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Abstract
Objective
The goal of our study is to assess the role of microglial activation in MS-associated fatigue
(MSAF) using [F-18]PBR06-PET.

Methods
Fatigue severity was measured using the Modified Fatigue Impact Scale (MFIS) in 12 subjects
with MS (7 relapsing-remitting and 5 secondary progressive) and 10 healthy control partici-
pants who underwent [F-18]PBR06-PET. The MFIS provides a total fatigue score as well as
physical, cognitive, and psychosocial fatigue subscale scores. Standardized Uptake Value (SUV)
60–90 minute frame PET maps were coregistered to 3T MRI. Voxel-by-voxel analysis using
Statistical Parametric Mapping and atlas-based regional analyses were performed. SUV ratios
(SUVRs) were global brain normalized.

Results
Peak voxel-based level of significance for correlation between total fatigue score and PET
uptake was localized to the right substantia nigra (T-score 4.67, p = 0.001). Similarly, SUVRs
derived from atlas-based segmentation of the substantia nigra showed significant correlation
with MFIS (r = 0.76, p = 0.004). On multiple regression, the right substantia nigra was an
independent predictor of total MFIS (p = 0.02) and cognitiveMFIS subscale values (p = 0.007),
after adjustment for age, disability, and depression. Several additional areas of significant
correlations with fatigue scores were identified, including the right parahippocampal gyrus,
right precuneus, and juxtacortical white matter (all p < 0.05). There was no correlation between
fatigue scores and brain atrophy and lesion load in patients with MS.

Conclusion
Substantia nigra microglial activation is linked to fatigue in MS. Microglial activation across key
brain regions may represent a unifying mechanism for MSAF, and further evaluation of neu-
roimmunologic basis of MSAF is warranted.

From the Partners MS Center (T.S., S.C., K.C., B.G., R.B., H.L.W.), Ann Romney Center for Neurological Diseases, Department of Neurology, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA; PET Imaging Program in Neurologic Diseases (T.S., S.C., K.C.), Ann Romney Center for Neurological Diseases, Department of Neurology, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA; Functional Neuroimaging Laboratory (H.P., R.B., D.S.), Department of Psychiatry, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA; Division of Nuclear Medicine and Molecular Imaging (S.D., M.-A.P., M.K.), Department of Radiology, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA; Laboratory for Neuroimaging Research (R.C., S.T.), Ann Romney Center for Neurological Diseases, Department of Neurology, Brigham and Women’s Hospital,
HarvardMedical School, Boston, MA; Department of Medicine (S.H.), Brigham andWomen’s Hospital, HarvardMedical School, Boston,MA; Ceretype Neuromedicine (E.S.)Department
of Radiology (R.B.), Brigham and Women’s Hospital, Harvard Medical School, Boston, MA.

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000854
mailto:tsinghal@bwh.harvard.edu
https://nn.neurology.org/content/7/5/e854/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Defined as an overwhelming sense of tiredness, lack of energy,
or feeling of exhaustion,1,2 fatigue is reported as the most
disabling symptom in up to 60% of patients with MS3 and is
estimated to have a lifetime prevalence of 80%.4 Moreover,
the prevalence of fatigue increases with disease progression
(46% in patients with clinically isolated syndrome [CIS] and
80% in patients with secondary progressive MS [SPMS]).5

Importantly, fatigue has been described as the leading cause of
absence from work in MS.6 Fatigue may also have prognostic
implications in patients with MS. For example, in patients
with CIS, up to 46% of patients may present with fatigue,
which has recently been shown to predict conversion to
clinically definite MS.7 Among patients with relapsing-
remitting MS (RRMS), fatigue scores were higher in pa-
tients who converted to a confirmed Expanded Disability
Status Scale (EDSS) score ≥3 after at least 3 years of follow-up
compared with nonconverters. This association remained
significant after adjusting for depression scales and baseline
EDSS.8 Despite the high prevalence and significance of fatigue
in MS, its anatomic and physiologic substrate and its mech-
anism are not clear.

Inflammation is proposed as a potential mechanism for fa-
tigue in MS but has the lack of sufficient evidence.3 Abnor-
malities in functional connectivity of the resting default mode
network have been linked with fatigue in MS.9 However, the
biological processes underlying these abnormalities are not
known.

Microglial activation may play a role in the pathogenesis of
MS,10,11 but it has not been systematically studied in relation
to MS-associated fatigue (MSAF). [F-18]PBR06 is a second-
generation, longer half-life PET radioligand, targeting the
18-kDa translocator protein for noninvasive assessment of ce-
rebral microglial activation that we have recently reported to be
increased in subcortical gray matter and normal-appearing
white matter in MS.12–17 Our aim is to assess the role of
microglial activation in MSAF using [F-18]PBR06 PET.

