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Abstract

Background: Damage of different brain structures has been related to fatigue. Alternatively, functional
alterations of central nervous system (CNS) cells by the inflammatory milieu within the CNS may be
responsible for the development of fatigue.

Aim: To investigate the effect of structural brain damage and inflammatory cerebrospinal fluid (CSF)
changes on fatigue in multiple sclerosis (MS).

Methods: We determined the association of different clinical, CSF and magnetic resonance imaging
(MRI) parameters with prevalence and severity of fatigue, as measured by the Fatigue Scale for Motor
and Cognitive Functions in 68 early MS patients (discovery cohort). We validated our findings in two MS
cohorts: the MRI validation cohort (N=233) for the clinical and MRI parameters, and the CSF validation
cohort (N=281) for the clinical and CSF parameters.

Results: Fatigue was associated with clinical disability. Fatigue did not correlate with any CSF param-
eter but correlated negatively with total and cortical grey matter volume. However, when controlling for
Expanded Disability Status Scale (EDSS) in a multivariate model, these associations lost significance.
Conclusion: Disability and disease duration best explain fatigue severity but none of the tested MRI or
CSF parameter was reliably associated with fatigue.
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Introduction

Fatigue is one of the most prevalent symptoms in mul-
tiple sclerosis (MS) patients. It is present early in the
disease course,'2 can even precede other MS symp-
toms? and predicts disease progression.!#

fatigue similar to MS.3 Studies investigating immuno-
logic markers for fatigue in the blood of MS
patients failed to identify a meaningful parameter.’
Inflammatory mechanisms may mainly occur in the
CNS compartment and might not be measurable in
blood samples of MS patients.>

The pathophysiology of fatigue is still unclear.

Damage of specific brain structures and strategic
localization of MS lesions have been related to fatigue
in MS patients. However, results from previous stud-
ies are conflicting.> Alternatively, the inflammatory
milieu in the central nervous system (CNS) compart-
ment of MS patients might produce symptoms of
fatigue by inducing functional alterations of CNS
intrinsic cells. This hypothesis is supported by the fact
that other autoimmune diseases, chronic or acute
infections and malignancies are characterized by

In the study at hand, we tested possible associations
of fatigue with the morphometric imaging parameters
suggested until now’> and immunologic markers in a
cohort of 68 early MS patients. In a second step, we
controlled for clinical disability and depression which
are both associated with fatigue.6

Immunologic markers were investigated in the cere-
brospinal fluid (CSF) compartment, which might
reflect inflammatory changes in the CNS parenchyma
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Figure 1. Study design.

A schematic overview of the study design is given. CSF is withdrawn at disease onset before the start of an immunomodulatory
treatment. Afterwards, standardized brain MRI scans, clinical and neuropsychological tests are performed annually. Focusing on 3-year
follow-up, three cohorts were investigated: discovery cohort, patients with CSF analysis at disease onset, clinical and MRI follow-up
data; CSF validation cohort, patients with CSF analysis at disease onset and clinical follow-up data; and MRI validation cohort, patients

with brain MRI and simultaneous clinical tests.

BDI: Becks Depression Inventory II; CIS: clinically isolated syndrome; CSF: cerebrospinal fluid; EDSS: Expanded Disability Status
Scale; FSMC: Fatigue Scale for Motor and Cognitive Functions; MRI: magnetic resonance imaging; #: time.

to a certain degree. We were particularly interested in
the distribution of CSF immune cells, as immuno-
logic dysregulation’ with alterations in B-8 and T-%-1°
cell function had also been described in patients with
chronic fatigue syndrome (CFS). B-cell depleting
therapies have been shown to ameliorate fatigue in
CFS!" and autoimmune diseases'? but did not influ-
ence fatigue in a trial with 75 MS patients.!> We aimed
to validate our findings in two separate cohorts of
early MS patients, the magnetic resonance imaging
(MRI) and CSF validation cohort.

