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Exercise alters brain activation in Gulf War
lliness and Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome

Stuart D Washington,I Rakib U Rayhan,2 Richard Garner,I Destie Provenzano,I
Kristina Zajur,' Florencia Martinez Addiego,' John W VanMeter® and James N Baraniuk'

Gulf War Illness affects 25-30% of American veterans deployed to the 1990-91 Persian Gulf War and is characterized by cognitive
post-exertional malaise following physical effort. Gulf War Illness remains controversial since cognitive post-exertional malaise is
also present in the more common Myalgic Encephalomyelitis/Chronic Fatigue Syndrome. An objective dissociation between neural
substrates for cognitive post-exertional malaise in Gulf War Illness and Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
would represent a biological basis for diagnostically distinguishing these two illnesses. Here, we used functional magnetic resonance
imaging to measure neural activity in healthy controls and patients with Gulf War Illness and Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome during an N-back working memory task both before and after exercise. Whole brain activation during working
memory (2-Back > 0-Back) was equal between groups prior to exercise. Exercise had no effect on neural activity in healthy controls
yet caused deactivation within dorsal midbrain and cerebellar vermis in Gulf War Illness relative to Myalgic Encephalomyelitis/
Chronic Fatigue Syndrome patients. Further, exercise caused increased activation among Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome patients within the dorsal midbrain, left operculo-insular cortex (Rolandic operculum) and right middle insula.
These regions-of-interest underlie threat assessment, pain, interoception, negative emotion and vigilant attention. As they only
emerge post-exercise, these regional differences likely represent neural substrates of cognitive post-exertional malaise useful for
developing distinct diagnostic criteria for Gulf War Illness and Myalgic Encephalomyelitis/Chronic Fatigue Syndrome.
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Recruitment, and Integrative Network for Gulf War Illness; BMI = body mass index; BOLD = blood oxygen level dependent signal;

CDMRP = Department of Defense Congressionally Directed Medical Research Program; d = Cohen’s d measure of effect size for

equal sample sizes; EPI = T2*-weighted gradient-echo planar image; fMRI = functional magnetic resonance imaging; FOV = Field

of view; Fukuda = 1984 Center for Disease Control criteria for Chronic Fatigue Syndrome; FWE = family wise error correction for

multiple comparisons; FWHM = 6 mm full width half maximum; g = Hedges’ g measure of effect size for unequal sample sizes;
GWI = Gulf War Illness; HC = healthy controls; HR = heart rate; HRPO = Human Research Program Office; HSD = Tukey’s
Honest Significant Difference; IRB = Institutional Review Board; kE = Extent threshold for contiguous voxel counts in clusters;
ME/CEFES = Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; MNI = Montreal Neurological Institute; MPRAGE = structural

3D T1-weighted magnetization-prepared rapid acquisition with gradient echo; PAG = periaqueductal gray; PPN = right penduncu-

lotegmental nucleus, formerly pedunculopontine nucleus; PTSD = post-traumatic stress disorder; ROIs = regions of interest; SF-36

= Medical Outcomes Survey Short Form 36 item quality of life questionnaire; SPM12 = statistical parametric mapping version 12;

SUIT = spatially unbiased atlas template for cerebellum; TE = echo time; TI = inversion time; TR = repetition time
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Introduction

Myalgic Encephalomyelitis/Chronic  Fatigue Syndrome
(ME/CFS) and Gulf War Illness (GWI) share features of
post-exertional malaise (exertional exhaustion), fatigue
that is not relieved by rest, unrefreshing and non-restora-
tive sleep, total body pain, systemic hyperalgesia, intero-
ceptive and functional disorders of viscera and disability
with severely impaired quality of life (Fukuda et al,
1994; Carruthers et al., 2003; Friedberg et al., 2014).
This broad range of symptoms has been difficult to ex-
plain by any traditional single medical or psychiatric sys-
tem of disease.

ME/CFS has been considered to be a chronic conse-
quence following flu-like epidemics (Daugherty et al.,
1991) but has a heterogeneous presentation and un-
known aetiology. Prevalence is 0.2-2% (Friedberg et al.,
2014; Baraniuk, 2019). The 1984 Center for Disease
Control (‘Fukuda’) criteria require moderate to severe

unremitting fatigue of new onset that persists longer than
6 months and has no explanation despite appropriate
medical investigations (Fukuda ez al., 1994). At least four
of the following eight other criteria must also be present:
cognitive complaints of short-term memory or concentra-
tion, sore throat, sore lymph nodes, myalgia, arthralgia,
headaches including migraine, disordered sleep and post-
exertional malaise (i.e. the characteristic, often delayed
exacerbation of the entire symptom complex following
mild physical, cognitive or emotional efforts). Emphasis
has been placed on post-exertional malaise, the character-
istic exacerbation of symptoms following minimal effort,
as a distinguishing feature of ME/CFS (Carruthers et al.,
2003). Biomarker studies suggest roles for cytokines
(Hornig et al., 2016), reduced natural killer cell activity
(Caligiuri et al., 1987; Mehalick et al., 2018),
microRNAs (Baraniuk and Shivapurkar, 2017), metabolo-
mics (Armstrong et al., 2014), gut microbiome (Du Preez
et al, 2018), neuroinflammation with microglial
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activation (Nakatomi et al., 2014) and brainstem con-
nectivity and myelination changes (Barnden et al., 2016,
2018, 2019).

GWI affects ~25-30% of veterans deployed to the
1990-91 Persian Gulf War. The Centers for Disease
Control criteria for Chronic Multisymptom Illness require
symptoms from at least two of three symptom clusters:
general fatigue, mood and cognitive abnormalities and
musculoskeletal pain (Fukuda et al., 1998). An epidemio-
logical comparison of symptoms between deployed and
non-deployed Kansas veterans generated criteria requiring
three of six domains: fatigue and sleep, pain, neurologic-
al/cognitive/mood, gastrointestinal, respiratory and skin
symptoms (Steele, 2000). The aetiology has been linked
to exposures to neurotoxicants that were present in the-
atre, including organophosphates, carbamates and other
pesticides, sarin/cyclosarin nerve agents and pyridostig-
mine bromide medication used as prophylaxis against
chemical warfare attacks (White et al., 2016). Psychiatric
aetiologies have been ruled out.

Differences in proposed aetiology (White et al., 2016)
and post-exercise micro-RNA expression in cerebrospinal
fluid (Baraniuk and Shivapurkar, 2017) suggest that ME/
CFS and GWI are separate disorders. However, symptom
overlap between ME/CFS and GWI, notably post-exer-
tional malaise, has promoted unified hypotheses
(Mawson and Croft, 2019) and potentially even confla-
tion (Eisen et al., 2005) of both disorders. Further evi-
dence that these are different disorders could be provided
by a dissociation between neural substrates underlying
post-exertional malaise in ME/CFS and GWI.