Methods
Participants
Participants were recruited from the Partners Multiple Scle-
rosis Center at the Brigham and Women’s Hospital and
through an online recruitment portal for healthy control
participants (HCs). Initially, 18 participants with MS and 12
HC participants were consecutively enrolled. Two

participants with MS and 2 HC participants were low-affinity
binders and were excluded from the study (see the Geno-
typing section below). Four additional patients with MS
subsequently changed their minds about participating in the
study or were lost to follow-up following consent. Twelve
patients with MS (5 SP and 7 RR; 8 women and 4 men) and
10 HC participants (4 women and 6 men) completed the
study. Table 1 contains a summary of characteristics for all
study participants, and table 2 contains detailed individualized
participant characteristics. Our findings regarding the re-
lationship of the [F-18]PBR06 PET scans from these patients
with MS with disability and brain atrophy were previously
reported.16

In terms of the inclusion criteria, we included patients with
SPMS if they experienced a worsening of their EDSS score by
at least 0.5 (if their baseline EDSS score was ≥5.5) or at least
1.0 (if their baseline EDSS score was <5) over a period of 1
year before PET scanning. In addition, we included patients
with RRMS who had a relapse or if there was evidence of a
new or enlarging T2 bright lesion on MRI or a gadolinium-
enhancing lesion on T1-weighted MRI in the last year. Pa-
tients who were treated with corticosteroids during a period of
1 month before the PET scan were excluded. PET scanning
was performed within a median time interval of 5.1 (range
1.1–25.6) weeks in relation to the subjects’ clinical assess-
ment. Patients did not experience a relapse between the
clinical and PET imaging visits.

Standard protocol approvals, registrations,
and patient consents
The clinicaltrials.gov ID for our study is NCT02649985. The
study was approved and overseen by the Institutional Review
Board, Radiation Safety Committee, and Radioactive Drug
Research Committee at our hospital. Written informed consent
was obtained from all study participants before participation.

Genotyping
Blood samples were collected during the initial visits, and
genotyping was performed for screening purposes. Geno-
typing used a TaqMan assay to identify the DNA poly-
morphism of the translocator protein (TSPO) gene on
chromosome 22q13.2. Study participants with high-affinity
(HAB) and medium-affinity binding (MAB) were included in
the study, whereas ones with low-affinity binding were ex-
cluded. Among the 12 patients with MS who completed the
study, 7 were HABs and 5 were MABs. Among the HC par-
ticipants, 6 were HABs and 4 were MABs (table 1). The

Glossary
AAL = automated anatomic labeling; BPV = brain parenchymal volume; CFS = chronic fatigue syndrome; CIS = clinically
isolated syndrome; DMN = default mode network; EDSS = Expanded Disability Status Scale; ES = effect size; HAB = high-
affinity binding;HC = healthy control;HDRS = Hamilton Depression Rating Scale;MAB = medium-affinity binding; RRMS =
relapsing-remitting MS; SN = substantia nigra; SPM = Statistical Parametric Mapping; SPMS = secondary progressive MS;
TSPO = translocator protein.
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proportion of HABs andMABs in theMS and HC groups was
not significantly different (table 1).

Radiopharmaceutical production
We have previously described the radiopharmaceutical pro-
duction methodology at our center.16

MRI acquisition and corresponding analysis
Each study participant completed an MRI scan on the same
scanner (Siemens 3T Skyra, Erlangen, Germany) according to a
previously described acquisition protocol.18–20 The protocol
included a 2D T1-weighted spin-echo axial series (repetition
time = 611–943ms, echo time = 7.9 ms, and voxel size = 0.43 ×
0.43 × 3mm3) and a 3D fluid-attenuated inversion recovery and
magnetization-prepared rapid gradient-echo series (voxel sizes
for both 1 × 1 × 1mm3). Using a previously reported technique,
normalized whole-brain parenchymal volume (BPV) was de-
rived by applying the latter images to a fully automated algo-
rithm (SIENAX, v. 5.0; Analysis Group, fsl.fmrib.ox.ac.uk.)21

Hyperintense lesions on 3D T2 FLAIR and hypointense le-
sions on T1-weighted spin-echo images were marked by a
trained observer (K.C.) and verified by a senior observer
(S.T. or T.S.). We determined that to qualify as a T1 hypo-
intense lesion, the lesion had to be both hypointense on
T1-weighted images and hyperintense on Fluid Attenuation
Inversion Recovery (FLAIR) images.22,23 A semiautomated
edge-finding tool was then used for volumetric lesion con-
touring using Jim (version 7; Xinapse Systems, West Bergholt,
United Kingdom; xinapse.com). Our previous work has shown
high reliability for this semiautomated method of measuring
MS cerebral lesion burden.22,23