Materials and methods

Subjects and study design

This study was performed in accordance with the
Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving
humans and was approved by the local ethics com-
mittee. We retrospectively analysed data that were
collected in an observational study (TUM-MS) since
January 2009 at the Department of Neurology at the
Technical University of Munich. The study design is
as follows (see also Figure 1): All patients with a
diagnosis of MS according to current McDonald cri-
terial* or clinically isolated syndrome (CIS) that are
regularly followed in our MS outpatient clinic were
asked for their informed consent to participate in the
TUM-MS study and to provide their data and bioma-
terials for scientific purposes. CIS was defined as
first demyelinating event suspicious of MS accompa-
nied by at least two brain white matter (WM) lesions
detected by MRI. If disease diagnosis was made in
our clinic, CSF was drawn as part of routine clinical
work-up. After study inclusion, standardized brain

MRI scans, clinical and neuropsychological tests
were performed annually within 30days. Disability
was quantified by Expanded Disability Status Scale
(EDSS) by the treating neurologist in the MS outpa-
tient unit; fatigue was assessed by Fatigue Scale for
Motor and Cognitive Functions (FSMC). FSMC is a
20-item questionnaire developed to differentiate
grade motor and cognitive fatigue in MS patients. !
Depression was evaluated by Beck Depression
Inventory-1I (BDI).!¢

For the study at hand, we excluded patients with rele-
vant comorbidities as malignancies, autoimmune and
psychiatric diseases. Patients with depression were
included, as depression affects around 25% of MS
patients with a lifetime prevalence of up to 54%.!7
Excluding these patients might introduce a systematic
bias. Nevertheless, one patient with long-standing
major depression before the onset of MS symptoms
was excluded. We also excluded patients with a relapse
or EDSS >4 at time of fatigue assessment. For CSF
analysis, only therapy-naive patients were selected (no
immunomodulatory drugs, no corticosteroids within
the past 30days). Afterwards, they received different
immunomodulatory drugs according to the recom-
mendation of their treating physician. We focused on
fatigue scores 3years after disease diagnosis and
investigated three cohorts of MS patients: The discov-
ery cohort consisted of 68 patients of whom all inves-
tigated items were available (CSF at disease onset,
follow-up brain MRI and clinical tests). The MRI vali-
dation cohort consisted of 233 patients of whom brain
MRI scans with simultaneous clinical and neuropsy-
chological tests were available. The CSF validation
cohort consisted of 81 patients of whom CSF at dis-
ease onset and follow-up clinical tests were available.

1116

journals.sagepub.com/home/msj


https://journals.sagepub.com/home/msj

V Biberacher, P Schmidt ef al.

Table 1. Basic data and clinical examination.

Basic data Discovery cohort MRI validation cohort CSF validation cohort
Number 68 233 81

Gender 19; 49 78; 155 30; 51
(male; female)

Age at first manifestation 32.5+8.9 33.1+10.0 33.0+£8.3
(years; mean+ SD)

Clinical examination

Age (years; mean=+SD) 36.8+9.3 37.8+10.1 37.1+£8.7
Disease duration 43+3.6 5.0+4.5 4.1£3.6
(years; mean+ SD)

Disease course 7;60; 1 34;199; 0 9;71; 1
(CIS; RRMS; SPMS)

Time span CSF — clinical test ~ 33.6+6.3 - 30.8+11.3

(months; mean+ SD)
Disease modifying drugs

FSMC cognition (mean+ SD)

None: 15; IFN: 19; GA:
14; DMF: 7; FTY: 9;
Nat: 2; RTX: 1; TFN: 1
20.1+10.4

None: 66; IFN: 90; GA:

33; DMF: 16; FTY: 18;

None: 20; IFN: 35; GA:
15; DMF: 6; FTY: 2;

Nat: 6; RTX: 1; TFN: 3 Nat: 3
21.5£10.3 20.9+11.3
22.6+10.6 20.9+10.8
44.1£20.5 41.7+£21.9
1.5;0-3.5 1.0; 04
7.1+7.4 5.7+6.1

FSMC motor (mean=+SD) 20.8+10.6
FSMC total (mean+SD) 40.8+20.5
EDSS (median; range) 1.0; 04
BDI (mean+SD) 6.2+6.8

BDI: Becks Depression Inventory-II; CIS: clinically isolated syndrome; DMF: dimethyl fumarate; EDSS: Expanded Disability Status
Scale; FSMC: Fatigue Scale for Motor and Cognitive Functions; FTY: fingolimod; GA: glatiramer acetate; [FN: beta interferon; Nat:
natalizumab; RRMS: relapsing-remitting multiple sclerosis; RTX: rituximab; SD: standard deviation; SPMS: secondary progressive

multiple sclerosis: TFN: teriflunomide.

