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Abstract

Background: Previous neuroimaging studies have detected markers of neuroinflammation in
patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS). Magnetic
Resonance Spectroscopy (MRS) is suitable for measuring brain metabolites linked to
inflammation, but has only been applied to discrete regions of interest in ME/CFS. We extended
the MRS analysis of ME/CFS by capturing multi-voxel information across the entire brain.
Additionally, we tested whether MRS-derived brain temperature is elevated in ME/CFS patients.

Methods: Fifteen women with ME/CFS and 15 age- and gender-matched healthy controls
completed fatigue and mood symptom questionnaires and whole-brain echo-planar spectroscopic
imaging (EPSI). Choline (CHO), myo-inositol (MI), lactate (LAC), and N-acetylaspartate (NAA)
were quantified in 47 regions, expressed as ratios over creatine (CR), and compared between
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ME/CFS patients and controls using independent-samples t-tests. Brain temperature was similarly
tested between groups.

Results: Significant between-group differences were detected in several regions, most notably
elevated CHO/CR in the left anterior cingulate (p < 0.001). Metabolite ratios in seven regions were
correlated with fatigue (v < 0.05). ME/CFS patients had increased temperature in the right insula,
putamen, frontal cortex, thalamus, and the cerebellum (all p < 0.05), which was not attributable to
increased body temperature or differences in cerebral perfusion. Brain temperature increases
converged with elevated LAC/CR in the right insula, right thalamus, and cerebellum (all p < 0.05).

Conclusions: We report metabolite and temperature abnormalities in ME/CFS patients in
widely distributed regions. Our findings may indicate that ME/CFS involves neuroinflammation.
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1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a heterogeneous and
multisystem disease characterized by profound recurring fatigue that is not alleviated by
rest. Individuals with ME/CFS also often experience widespread pain, profound malaise
after exertion, tender lymph nodes, and cognitive impairment (Fukuda et al., 1994).

The pathophysiology of ME/CFS is still uncertain, as dysregulations in several body systems
have been identified in the literature (Rimbaut, VVan Gutte, Van Brabander, & Vanden
Bossche, 2016). One hypothesis is that ME/CFS represents a state of chronic, low-level
neuroinflammation (Komaroff, 2017). The term “low-level” neuroinflammation is used here
to distinguish it from meningitis or encephalitis, or other medically emergent or
neurodegenerative conditions such as traumatic brain injury, stroke, and multiple sclerosis.
Many of the core ME/CFS symptoms are also seen in the classic sickness response that
results from the release of pro-inflammatory cytokines by microglia in the brain (McCusker
& Kelley, 2013; Poon, Ho, Chiu, Wong, & Chang, 2015). Moreover, several studies have
provided evidence of central inflammation in ME/CFS. Analyses of cerebrospinal fluid from
lumbar punctures have found elevated levels of pro-inflammatory cytokines, and decreased
anti-inflammatory cytokines, in ME/CFS patients (Hornig et al., 2017; Natelson, Weaver,
Tseng, & Ottenweller, 2005; Peterson et al., 2015). More directly, positron emission
tomography (PET) of the 18kDa translocator protein (TSPO) receptor has shown elevated
uptake in several cortical, subcortical, and brain stem regions in ME/CFS patients compared
to healthy controls (Nakatomi et al., 2014). Because TSPO binding is increased when
microglia are in a pro-inflammatory state, increased PET binding is used as a marker of
neuroinflammation (Alam, Lee, & Lee, 2017; Dupont et al., 2017).

Brain inflammation in ME/CFS has also been explored via magnetic resonance spectroscopy
(MRS). MRS can be used to measure the levels of several metabolites related to
neuroinflammation, including choline-containing compounds (CHO), myo-inositol (M),
lactate (LAC), and N-acetylaspartate (NAA). A few studies employing single-voxel MRS
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have identified metabolite abnormalities in the brains of individuals with ME/CFS. Increased
CHO has been reported in the occipital cortex (Puri et al., 2002), frontal white matter
(Tomoda et al., 2000), and basal ganglia (Chaudhuri, Condon, Gow, Brennan, & Hadley,
2003). Other studies have detected elevated LAC in the cerebral ventricles of ME/CFS
patients (Mathew et al., 2009; Murrough et al., 2010; Natelson, Mao, et al., 2017; Natelson,
Vu, et al., 2017; Shungu et al., 2012). Brooks and colleagues (2000) reported reduced levels
of the axonal marker NAA in the hippocampus of ME/CFS patients. The idea that MRS is
suitable for detecting inflammation-related changes in the brain is also supported by animal
studies demonstrating changes in MRS-derived metabolite concentrations following acute
administration of lipopolysaccharide — a known inflammatory stimulus (Moshkin et al.,
2014). MRS metabolites have also been used to monitor the progression of known
inflammatory disorders, such as multiple sclerosis (Kirov et al., 2017; Kocevar et al., 2018),
and have been shown to correlate with cerebrospinal fluid markers of inflammation
(Anderson et al., 2015) and with pathology in human and animal tissue samples (Bitsch et
al., 1999; Bjartmar, Battistuta, Terada, Dupree, & Trapp, 2002; Omori et al., 1997).

