kurt, 1997, lannacchione et al., 2011), objective diagnostic testing has remained elusive.
Abnormalities of sensation, including paresthesias, numbness, heat or cold intolerance and
chronic pain, are common components of the illness (Binns et al., 2004, Haley, 1999). A
study of British Gulf War veterans (Jamal et al., 1996) reported a highly significant two-fold
raise in cooling detection threshold (i.e., reduced sensitivity to cold temperature changes)
compared to civilian controls during quantitative sensory testing (QST) of right foot.
Thermal hyposensitivity in the form of higher cooling detection thresholds (in all
extremities) and higher warm detection thresholds (in the hands) were also found in a
previous study of American Gulf War veterans (Haley et al., unpublished data by personal
communication). A recent study (Cook et al., 2010) revealed similar heat pain thresholds in
healthy and ill GW veterans, but increased pain intensity and affect ratings in ill GW
veterans, during QST of the thenar eminence of the no-dominant hand.

Blood oxygenation level dependent (BOLD) fMRI has become a highly useful modality to
investigate the normal central nervous system (CNS) processing of pain (Apkarian et al.,
2005). Event-related fMRI using thermal stimuli has also successfully demonstrated
abnormalities in the central processing of pain in a variety of chronic pain conditions of
unknown pathophysiology (Chen, 2007).

In the current study, differences in brain activation to innocuous and noxious heat among
four groups of Gulf War veterans--Syndrome 1 (Synl), Syndrome 2 (Syn2), Syndrome 3
(Syn3) (Haley and Kurt, 1997, lannacchione et al., 2011) and a control group-- all from the
same military unit--were assessed with sensory and heat pain fMRI studies. The aims were
to examine differences in cerebral processing of innocuous heat and noxious heat between
the three syndrome groups and controls, to elucidate the nature of CNS dysfunction in Gulf
War illness and to compare the CNS abnormalities in GWI with those of fibromyalgia
(Clauw, 2009, Cook et al., 2004, Nebel and Gracely, 2009, Staud et al., 2008, Williams and
Gracely, 2006) and of post-traumatic stress disorder (Defrin et al., 2008, Kraus et al., 2009).

Fifty-four right — handed male Gulf War veterans from the 24t Reserve Naval Mobile
Construction Battalion participated in a week-long battery of neuroimaging, clinical,
neuropsychology, and psychiatry tests, including the innocuous and noxious heat fMRI.
Selected as a nested case-control study from a larger survey that defined three primary
variants of Gulf War syndrome (Haley and Kurt, 1997, lannacchione et al., 2011, Sharma,
2011), the subjects (Table 1) included 11 from the Syndrome 1 group (mild cognitive
impairment), 17 from Syndrome 2 (more severe confusion-ataxia), 12 from Syndrome 3
(central neuropathic pain, and 14 controls (healthy veterans). The subjects were classified
based on the syndromes defined by factor analysis of symptoms they endorsed in an earlier
study reported in 1997 (Haley and Kurt, 1997). One Syn2 patient was subsequently removed
from the study due to excessive motion during the MRI scan (see Results section 3.2).
Diagnoses of psychiatric comorbidities including major depressive disorder, alcohol abuse
or dependence, and drug abuse or dependences were made by the Structured Clinical
Interview for DSM-IV Axis | Disorders (SCID) (First et al., 1996) and a diagnosis of PTSD
by a score of 40 or more on Clinician-Administered PTSD Scale (CAPS), conducted by a
neuropsychologist trained in their administration. Veterans were diagnosed to have PTSD if
they had a CAPS score of 40 or more (Weathers et al., 2001). Fibromyalgia (FM) diagnosis
was made by the survey definition comprised of the pain distribution criteria of the1990 case
definition of the American College of Rheumatology without the tender point examination
(Wolfe et al., 1990), and chronic fatigue syndrome (CFS) was diagnosed by Centers for
Disease Control and Prevention (CDC) criteria (Fukuda et al., 1994). Differences in age and
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years of education were assessed with 4-group analysis of variance, and the incidence of
clinical conditions (e.g. PTSD, FM, alcohol and drug abuse, etc.), and use of medications of
different classes (e.g. opiates) between ill and healthy GW veterans were examined by
Fisher exact test (FET).

Both participants and investigators were blinded to group membership during the data
acquisition phase and the initial individual data analysis phase of the study. The protocol
was approved by the local Institutional Review Board (IRB), and informed consent was
acquired from all the subjects prior to their participation.