Patient characteristics, clinical and neuropsychologi-
cal tests at follow-up are summarized in Table 1.

Analysis of CSF

Routine CSF parameters

CSF was drawn as part of routine clinical work-up.
Peripheral blood was taken immediately after lum-
bar puncture. CSF cells were counted manually in a
Fuchs Rosenthal chamber. CSF glucose and lactate
levels were measured by an enzymatic-amperomet-
ric method using chip-sensor technology (EKF
Biosen C-Line). Albumin CSF/serum ratios and
intrathecal immunoglobulin synthesis were deter-
mined by nephelometry (Siemens ProSpec®).
Fluorescence-associated cell sorting (FACS) of
CSF immune cells was performed as described pre-
viously.'® The following antibodies were used for
staining: cluster of differentiation (CD) 45, V450;
CD3, APC-Cy7; CD4, PerCP (all BD Bioscience);
CDS, PE-Cy7; CD14, FITC; CD19, ECD; CD138,
PE; and CD56, APC (all Beckman Coulter). We
stained CD4+ T cells (CD45+CD3+CD4+),
CD8+ T cells (CD45+CD3+CD8+), monocytes

(CD45+CD14+), natural killer (NK) cells
(CD45+CD56+), B cells (CD45+CD19+CD138-)
and plasmablasts (CD45+CD19+CD138+). The
percentage of each subpopulation was determined
in relation to all CD45 positive single cells using
FlowJo (version 10.1). In the discovery cohort, B
cells and plasmablasts staining was missing in
seven patients and monocytes staining was missing
in two patients. CSF parameters are summarized in
Table 2.

MRI

Scanning protocol

All brain images were acquired on the same 3T scan-
ner (Achieva, Philips, The Netherlands). The scan-
ning protocol included 3D GRE T1-weighted (w)
sequence (orientation: 170 contiguous sagittal 1-mm
slices; field of view: 240x240mm?; voxel size:
1.0x1.0x 1.0mm?; repetition time (TR): 9ms; echo
time (TE): 4ms), and 3D FLAIR sequence (orienta-
tion: 144 contiguous axial 1.5-mm slices; field of
view: 230 x 185 mm?; voxel size: 1.0 x 1.0 x 1.5mm?;
TR: 10*ms; TE: 140 ms; TI: 2750 ms).

journals.sagepub.com/home/msj
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Table 2. CSF analysis.

T2-hyperintense WM lesions

T2-hyperintense WM lesions were segmented from
FLAIR and T1-w images by a lesion growth algo-
rithm as implemented in the lesion segmentation tool
(LST) toolbox version 2.0.15 (www.statistical-mod-
elling.de/lst.html) for SPM12 (http://www.fil.ion.ucl.
ac.uk/spm). Lesion maps were normalized before
extraction of lesion volumes. Brainstem and cerebel-
lar WM lesion volumes were determined by masking
with brainstem and cerebellar WM masks from
LONI Probabilistic Brain Atlas (LPBA40).!° Lesions
were filled with normal appearing WM intensities
in Tl-w images by LST.20 A natural logarithmic

transformation was applied to all lesion volumes to
approximate normal distribution.

Segmentation of brain compartments

Brain compartments were segmented with the com-
putational anatomy toolbox (CAT12, version 916,
http://dbm.neuro.uni-jena.de/cat/) as implemented in
SPM12. We used SPM12 version 6685 for our analy-
sis. We run the segmentation pipeline with the default
settings that proceeds as follows: Lesion-filled T1-w
images are normalized to Montreal Neurological
Institute (MNI) template, segmented into the tissue

1118
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classes of grey matter (GM) and WM, and corrected
for signal inhomogeneities (correction of bias-field).
Segmented images are scaled with the amount of vol-
ume changes resulting from normalization (modula-
tion).2! Before extraction of brain compartments, all
voxels, classified as lesions by LST, were set to 0 in
the GM image and to 1 in the WM image in order to
correct for possible lesion filling errors.