One limitation of previous ME/CFS studies employing MRS is that they have analyzed
small regions of the brain. Therefore, in this study, we proposed to extend the MRS analysis
of ME/CFS by capturing multi-voxel information across the entire brain. 3D echo-planar
spectroscopic imaging (EPSI) allows whole-brain imaging by obtaining metabolite spectra
and their spatial location in the brain simultaneously (Ebel & Maudsley, 2003). This
approach does not require a priori hypotheses regarding the location of pathology, and
allows information from multiple voxels to be averaged for increased confidence in
concentration estimates.

In addition to acquiring whole-brain MRS information, we attempted to extend previous
studies by adding a measure of brain temperature. Temperature is calculated from the
location of the temperature-variant water resonance peak relative to the Creatine (CR) peak,
which resonates at 3.0 ppm, regardless of temperature. Regional brain temperature has been
used as a proxy for measuring neuroinflammation, with the observation that microglia
activation can increase metabolic demands (Orihuela, McPherson, & Harry, 2016),
potentially leading to excess heat. Elevated brain temperature has been found in several
neuroinflammatory conditions (Karaszewski et al., 2013; Rumana, Gopinath, Uzura,
Valadka, & Robertson, 1998), but has not been tested in ME/CFS.

In this study, we utilized EPSI to acquire whole-brain metabolite levels and temperature in
individuals with ME/CFS and age-matched controls. To our knowledge, it is the first whole-
brain MRS study conducted in individuals with ME/CFS. We hypothesized that the ME/CFS
group would show elevated CHO, MI, LAC, higher brain temperature, and lower NAA than
the control group. Support for those hypotheses would be consistent with the presence of
brain inflammation in ME/CFS.
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2. Material and Methods

2.1 Participants

Potential participants were identified via the laboratory’s database of 1,200 individuals who
had expressed an interest in research participation, and screened for inclusion criteria by
members of the research team. Seventeen women with ME/CFS and 17 age-matched women
were invited to participate. In order to standardize diagnostic criteria and severity of the
condition in our sample, participants with ME/CFS had to meet the following inclusion
criteria: (i) age between 18-55 years; (ii) met Fukuda case definition criteria for ME/CFS
(Fukuda et al., 1994), without the Reeves et al. (2005) modifications but with additional
criteria proposed by Jason et al. (2010); and (iii) average self-reported daily fatigue rating of
> 6 on an 11-point scale. A physician diagnosis of ME/CFS was not required, due to the
variations in diagnostic criteria applied in clinical practice. Control participants were also
aged between 18-55 years, were matched within two years of participants with ME/CFS,
and reported average daily fatigue ratings of < 2 on an 11-point scale. Exclusion criteria for
both groups included: (i) MRI safety contraindications; (ii) diagnosed neurological, major
psychiatric, autoimmune, rheumatologic, or inflammatory disorders; (iii) psychostimulant or
opioid use; (iv) smoking; or (v) regular use of non-steroidal anti-inflammatory drugs
(NSAIDs; e.g. acetaminophen, ibuprofen, naproxen, aspirin). Although occasional use of
NSAIDs was permitted, participants were instructed not to use these within 24 hours of
participating in this study. All study procedures were approved by the Institutional Review
Board at the University of Alabama at Birmingham (UAB).

2.2 Study Protocol

On the day of the study, written consent was obtained from all participants before research
procedures were undertaken. Participants were then asked to complete questionnaires
(described below), and body temperature was measured in the left and right ear using Braun
Pro 4000 ThermoScan thermometer. Following MRI acquisition (approximately 45
minutes), body temperature measurements were repeated and participants were compensated
upon completion of the session.