Warm detection and heat pain thresholds were first determined outside the scanner with a
Medoc Advanced Thermal Stimulator (Cary, NC). This stimulator has a 3 cm x 3 cm surface
area non-magnetic Peltier thermode with computer-controlled temperature program and
filtered cables for use with the MRI system. Subjects were familiarized with the methods
before the start of assessments using a standard set of instructions and procedures. Warm
detection threshold was always obtained before the heat pain threshold. The thermode was
placed against the ventral inner forearm of the right arm and the warm detection and heat
pain thresholds were determined by the method of limits (Heldestad et al., 2010, Yarnitsky,
1997), using the median of 10 successive threshold measurements (inter-stimulus interval ~
10 sec). From a baseline of 32°C, probe temperature increased at a rate of 2°C /s until the
subjects responded that they sensed the stimulus (for warm detection) or found the stimulus
painful and barely tolerable (for heat pain threshold) by pressing a button on a handheld
device, after which the temperature fell to baseline at 8°C/s. The subjects subsequently
underwent fMRI in the scanner with first 3 runs with the innocuous heat stimuli and then 3
runs with the noxious heat stimuli.

1. The subject-specific thermode test temperature for innocuous heat fMRI runs was
the average of the warm detection and heat pain thresholds determined outside the
scanner. Each stimulus epoch consisted of 8 ° C/s ramp-up from 32°C baseline to
the predetermined test temperature ( the average of subject-specific warm detection
and heat pain thresholds ) followed by a 3 second plateau at the test temperature
and 8° C/s ramp-down to baseline temperature of 32°C. There were 10 such
identical stimulus epochs in each run and the inter-stimulus interval (ISI) durations
between stimuli were comprised of thermal stimulation at baseline temperature,
with durations adjusted so that the time between onset of consecutive epochs was
varied between 22, 24, and 26 seconds. There were 3 innocuous heat fMRI runs,
each with duration of: 4 min and 26 sec.

2. The subject-specific thermode test temperature for the noxious heat fMRI runs was
the heat pain threshold temperature determined outside the scanner. Each stimulus
epoch consisted of 8 © C/s ramp-up from 32°C baseline to the pre-determined heat
pain test temperature (heat pain threshold) followed by a 3 second plateau at the
threshold temperature and 8° C/s ramp-down to baseline temperature of 32°C.
There were 10 such identical stimulus epochs in each run and the inter-stimulus
interval (1SI) durations between stimuli were comprised of thermal stimulation at
baseline temperature, with durations adjusted so that the time between onset of
consecutive epochs was varied between 26, 28, 30 and 32 seconds. The subjects
were administered 3 such noxious heat stimulus epochs outside the MRI scanner to
ensure they could tolerate the task inside the scanner. The noxious heat fMRI runs
were administered after completion of the innocuous heat fMRI runs. There were 3
noxious heat fMRI runs, each with duration of 5 min and 6 s. To minimize
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sensitization, there were 5-7 minute gaps between consecutive noxious heat fMRI
runs, during which other MRI scans were acquired.

2.3 Image Acquisition

MR images were acquired on a 3T Siemens Magnetom Trio TIM scanner with a 12-channel
receiver array head coil. BOLD fMRI scans were acquired using a conventional EPI
sequence with FOV = 220 mm, TR/TE/FA = 2000 ms/24 ms/90°; forty 3.4 mm sagittal
slices; 3 mm x 3 mm in-plane resolution, and band width of 2414 Hz/pixel. There were 150
(130) measurements in each of 3 noxious (innocuous) heat fMRI scans. Prospective real-
time motion correction (Thesen et al., 2000) was employed with all EP1 fMRI scans to
minimize motion artifacts. A time-of-flight MR angiogram (TR/TE/FA = 26 ms/6 ms/40°;
0.9 mm x 0.9 mm in-plane resolution) with the same FOV and slice prescriptions as the EPI
fMRI scans was acquired for angiographic reference. A whole-brain 3D T1-weighted
MPRAGE sequence (FOV = 230 mm; TR/TI/TE/FA = 2250 ms/900 ms/3 ms/9°; 0.9 mm x
0.9 mm x 1 mm resolution) provided anatomic detail. All scans were acquired with parallel
imaging (GRAPPA,; acceleration factor = 2; 24-36 phase encoding reference lines). Cardiac
and respiration physiological responses were monitored and recorded with a BIOPAC
(Goleta, CA) finger pulse-oximeter and respiration belt during all fMRI scans.