Regional volumes were extracted from GM and WM
images with the following atlases: LPBA40' for
putamen, caudate nucleus, cerebellar cortex, brain-
stem and cerebellar WM; neuromorphometrics atlas
(http://neuromorphometrics.com/) for thalamus, hip-
pocampus and accumbens nucleus; and CoBrA?? for
amygdala. For cerebral cortex, we used an own
mask.? Total intracranial volume (TIV) was esti-
mated by a reverse brain mask method.* All MRI
parameters are summarized in Table 3.

Voxel-wise analysis

In case of significant associations of global brain
volumes with fatigue, we performed voxel-wise cor-
relation in SPMI12. Therefore, normalized GM
images were smoothed with an 8-mm Gaussian ker-
nel. Lesion maps are normalized by applying the
deformation matrix derived from the corresponding
lesion-filled T1-w image and smoothed with a
12-mm Gaussian kernel. Analysis of GM images
was corrected for age and, in a second step, for
EDSS. We used a False Discovery Rate of <0.05 to
account for multiple testing.

Quality assurance and plausibility control

Quality of standard CSF parameters was assured by
regular interlaboratory tests. For plausibility control
of FACS data, we confirmed the correlation of CSF
plasmablasts count with intrathecal IgG synthesis'® in
the discovery (r=0.432; p<0.0001) and the CSF vali-
dation cohort (»=0.515; p=0.001). MRI data were
checked by correlating age, EDSS?6 and WM lesion
volume?” with different GM volumes (Figure 2).

Statistical analysis

We used IBM SPSS Statistics version 23 and
R-environment for statistical computing?® to analyse
and plot data. We investigated the effect of demo-
graphic and clinical parameters on fatigue severity
by Pearson’s correlation analysis (age, disease dura-
tion, EDSS and BDI), unpaired #-test (gender) and
analysis of variance (ANOVA; disease modifying
drugs; categorical variable for each drug). We

performed partial correlation analyses with FSMC
and the extracted brain MRI parameters, correcting
for age, gender and total intracranial volume. We
performed partial correlation analyses with all CSF
parameters, correcting for age and gender. To con-
sider multicollinearity and to correct for multiple
testing, a joint analysis of the effect of all CSF and
MRI variables on FSMC was performed by elastic
net regularized regression approach. This approach
uses a mixture of L1 (Lasso regression) and L2 pen-
alty (Ridge regression), thus it is able to perform
shrinkage and variable selection simultaneously. For
estimation, we used the EBglmnet package (https://
CRAN.R-project.org/package=EBglmnet)?® which
implements an empirical Bayes approach. Optimal
mixture parameters for the penalties were estimated
using a leave-one-out cross validation.

Results

Prevalence of fatigue and association with

clinical parameters

Motor and cognitive fatigue were highly correlated
(all R2=0.82; p<0.0001). In the following, we will
report the results for the FSMC sum score only.

FSMC correlated significantly with disability
(EDSS) in all three cohorts (discovery, MRI and
CSF validation cohorts; r=0.54, 0.46 and 0.35,
respectively; all ps<0.0001). All correlations
remained significant when age and gender were
included as confounders.

The distribution of BDI scores and the association
with fatigue are illustrated in Figure 3. All patients
with moderate or severe depression also had symp-
toms of fatigue, but not vice versa. Fatigue correlated
significantly with BDI scores (discovery, MRI and
CSF wvalidation cohorts, »=0.77, 0.66 and 0.73,
respectively; all ps<0.0001). We decided to repeat
some of the following correlation analyses after
exclusion of patients with moderate and severe
depression to ensure that these outliers were not pri-
marily responsible for the observed correlation.

In the MRI validation cohort, fatigue increased sig-
nificantly with disease duration (»=0.17, p=0.008).
The discovery cohort and the CSF validation cohort
were not suitable for correlation of fatigue with dis-
ease duration as the clinical examination was per-
formed at a standardized interval after diagnosis.

The immunomodulatory therapy did not have a sig-
nificant effect on fatigue in any cohort (all ps > 0.2).
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Table 3. Morphometric brain volume measures.