2.3 Symptom Questionnaires

In order to assess the severity of symptoms associated with ME/CFS, the Fatigue Severity
Scale; FSS (Krupp, LaRocca, Muir-Nash, & Steinberg, 1989), and the Hospital Anxiety and
Depression Scale; HADS (Zigmond & Snaith, 1983) were administered. The FSS consists of
nine questions and uses a seven-point (1-7) Likert scale (ranging from strongly disagrees to
strongly agrees) and is designed to assess the connection between fatigue intensity and
functional disability. The HADS is divided into an Anxiety subscale (HADS-A) and a
Depression subscale (HADS-D), both containing seven items on a four-point (0-3) scale,
and was used to measure states of anxiety and depression.

2.4 Image Acquisition

Data were collected at the Civitan International Neuroimaging Laboratory at UAB, using a
3.0T Siemens Magnetom Prisma System (Siemens Medical Solutions, Erlangen, Germany)
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and a 20-channel head/neck coil. A T1-weighted image was acquired for segmentation and
anatomical reference using a magnetization prepared rapid gradient echo (MPRAGE)
sequence: repetition time (TR) = 2000 ms; echo time (TE) = 2.51 ms; flip angle = 8°; 208
slices; slice thickness = 0.9 mm; field of view (FOV) = 230 x 230 mm; matrix = 256 x 256;
acquisition time (TA) = 5 min; voxel resolution = 0.9 x 0.9 x 0.9 mm.

Whole-brain MRSI data were acquired using a 3D EPSI sequence (Ebel & Maudsley, 2003):
TR = 1550 ms; TE = 17.6 ms; lipid inversion nulling with inversion time (TI) = 198 ms;
spin-echo excitation with selection of a 135 mm axial slab covering the cerebrum; flip angle
=71°; FOV = 280 x 280 x 180 mm; matrix = 50 x 50 x 18; generalized autocalibrating
partially parallel acquisitions (GRAPPA) factor = 1.3; TA = 18 min; voxel resolution = 5.6 x
5.6 x 10 mm.

To characterize any differences in cerebral perfusion that may contribute to metabolic
abnormalities, a 2D arterial spin labeling (ASL) scan was acquired using a Proximal
Inversion with Control of Off-Resonance Effects (PICORE) labeling scheme: TR = 2500ms;
T E=16.18 ms; Tl = 1800 ms; 12 slices; FOV = 256 x 256 mm; matrix = 64 x 64 mm; TA =
5 min; voxel resolution = 4 x 4 x 8 mm. Sixty pairs of axial label/control images were
collected.

2.5 Image Processing

MRSI data were processed using the fully automated MRSI processing pipeline within the
Metabolite Imaging and Data Analysis System (MIDAS) software package (Maudsley et al.,
2009). Images were reconstructed, corrected for spatially-dependent BO shifts, interpolated
to 64 x 64 x 32 points, and smoothed with a Gaussian kernel (5mm in plane; 7mm through
plane). Following spatial smoothing, the effective voxel volume was 1.5 ml. The resultant
maps were registered to high-resolution structural images. Automated spectral fitting was
carried out in FITT2 using Gaussian line shapes for all resonances and then normalized to
institutional units using tissue water as a reference, which was acquired using a non-water-
suppressed acquisition that was interleaved with the metabolite measurement. Maps of the
tissue distribution that corresponded to the spectroscopic image resolution spatial response
function were obtained following segmentation of the T1-weighted MRI using FSL/FAST
(Zhang, Brady, & Smith, 2001). A non-linear spatial transform was then applied to register
all metabolite ratios and tissue distribution images to Montreal Neurological Institute (MNI)
space at 2 mm isotropic voxel resolution. A modified version of the Automated Anatomical
Labeling (AAL) atlas was used as the spatial reference (Tzourio-Mazoyer et al., 2002),
which delineated 47 anatomical structures suitable for lower resolution MRSI data by
combining smaller regions of interest (ROIs). The ROI-based approach was used because it
provides improved signal-to-noise ratio compared to a voxel-wise analysis, and reduces the
total number of statistical tests (and corresponding false positives). To corroborate previous
findings of elevated ventricular LAC, (Brooks et al., 2000; Mathew et al., 2009; Murrough et
al., 2010; Natelson, Mao, et al., 2017; Natelson, Vu, et al., 2017; Shungu et al., 2012), the
lateral ventricles were also delineated as a region of interest.
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2.6 Data Analysis