2.4 Data Analysis

Image analysis was conducted with AFNI, FSL and Matlab. BOLD EPI images from the
scanner were volume registered to account for global rigid motion with an intensity-based,
iterative, linearized, weighted least squares algorithm (Cox and Jesmanowicz, 1999). For
each voxel, the signal was modeled as the convolution of a stimulus vector, comprised of the
onset-times of heat stimulus epochs, with their corresponding voxel impulse response
functions (IRFs), plus 3" order polynomial drifts and constant baseline. IRFs were
deconvolved for each voxel from the knowledge of the observed voxel fMRI intensity time-
series and the stimulus vectors, under a multiple linear regression framework. The voxel
time-series were also orthogonalized to the estimated motion parameters from the volume
registration algorithm within the same regression model, and image volumes exhibiting
more than 3 mm (~1 voxel) maximal displacement were excluded from analysis. The linear
regression F-statistic was used to quantify activation at the individual subject level. The
fractional (normalized to the regression-estimate baseline) amplitude of the hemodynamic
response (HDR) was also calculated at each voxel. Each subject’s high resolution anatomic
image was spatially normalized to the AFNI Talairach template. The resultant
transformation matrix was used to warp the maps of voxel-wise fractional HDR amplitude
for each run and each condition (noxious and innocuous heat) to Talairach space. Two-way
mixed effects analyses of variance (ANOVA: Group x Runs; random subject factor nested
within the levels of the Group factor) were employed to obtain individual group activation
maps and between-group differences in activation for the innocuous and noxious heat
conditions. The amplitude data were co-varied for age, since heat perception varies with age
(Lariviere et al., 2007, Lautenbacher et al., 2005, Lin et al., 2005). Thus age-effects, if any,
have been removed from the fMRI activation results described below. The treatment-mean
two-tailed t-tests from the ANOVA served as individual group activation maps for noxious
and innocuous heat. Inter-group differences in noxious (and innocuous) heat for all three
runs combined were obtained with appropriate t-contrasts. The influences of PTSD and FM
on the results were examined separately by employing factorial Group x PTSD and Group x
FM ANOVA models, with both PTSD and FM being categorical factors taking values “Yes”
or “No”. Overall significances of resultant statistic maps were obtained by means of Monte-
Carlo simulation of the process of image generation, spatial correlation of voxels, intensity
thresholding, masking (whole-brain) and cluster identification (Forman et al., 1995) through
the AlphaSim program implemented in AFNI. The p-values for different condition brain
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activation as well as contrasts reported in the results refer to cluster-level significance after
multiple comparison correction implemented with A/lphaSim.

3 Results

3.1 Demographic & Clinical Characteristics of the GW Veterans Cohort

Analysis of demographic characteristics indicated that the comparison groups differed on
age, with the syndrome 1 group being younger than the other 3 groups (Table 1), but not on
education. Since chronic pain is a variable component of GWI, the 4 groups differed
significantly on the survey definition of FM, but there were no group differences on the
CDC definition of CFS, active depression, alcohol or drug abuse/dependence, or PTSD
(Table 1).

3.2 Sensory Thresholds and fMRI Data Quality

Sensory testing conducted outside the MRI scanner (see Supplementary Materials: Table S1)
demonstrated no significant differences in the warm detection threshold (F1 3 = 0.35, p >
0.8) and heat pain threshold (F1 3 = 1.5, p > 0.2) among the four groups. There were no
significant (regression F-stat p > 0.2) age-related trends in the warm detection and heat pain
thresholds across the cohort. However, when examined individually, Syn1 exhibited a
significantly (p < 0.05) increasing trend and Syn3 exhibited a significantly (p < 0.01)
decreasing trend in heat pain threshold with age. As a result the Group x Age interaction
effect in heat pain threshold was significant (p < 0.003). There were no significant
differences between the groups in warm detection threshold (Group x Age F-stat p > 0.4).

In the fMRI paradigms, one veteran from the Syn2 group was excluded from the study due
to excessive Parkinson-like tremors which made it difficult to get useful MRI data. One
veteran from the Syn2 group declined to stay in the scanner longer than 30 minutes and
hence was not examined with the innocuous heat fMRI paradigm. One veteran from the
Syn3 group performed only two runs of the noxious heat fMRI task and declined to be
scanned for the third run. Only 6 of the 53 veterans exhibited large motions (> 3 mm) during
the fMRI runs which required that the images in the motion-corrupted epochs be ignored in
subsequent analyses. Of these, four exhibited large motion in less than 5% of image volumes
in time-series; one subject in 10%; and one in 20%. VVolumes that exhibited large motions
were excluded from the analysis.