Here, we performed functional magnetic resonance
imaging (fMRI) on healthy controls (HC) and patients
with either ME/CFS or GWI to establish neural substrates
of post-exertional malaise. We employed a 2-day sub-
maximal bicycle exercise protocol (Rayhan et al., 2013,
2019) developed to assess the physical and cognitive
characteristics of post-exertional malaise (Keech et al.,
2015). On the pre- and post-exercise days, cognitive func-
tion was assessed by blood oxygen level dependent
(BOLD) activity during a continuous version of the N-
Back verbal working memory task (Owen et al., 2005;
Rottschy et al., 2012). As a first step, whole brain BOLD
signal responses were contrasted between groups on the
pre-exercise and post-exercise days to assess group-wise
differences. Exercise effects within groups were contrasted
by paired analysis between days. Standard statistical
parametric mapping (SPM12) (Friston et al., 1996) meth-
ods identified significant regions of interest (ROIs) with
cluster-level P < 0.05, family wise error correction (FWE).
Activation in these ROIs was compared between groups
in exploratory post hoc fashion to generate new hypothe-
ses of ME/CFS and GWI neuropathologies (Button,
2019). BOLD signals in each ROI were compared be-
tween groups on each day in order to calculate effect
sizes (Ellis, 2010) that may be of value for planning fu-
ture confirmatory studies.
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Materials and methods

All subjects gave written informed consent to this protocol
that was approved by the Georgetown University
Institutional Review Board (IRB 2009-229, 2013-0943 and
2015-0579) and Department of Defense Congressionally
Directed Medical Research Program (CDMRP) Human
Research Program Office (HRPO) (A-15547 and A-18479),
and listed in clinicaltrials.gov (NCT01291758 and
NCT00810225). All clinical investigations were conducted
according to the principles expressed in the Declaration of
Helsinki.

GWI, ME/CFS and HC subjects were recruited to this 4-
day long in-patient study in the Clinical Research Unit of
the Georgetown-Howard Universities Center for Clinical
and Translational Science. Subjects had history and phys-
ical examinations to ensure their inclusion by meeting
Chronic Multisymptom Illness (Fukuda et al., 1998) and
Kansas (Steele, 2000) criteria for GWI, Fukuda criteria
for ME/CFS (Fukuda et al., 1994), confirmation of seden-
tary lifestyle for control subjects (less than 40 min of aer-
obic activity per week) and exclusion because of serious
medical or psychiatric conditions such as psychosis
(Steele, 2000; Reeves et al., 2003; Jones et al., 2009).
History of posttraumatic disorder  (PTSD)
(American Psychiatric Association, 2013) or depression
(Spitzer et al., 1999) were not exclusions unless the sub-
ject had been hospitalized in the past 5years. Subjects
completed Chronic Fatigue Syndrome Symptom Severity
(Baraniuk et al., 2013), SF-36 quality of life (Ware and
Sherbourne, 1992), Chalder Fatigue (Cella and Chalder,
2010) and McGill Pain (Dworkin et al., 2009) question-
naires, and had systemic hyperalgesia tested by dolorim-
etry (Naranch et al., 2002).

stress

Two submaximal bicycle exercise tests were performed
24 h apart. Subjects cycled for 25min at 70% predicted
maximum HR (220 — patient’s age), followed by a climb
to 85% maximum HR to reach anaerobic threshold

(Garner et al., 2018).

Subjects practiced the 0-Back and 2-Back working mem-
ory task in a mock scanner until they felt proficient.
Subjects viewed an instruction panel stating ‘REST’ for
0.8s followed by 19.2s of a blank screen. The instruc-
tion ‘0-BACK’ was viewed for 0.8s followed by 1.2s of
a blank screen, and then a string of nine pseudorandom-
ized letters (A, B, C, D) for 0.8s each followed by 1.2s
of a blank screen per letter. Each time they saw a letter,



4 | BRAIN COMMUNICATIONS 2020: Page 4 of 16

subjects pressed the corresponding button on an MRI-
compatible fibre-optic four button box that was used
with both hands. After a second ‘REST’ period, they saw
the instruction 2-BACK’ and again viewed a string of
nine letters. They had to view and remember the first
two letters, then press the button for the first letter
when they saw the third letter (i.e. 2 back’, 4s delay).
The 2-Back task continued for a total of seven responses.
This cycle was repeated five times.

All structural and functional MRI data were acquired on
a Siemens 3T Tim Trio scanner located within the
Center for Functional and Molecular Imaging at
Georgetown University Medical Center equipped using a
transmit-receive body coil and a commercial 12-element
head coil array as described previously (Rayhan et al.,
2013). Parameters for structural 3D T1-weighted magnet-
ization-prepared rapid acquisition with gradient echo
(MPRAGE) images were: TE=2.52ms, TR =1900ms,
TI=900ms, flip angle=9°, FOV=250mm, 176 slices,
slice resolution=1.0mm and voxel size 1x1x lmm.
Images were processed in SPM12 (Friston et al., 1996).
fMRI data consisted of T2*-weighted gradient-echo pla-
nar images (EPIs) acquired during the n-back task. EPI
data acquisition parameters were: TR/TE=2500/30 ms,
flip angle=90°, FoV =205 mm? matrix size=64 x 64,
number of slices=47, voxel size=3.2 mm?® (isotropic).
Raw EPI data were preprocessed through the default
pipeline within the CONN toolbox (Whitefield-Gabrieli
and Nieto-Castanon, 2012). Briefly, steps were: (i) slice-
timing correction, (ii) subject motion estimation and cor-
rection, (iii) outlier detection for ‘scrubbing’ based on
Artifact Detection Tools, (iv) co-registration with struc-
tural data, (v) segmentation and spatial normalization
into standard Montreal Neurological Institute (MNI)
space (Evans et al., 1993) and (vi) spatial smoothing with
a stationary Gaussian filter of 6 mm full-width at half
maximum (FWHM). Voxel size was 2.0 mm?® (isotropic)
after spatial normalization and conversion to Montreal
Neurological Institute (MNI) space.

All within-subject and group-level image analyses were
performed in SPM12. The first six scans were removed
to account for magnetic saturation. For the first-level
analysis, the preprocessed EPI data from each individual
were analysed with regressors for instruction, fixation, 0-
back, and 2-back as well as estimates of the translation
(x, y and z) and rotation (roll, pitch and yaw) as covari-
ates of non-interest. One sample t-tests contrasted the
BOLD signals from the 2-back and 0-back. The resulting
2-Back > 0-Back contrast maps (2> 0-back condition)
from every subject were entered into a second-level
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analysis to compare HC, GWI and ME/CFS groups and
the pre- and post-exercise days.