PET acquisition and corresponding analysis
[F-18]PBR06 was injected as a bolus injection for PET scan-
ning using an IV catheter into an arm or hand vein; images were

acquired in a list mode acquisition mode using a high-
resolution PET/CT scanner (GEDiscovery ECAT,Waukesha,
WI). Statistical Parametric Mapping (SPM) was used as the
primary analysis technique for this study. SPM12 software (the
Wellcome Institute of Cognitive Neurology, London, United
Kingdom; fil.ion.ucl.ac.uk/spm/software/) was used to process
the [F-18]PBR06 PET SUV images.24 PET images were ster-
eotactically normalized to the Montreal Neurologic Institute
version of Talairach space. Whole-brain multiple linear re-
gression modeling of the within-group effects of SUV images
was used on a voxel-by-voxel basis to examine their association
with Modified Fatigue Impact Scale (MFIS) as the main re-
gressor, and age, sex, and global SUV as covariates of no in-
terest, in an analysis of covariance (ANCOVA) setting. These
group-level correlation effect estimates generated statistical
parametric maps of the t-statistic that demonstrated the age-
adjusted and sex-adjusted correlations of MFIS total and sub-
scale scores with PET uptake in the MS group.

Furthermore, we coregistered the summed [F-18]PBR06-
PET images acquired 60–90 minutes following tracer in-
jection to the individual MRIs and segmented the images into
gray and white matter regions of interest, and subregions as
defined by the automated anatomical labeling (AAL) atlas
template,25 using PNEURO 3.8 software (PMOD Technol-
ogies, Zurich, Switzerland; pmod.com/web/). This is an au-
tomated pipeline and reduces risk of operator-dependent bias
in region-of-interest delineation. To account for inter-
participant differences, partial volume–corrected SUV ratios
(SUVRs) were calculated for participants based on normali-
zation of the individual region’s SUV60-90 to the global brain
SUV60-90, similar to our previous reports.16,26–28 SUVRs for
individual supratentorial AAL template regions of interest
(ROIs) were also obtained and assessed for correlations with
fatigue scores. Because the substantia nigra (SN) showed the
strongest significant correlations with fatigue scores on SPM

Table 1 Summary of participant characteristics

MS (N = 12) HC (N = 10) p Value

Age (y) 42 ± 11.7 46 ± 15.5 0.54

Sex distribution 7 F, 5 M 4 F, 6 M 0.39

TSPO binding affinity 7 high, 5 medium 6 high, 4 medium 0.93

Median EDSS score 3.5

MFIS score 36 ± 21

MFIS physical score 17 ± 10

MFIS cognitive score 17 ± 10

MFIS psychosocial score 3 ± 2

HDRS score 5 ± 6.5

Abbreviations: EDSS = ExpandedDisability Status Scale; HC =healthy control; HDRS =HamiltonDepression Rating Scale;MFIS =Modified Fatigue Impact Scale;
TSPO = translocator protein.
Data are mean ± SD, unless otherwise indicated.
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analysis, the SN region was specifically segmented using the
Hammers atlas applied to PET images in the standard space
using PVIEW tool of PMOD 3.8 platform. SN SUVRs were
calculated based on Hammers atlas brain parenchymal ROIs
delineated in PVIEW without partial volume correction owing
to the small size of the SN ROI. PET uptake in right, left and
average of right and left SN ROIs were further investigated for
group differences between participants with MS with fatigue
and participants withMSwithout fatigue (defined asMFIS >37
andMFIS ≤37, respectively) andHCs and for correlations with
MFIS and its subscales in participants with MS. In addition, for
illustration purposes, individualized maps of increased sub-
stantia nigra PET uptake in a patient withMSwith fatigue and a
patient with MS without fatigue, represented as voxel-based
z-score values >2 compared with a healthy data set of 9 healthy
volunteers were generated, using the PNEURO platform.

Patient-reported outcome measures
Participants withMS completed the following patient-reported
outcome measures: MFIS29 and Hamilton Depression Rating
Scale (HDRS).30 The MFIS is a 21-item fatigue scale with 5
scaled responses ranging from “never” to “almost always”. Total
fatigue scores as well as physical, cognitive, and psychosocial
subscale scores are derived. The HDRS is a 17-item rating scale
that evaluates the severity of depression symptoms using a
semistructured interview.