MRS data were analyzed using the Project Review and Analysis (PRANA) and Map
Integrated Spectrum (MINT) modules within MIDAS. Prior to statistical tests, voxels were
excluded based on the following quality criteria: (i) fitted metabolite linewidth > 13 Hz; (ii)
having an outlying value > 2.5 times the standard deviation of all valid voxels over the
image; and (iii) having a Cramér-Rao Lower Bounds (CRLB) for fitting of CR of > 40%;
and (iv) having > 30% CSF contribution to the voxel volume. The inverse spatial transform
was then applied to generate atlas-defined regions of interest in subject space; spectral
averaging was performed in MINT to obtain images for NAA, CR, CHO, Ml, and LAC in
each region of interest. Metabolites were expressed as ratios of CR to allow for more direct
comparisons across different studies. CR is often used as an internal reference for other
metabolites as its levels are assumed to be relatively constant. However, some reports have
suggested that CR is not homogeneously distributed across the brain and the assumption that
levels remain constant may be incorrect under both normal and pathological states (Jansen,
Backes, Nicolay, & Kooi, 2006). Therefore, we tested levels of CR (area under the curve) in
each region between groups.

Brain temperature maps were generated using the frequency difference between the water
and CR peaks using the following formula: T= —102.61 XA yater-cr + 206.1°C (Maudsley,
Goryawala, & Sheriff, 2017).

ASL data were processed using ASLtbx (Wang et al., 2008) for SPM12 (Wellcome Trust
Centre for Neuroimaging, London, UK) within MATLAB (MathWorks, Natick, MA, USA).
Image pairs were realigned to the mean of all control images to correct for head movements,
and spatially smoothed with a 3D isotropic Gaussian kernel with full-width at half-
maximum of 6 mm to decrease noise for subsequence image subtraction. Each label/control
pair was subtracted for quantification of cerebral blood flow (CBF) in ml/100g/min. Mean
CBF maps were first registered to high-resolution structural space using the affine
registration implemented in SPM12, and then further registered to MNI space using non-
linear warps from structural-to-standard registrations in FSL/FNIRT (Andersson et al.,
2010). Mean CBF was quantified in each ROI from the modified AAL atlas.

2.7 Statistics

Main analyses were conducted using univariate independent samples #tests and a
significance threshold of p < 0.05 (uncorrected) to compare metabolite ratios and brain
temperature between the ME/CFS and control groups in each ROI. Dependent variables
were: (i) CHO/CR,; (ii) MI/CR; (iii) LAC/CR; (iv) NAA/CR; and (v) brain temperature. An
additional false discovery rate (FDR) of 0.01 was used to correct for the number of regions
of interest tests (equivalent to uncorrected p < 0.0023). Equivalent independent samples &
tests were used to compare mean CBF values between ME/CFS patients and controls in each
ROL.

To determine the relationship between metabolite ratios, brain temperature, and fatigue in
ME/CFS patients, regions that showed significant differences in metabolite ratios or
temperature were tested (two-tailed) for associations with fatigue severity using Spearman’s
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rho (rg) and a significance threshold of p < 0.05. We also obtained Spearman correlations
between anxiety (HADS-A) and depression (HADS-D) and metabolite ratios in the same
brain regions.

3. Results

3.1 Participants

Data from four participants in the ME/CFS (n = 2) and control group (n = 2) were excluded
due to visible movement during acquisition, leaving data from 15 participants in each group.
The most common comorbid medical conditions in the ME/CFS group were gastrointestinal
disorders (n=3), hypothyroidism (controlled; n=3), fibromyalgia (n=2), and asthma (n=2).
The most common medications used by ME/CFS patients were antidepressants (n=10),
asthma and allergy medications (n=4), proton-pump inhibitors (n=4); sleep medications
(n=4), thyroid hormone (n=3), and occasional NSAIDs (n=3). Refer to Online Resource 1
for a complete list of comorbid medical conditions and medications in the ME/CFS group.

Group means and results from between-groups #tests comparing the clinical and
questionnaire data are displayed in Table 1. Overall, the groups did not differ significantly in
age; however, as expected, participants in the ME/CFS group reported higher fatigue
severity, as well as higher anxiety and depression subscales on the HADS. Anxiety (mean =
9.67) and depressed mood (mean = 8.00) in the ME/CFS group are considered to be in the
mild range (Stern, 2014). Scores of 11 or higher on this scale indicate moderate severity, and
scores of 15 or higher indicate high severity. Participants in the ME/CFS group had higher
body temperature (average tympanic temperature before and after the scan).

3.2 Main Results

To test the validity of CR as a denominator in metabolite ratios, levels of this metabolite
were tested between groups. Mean CR in the ME/CFS and control groups in the 47 AAL
atlas regions and results from £tests comparing the group means are provided in Online
Resource 2. Of the 47 regions and the lateral ventricles, levels of CR differed significantly (o
< 0.05) between groups in the left parietal cortex and left putamen. In the parietal cortex, CR
was lower in the ME/CFS group (M = 6.417, SD = 1.056) than the control group (M =
7.252, SD = 0.907); #28) = -2.232, p=0.028. In the putamen, CR was higher in ME/CFS
group (M = 6.324, SD = 0.717) than in controls (M = 5.694, SD = 0.529); 28) = 2.737, p=
0.011. CR was not different between groups in any other regions.