ROIs were determined from the 2-Back > 0-Back contrast
maps using a stepped approach in SPM12. The objective
was to discover significant candidate voxel clusters
(P<0.05, FWE corr) with extent thresholds > 50 voxels
that significantly distinguished between groups. Age and
gender were included in each model. First, HC, GWI and
ME/CFS data were contrasted by two ANOVAs (F-tests
for differences between any of the three groups), one for
pre-exercise and one for post-exercise data. Second, pairs
of groups were contrasted using two-tailed t-tests. This
second step is taken because clusters resulting from F-sta-
tistics surpassing the threshold for significance could be
used to demonstrate that differences existed between the
three groups, but ANOVAs can reveal nothing about
directions of activation (e.g. HC > GWI or GWI >
CFS). Third, exercise effects within groups were found by
paired contrasts between the pre- and post-exercise days.

In post hoc analysis, ROIs were used as seed regions to
better constrain the differences between groups on each
day, and the relative exercise-induced alterations for each
group. Individual ROIs were assessed by extracting the
mean BOLD signal from each subject’s contrast map for
each day in the MarsBaR 0.44 toolbox (Brett et al.,
2002). MarsBaR outputs for ROIs generated from the
voxel-wise ANOVA between the HC, GWI and ME/CFS
groups described above were compared by Tukey’s
Honest Significant Difference (HSD < 0.05). HSDs by def-
inition could not be reported for the MarsBaR outputs of
ROIs yielded from t-tests. Post hoc analyses were not
performed to identify additional clusters of presumed sig-
nificance (‘double dipping’) (Kriegeskorte et al., 2009;
Vul et al., 2009; Button, 2019) but rather used for hy-
pothesis generation and sample size estimation in this
novel data set. Similar methodologies were recently
employed to distinguish between autonomic subtypes of
GWI using fMRI (Washington et al., 2020).

Effect sizes for whole brain comparisons were estimated
for pairs of groups in NeuroPowerTools (Durnez et al.,
2016) using Random Field Theory, cluster forming
threshold P=0.001, smoothness of 6 mm full width half
maximum (FWHM), voxel sizes of 2 x 2 x 2 mm?, and
80% power. Outputs were the total sample sizes for fu-
ture studies and peak lists of voxels that were significant-
ly different across the various contrasts. In addition, the
MarsBaR data were used to calculate Hedges’ g (Hedges,
1981) for every pair of groups on the pre-exercise and
post-exercise days on the Social Science Statistics website
(Stangroom, 2019). Cohen’s d was calculated for within
group differences between the pre- and post-exercise
scans (Cohen, 1988).
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The location of each ROI was determined using a custom
MATLAB script that employed SPM and xjView 9.6
(http://www.alivelearn.net/xjview/) functions with mapping
to the Automated Anatomical Labelling atlas (Tzourio-
Mazoyer et al., 2002). Cerebellar regions were confirmed
in the SUIT spatially unbiased atlas template
(Diedrichsen, 2006; Diedrichsen et al., 2009). Specific nu-
clei in the midbrain and brainstem were assessed using
the Harvard Ascending Arousal Network (AAN) (Edlow
et al., 2012) atlas in the Lead DBS software package
(Horn and Kuhn, 2015; Horn et al., 2019). Cross-refer-
encing regions defined in different atlases that were based
on anatomy, resting state and task related BOLD activa-
tion patterns, and functional connectivity was necessary
to overcome problems of concordance between atlases
created by diverse parcellation schemes (Bohland et al.,
2009; Arslan et al., 2018). Each ROI was depicted by sa-
gittal (x-axis), coronal (y-axis) and axial (z-axis) views
through the voxel with the highest magnitude BOLD
signal.

Data are available from the authors upon request and
will be uploaded to OpenfMRI and/or the Boston
Biorepository, Recruitment, and Integrative Network

(BBRAIN) for GWL

Results

Subject demographics are summarized in Table 1. Mean *
95% CI that were significantly different from the other
two groups were determined by ANOVA and Tukey
HSD < 0.05 (*) or Fisher Exact Tests (TP <0.0001). As
anticipated from the demographics of each disease, the
ME/CFS group (N=38) had more females than the HC
(N=31) and GWI (N=80) groups. Measures of symp-
toms and disability were more severe in ME/CFS and GW1I
than HC, and indicated significant pain, tenderness (sys-
temic hyperalgesia by dolorimetry), fatigue and disruption
of quality of life. Due to potential gender differences, all
SPM contrasts included age and gender as co-variates.
PTSD and depression were more prevalent in GWI. PTSD
subjects did not have derealization or depersonalization of
the dissociative subtype (Harricharan et al., 2016).

General patterns of BOLD activation for the 2-Back > 0-
Back condition after corrections for age and gender were
similar between HC, ME/CFS and GWI groups before
and after exercise, and showed activation of frontal
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parietal executive control regions as anticipated for this
working memory task (Fig. 1).

The voxel-wise paired t-tests paired comparisons yielded
no significant cluster-level pre- versus post-exertional dif-
ferences in either the HC or ME/CFS groups. However,
the pre-exercise > post-exercise contrast in GWI yielded
an ROI (cluster-level: P=0.00013, FWE; ky=396)
located in the cerebellum (Fig. 2). The post-exercise >
pre-exercise contrast in GWI yielded no significant clus-
ters. This cerebellar ROI was composed of 66% gray
matter (260/396), portions of which included right vermis
IX (51/396, 13%), left lobule IX (30/396, 8%), left lob-
ule IV/V (21/396, 5%), and right lobules I (21/396,
5%) and IV/V (20/396, 5%), per the Automated
Anatomical Labelling atlas. Exercise decreased activation
in this cerebellar ROI only in the GWI group. Before ex-
ercise, all three groups had equal levels of activation. The
large effect size of this paired comparison (Cohen’s
d=0.79) suggest a high likelihood of replicating this re-
sult in future studies.

The ANOVA comparing the groups for 2-Back > 0-Back
pre-exercise yielded no significant cluster-level group dif-
ferences. The ANOVA comparing the groups for 2-
Back > 0-Back post-exercise yielded three significant clus-
ters plus two trending clusters. Significant clusters
included left sensorimotor cortex (cluster level: P=0.004,
FWE; ky=180), left cuneus/precuneus (cluster level:
P=0.046, FWE; kg=109) and midbrain/isthmus (cluster
level: P=0.040, FWE; kE=113). Trending clusters
included right intraparietal sulcus (cluster level:
P=0.051, FWE; kg=106) and left Rolandic operculum
(cluster level: P=0.066, FWE; kg=99). ROI Analyses of
ROIs resulting from ANOVAs are reported in
Supplementary Figs 1-5).