Statistical analysis
The exact Wilcoxon-Mann-Whitney test with accompanying
exact Hodges-Lehmann 95% CIs was used to evaluate group
differences in SUVRs. Associations were evaluated using
Pearson correlations and partial correlations, with 95% CIs
calculated using the Fisher transformation. The study’s nature

Table 2 Detailed participant characteristics

Participant
number Sex

Age
(y)

TSPO
binding
affinity Group

Disease
duration
(y)

Current
DMT

EDSS
score MFIS

MFIS
Physical

MFIS
Cognitive

MFIS
Psychosocial HDRS

1 F 37 HAB RRMS 5.2 Fingolimod 4 64 25 35 4 13

2 M 37 HAB RRMS 19.6 Rituximab 3 33 12 19 2 1

3 F 34 MAB RRMS 4.8 Fingolimod 1 16 7 9 0 0

4 M 32 MAB RRMS 11.9 Fingolimod 1 15 13 2 0 1

5 F 23 HAB RRMS 8.2 Natalizumab 1.5 6 2 3 1 0

6 F 41 HAB RRMS 9.6 Fingolimod 1.5 21 9 9 3 17

7 F 27 MAB RRMS 3.5 Fingolimod 2 37 15 20 2 0

8 M 52 MAB SPMS 14.9 Rituximab 6.5 15 8 6 1 0

9 M 53 HAB SPMS 19 Rituximab 6 37 21 15 1 2

10 F 59 MAB SPMS 19 Glatiramer
acetate

6 54 23 25 6 7

11 F 59 HAB SPMS 19 None 6.5 71 34 29 8 17

12 F 50 HAB SPMS 17 Rituximab 4.5 62 31 26 5 2

13 M 25 MAB HC

14 F 45 HAB HC

15 M 60 MAB HC

16 F 25 HAB HC

17 F 34 MAB HC

18 M 33 HAB HC

19 M 70 MAB HC

20 M 65 HAB HC

21 M 48 HAB HC

22 F 54 HAB HC

Abbreviations: DMT = disease-modifying treatment; EDSS = ExpandedDisability Status Scale; HAB = high-affinity binding; HDRS =Hamilton Depression Rating
Scale;MAB =medium-affinity binding;MFIS =Modified Fatigue Impact Scale, HC = healthy control; RRMS = relapsing-remittingMS; SP = secondary progressive
MS; TSPO = translocator protein.
Disease duration refers to time from first MS symptom onset.
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was exploratory as a relatively large number of regions were
evaluated; therefore, results should be considered hypothesis
generating.

Data availability
After due anonymization, we will make any unpublished study
data available for sharing with other qualified investigators, if
requested.

Results
Relationship of MFIS with MRI and
clinical parameters
BPV was lower in patients with MS (n = 12) compared with
HCs (n = 9) (1,402.8 ± 57.1 mL vs 1,475.1 ± 66.9 mL), but
there was no correlation between BPV and total MFIS or its
physical, cognitive, or psychosocial subscale scores (r = −0.05,
−0.09, −0.02, and 0.004, n = 12). There was no correlation
betweenMFIS and T1 lesion volume (r = 0.002, n = 12) or T2
lesion volume (r = −0.11, n = 12). In terms of clinical cor-
relations, MFIS increased with increasing age and EDSS (both
r = 0.58) and a positive correlation with increasing HDRS
(r = 0.52).

SPM analysis

Voxel-level correlations of PET uptake with MFIS
Strongest voxel-wise peaks for age- and sex-adjusted cor-
relation with MFIS (figure 1A) were seen in the right SN
(T-score 4.67), left SN (T-score 4.25), cerebellar vermis,
right inferior cerebellar cortex (T-scores 4.23 and 4.15,
respectively), bilateral angular gyri (T-scores 4.22 and

4.18 for the right and left side, respectively), right pre-
cuneus (T-score 4.21), left premotor and supplemental
motor area (BA6) (T-score 4.08), and juxtacortical white
matter (T-score 4.06, figure 1B). A complete list of regions
with voxels demonstrating peak positive correlations be-
tween PET uptake and MFIS with p < 0.01 is provided in
table 3.

Strongest voxel-wise peaks for negative correlations with
MFIS were seen in the right orbital inferior frontal gyrus (BA
47) (T-score 4.03) and the right temporal pole (BA 38)
(T-score 3.14).

Regional analysis

Relationship of substantia nigra PET uptake with MFIS
in MS
The finding of strongest correlation between fatigue scores
and PET in the SNwas endorsed by a regional analysis as well.
On regional analysis, there was a significant correlation be-
tween the SUVR in the SN and total MFIS score (r = 0.76,
95% CI 0.33 to 0.93, figure 2A). The correlation coefficients
of right and left SN SUVRs with total MFIS (figure 2B) were
0.795 (95% CI 0.41 to 0.94) and 0.427 (95% CI −0.20 to
0.80), respectively.

An overall model consisting of right SN SUVR, age, EDSS,
and HDRS explained the majority of variability of MFIS in
participants with MS (r2 = 0.7751, adjusted r2 = 0.6466, n =
12) with right SN SUVR remaining an independent predictor
of MFIS (r = 0.73, 95% CI 0.14 to 0.94, p = 0.02) after
adjustment for the other covariates.