Figure 1 shows an example metabolite map from one participant with ME/CFS, as well as
representative spectra from one participant in each group. Metabolic differences were
observed in several brain regions. Metabolites related to neuroinflammation (CHO, M, and
LAC) were higher in ME/CFS patients compared to controls in several brain regions. Table 2
displays metabolite group means and results from between-groups #tests that reached
significance at p<0.05 (uncorrected). Participants with ME/CFS also showed significantly
lower NAAJ/CR in the right fusiform and lingual gyri. The only result to survive corrections
for multiple comparisons was elevated CHO/CR in the left anterior cingulate of participants
with ME/CFS (Figure 2).
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The LAC/CR ratio in the lateral ventricles was not different between groups (ME/CFS
group: M =0.367, SD = 0.359; control group: M =0.170, SD = 0.089; #15.709) = 2.057, p
=0.057).

Independent-samples £tests on regional CBF determined that there were no difference
between ME/CFS patients and controls in any ROI that showed metabolic differences (all p
> 0.05). Refer to Online Resource 3 for results from #tests comparing the regional CBF
group means.

Of the regions showing metabolic differences, several also showed significant correlations
between metabolite ratios and self-reported fatigue on the FSS (Table 3, Figure 3), whereby
higher ratios were associated with higher fatigue. None of the metabolite ratios associated
with inflammation showed negative associations with fatigue.

CHO/CR ratios in the L anterior cingulate showed moderate positive correlations with
anxiety (r; = 0.566, p=0.028, n = 15), while LAC/CR in the L Rolandic operculum, R
thalamus, and lateral ventricles showed moderate negative correlations with anxiety (L
Rolandic operculum: rg = =0.606, p=0.017; R thalamus: rg = —0.597, p=0.019; lateral
ventricles: rs = - 0.521, p=0.046; all n = 15). CHO/CR in the R occipital cortex was
moderately positively correlated with depression (rg = 0.595, p=0.019, n = 15). All other
correlations were not significant (p > 0.05).

Participants with ME/CFS also showed significantly higher average brain temperature than
control participants at p < 0.05 in five brain regions — the right frontal cortex, right insula,
right putamen, right thalamus, and cerebellum (Table 4). These findings did not survive
corrections for multiple comparisons. To exclude the possibility that the brain temperature
differences were driven by the observed differences in body temperature between the groups,
we obtained Spearman’s rho and two-tailed significance tests (a = 0.05) between
temperatures in the five brain regions and core body temperature in the ME/CFS group.
Brain temperature was not significantly correlated with body temperature in any of the
assessed regions (right frontal cortex: rg = 0.229, p = 0.224; right insula: rg = 0.180, p =
0.341; right putamen: rg = 0.069, p = 0.715; thalamus: ry = 0.058, p = 0.759; cerebellum: rg =
0.225, p = 0.232), suggesting that elevated brain temperature in ME/CFS is not a
consequence of elevated body temperature.

4. Discussion

4.1 Main Results

The primary aim of this study was to assess putative markers of neuroinflammation across
the brain in ME/CFS. Women with ME/CFS and age-matched women underwent whole-
brain MRS. We found elevations of CHO, LAC, MlI, and temperature in several brain
regions in the ME/CFS group, as well as lower levels of the neuronal marker NAA. We
showed that these differences were not attributable to body temperature increases or to
abnormalities in regional blood supply. Metabolite and temperature abnormalities were
distributed across large portions of the brain, and are consistent with global
neuroinflammation.
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Elevated CHO in the ME/CFS group was found in the bilateral anterior cingulate (ACC), left
middle cingulate, right calcarine sulcus, and right occipital and temporal lobes. These results
support previous reports of increased CHO in ME/CFS, specifically in the occipital cortex
(Puri et al., 2002). Because only free CHO and water-soluble breakdown products of
membrane components (i.e. phosphocholine, glycerophosphocholine) are detectable by
MRS, excess CHO has been interpreted as indicating abnormal phospholipid metabolism
and accelerated cell membrane turnover, consistent with the processes of glial proliferation
and demyelination (Glunde, Jie, & Bhujwalla, 2004; Lin & Gant, 2013). Although
inflammation in ME/CFS is expected to be of low severity and may not cause
demyelination, diffusion studies have previously pointed to subtle white matter
abnormalities in ME/CFS (Zeineh et al., 2015). The current findings suggest that glial
proliferation may underlie these changes. Increased CHO/CR is consistent with the presence
of neuroinflammation in patients with ME/CFS.