Since voxel-wise ANOVAs provide no information
regarding specific group differences that resulted in clus-
ters (e.g. HC>ME/CFS or ME/CFS>GWI) nor the rela-
tive directions and magnitudes of these differences, we
performed additional voxel-wise post hoc comparisons
between the HC, GWI and ME/CFS groups. These com-
parisons generated several ROIs, which form the bases of
our results going forward. We will describe these ROIs
here based on their voxel counts (kg) and regional com-
position percentages. In subsequent sections, we discuss
their statistical significance and contextualize them based
on whether exercise caused regional activation to de-
crease in GWI or increase in ME/CEFS.

Post hoc voxel-wise two-sample #-test comparisons of 2-
Back > 0-Back contrasts revealed significant effects of
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Healthy control ME/CFS GWI
N 31 38 80
Age 432 +58 47.7 = 4.1 469 = 1.6
% Male 61.30% 29.0%" 77.50%
BMI 283 * 1.6 262+ 1.7 296 = 1.2
McGill pain score 33+ 210% 135+34 237 =20
Dolorimetry (kg) 6.1 = 0.6* 38+05 3.6 04
Chalder fatigue 12.3 = 1.9% 23.0*20 253 % 1.1
History of PTSD (%)" 9.7% 15.8% 45.0%
Major depression by PRIMEMD (%) 0% 18.2% 50.0%
CFS symptom severity
Fatigue 1.3 = |.6*% 34+03 35*02
Memory and concentration 1.2 = 0.4* 29+03 3.1 =02
Sore throat 03=x0.l1 1.0£03 1.4+03
Sore lymph nodes 0.1 0.1 1.0 £03 1.5 03
Muscle pain 0.6 = 0.3* 25+04 3.1 02
Joint pain 0.8 = 0.4* 1.8+ 0.5 3202
Headaches 1.0 £ 0.4* 2004 27 =03
Sleep 1.7 = 0.5*% 3203 35*02
Exertional exhaustion 0.6 = 0.4* 35x03 34+02
SF-36
Physical functioning 85.2 = 8.5%* 459 = 85 464 =53
Role-physical 80.0 = 13.0% 9.5+ 8.0 94*+54
Bodily pain 829 + 7.1* 46.6 + 8.6 293 =39
General health 69.8 = 8.0* 347 £ 75 263 =42
Vitality 60.2 = 7.3% 18.9 = 5.1 16.8 = 3.4
Social functioning 80.0 = 8.8* 324 +87 304 £ 53
Role-emotional 86.7 = 10.9 694 £ 142 30.3 * 84*
Mental health 73.6 =59 677 =54 54.3 + 4.9*

Questionnaire scores were significantly different between SC, CFS and GWI by ANOVA followed bys Tukey Honest Significant Difference (*P < 0.05) to correct for multiple com-
parisons. Self-reported history of PTSD and risk of major depression were higher in GWI (P < 0.05 by Fishers Exact Test for 2 x 3 contingency tables).

exercise in the HC, GWI and ME/CFS groups. There were
no differences between the three groups before exercise ex-
cept GWI>ME/CFS. Before exercise, GWI>ME/CFS
yielded an ROI (kg=274) located in the right angular
gyrus (243/274 voxels, 89%) and inferior parietal lobule
(24/274, 9%). After exercise, GWI>ME/CES yielded no
significant clusters, but ME/CFS>GWI vyielded four. The
first of these four ROIs (kg =269) was located in the right
superior (165/269 voxels, 61%) and inferior (34/269,
13%) parietal lobules, and extended to the precuneus (32/
269, 12%) and angular gyrus (18/269, 7%). The second
of these (kg=141) was located in the dorsal midbrain.
The third of these ROIs (kg =489) was located in the right
middle insula (95/489, 19%), putamen (95/489, 19%),
temporal pole (69/489, 14%), Rolandic operculum (40/
489, 8%), superior temporal gyrus (34/489, 7%) and
amygdala (24/489, 5%). The last of these four ROIs
(kg=273) was located in the left Rolandic operculum
(136/273 voxels, 50%) and posterior insula (131/273,
48%). After exercise, ME/CFS>HC yielded an ROI
(kg =373) in the left Rolandic operculum (192/373 voxels,
51%), posterior insula (103/373, 28%) and superior tem-
poral gyrus (26/373, 7%). Respectively, these ROIs will
hereafter be referred to as (i) right angular gyrus, (ii) right
intraparietal sulcus, (iii) midbrain, (iv) right middle insula,
(v) 273-voxel Rolandic operculum and (vi) 373-voxel
Rolandic  operculum. With the exception of the

sensorimotor cortex ROI, all of the ROIs resulting from
the post-exercise ANOVA have close spatial correspond-
ence with these post hoc ROIls, and their degree of overlap
is described below.

Some of the significant, cluster-level differences between
the ME/CFS and GWI groups emerge due to post-exercise
reductions in BOLD activation in the GWI group. ROIs
conforming to this activation pattern are summarized
below.

The right angular gyrus (cluster-level: P=0.0039,
FWE; kg=274) was the only ROI to have significantly
different activation between ME/CFS and GWI before
exercise (Fig. 3). Specifically, BOLD signal was greater
in GWI than ME/CFS before exercise. Exercise
decreased the activation in GWI (paired t-test:
P=0.036) but had no significant effect on ME/CFS.
However, effect sizes were small (Hedges’ g<0.40),
suggesting that these differences may be difficult to rep-
licate in future studies.

The GWI group had significantly less activation in the
right intraparietal sulcus ROI (cluster-level: P=0.0022,
FWE; kg=269) than the ME/CFS group after exercise
(Fig. 4). Neither GWI nor ME/CFS showed significant,
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Figure | Cortical BOLD activation for 2-Back > 0-Back. Frontal parietal executive control network regions were activated in the HC,

GWI and ME/CFS groups during the pre-exertion and post-exertion scans.