3.3 Age-related Effects on Brain Activation to Noxious and Innocuous Heat

The Group x Age interaction effect in fMRI activation to innocuous heat was significant
(Group x Age F-stat p < 0.05) in bilateral SMA, PPC, and right hemisphere insula, S2 and
thalamus. For the noxious heat fMRI paradigm, the Group x Age interaction effect was
significant (Group x Age F-stat p < 0.05) in right hemisphere insula, S2 and DLPFC. The
results shown in the sections below have been obtained with age as a covariate.

3.4 Brain Activation to Innocuous Heat in Controls

In the control group innocuous heat stimuli (collapsed across all three runs) produced
significant (cluster-level p < 0.001) activation in a number of regions involved in heat
perception (see Table 2 and Figure 1) including bilateral S1, S2, insula, and inferior parietal
lobule.

3.5 Group Differences in Brain Activation to Innocuous Heat

Synl and Syn2 exhibited significant (cluster-level p < 0.05) activation to innocuous heat in
similar areas as controls (Figure 1), but much reduced in extent and intensity in all areas
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except ventral anterior cingulate. Both Synl and Syn2 exhibited significantly less (ANOVA
t-contrast cluster-level p < 0.05) activation in a number of areas involved in heat perception
including bilateral S1, S2, insula, SMA, medial PPC, IPL, premotor cortex and DMPFC
compared to controls (Table 3, Figure 2). In contrast, Synl and Syn2 exhibited significantly
(cluster-level p < 0.05) greater activation to innocuous heat compared to controls in ventral
anterior cingulate. No significant differences were observed in the intensity and extent of
innocuous heat activation between Syn3 and controls, except for greater Syn3 activation in
left DLPFC.

3.6 Brain Activation to Noxious Heat in Controls

The heat pain condition invoked strong (cluster-level p < 0.0001) activation in a number of
heat pain processing areas (see Table 4, Figure 3) including bilateral S1, S2, insula, inferior
parietal lobule, medial PPC, SMA, dorsal anterior cingulate and thalamus in the controls.

3.7 Group Differences in Brain Activation to Noxious Heat

Synl, Syn2 and Syn3 exhibited significant (cluster-level p < 0.0001) activation to noxious
heat in similar areas as controls (Figure 3). However, the noxious heat activation was
increased in intensity and spatial extent in Synl and Syn2: both Synl and Syn2 groups
showed significant (ANOVA t-contrast cluster-level p < 0.05) hyper-activation compared to
controls in a number of regions involved in pain processing (see Table 5; Figure 4) including
bilateral S1, S2, insula, IPL, SMA, BA 38 and cingulate gyrus, and brainstem. In addition
Syn1 (though not Syn2) also exhibited higher noxious heat activation in left amygdala,
parahippocampal gyrus, and thalamus and right basal ganglia (Table 5). Syn3 showed
slightly greater activation to noxious heat compared to controls in similar brain areas as
Synl and Syn2, but the differences did not survive the p < 0.05 threshold (ANOVA t-
contrast cluster-level p > 0.05).

3.8 Influence of PTSD

Nine out of 39 GWI patients (2/11 from Syn1, 4/16 from Syn2 and 3/12 from Syn3) used in
final analysis met the SCID diagnostic criteria for PTSD, indicating no significant difference
in the incidence of PTSD (FET p > 0.2) between ill veterans and controls. The Group X
PTSD interaction was not significant (Group x PTSD F-statistic cluster-level p > 0.05) for
both the noxious and innocuous heat conditions. Correspondingly reanalyzing the ANOVA
after excluding the PTSD patients did not change the significance of between-group
differences in noxious or innocuous heat activation.

3.9 Influence of Fibromyalgia

Eighteen of 39 GWI patients (2/11 from Syn1, 6/16 from Syn2 and 10/12 from Syn3) as
well as one subject from the battalion control group met the ACR survey criteria for
fibromyalgia (FM), a significantly (FET p < 0.001) greater incidence in the GW-ill veterans
as a whole than in the controls. However, the Group x FM interaction was not significant
(Group x FM F-statistic cluster-level p > 0.05) for both the noxious and innocuous heat
conditions. The Group x FM interaction remained not significant (Group x FM F-statistic
cluster-level p > 0.05) even after the one control subject with FM was not included in the
analyses.