The most significant difference in the study was CHO in the left ACC. We note this area in
particular because it is the only region to survive corrections for multiple comparisons, and
because it has been noted as a critically important region mediating cytokine-induced fatigue
and mood deterioration (Capuron et al., 2005; Harrison et al., 2009). Cytokine-induced
fatigue and depressive symptoms have previously been attributed to inflammation in the
ACC, as indicated by elevated glutamate on MRS (Haroon et al., 2014). The current study
provides further evidence for the link between ACC inflammation and fatigue by
demonstrating that ME/CFS patients show elevated CHO in this region. Although FSS
scores were not significantly correlated with CHO/CR in the left ACC in our sample, this
could be due to the small sample size or poor sensitivity of the measure. We found a
moderate positive correlation with anxiety, which shows that ACC abnormalities can have a
variety of behavioral effects. The correlation with depression was not significant, although
this is likely due to the low depressive symptoms in our sample.

MI was tested in this study because it is preferentially expressed in glial cells, and increases
suggest changes in the density or activation status of microglia and astrocytes that are
consistent with inflammatory processes (Chang, Munsaka, Kraft-Terry, & Ernst, 2013;
Grover et al., 2012). We found MI to be normal in almost all areas of the brain in ME/CFS,
with the exception of an elevation in the right globus pallidus. It is unclear how microglia
abnormalities in the globus pallidus may be associated with ME/CFS, though several studies
have found associations between fatigue and abnormal processing in this region (Bernitsas et
al., 2017; Boissoneault, Sevel, Robinson, & Staud, 2018; Ferrero, Silver, Cocchetto,
Masliah, & Langford, 2017; Goni, Basu, Murray, & Waiter, 2018; Hou et al., 2016; MacHale
et al., 2000).

Because NAA is used as a marker of neuronal health in MRS studies, we examined NAA
throughout the brain. NAA was determined to be normal in general, though decreased NAA
was found in the right lingual and fusiform gyri in ME/CFS patients relative to controls.
Finkelmeyer et al. (2018) recently reported gray matter volume increases in the same areas.
Fluid accumulation could account for both the metabolite and structural abnormalities, and
is consistent with the presence of localized inflammatory processes. However, because

Brain Imaging Behav. Author manuscript; available in PMC 2020 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al.

Page 10

abnormalities in this area of the brain are not often associated with ME/CFS, we caution
against over-interpretation of these results.

We found increased LAC in ME/CFS patients in the bilateral insula, bilateral parietal cortex,
left hippocampus, left middle cingulate gyrus, left precuneus, right thalamus, right rolandic
operculum, left temporal cortex, right calcarine sulcus, right fusiform gyrus, right lingual
gyrus, and cerebellum. LAC is a byproduct of anaerobic cell metabolism (glycolysis) that is
not found at high levels in the healthy brain, but is produced by various immune cells under
inflammatory conditions (Dienel, 2012; El Ghazi et al., 2010). Because anaerobic glycolysis
results in much less efficient synthesis of adenosine triphosphate (ATP) than healthy
metabolism, the resultant energy deficits at the cellular level may drive the profound fatigue
experienced by ME/CFS patients (Castro-Marrero et al., 2013; Lawson, Hsieh, March, &
Wang, 2016; Myhill, Booth, & McLaren-Howard, 2013).

Our findings support several previous reports of elevated LAC in the brains of ME/CFS
patients (Brooks et al., 2000; Mathew et al., 2009; Murrough et al., 2010; Natelson, Mao, et
al., 2017; Natelson, Vu, et al., 2017; Shungu et al., 2012). Those studies reported LAC
abnormalities in the cerebral ventricles, and we show here that LAC elevations may extend
to the parenchyma. While we did not replicate the ventricular LAC elevations reported
previously, we did observe ventricular LAC to be over twice as high in the ME/CFS group
compared to the control group (p = 0.057), so the lack of statistical results may be partially
resulting from inadequate power. Also, the short TE used in our acquisition can result in
contamination of the LAC peak from lipids. Future studies using whole-brain MRS may
require a separate scan with TE optimized for LAC.