pair-wise differences in activation (ABOLD) after exercise.
Thus, these differences likely emerged due to relatively
small post-exertional increases and decreases in ME/CFS
and GWI BOLD activity, respectively. However, effect
sizes were large (Hedges’ g=0.87), suggesting that these
differences are likely to be replicated in future studies.
There was a complete overlap between voxels in this
ROI and the right intraparietal sulcus ROI resulting from
the ANOVA trend, such that all voxels in the latter were
contained within the former. Both ROIs overlapped with
the precuneus default mode network node as defined by
Shirer e al. (2012). Neither of the right intraparietal sul-
cus ROIs overlapped with the right angular gyrus ROL.
The midbrain ROI (cluster-level: P=0.047, FWE;
kg=141) had significantly less activation in the GWI
than in the ME/CFS group after exercise (Fig. 3).
Exercise caused changes in opposite directions, with

deactivation for GWI (paired #test: P=0.018) yet
increased activation for ME/CFS (paired t-test:
P=0.041). The large effect size (Hedges’ g=0.69) sug-
gests that these differences are likely to be replicated in
future studies. Per the Harvard Ascending Arousal Atlas,
the rostral end of the midbrain ROI extended from the
dorsal midbrain in the periaqueductal gray (PAG) (21/
141 voxels, 15%), through the adjacent right midbrain
reticular formation (11/141, 8%), and caudally to the
right pendunculotegmental (formerly pedunculopontine,
PPN) nucleus (5/141 voxels, 4%) of the isthmus of the
rostral hindbrain. Based on ROIs derived by downsam-
pling from the high-resolution Sitek-Gulban Atlas (Sitek
et al., 2019), this midbrain ROI also engulfs 23% (3/13)
of left and 43% (6/14) of right inferior colliculus. The
ROI did not extend to the ventral midbrain or pontine
nuclei.
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Figure 2 Cerebellum. A cerebellar ROl was identified by
contrasting pre-exercise > post-exercise activity derived from the
2-Back > 0-Back condition in the GWI group (cluster-level
P=0.0028, FWE, kg = 396). (A) Sagittal (top), coronal (middle) and
transverse (bottom) slices of an MNI-standard brain, where
crosshairs indicate the cluster’s most active voxel (10, —44, -22).
(B) BOLD response for the 2-Back > 0-Back condition (mean *
SEM) are shown for pre-exercise (top) and post-exercise (middle).
ABOLD (bottom) is the post-minus pre-exercise BOLD response
for the 2-Back > 0-Back condition for the control (black bars),
GWI (white bars) and ME/CFS (grey bars). Error bars represent
95% Cl.

Other significant cluster-level differences between the HC,
GWI and ME/CFS groups emerge due to post-exercise
increases in BOLD activation in the ME/CFS group. In
general, these ROIs reside in operculo-insular cortex and
are characterized by deactivation for the 2-Back > 0-Back
condition across the HC, GWI and ME/CFS groups be-
fore exercise. This deactivation persists after exercise for
the HC and GWI groups but not the ME/CFS group,
which either activates or simply fails to deactivate.

The right middle insula ROI  (cluster-level:
P=0.000030, FWE; kg=489) was deactivated in the
HC, GWI and ME/CFS groups before exercise but had
significantly higher activity in the ME/CFES group than in
GWI following exercise (Fig. 6). Specifically, exercise

S. D. Washington et al.
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Figure 3 Right angular gyrus. This ROl was identified by
contrasting GWI>ME/CFS group BOLD activity derived from the
2-Back > 0-Back condition elicited before exercise (cluster-level
P=0.0039, FWE; kg = 274). (A) Sagittal (top), coronal (middle) and
transverse (bottom) slices of an MNI-standard brain, where
crosshairs indicate the cluster’s most active voxel (42, —52, 32).
(B) BOLD response for the 2-Back > 0-Back condition (mean *
SEM) are shown for pre-exercise (top) and post-exercise (middle).
ABOLD (bottom) is the post-minus pre-exercise BOLD response
for the 2-Back > 0-Back condition for the control (black bars),
GWI (white bars) and ME/CFS (grey bars). Error bars represent
95% Cl.

caused a significant increase in BOLD signal only for the
ME/CEFES group (paired t-test: P=0.02). Exercise had no
effect on GWI or HC. The difference between ME/CFS
and GWI in the right middle insula ROI following exer-
cise had a large effect size (Hedges’ g=0.73), suggesting
that these differences are likely to be replicated in future
studies.

Similarly, in the left 273-voxel Rolandic operculum
ROI (cluster-level: P=0.002, FWE; kg=273), all three
groups were deactivated before exercise but the ME/CFS
group had significantly higher activity than GWI after ex-
ercise (Fig. 7). Here, exercise caused BOLD signal in the
ME/CES group to remain at baseline levels (paired #-test:
P =0.0039) while affecting no change on the deactivation
patterns observed before exercise in HC or GWI. These
differences are likely to be replicated in future studies,
due to the large effect size (Hedges’ g=0.69).
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Figure 4 Right intraparietal sulcus. This ROl was identified by
contrasting ME/CFS>GWI group BOLD activity derived from the
2-Back > 0-Back condition elicited after exercise (cluster-level
P=0.0022, FWE; kg = 269). (A) Sagittal (top), coronal (middle) and
transverse (bottom) slices of an MNI-standard brain, where
crosshairs indicate the cluster’s most active voxel (28, —56, 50). (B)
BOLD response for the 2-Back > 0-Back condition (mean = SEM)
are shown for pre-exercise (top) and post-exercise (middle).
ABOLD (bottom) is the post-minus pre-exercise BOLD response
for the 2-Back > 0-Back condition for the control (black bars),
GWI (white bars) and ME/CFS (grey bars). Error bars represent
95% Cl.

This pattern was again observed in the left 373-voxel
Rolandic operculum ROI (cluster-level: P =0.00021,
FWE; kg=373). Before exercise, HC, GWI and ME/CFS
showed deactivation in this ROIL Exercise caused BOLD
signal in the ME/CFS group to remain at baseline (paired
t-test: P=0.0088), while having no significant effects on
the deactivation patterns in HC and GWI in this region
(Fig. 8). The effect size was very large (Hedges’ g=1.05),
suggesting a high likelihood for replicating this result in
future studies.

There was an overlap between the 273- and 373-voxel
Rolandic operculum ROIs, such that 45% (124/273) of
voxels in the former corresponded to 33% (124/373) in
the latter. The Rolandic operculum ROI resulting from a
trend in the post-exercise ANOVA (kg=99) overlapped
95% (94/99) and 94% (93/99) with the 273- and 373-
voxel Rolandic operculum ROIs (Fig. 9).
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Figure 5 Midbrain. The midbrain ROl identified by contrasting
ME/CFS>GWI group BOLD activity derived from the 2-Back > 0-
Back condition elicited after exercise (cluster-level P =0.047, FWE;
ke = 141). (A) Sagittal (top), coronal (middle) and transverse
(bottom) slices of an MNI-standard brain, where crosshairs indicate
the cluster’s most active voxel (6, —32, —10). (B) BOLD response
for the 2-Back > 0-Back condition (mean * SEM) are shown for
pre-exercise (top) and post-exercise (middle). ABOLD (bottom) is
the post-minus pre-exercise BOLD response for the 2-Back > 0-
Back condition for the control (black bars), GWI (white bars) and
ME/CFS (grey bars). Error bars represent 95% CI.