3.10 Influence of Medications

There were no significant differences (FET p > 0.1) in the use of medications between
controls and GWI patients for any of the medicine classes listed in Table S2 (Supplementary
Materials). Further, none of the medications significantly affected the brain activation fMRI
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results, when analyzed with factorial ANOVA models (Group x Medication F-statistic
cluster-level p > 0.05).

4 Discussion

The central finding of our study was that two variants of Gulf War syndrome, Syn1 and
Syn2, showed diverse abnormalities of brain processing of sensory stimuli compared with
normal brain processing in the Syn3 and control groups. The Syn1 and Syn2 groups
demonstrated hypo-activation to innocuous heat in sensory perception areas and hyper-
activation to noxious heat stimuli in brain areas normally serving sensory perception and
threat and arousal as well as in thalamocortical circuits and cerebellum.

Patterns of activation in the Syn3 and control groups were in general agreement with results
from previous studies on thermal sensation fMRI of innocuous heat stimuli (Moulton et al.,
2005, Porro et al., 2004, Rolls et al., 2008, Tseng et al., 2009) and noxious heat stimuli
(Apkarian et al., 2005, Borsook et al., 2008, Chen, 2007, Price, 2000, Tracey et al., 2000,
Tseng et al., 2009), with strong activation observed in areas related to pain perception (S1,
S2, insula), perceiving intrusion (insular cortex, PPC), arousal (SMA, amygdala) and
unpleasantness (anterior cingulate). Strong activation in medial dorsal and
ventroposteriolateral nuclei of thalamus, basal ganglia and cerebellum were also observed.
There was considerable overlap between noxious and innocuous heat activation, but with
noxious heat evoking consistently stronger activation in all areas.

Both Synl and Syn2 exhibited less activation to innocuous heat than controls in S1, S2,
insula, premotor cortex and SMA (Figure 2, Table 3), indicating decreased sensory
perception in ill Gulf War veterans belonging to those syndrome groups. Syn2 also exhibited
hypo-activation in DMPFC and DLPFC compared to controls, which could result from
deficiency in attending to the heat stimuli. Studies (Tracey et al., 2002, Villemure and
Bushnell, 2009) have shown a correlation between somatosensory perception and attention
to sensory stimuli.

Both Syn1 and Syn2 exhibited greater activation to noxious heat than controls in bilateral
S1, S2, premotor cortex, insula, medial posterior parietal cortex, IPL, SMA, BA 38 and
cingulate gyrus, cerebellum and brainstem (Figure 4, Table 5), indicating increased pain
perception in the ill Gulf War veterans belonging to those syndrome groups.

Eighteen of 39 GWI patients (2/11 from Syn1, 6/16 from Syn2 and 10/12 from Syn3) as
well as one subject from the battalion control group met the ACR survey criteria for FM
based on the survey (Table 1), indicating a significantly greater rate in the ill veterans.
However, although the increased activation to noxious heat in Synl and Syn2 is similar to
increased brain activation to heat pain observed in FM (Clauw, 2009, Cook et al., 2004,
Nebel and Gracely, 2009), the pattern of hypoactivity to innocuous heat in Synl and Syn2 is
inconsistent with allodynia observed in studies of FM. Further, although 10 of 12 Syn3
patients met criteria for FM, the differences between the Syn3 and Ctrl groups did not differ
significantly on activation to noxious heat. Quantitative examination of the influence of the
FM symptom criteria with a factorial model also revealed no significant Group x FM
interaction affect on both innocuous and noxious heat conditions. Thus the sensory fMRI
activation differences between the syndrome groups and controls cannot be attributed to FM.
In fact, when differences between subjects meeting and not meeting the FM criteria were
examined (ignoring GWI syndrome group membership), FM-classified subjects exhibited
decreased activation to noxious heat in a number of brain areas associated with pain
processing (see Supplementary Materials), a result discordant with the FM FMRI studies
(Clauw, 2009, Cook et al., 2004, Nebel and Gracely, 2009). This discordance is explained
by our findings that the Syn1 and Syn2 subjects, who constituted 19/34 of the non-FM
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sample, showed hyperactivation to noxious heat compared to the normal activation of the
Syn3 or Ctrl groups, whose subjects constituted the majority (11/19) of those with FM. This
adds weight to the conclusion that brain responses to noxious and innocuous heat in GWI
veterans are not determined by their FM classification.