Figure 1 SPM analysis

(A) Statistical Parametric Mapping (SPM)-based,
voxel-by-voxel maps of correlation between
Modified Fatigue Impact Scale (MFIS) and PET
uptake. The strongest positive correlation was
seen in the right substantia nigra (cross-bars).
Additional regions of significant correlations
were seen in the left substantia nigra, peri-
aqueductal gray, pons, medulla, precuneus,
midcingulate, cerebellar vermis, and insular
cortex regions. (B) SPM-based, voxel-by-voxel
maps demonstrate widespread positive correla-
tion in juxtacortical white matter between MFIS
scores and PET uptake.
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Table 3 SPM voxel level correlations with MFIS scores

Brodmann area description
MNI coordinates
(x, y, and z) Peak-level t value Peak-level z value

Positive correlations

Brainstem

Right substantia nigra 10, −16, −14 4.67 3.05

Left substantia nigra −10, −10, −10 4.25 2.89

Pons −8, −24, −28 3.98 2.79

Medulla −2, −34, −48 3.90 2.75

Midbrain: periaqueductal gray (PAG) 4, −30, −18 3.44 2.55

Frontal lobe

Left premotor cortex and supplementary motor area (BA6) −12, −24, 48 4.08 2.83

Left pars opercularis of the inferior frontal gyrus, Broca area (BA44) −50, 20, 26 3.84 2.73

Right Broca area (BA45) 40, 30, 2 3.13 2.40

Right insula (BA13) 32, 28, 0 3.20 2.43

Right dorsolateral and medial prefrontal cortex (BA9) 8, 46, 36 3.04 2.35

Parietal lobe

Right parietal lobe including the angular gyrus near the TPO junction (BA39) 40, −62, 40 4.22 2.88

Right precuneus (BA7) 42, −42, 50 4.21 2.88

Left parietal lobe including the angular gyrus near the TPO junction (BA39) −50, −54, 42 4.18 2.87

Left dorsal posterior cingulate area (BA31) −6, −56, 34 3.93 2.77

Left precuneus (BA7) −20, −68, 38 3.23 2.45

Right inferior parietal lobe/supramarginal gyrus, parietal operculum (BA40) 58, −32, 26 3.03 2.35

Temporal lobe

Right fusiform (BA37) 46, −54, −2 3.63 2.64

Right PrimAuditory (BA41) 54, −12, 0 3.41 2.54

Left superior temporal gyrus, included in the Wernicke area (BA22) −60, −6, −10 3.21 2.44

Right parahip (BA36) 28, −16, −26 3.18 2.42

Left middle temporal gyrus/auditory cortex (BA21) −64, −18, −12 3.12 2.39

Occipital lobe

Right PrimVisual (BA17) 12, −66, 10 3.42 2.54

Right extra striate cortex; receives input from pulvinar (BA19) 30, −82, −14 3.38 2.52

Right VisualAssoc (BA18) 16, −92, 10 3.17 2.41

Cerebellum

Cerebellar vermis −2, −70, −20 4.23 2.89

Right inferior cerebellar cortex 14, −74, −46 4.15 2.85

Left superior cerebellar cortex −38, −52, −24 3.86 2.74

Right superior cerebellar cortex 18, −62, −18 3.25 2.46

Left cerebellar cortex −46, −60, −32 3.18 2.42

Left inferior cerebellar cortex −24, −42, −54 3.09 2.38

Continued
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There was no significant correlation betweenMFIS and global
brain microglial activation (r = −0.01, 95% CI −0.58 to 0.57)
or between MFIS and total brainstem microglial activation (r
= 0.24, 95% CI −0.39 to 0.71). When analyzed separately,
both patients with RRMS and SPMS showed at least a trend
for an increase in the MFIS increasing right SN SUVR (r =
0.70, 95% CI −0.11 to 0.95 for RRMS [n = 7], and r = 0.94,
95% CI 0.33 to 0.99 for SPMS [n = 5], respectively).

Additional regional correlations of PET with
total MFIS
In addition, on segmentation of the brain using the AAL tem-
plate, significant increases in MFIS were seen with increasing
SUVRs in the right parahippocampus (r = 0.75, 95% CI 0.31 to
0.93), right precuneus (r = 0.65, 95% CI 0.13 to 0.89), and left
putamen (r = 0.62, 95% CI 0.07 to 0.88) in patients with MS.
Among these regions, after adjustment for age and EDSS, right
precuneus remained significantly correlated with MFIS (r =
0.65, 95% CI 0.03 to 0.91) in patients with MS.