Discussion

The general patterns of bilateral frontal parietal executive
control network and dorsal attention network activation
during the 2-Back >0-Back condition were similar pre-
and post-exercise, between groups, and conformed to pre-
viously described patterns for working memory and N-
Back testing (Owen et al., 2005; Rottschy et al., 2012;
Caseras et al., 2013).

Working memory involves processes of storage to ac-
tively maintain representations in memory and filtering to
inhibit irrelevant information from entering storage. In
young adults (mean age 25.7 years), storage of informa-
tion was mediated by the neuronal network of the bilat-
eral posterior parietal cortex, left ventromedial prefrontal
cortex and right precuneus (Vellage et al., 2016).
Filtering involved regions in the bilateral anterior insulae,
right brainstem and right cerebellum. An older group
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Figure 6 Right middle insula. This ROl was identified by
contrasting ME/CFS>GWI group BOLD activity derived from the
2-Back > 0-Back condition elicited after exercise (cluster-level

P =0.000030, FWE; kg = 489). (A) Sagittal (top), coronal (middle),
and transverse (bottom) slices of an MNI-standard brain, where
crosshairs indicate the cluster’s most active voxel (48, 6, 4).

(B) BOLD response for the 2-Back > 0-Back condition (mean *+
SEM) are shown for pre-exercise (top) and post-exercise (middle).
ABOLD (bottom) is the post-minus pre-exercise BOLD response
for the 2-Back > 0-Back condition for the control (black bars),
GWI (white bars) and ME/CFS (grey bars). Error bars represent
95% CI.

(mean age 65.8 years) augmented the filtering process by
recruiting additional bilateral anterior insulae regions,
right precuneus and bilateral ventromedial prefrontal cor-
tex. Their storage network was expanded by the recruit-
ment of portions of the bilateral ventral prefrontal
cortex, the superior, middle and inferior temporal cortex,
left cingulum and bilateral parahippocampal cortex. The
ME/CFS and GWI groups did not expand their utilization
of these regions during their N-Back testing after exercise
suggesting that they did not have significant dysfunction
with filtering and storage activities.

The only ROI that was significantly different between
groups before exercise was the right angular gyrus, where
GWI had a greater activation than ME/CFS. This region
registers task history and uses the information for re-
orientation to update and shift attention to relevant stim-
uli such as the sequences of letters viewed in the N-Back

S. D. Washington et al.
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Figure 7 Left Rolandic operculum (kg = 273). This ROl was
identified by contrasting ME/CFS>GWI group BOLD activity
derived from the 2-Back > 0-Back condition elicited after exercise
(cluster-level P=0.0020, FWE; kg = 273). (A) Sagittal (top),
coronal (middle), and transverse (bottom) slices of an MNI-
standard brain, where crosshairs indicate the cluster’s most active
voxel (—42, — 14, 16). (B) BOLD response for the 2-Back > 0-Back
condition (mean = SEM) are shown for pre-exercise (top) and
post-exercise (middle). ABOLD (bottom) is the post- minus pre-
exercise BOLD response for the 2-Back > 0-Back condition for the
control (black bars), GWI (white bars) and ME/CFS (grey bars).
Error bars represent 95% ClI.

tasks (Taylor et al., 2011; Seghier, 2013). The right an-
gular gyrus may have editing functions, because it was
strongly involved during the inhibition of inappropriate
responses in a variety of go/no-go tasks (Nee et al.,
2007).

Exercise had been predicted to improve executive func-
tion based on studies in healthy humans, where activa-
tion of the dorsolateral prefrontal cortex led to active
suppression of attention directed towards previously
acquired information, mental representations and tasks.
The inhibition of task-irrelevant information (cognitive in-
hibition) allows new tasks to be performed with greater
efficiency (Corbetta and Shulman, 2002; Chang et al.,
2012; Ludyga et al., 2016). Dorsolateral frontal regions
were not differentially activated in the ME/CFS or GWI
groups in this study, suggesting that mechanism(s) of cog-
nitive inhibition were intact in all subjects.
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Figure 8 Left Rolandic operculum (kg = 373). The larger left
Rolandic operculum ROI was identified by contrasting ME/
CFS>HC group BOLD activity derived from the 2-Back > 0-Back
condition elicited after exercise (cluster-level P=0.00021, FWE; kg
= 373). (A\) Sagittal (top), coronal (middle), and transverse
(bottom) slices of an MNI-standard brain, where crosshairs indicate
the cluster’s most active voxel (—42, —6, 12). (B) BOLD response
for the 2-Back > 0-Back condition (mean = SEM) are shown for
pre-exercise (top) and post-exercise (middle). ABOLD (bottom) is
the post-minus pre-exercise BOLD response for the 2-Back > 0-
Back condition for the control (black bars), GWI (white bars) and
ME/CFS (grey bars). Error bars represent 95% CI.

Post-exertional dysfunction of the dorsal attention net-
work (Corbetta and Shulman, 2002) was inferred for
GWI because of the decreased activation in the right
intraparietal sulcus after exercise relative to HC and ME/
CFS subjects. This ROI is required for maintaining atten-
tion to salient cues for task completion (Majerus et al.,
2012), suggesting that exercise reduced the attention
needed to perform the task. The reduction in concentra-
tion or focus following exercise may be a cognitive com-
ponent of post-exertional malaise in GWI. However,
caution is required to avoid false positive claims because
slight shifts in the BOLD signals for GWI versus ME/CFS
may have led to the apparent statistical significance found
after exercise.

Anxious individuals have excessive activation of the
left, but not the right, posterior parietal cortex, inferior
parietal lobule and intraparietal sulcus during a working

BRAIN COMMUNICATIONS 2020: Page 11 of 16 | 11

R Middle Insula (M

Figure 9 Overlap of operculo-insular ROls. Operculo-insular
cortical regions with elevated activity after exercise in ME/CFS.
Three overlapping regions of the left Rolandic operculum and right
posterior to middle insula were identified via ANOVA between
HC, GWI and ME/CFS (red/brown, P =0.066, FWE; kg = 99) as
well as post hoc contrasts between CFS > HC (cyan; P=0.00021,
FWE; ke = 373) and CFS > GWI (yellow; P=0.0020, FWE;

ke =273). The CFS > GWI contrast also revealed a significant right
middle insula ROI (magenta, P=0.000030, FWE; ke = 489).

memory task using Eckman faces (Ekman, 1993) as dis-
tractors (Stout et al., 2017). The activation was associ-
ated with misallocation of working memory resources,
dispositional anxiety and perceived threat. These dysfunc-
tional effects were unlikely to contribute to the cognitive
aspects of exertional exhaustion in GWI subjects because
they had relative deactivation of the left cuneus/precuneus
and right intraparietal sulcus regions after exercise, or in
ME/CFS who had right parietal alterations. Left parietal
regions were differentially activated in GWI veterans dur-
ing the Stroop test (Wylie et al., 2019).