We also examined temperature across the brain in ME/CFS and control participants.
Consistent with our metabolite data, and with previous reports of increased temperature in
other neuroinflammatory conditions, we found that individuals with ME/CFS had higher
average temperatures in the right frontal cortex, right insula, as well as the right putamen and
thalamus, and the cerebellum than the control group. Brain temperature increases were not
attributable to elevated body temperature, and there were no regions where controls had
higher brain temperatures than ME/CFS individuals. Temperature elevations in ME/CFS
ranged from 0.28 to 0.5 °C above the respective regional temperature in control participants.
Brain temperatures in the ME/CFS group were not, on average, elevated to a degree to be
considered hyperthermic. It is not certain that the observed temperature differences are
associated with neuroinflammation. However, we note that three out of the five regions with
elevated brain temperature in individuals with ME/CFS also contained elevated lactate: the
right insula, right thalamus, and cerebellum. The convergence of elevated lactate and
elevated temperature in the same regions suggest heightened metabolism that may be related
to neuroinflammation.

4.2 Limitations

Three main caveats must be noted regarding the interpretability of our findings. First,
following MRS conventions, we have expressed all metabolite results as ratios over CR
rather than absolute concentrations. While this method allows more direct comparisons
across laboratories and scanners, it is dependent on the stability of CR, which cannot always
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be assumed (Jansen et al., 2006; Maudsley et al., 2009). When tested directly, we found that
CR levels differed between the ME/CFS group and control in the left parietal cortex and
putamen. Thus, our finding of increased LAC/CR in the left parietal cortex should be
interpreted with caution. No significant group differences in CR were detected for any other
region. Ultimately, this issue could be avoided if absolute metabolite concentrations were
quantified from MRS data, although technical difficulties limit how soon the practice will be
adopted across the field.

Second, it is difficult to guard against both false positives and false negatives in cases where
the sample size is relatively small compared to the number of tests performed. We have
presented our results using uncorrected as well as FDR-corrected p-values. The majority of
regions did not meet the threshold for significance under multiple comparison corrections,
and we caution against over-interpretation until results can be confirmed in an independent
sample, preferably with a larger sample size.

Third, because anxiety and depressed mood were elevated in the ME/CFS group compared
to controls, it is possible that metabolite or temperature differences between groups were
related to these variables. In fact, we found moderate correlations between anxiety and
depression and the metabolite ratios in some brain regions. We note, however, that average
scores in the ME/CFS group were below the threshold indicating clinically significant
depression or anxiety, meaning that influences from these variables on our results, if present,
were likely very minimal. Our analyses also revealed that correlations between LAC/CR and
anxiety were negative, which is the opposite of the expected direction.

Lastly, we note that while metabolite and temperature abnormalities in ME/CFS patients are
consistent with the presence of neuroinflammation, there are other mechanisms, such as
mitochondrial dysfunction or aberrant neuronal communication, that may be contributing to
these changes. Because many conditions can been demonstrated to express abnormalities in
MI, CHO, LAC, or CHO, they are not specific markers of neuroinflammation and cannot
likely provide a unique diagnostic test for ME/CFS. Our confidence that metabolite
abnormalities are related to neuroinflammation would be strengthened if there were several
markers (for example, MI and CHO) elevated in overlapping regions.

5. Conclusions

This study is the first to investigate whole-brain MRS markers of neuroinflammation in ME/
CFS. We report metabolite and temperature abnormalities in ME/CFS patients in widely
distributed brain areas, suggesting ME/CFS is driven by diffuse pathophysiological
processes affecting the whole brain, rather than regionally limited, which is consistent with
the heterogeneity of its clinical symptoms. Our findings add support to the hypothesis that
ME/CFS is the result of chronic, low-level neuroinflammation. While the whole-brain
results are preliminary, we note that they largely agree with past publications that use MRS
in ME/CFS. These results should be replicated in future studies with larger samples to
further establish the profile of pathophysiological abnormalities in the brains of ME/CFS
patients. Ultimately, the development of sensitive MRI markers of ME/CFS could
supplement clinical tests to help guide treatment decisions.
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Control

Fig. 1.
Left: Example whole-brain metabolite map of CHO/CR ratios from one participant with

ME/CFS. Right: Spectra from the left anterior cingulate of one participant with CFS
compared to an age-matched control participant are shown, evidencing an elevated CHO
peak. The ROI is delineated from the AAL atlas in MNI space.
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Relationship between CHO/CR in the right occipital cortex and fatigue severity of the FSS.

R =right

Brain Imaging Behav. Author manuscript; available in PMC 2020 July 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mueller et al.

Table 1:

Page 19

Group means and their standard deviations (SD) for clinical and questionnaire data at baseline. p-values refer

to independent-samples t-tests comparing the ME/CFS and control group means.