Nine out of 39 GWI patients (2/11 from Syn1, 4/16 from Syn2 and 3/12 from Syn3) used in
final analysis met the SCID criteria for PTSD (Table 1), indicating a marginally greater
incidence of PTSD in the ill veterans. QST studies of patients with PTSD have revealed
hyposensitivity to pain (i.e., higher heat pain thresholds) accompanied by hyper-reactivity to
suprathreshold painful heat stimuli (Defrin et al., 2008). In the GWI fMRI study, the Syn1
and Syn2 groups exhibited hyperactivity to noxious heat stimuli, but their QST heat pain
thresholds were normal and not elevated as reported for PTSD (Defrin et al., 2008).
Quantitative examination of the PTSD influences with a factorial model also revealed no
significant Group x PTSD interaction affect for both innocuous and noxious heat conditions.
Thus the sensory fMRI activation differences between the syndrome groups and controls
cannot be attributed to PTSD. A recent study of hippocampal rCBF with and without
infusion of the reversible acetylcholinesterase inhibitor physostigmine in this same cohort
also found that hippocampal rCBF differences between syndrome groups and controls could
not be attributed to PTSD (Li et al., 2011).

Our finding no significant differences between Syn3 and controls in brain activation to
noxious heat and innocuous heat was surprising since Syn3 is the group most characterized
by chronic pain symptoms, which are known to cause hyperalgesia in many disease models
(Clauw, 2009, Verne et al., 2004). This finding of normal processing of sensory stimuli in
brain suggests that the chronic pain problems of the Syn3 group may be due to abnormal
control mechanisms lower down, such as abnormalities of gating in the spinal cord (Bradesi,
2010, Svensson and Brodin, 2010). More research incorporating a larger sample size is
warranted to investigate this phenomenon.

A number of deep brain regions found to respond abnormally to heat stimuli in this fMRI
study (e.g., caudate, putamen, thalamus, hippocampus, pons) were previously reported
(based on studies conducted in 1997-1998) to have abnormal metabolite concentrations on
MR spectroscopy (Haley et al., 2000a, Haley et al., 2000b) and to show abnormal responses
of rCBF (measured with SPECT) to cholinergic stimulation (Haley et al., 2009) in members
of the same battalion studied here. MR studies conducted in 2008—2009 have also shown
abnormalities of baseline rCBF and responses of rCBF to cholinergic challenge in
hippocampus and in amygdala and caudate (Li et al., 2011, Liu et al., 2011) in ill Gulf War
veterans from this same cohort. The abnormal brain responses to heat stimuli found in this
study (in veterans with Synl and Syn2) and data from other recent neuroimaging studies
(Calley et al., 2010, Li et al., 2011, Liu et al., 2011) underscore that GWI is not a single
homogeneous illness and lend support to the validity of the classification of three primary
syndrome groups from factor analysis of symptoms (Haley and Kurt, 1997, lannacchione, et
al., 2011). Furthermore, the war-related brain damage in these ill veterans from the Persian
Gulf War appears distinct from more general effects of PTSD (Li et al., 2011) and of
chronic pain symptomatology as in FM. Since, however, our sample sizes were small,
particularly in the Synl and Syn3 groups, and the sample was drawn from a single military
unit, a more comprehensive study with a larger, more representative sample of Gulf War
veterans is needed.

Conclusion

Two (Synl and Syn2) of three syndrome variants of Gulf War illness had significantly
different brain responses to innocuous and noxious heat stimuli in an objective quantitative
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sensory fMRI study. Brain responses in the third syndrome variant (Syn3), which has the
most pain clinically, did not differ significantly from controls, suggesting a brainstem or
spinal cord gating mechanism, rather than deficits in brain activation to heat perception in
Syn3. These findings form a hypothesis to be tested in larger, representative samples of Gulf
War veterans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANOVA ANalysis Of VAriance

BA Brodmann Area

BOLD Blood Oxygenation Level Dependent
CAPS Clinician-Administered PTSD Scale
CNS central nervous system

Ctrl Controls

DLPFC DorsoL ateral Prefrontal Cortex
DMPFC DorsoMedial Prefrontal Cortex

FA Flip Angle

FM fibromyalgia

fMRI functional Magnetic Resonance Imaging
GRAPPA GeneRalized Autocalibrating Partially Parallel Acquisitions
GWI Gulf War Illness

HDR hemodynamic response

IPL Inferior Parietal Lobule

Inter-Stimulus Interval

MPRAGE Magnetization Prepared Rapid Acquisition Gradient Echo
PPC Posterior Parietal Cortex

PTSD Post-Traumatic Stress Disorder

QsT Quantitative Sensory Testing

ROI region of interest

rCBF regional Cerebral Blood Flow
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S1 Primary somatosensory cortex
S2 Secondary somatosensory cortex
SCID Structured Clinical Interview for DSM-IV Axis | Disorders
SMA Supplementary Motor Area
SPECT Single-Photon Emission Computed
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t=2 - | L t=10

Figure 1.