Correlations between MFIS subscales and PET
in MS on regional analysis

Cognitive subscale of the MFIS
The SN SUVR correlated significantly with the cognitive
subscale of the MFIS (r = 0.71, 95% CI 0.23 to 0.91, figure 2C)
that remained significant after adjustment for age and EDSS (r
= 0.65, 95% CI 0.04 to 0.91). Again, the right SN SUVR
showed a significant correlation with the cognitive subscale
(0.84, 95% CI 0.51 to 0.95) that also remained significant after
adjustment for age and EDSS (r = 0.84, 95% CI 0.45 to 0.96).
The left SN SUVR did not show a significant correlation with
cognitive MFIS (r = 0.30, 95% CI −0.33 to 0.75).

On segmentation of the brain using the AAL template, sig-
nificant increases were seen in PET uptake increases in the

cognitive subscale of theMFIS in the right precuneus (r = 0.71,
95% CI 0.22 to 0.91) and the right parahippocampus (r = 0.67,
95% CI 0.16 to 0.90). Among these regions, after adjustment
for age and EDSS, the right precuneus remained significantly
correlated with cognitive MFIS (r = 0.78, 95% CI 0.29 to 0.95)
in patients with MS.

Physical subscale of the MFIS
The SN SUVR also correlated significantly with the physical
subscale of theMFIS (r = 0.774, 95%CI 0.36 to 0.93, figure 2D)
that remained significant after adjustment for age and EDSS (r =
0.64, 95% CI 0.03 to 0.91). There was a significant correlation
between the right SN SUVR and the physical subscale of the
MFIS (0.68, 95% CI 0.17 to 0.90) that also remained significant
after adjustment for age (r = 0.68, 95% CI 0.36 to 0.93) but not
after adjustment for both age and EDSS (r = 0.59, 95%CI −0.06
to 0.89). The correlation between the left SN SUVR and the
MFIS physical subscale showed a trend but did not attain sta-
tistical significance (r = 0.56, 95% CI −0.02 to 0.86).

On segmentation of the brain, using the AAL template, sig-
nificant increases were seen in PET uptake with increasing
values of the physical subscale of MFIS in the left calcarine
gyrus (r = 0.59, 95% CI 0.02 to 0.87), right parahippocampus
(r = 0.77, 95%CI 0.34 to 0.93), left putamen (r = 0.66, 95%CI
0.13 to 0.89), right thalamus (r = 0.64, 95% CI 0.10 to 0.89),
and vermis 10 (r = 0.66, 95% CI 0.14 to 0.90). A decrease in
PET uptake with increasing values of the physical subscale of
MFIS was seen in the left superomedial frontal gyrus (r =
−0.62, 95% CI −0.88 to −0.07).

Psychosocial subscale of the MFIS
The correlation between the average SN SUVR and the
psychosocial MFIS subscale did not attain statistical signifi-
cance (r = 0.556, 95% CI −0.03 to 0.86), but the right SN

Table 3 SPM voxel level correlations with MFIS scores (continued)

Brodmann area description
MNI coordinates
(x, y, and z) Peak-level t value Peak-level z value

White matter

Subcortical/juxtacortical WM 26, −62, 34 4.06 2.82

Juxtacortical/deep WM in the left occipital lobe −20, −76, 16 3.44 2.55

JWM: right frontal (inferior occipitofrontal fascicle) 24, 24, −10 3.39 2.52

Right inferior occipitofrontal fasciculus 32, −6, −10 3.27 2.47

Right frontal JWM 32, −20, 42 3.22 2.44

Negative correlations

Orbital part of the right inferior frontal gyrus (BA47) 30, 22, −26 4.03 2.81

Right temporal pole (BA38) 20, 6, −46 3.14 2.40

Abbreviations: JWM= juxtacortical whitematter; MFIS =Modified Fatigue Impact Scale; SPM = Statistical ParametricMapping; TPO = temporoparietooccipital.
p < 0.01.
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SUVR showed a significant correlation with the psychosocial
subscale of the MFIS (r = 0.67, 95% CI 0.16 to 0.90, figure
2E). The left SN SUVR did not show a significant correlation
with the psychosocial subscale of the MFIS (r = 0.22, 95% CI
−0.40 to 0.71).

On segmentation of the brain using the AAL template,
significant increases were seen in PET uptake with in-
creasing values of the psychosocial subscale of MFIS in the
left cuneus (r = 0.58, 95% CI 0.01 to 0.87), right para-
hippocampus (r = 0.66, 95% CI 0.14 to 0.90), and vermis
10 (r = 0.58, 95% CI 0.02 to 0.87). A decrease in PET
uptake with increasing values of the psychosocial subscale
of MFIS was seen in vermis 12 (r = −0.59, 95% CI −0.87
to −0.04).