ME/CFS group (n=15)

Control group (n=15)

Mean SD Mean SD P
Age (years) 40.27 8.84 40.80 9.22 0.873
Fatigue severity (9-63) 54.33 6.78 10.87 2.50 <0.001
Anxiety (0-21) 9.67 4.07 2.60 1.96 <0.001
Depressed mood (0-21) 8.00 3.07 0.40 0.83 <0.001
Average body temperature (°C)  36.97 0.19 36.72 0.23 0.003
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Group means and their standard deviations (SD) of metabolite ratios in regions of interest that showed group

differences. #values and corresponding p-values (uncorrected) are from independent-samples t-tests

comparing group means in the ME/CFS and control group.

ME/CFS group  Control group

t df p
Metabolite ROl Mean  SD Mean SD
NAA/CR R fusiform gyrus 1.014 0.216 1.185 0.8 -2.305 28 0.029
R lingual gyrus 1.174 0.154 1294 0.149 -2.158 28 0.040
L anterior cingulate 0.238 0.028 0.195 0.037 3624 28 0.001~
R occipital cortex 0.153 0.038 0.122 0.028 2529 28 0.017
CHOICR R anterior cingulate 0.231 0.032 0.207 0.026 2297 28 0.029
L middle cingulate 0.210 0.027 0.192 0.016 2221 28 0.035
R calcarine sulcus 0.143  0.027 0123 0.021 2169 28 0.039
R temporal cortex 0.185 0.023 0.167 0.023 2105 28 0.044
R lingual gyrus 0.220 0.202 0.067 0.067 2774 28 0.013
L middle cingulate 0.147  0.095 0.074 0.055 2593 28 0.016
R insula 0.180 0.138 0.085 0.062 2427 28 0.022
L insula 0.190 0.131 0.092 0.085 2429 28 0.023
R fusiform gyrus 0.164 0171 0.049 0.048 2517 28 0.023
L temporal cortex 0.214 0.142 0.121 0.055 2372 28 0.029
L hippocampus 0.195 0.187 0.077 0053 2365 162537 0.031
LAC/CR L rolandic operculum  0.171 0.186 0.051 0.063 2355 17.1947 0.031
L precuneus 0.204 0.154 0101 0.075 2315 203357 0.031
R calcarine sulcus 0.191 0.164 0.086 0.061 2312 177877 0.033
R parietal cortex 0.362 0.286 0.179 0.123 2.274 19.004 7 0035
L parietal cortex 0.281 0.183 0.159 0.103 2252 22056/ 0.035
R thalamus 0.175 0.185 0.071 0046 2132 157007 0.049
cerebellum 0.155 0.129  0.08 0.051 2108 182237 0.049
MI/CR R pallidum 0.439 0.296 0.227 0.203 2.260 28 0.032

CHO = choline-containing compounds; CR = creatine; LAC = lactate; MI = myo-inositol; NAA = N-acetylaspartate; L = left; R = right. ME/CFS
group: n=15; control group: n=15

fdf adjusted for unequal variances.

*
Results surviving corrections for multiple comparisons using a false discovery rate of 0.01 (uncorrected p < 0.0023)
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Table 3:
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Significant correlations (Spearman’s rho) between metabolite ratios and self-reported fatigue (measured using

the FSS) in regions showing metabolic differences in the ME/CFS group

Metabolite ratio ROl n Iy p
CHO/CR R ccipital cortex 15 0.677 0.006
R fusiformgyrus 15  0.620 0.014
L temporal cortex 15 0.604 0.017
LAC/CR
R calcarine sulcus 15  0.598 0.018
L parietal cortex 15 0.591 0.020
MI/CR R pallidum 14 0558  0.038
NAA/CR R lingual gyrus 15 -0.699 0.004

CHO = choline-containing compounds; CR = creatine; LAC = lactate; MI = myo-inositol; NAA = N-acetylaspartate; L = left; R = right.
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Regions showing temperature differences between groups. ME/CFS group: n=15.

Table 4:

Temperature (°C)/ROI MEI/CFS group  Control group

Mean SD Mean SD t df p
Temperature in R insula 36.94 0426 3653 0466 2565 28 0.016
Temperature in cerebellum 37.02 0.455 3652 0.628 2510 28 0.018
Temperature in R putamen 36.51 0444 36.14 0467 2248 28 0.033
Temperature in R frontal cortex  36.93 0.405 3653 0564 2231 28 0.034
Temperature in R thalamus 36.76 0.409 36.48 0321 2127 28 0.042

Control group: n=15.
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