Map of BOLD fMRI brain activation from innocuous heat stimulation of the ventrum of the
right forearm in controls (1-sample two-tailed t-test map; cluster-level p < 0.001), overlaid
on a representative subject’s spatially normalized high-resolution anatomic. Slice locations
in RAI Talairach co-ordinates. Left hemisphere is on the right side of the coronal slices.
Figure shows innocuous heat activation in a number of areas including DLPFC, S1, S2,
insula and SMA. Activation maps for Synl, Syn2 and Syn3, at the same slice locations and
with same color-scale as controls are also displayed.
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Figure2.

Inter group differences (ANOVA t-contrast; cluster-level p < 0.05) in brain activation to
innocuous heat stimulation of ventrum of the right forearm overlaid on a representative
subject’s spatially normalized high-resolution anatomic. Slice locations in RAI Talairach co-
ordinates. (top) Synl — Ctrl showing decreased activation to innocuous heat in Synl in S1,
S2, insula, DLPFC, precentral gyrus and IPL; (bottom) Syn2 — Ctrl showing decreased
activation to innocuous heat in Syn2 in S2, insula, DLPFC and precentral gyrus.
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Figure 3.

Map of BOLD fMRI brain activation from noxious heat stimulation of the ventrum of the
right forearm in controls (1-sample two-tailed t-test map; cluster-level p < 0.0001), heat
overlaid on a representative subject’s spatially normalized high-resolution anatomic. Slice
locations in RAI Talairach co-ordinates. Figure shows activation to noxious heat in a
number of areas including S1, S2, insula, STG, thalamus, and cerebellum. Activation maps
for Synl, Syn2 and Syn3, at the same slice locations and with same color-scale as controls
are also displayed.
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Syn1 - Ctrl

Figure 4.

Inter group differences (ANOVA t-contrast; cluster-level p < 0.05) in brain activation to
noxious heat stimulation of ventrum of the right forearm overlaid on a representative
subject’s spatially normalized high-resolution anatomic. Slice locations in RAI Talairach co-
ordinates. (top) Synl — Ctrl showing increased activation to noxious heat in Synl in S1, S2,
insula, IPL, SMA, PCL, BA7 and cerebellum; (bottom) Syn2 — Ctrl showing increased
activation to noxious heat in Syn2 in similar regions.
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Table 3

Brain areas? exhibiting significant differences in activation to innocuous heat stimulation of ventrum of the
right forearm between ill GWI veterans (with Syn1/Syn2)? and controls, along with maximum difference in
activation (Synl1/Syn2—-Ctrl t-contrast; cluster-level p < 0.05) and location of maxima within those areas.
Clusters spanned more than one listed area.

Synl-Ctrl Syn2—-Ctrl
Maximum activation Maximum activation
difference Syn1 —Ctrl t- Talairach co-ordinates difference Syn2 Ctrl t- Talairach co-ordinates
Area contrast RAI (mm) of maxima contrast RAI (mm) of maxima
Ls1 -33 38, 34,38 =37 32,32,40
RS1 -3.7 -47, 35, 46 -3.4 =20, 27, 47
L S2 -2.5 46,5,4 -35 46,7,3
RS2 -4.1 -41,31,13 -3.8 -64, 26, 23
L Insula -3.8 37,-11,1 -35 34,-8,13
R Insula -3.4 -34,-2,17 -4.1 -35, -5, 10
L medial PPC -35 6, 53, 50 -35 22, 65,34
R medial PPC -3.5 -18, 53, 35 -3.3 -17,52, 62
L SMA/BA6 -35 1,17, 47 -3.3 10, 16, 53
R SMA/BA6 -4 -4, 8,51 -3.6 -5, 31, 62
L premotor -2.8 22, 23,65 -2.4 17,21, 64
R premotor -3 =31, 25,53 -2.8 -22,21,64
L IPL -3.2 34, 39,38 - -
R IPL -3.7 -44, 34, 46 - -
L Uncus -3.5 15,1, -22 - -
R Uncus -2.9 -20,0,-34 -4.1 -34, 14, -28
R Parahipp. Gyrus - - -3.5 =25, 14, -12
R Caudate - - -3.2 -17,-11, 19
L Putamen -2.2 27,-8,-2 - -
R Putamen - - -4 -30,2,8
L DLPFC - - -3 47,-42, 16
R DLPFC - - =37 -52,-35,8
L Sup. Front. Gyrus -3.15 16, -27,54 - -
R Sup. Front. Gyrus -3.15 =32, -29, 47 - -
DMPFC -3.7 -4,-47,31 -3.6 2,-43,19
Vent. Ant. Cing. 4.4 5,-18, -7 3.4 9, -44, -6