Group comparisons of SN PET uptake between
patients with MS with fatigue and patients
with MS without fatigue and HCs
MFIS scores were 6–37 in patients with MS without fatigue
and 54 to 71 in patients with MS with fatigue. The SN SUVR
was higher in participants with MS with fatigue compared
with participants with MS without fatigue and HC partici-
pants (1.053 ± 0.031 vs 0.976 ± 0.045 vs 0.932 ± 0.069; 95%
CI for effect size [ES] 0.03 to 0.14 and 0.03 to 0.21, re-
spectively, figures 3, A and B). Similarly, the right SN SUVR
was also higher in participants withMS with fatigue compared
with participants with MS without fatigue and HC partici-
pants (1.066 ± 0.034 vs 0.971 ± 0.059 vs 0.933 ± 0.102; 95%
CI for ES 0.02 to 0.16 and 0.03 to 0.26, respectively, figure
3C). The left SN SUVR was higher in participants with MS

Figure 2 Correlational analysis between regional PET SUVR and fatigue scores

Correlations between (A) average substantia nigra (SN) SUVR and total MFIS, (B) right SN SUVR and total MFIS, (C) average SN SUVR and cognitive MFIS, (D)
average SN SUVR and physical MFIS, and (E) right SN SUVR and psychosocial MFIS. MFIS = Modified Fatigue Impact Scale.
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with fatigue compared with HC participants (1.041 ± 0.041
vs 0.930 ± 0.085, 95% CI for ES 0.03 to 0.24) but not as
compared to participants with MS without fatigue (1.041 ±
0.041 vs 0.980 ± 0.073, 95% CI for ES −0.03 to 0.13)
(figure 3D).

Group comparisons of PET uptake in AAL
template regions between patients with MS
with fatigue and patients with MS without
fatigue and HCs
Among the AAL template regions that showed correlations
with MFIS or its subscales in patients with MS, only the right
parahippocampus and right thalamus showed increased
SUVRs in patients with MS with fatigue compared with HCs
(1.0 ± 0.056 vs 0.92 ± 0.13 and 1.24 ± 0.08 vs 1.12 ± 0.11,
respectively), but they were not statistically significant (95%
CI for ES −0.04 to 0.21 and −0.05 to 0.27).

Discussion
The major findings of our study are that substantia nigra
microglial activation is linked to fatigue scores in patients with
MS and that patients with MS with fatigue have a higher
substantia nigra microglial activation than HCs. Specifically,
right substantia nigra microglial activation correlated with
fatigue scores in patients with MS, independent of age, dis-
ability, and depression severity, highlighting the potential
specificity of this observation. On subsequent exploratory
analysis, we found correlation of fatigue scores with microglial
activation in widespread cortical and subcortical gray matter
regions, including the right precuneus, parahippocampal gy-
rus, putamen, thalamus, and juxtacortical white matter.

It has been previously proposed that fatigue in MS is linked to
regional changes rather than global brain damage.31 Rocca

Figure 3 Comparison of substantia nigra PET uptake between subjects with MS with fatigue and subjects with MS without
fatigue and healthy participants

(A) Individualized z-score maps showing increased [F-18]PBR06 PET uptake in the bilateral substantia nigra in a patient with MS with fatigue with a high total
MFIS score (total MFIS score = 64) compared with a patient with MS without fatigue with a comparable EDSS score (3.5 vs 4) and a low total MFIS score (MFIS
score = 33). For the latter patient, the ROIs for the substantia nigra are delineated but do not demonstrate an increased z-score of >2 comparedwith a healthy
control group. (B) Increased average substantia nigra SUVR in patients with MS with fatigue compared with patients with MS without fatigue and healthy
participants. (C) Increased right substantia nigra SUVR in patients with MS with fatigue compared with patients with MS without fatigue and healthy
participants. (D) Increased left substantia nigra SUVR in patients with MS with fatigue compared with healthy controls. MFIS = Modified Fatigue Impact Scale.
*p < 0.05; **p < 0.01.
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et al.31 found that total lesional load measured on T2- and T1-
weighted MRIs and global brain atrophy did not distinguish
patients with MS with fatigue from patients with MS without
fatigue. Instead, injury to strategic gray and white matter re-
gions manifesting as atrophy and microstructural changes
measured on diffusion tensor imaging significantly contrib-
uted to fatigue in MS. The lack of correlations between BPV
and total T2- and T1 lesional load with fatigue scores in our
study is consistent with these observations. Other studies have
found, in terms of anatomic substrates, abnormalities in cor-
ticocortical connections, corticostriatal networks, deep gray
matter structures, and a cortico-striato-thalamo-cortical loop
in relation to fatigue in MS.32 In terms of functional and
molecular changes, abnormalities in the dopaminergic system
(dopamine hypothesis),33 the neuroendocrine system in-
volving the hypothalamo-pituitary axis (neuroendocrine hy-
pothesis),34 and altered functional connectivity of the resting
default mode network (functional disconnection hypothesis)
35,36 have been linked to fatigue in MS in various studies, but
the underlying biological bases of these abnormalities are not
known.32,37 Microglial activation may represent a unifying
mechanism underlying these myriad abnormalities detected
in patients with MS with fatigue. It is also possible, however,
that some of these changes are linked to fatigue in general
rather than being specific for MS-related fatigue. Notably,
inflammation in widespread cortical areas has been associated
with severity of symptoms in patients with chronic fatigue
syndrome (CFS)/myalgic encephalomyelitis.38