Exercise had two predominant effects on brain activity
in neural substrates of working memory and cognitive
function. In GWI, exercise caused a reduction in BOLD
signal in the posterior midbrain, but in ME/CEFS it caused
an increase in operculo-insular cortical activation.

Exercise either increased activation or deterred deactiva-
tion of BOLD signal in the right middle insula and left
Rolandic operculum during the cognitive task in the ME/
CFS group. This activity may be interpreted as a compo-
nent of post-exertional malaise with increased perception
of bodily discomfort while attempting to maintain atten-
tion during the 2-Back cognitive challenge. The right mid-
dle insula is a
interoceptive sensation for modalities such as pain, tem-

somatosensory homunculus  for

perature, forced respiration, isometric exercise, itching
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after cutaneous histamine injection, heart rate awareness
and distension of the oesophagus, stomach, bladder and
rectum (Craig, 2002; Ronchi et al., 2015; Schulz, 2016;
Avery et al., 2017; Evrard, 2019). This region has
increased connectivity to the right middle and posterior
cingulate cortex in fibromyalgia suggesting involvement
in chronic pain (Ichesco et al., 2014). Conversely, left in-
sula activation has been linked to anxiety (Caseras et al.,
2013).

The Rolandic operculum corresponds to the junction of
the posterior insula, inferior frontal sulcus, and the infer-
ior precentral sulcus. The inferior frontal junction is
involved in maintenance of vigilant attention during sim-
ple tasks such as the stimulus-response 0-Back task and
discrimination tasks that require continuous decisions
about alternative responses (e.g. go vs. no-go tasks)
(Langner and Eickhoff, 2013). The left inferior frontal
junction is dominant for implementing rules for mapping
connections between target stimuli and motor responses
in discrimination tasks (Hartstra et al., 2010), and for
preparing responses to stimuli that are viewed at regular
intervals (i.e. fixed as opposed to unpredictable temporal
event sequences). Activation may indicate covert or overt
verbal rehearsal (Friederici, 2002) as suggested from stud-
ies of patients with brain deficits (Alexander et al.,
2005). For comparison, the right inferior frontal junction
may sustain continuous sensorimotor responses during
tasks, and may be vigilant for infrequent but action-rele-
vant signals as part of the right hemisphere ventral atten-
tion network (Kucyi et al, 2012). Alternatively, this
region may correspond to the posterior insula node in a
posterior salience network identified during task (Shirer
et al., 2012). The bilateral Rolandic operculum integrates
exteroceptive and interoceptive signals that are necessary
for bodily self-consciousness and interoceptive awareness
as in thermal pain and heartbeat awareness (Wager
et al., 2013; Blefari et al., 2017).

Prior to exercise, BOLD signal in the left Rolandic
operculum was negative for the 2-Back > 0-Back condi-
tion suggesting that all groups had greater activation dur-
ing the 0-Back task that became relatively reduced during
the more demanding 2-Back task. One explanation is
that the perceptions of interoceptive awareness became
inhibited during the 2-Back task when cognitive resources
were needed for concentration and working memory, and
distractions had to be inhibited. The same level of rela-
tive deactivation was maintained after exercise in the HC
and GWI groups. However, in ME/CFS, exertion caused
the BOLD signal to remain at baseline, suggesting relative
equivalence of activation during the 0-Back and 2-Back
tasks. This lack of deactivation may indicate distraction
with an elevation of interoceptive and nociceptive aware-
ness during the 2-Back task, selective recruitment of the
left Rolandic operculum to maintain vigilant attention as
a component of cognitive compensation, or exercise-
induced loss of some regulatory function that is required
to suppress insular activity during the 2-Back task.

S. D. Washington et al.

The midbrain ROI has special implications for pain,
negative emotion and neurobehavioural dysfunction in
ME/CFS and GWI. Recent studies of brain development
and prosomeric genoarchitectonics have led to new per-
spectives into the origins and nomenclature of midbrain
and hindbrain structures that have been embraced by the
2017 Terminological Neuroanatomica of the Federative
International Programme for Anatomical Terminology
(Anatomists; Puelles, 2016, 2019; Watson et al., 2019).
The diencephalon forms in response to dorsal-ventral
gradients of Pax6 and Otx2. Otx2 directs formation of
the midbrain with its widened dorsal but narrow ventral
aspect and oculomotor nuclei. The isthmus of the rostral
hindbrain forms in response to the dorsal-ventral gradient
of Gbx2. The vermis and hemispheres of the cerebellum
develop from the dorsal isthmus (isthmocerebellar hind-
brain). Embryonic cells in the border of the midbrain and
isthmus release Fgf8 that diffuses to form gradients in
rostral and caudal directions (Harada et al., 2016). These
growth factors may imprint gene expression making the
dorsal midbrain susceptible to as yet uncharacterized
toxic molecular injuries that lead to distinct deficits or
neurobehavioural patterns in GWI and ME/CFS.

The rostral part of the midbrain ROI intersected with
Ascending Arousal Network nuclei that were based on
histological sections and diffusion studies of white matter
tracts (Edlow et al., 2012). The ROI extended from the
left to right periaqueductal gray (PAG) and to the adja-
cent right midbrain reticular formation, inferior colliculus
and lateral lemniscus. It continued caudally to the right
lateral isthmus. These nuclei have particular relevance to
ME/CFES and GWI.