a . . . . .
L S1 = Left hemisphere S1; R S1 = Right Hemisphere S1; PPC = posterior parietal cortex; SMA = supplementary motor area; BA = Brodmann

Area; IPL = inferior parietal lobule; Parahipp. = Parahippocampal; Sup. Front. = Superior Frontal; DLPFC = dorsolateral prefrontal cortex;

DMPFC = dorsomedial prefrontal cortex; Vent. Ant. Cing. = ventral anterior cingulate; RAI = Right-Left, Anterior-Posterior, Inferior-Superior

bOnIy L DLPFC (Maximum Syn3-Ctrl t-score 3.4; RAI Talairach Co-ordinates: 46, -24, 9) exhibited significant difference in activation between
Ctrl and Syn3.
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Table 5

Brain areas? exhibiting significant differences in activation to noxious heat stimulation of ventrum of the right
forearm between ill GWI veterans (with Syn1/Syn2)? and controls, along with maximum difference in
activation (Synl1/Syn2 Ctrl t-contrast; cluster-level p < 0.05) and location of maxima within those areas.
Clusters spanned more than one listed area.

Syn1-Ctrl Syn2-Ctrl
Maximum activation Maximum activation
difference Syn1-Ctrl t-  Talairach co-ordinates RAI difference Syn1-Ctrl t- Talairach co-ordinates
Area contrast (mm) of maxima contrast RAI (mm) of maxima
LsS1 2.8 28, 38,55 4.15 29, 35,49
RS1 3.5 -37, 26, 42 4.5 =31, 29, 28
L S2 3.1 47,19, 16 4.3 52,27, 19
RS2 3.0 -38, 26, 22 34 -58, 13, 19
L Insula 3.6 37,1,8 34 41,7,16
R Insula 35 -38,-7,8 3.4 -41, 38, 19
L medial PPC 4.6 11, 62, 35 42 20, 46, 59
R medial PPC 3.5 -17,48, 44 4.1 -21, 46, 44
L SMA/BAG 34 2,27,59 4.0 7,-17,44
R SMA/BA6 41 -4,-11, 62 3.6 -6, 25, 62
L premotor 3.3 24,22, 61 4.2 25, 22,59
R premotor 3.9 -26, 21,55 3.9 -40, 14, 46
L Cingulate 3.6 5,-3,36 33 6, 16, 41
R Cingulate 3.3 -8, 23, 38 34 -7,20,33
L IPL 4.0 40, 59, 44 4.1 55, 34, 32
R IPL 3.0 —44, 44, 44 3.7 -35, 56, 38
L Amygdala 3.3 25,1, -18 - -
R Amygdala 35 -25,4,-15 3.2 -25,1,-18
L Ant. STG/BA 38 4.0 43,-7,-12 4.0 41, -8, -25
R Ant. STG/BA 38 3.7 -46, -14, -12 4.0 -54,-7,-11
L Parahipp. Gyrus 3.3 19,22, -17 - -
R Parahipp. Gyrus 2.7 -26, 31, -13 2.6 -21,27,-9
L Thalamus 2.8 16, 22,2 - -
R Caudate 35 -16, -17, 12 - -
R Putamen 2.8 -22,1,2 - -
L Cerebellum 3.2 45, 46, -29 3.9 38, 46, —28
R Cerebellum 35 =20, 47, =27 3.0 =25, 77, -30
Brainstem 3.6 -5,32,-24 2.6 -4,27,-16

aL S1 = Left hemisphere S1; R S1 = Right Hemisphere S1; PPC = posterior parietal cortex; SMA = supplementary motor area; BA = Brodmann
Avrea; IPL = inferior parietal lobule; Parahipp. = Parahippocampal; Ant. STG = Anterior Superior Temporal Gyrus; RAI = Right-Left, Anterior-
Posterior, Inferior-Superior

No significant difference in activation to noxious heat observed between Ctrl and Syn3.
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