Abnormal functional activation of the SN in association with
fatigue39 has been previously reported in patients with MS. This
is consistent with our results, and the microglial activation in the
SN may underly the reported abnormal functional activation in
this population. The SN is a major seat of dopaminergic neurons
in the brain, and microglial activation in the SNmay be linked to
dopaminergic imbalance, which has also been proposed as a
potential mechanism for MS-related fatigue.33 Increased iron
accumulation in the SN40 has previously been reported in MS,
but its association with fatigue in MS has not been studied.

Moreover, a brainstem fatigue generator model has been
proposed in postviral fatigue syndromes and fatigue that
follows poliomyelitis41 that may be relevant for un-
derstanding fatigue in MS. In this model, a central role of
substantia nigra lesions in inhibiting the functional activity
of thalamus, cerebral cortex, and reticular formation via
decreased dopaminergic stimulation of the putamen and
resultant excitation of the globus pallidus externa and in-
hibition of the globus pallidus interna has been
proposed.41,42 Recently, a fatigue nucleus that is triggered by
cytokines produced by neuroinflammation has been postu-
lated to be responsible for the behavioral changes seen in
CFS.43 Further studies are albeit needed to directly assess
the associations of substantia nigra microglial activation with
regional and widespread metabolic, electrophysiologic, and
neurochemical alterations and to assess whether the SN
could be the fatigue nucleus in MS.

The association of [F-18]PBR06 PET uptake in the para-
hippocampal gyrus, posterior cingulate, and precuneus ce-
rebral cortical areas, with fatigue scores, supports the role of
microglial activation in these regions in the manifestation of
fatigue in MS. Precuneus is a hub of the default mode net-
work (DMN).44 Microglial activation may play a role in the
reported abnormalities in functional connectivity of the
DMN, which has been linked with fatigue in MS.9 Para-
hippocampal gyrus has been reported to connect the default
mode network with the memory system in the medial tem-
poral lobe.45 Inflammation of the parahippocampus, pre-
cuneus, and posterior cingulate may interfere with
physiologic activation and deactivation of the DMN and
retrieval of memory, contributing to fatigue in patients with
MS.45 The association of right parahippocampal microglial
activity with psychosocial fatigue is consistent with its role in
affective and cognitive empathy46 and detecting sarcasm in
interpersonal interactions.47 More studies are needed to
assess the relationship between gray matter inflammation
and fatigue in MS and their modification by various treat-
ment approaches.

Our study has several limitations. The sample size is small, and
our results need to be confirmed in larger studies. The cross-
sectional and observational design of our study allows us to
explore an association between microglial activation and fa-
tigue, but does not allow us to establish causality. We did not
formally assess cognition and sleep disturbances, although
none of our participants with MS were diagnosed with a sleep
disorder. Our conclusions rest on the validity of the MFIS,
which is a subjective scale but has been otherwise validated in
the assessment of fatigue in MS. Other brainstem nuclei such
as locus coeruleus may be involved in fatigue pathogenesis in
MS, but our approach may lack the resolution and statistical
power to detect changes in this small-sized structure.48 TSPO
is not completely specific for micrgolia, and approximately
20% of the PET signal may originate from astrocytes
expressing glial fibrillary acid protein.49

Future research studies are needed to compare the fatigue-
related microglial changes in MS with other diseases such as
CFS and Parkinson disease and identify common and disease-
specific mechanisms of fatigue in neurologic disorders.
Studies with a longitudinal design can help evaluate a causal
relationship between microglial activation and fatigue in MS.
Link of microglial activation with neurochemical and regional
neurodegenerative changes in the context of MS-related fa-
tigue also needs to be further investigated. Furthermore, the
prognostic value of fatigue and related microglial activation in
the context of progressiveMS is also a potentially exciting area
for further research.

Widespread microglial activation, particularly in the SN, is
linked to fatigue in MS. Such findings, if replicated and ex-
panded, could provide a foundation for novel therapeutic
strategies and targets for fatigue in MS. Further evaluation of
neuroimmunologic basis of fatigue in MS is warranted.
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