The PAG is a profuse plexus of small and medium
sized neurons and largely unmyelinated fibres. It has sub-
divisions with distinct connectivity for pain modulation,
interoception (e.g. dyspnoea) and executive functions
(Coulombe et al., 2016; Faull and Pattinson, 2017). Its
dorsal columns convey efferent axons from the ‘medial
defense zone’ made up of premammillary nuclei, amyg-
dala, stria terminalis, hippocampus and lateral septum
(Canteras, 2002) that has been implicated in survival,
threat analysis, flight responses, and models of anxiety,
panic disorder and rumination (Blanchard ez al., 2011;
Blanchard, 2017). These are instinctive behavioural and
social reactions that drive emotional experience and
physiology in response to threats, and provide motiva-
tions for hunting, foraging, sexual and maternal actions.
The PAG processes and integrates pain, negative emo-
tions and autonomic control (Kober e al., 2008; Wager
et al., 2009; Linnman et al., 2012; Buhle et al., 2013;
Harricharan et al., 2016), and mediates vigilance, arousal
and life and death decisions about imminent predator—
prey interactions. Studies in rodents highlight the role of
the rostrolateral PAG in hunting behaviours, and func-
tional differences along dorsal-ventral and rostral-caudal
axes associated with defensive behaviours (Franklin,
2019). Predator-like behavioural responses lead to social
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superiority displays or attacks on edible prey. Prey-like
behaviours include danger detection (i.e. risk assessment)
and contemplation of escape strategies. Detection of a
threat activates the PAG and midbrain reticular formation
and causes a transition from relaxed wakefulness to high
general attention (Kinomura et al., 1996) that allows for
focused interrogation of threats (e.g. freezing in place)
and the proximity of danger (Mobbs et al., 2007).
Dorsolateral and lateral PAG subdivisions activate the
sympathetic nervous system, causing hyperarousal symp-
toms and switching to task preparation and execution.
The PAG stimulates descending anti-nociceptive pathways
to induce systemic analgesia (Heinricher et al., 2009).
Dysfunction of the PAG may contribute to diverse dele-
terious effects in anxiety, PTSD (Harricharan et al.,
2016), chronic pain (La Cesa et al., 2014) and autonomic
disorders (Naegeli et al., 2018).

The inferior colliculus is the target of the ascending
auditory (lateral lemniscus) and somatosensory pathways
from the pons and medulla. This information is then inte-
grated and relayed to the superior colliculus, pretectum
and medial geniculate body of the thalamus. Stimulation
leads to hyperarousal and aversive behaviours such as the
startle response (Brandao et al., 1993; Heeringa and van
Dijk, 2016; Xiong et al, 2017) that is accentuated in
ME/CFS, GWI and PTSD (Orr et al., 1995).

The midbrain reticular formation is adjacent to spino-
thalamic, trigeminothalamic and medial lemniscus path-
ways. It extends caudally into the isthmus as the
cuneiform area. In humans, it is activated during the
transition from a relaxed awake state to an attention-
demanding state during reaction-time tasks (Kinomura
et al., 1996). Normal inter-subject variations in T1wSE
(myelin and/or iron) in the cuneiform nucleus yielded ab-
normal correlations with an autonomic measure in ME/
CFS suggesting impaired communication with medulla,
hypothalamus and other nuclei in the central autonomic
network (Barnden et al., 2016). Impaired connectivity be-
tween medulla and midbrain reticular formation nuclei
was recently confirmed in ME/CFS (Barnden et al.,
2019).

This pioneer study was built from numerous stratified
statistical contrasts between groups and pre- versus post-
exercise scans in order to discover the range of ROIs
involved in cognition that were affected by exercise.
Multiple comparisons were controlled by statistical mod-
elling in SPM12, P<0.05 FWE and post hoc evaluation
of significant ANOVAs using Tukey’s HSD without re-
testing the same statistic twice (‘double dipping’)
(Kriegeskorte et al., 2009; Button, 2019). Values for
BOLD signals in each ROI and individual were extracted
to calculate effect sizes that could be used to estimate
sample sizes for future replication studies. Future studies
on smaller groups of subjects (Smith and Little, 2018)
may still be of value if their results are compiled with
additional published data and analysed by Bayesian
hypotheses or using a meta-analytical strategy (Ellis,

BRAIN COMMUNICATIONS 2020: Page 13 of 16 | 13

2010). Effects sizes were independently analysed by
NeuroPowerTools. Sample size estimates were in the
134-157 range for the various ROIs. These sizes trans-
lated to Cohen’s d of about 0.4 for equal groups sizes,
power of 80% and P=0.05. These effect sizes are useful
for the continuous N-Back task, but may not be predict-
ive for Stroop or other cognitive tasks that interrogate
other properties of working memory and cognition in
ME/CFS (Shan ez al., 2018).

The predominance of females in ME/CFS and males in
GWI may have contributed to differences in BOLD acti-
vation during the working memory task based on a
meta-analysis in BrainMap (Hill et al., 2014). This could
account for the higher activation of the right angular
gyrus before exercise in GWI compared to ME/CFS be-
cause males utilize a network with more parietal regions.
However, regions that were different between ME/CFS
and GWI following exercise were not identified in that
meta-analysis, and so the post-exertional effects were un-
likely to be attributed to gender. In addition, age and
gender were included in the statistical modelling.

Limitations to this study include the need to correct for
motion artefacts related to cardiac and respiratory pulsa-
tions (Linnman et al., 2012; Buhle et al., 2013; Terem
et al., 2018; VanElzakker et al., 2019). Future studies
should include heart rate and respiratory rate monitors
and processing to reduce the motion artefacts induced by
arterial pulsations in the Circle of Willis and vertebro-
basal arteries, and changes in venous engorgement related
to the positive and negative intrapulmonary pressures
during breathing.

This study has several clinical implications. The em-
bryological origins of midbrain, isthmus and cerebellar
vermis and hemispheres makes it possible these this brain
region have unique gene expression that may allow sus-
ceptibility to neurotoxic agents such as those used in the
Gulf War. The Illrd nerve and Edinger—Westphal nucleus
are ventral to the midbrain ROIL If dysfunctional, then
detailed physical examination of ocular reflexes may pro-
vide physical signs for diagnosis of GWI or ME/CFS.
This is predicted based on the difficulties with accommo-
dation and blurring that are complaints in both diseases.

The right angular gyrus was the only region to show a
difference in activation during the cognitive task prior to
the exertional provocation. HC, ME/CFS and GWI
responses were equivalent for all other whole brain and
specific ROI contrasts suggesting comparable cognitive
function at baseline.

Exercise caused significant changes based on the gen-
eral trend of incrementally increased BOLD activation be-
tween the pre- and post-exercise scans in ME/CFS, but
decreased activation in GWI. Effect sizes were calculated
to plan future investigations of these ROIs using this
MRI/continuous N-Back/exercise paradigm. This post-
exertional dichotomy suggested that midbrain, insula, and
executive systems were dysfunctional in GWI and ME/
CFS, but that each disease had distinct responses to
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exertion. The high prevalences of PTSD and depressive
symptoms in GWI may also have contributed to the op-
posite trends for midbrain activation after exercise in
ME/CFS and GWI. Diverse pathophysiological neuromo-
lecular mechanisms may be implicated such as microglial
activation (gliosis) and ‘neuroinflammation’, synaptic
neurotransmitter plasticity, intracellular signalling systems,
regulatory interneuron circuits or modulation of myelin-
ation (Barnden et al., 2016, 2018, 2019). If confirmed,
then deep brain stimulation of the midbrain, or transcra-
nial direct current stimulation or magnetic stimulation of
cerebral cortical regions may be considered as therapeutic
options for ME/CFS and GWI in the future.
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