MRI measures and fatigue

Correlation analysis of fatigue with all extracted MRI
parameters did not indicate any significant correlation in
the discovery cohort. As significant correlations have
been described in other studies,” we decided to repeat
the analysis in the MRI validation cohort in order to
increase statistical power. We found significant negative
correlations of motor fatigue with volume of total
(r=—0.139, p=0.036) and cortical (r=—0.141, p=0.033)
GM. Exclusion of patients with moderate or severe
depression did not change these results (GM: r=—0.166,
p=0.016; cortical GM: r=—0.164, p=0.017). None of

these correlations remained significant after additional
correction for EDSS or disease duration (Figure 4).
Likewise, in the multivariate model, fatigue was signifi-
cantly associated with EDSS and BDI only, both in the
discovery and the MRI validation cohort (all ps<0.01).

Voxel-wise analysis of the MRI validation cohort con-
firmed this finding: We identified GM clusters that
were significantly associated with fatigue in right insu-
lar cortex, left and right occipital pole, left inferior pari-
etal lobule, left inferior temporal gyrus, left precentral
gyrus, right middle frontal gyrus and right precuneus
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Figure 2. Plausibility control of MRI data by partial correlations.

Plausibility control of MRI data for the discovery cohort (green) and the MRI validation cohort (blue). Partial correlation coefficients
and 95% confidence intervals are shown. Age was correlated with total white matter lesion volume and different grey matter structures,
controlling for gender and total intracranial volume (left panel). EDSS (middle) and white matter lesion volume (right panel) were
correlated with total white matter lesion volume and different grey matter structures, controlling for age, gender and total intracranial
volume.

EDSS: Expanded Disability Status Scale; MRI: magnetic resonance imaging; TIV: total intracranial volume; WML: T2-hyperintense
white matter lesion volume.

Discovery cohort MRI validation cohort CSF validation cohort
: T T ¥ T
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Figure 3. Prevalence of fatigue and depression.

The relationship of fatigue (Fatigue Scale for Motor and Cognitive Functions) with depression (Becks Depression Inventory-1II) is shown
for the discovery cohort (left panel), the MRI validation cohort (middle panel) and the CSF validation cohort (right panel).

BDI: Becks Depression Inventory-II; FSMC: Fatigue Scale for Motor and Cognitive Functions; min.: minimal; mod.: moderate.

cortex (all at a false discovery rate of <0.05), but none in the model. Voxel-wise analysis of lesion maps with
of them remained significant after inclusion of EDSS  fatigue did not show any significant cluster.
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Figure 4. Partial correlation analyses of MRI parameters with fatigue.

Partial correlation coefficients and 95% confidence intervals of fatigue (Fatigue Scale for Motor and Cognitive Functions) with MRI
parameters are shown for the discovery cohort (green) and the MRI validation cohort (blue). Only MRI parameters with a significant
correlation in any analysis are shown. Confounders were age, gender and total intracranial volume (left panel); age, gender, total
intracranial volume and Expanded Disability Status Scale (middle panel); and age, gender, total intracranial volume and disease duration

(right panel).

EDSS: Expanded Disability Status Scale; FSMC: Fatigue Scale for Motor and Cognitive Functions; TIV: total intracranial volume.

CSF measures and fatigue

In the discovery cohort, none of the humoral CSF
parameters was associated with fatigue. CSF CD4/
CDS ratio showed a trend towards negative correla-
tion with fatigue (r=-0.234, p=0.059), which was
not influenced by additional correction for relapse at
time point of spinal tap (yes/no) and exclusion of
patients with moderate and severe depression
(r=—0.235, p=0.068). However, this finding could
not be replicated in the CSF validation cohort. Here,
CSF CD4/CD8 ratio showed a trend towards positive
correlation with fatigue (=0.192, p=0.09). In the
multivariate model, none of the CSF parameters cor-
related with fatigue, neither in the discovery nor in the
CSF validation cohort.

Discussion

In this study, we investigated the association of fatigue
with clinical, brain MRI and CSF parameters in early
MS.

Prevalence of fatigue in our cohort was in line with
previous results in early MS patients from German
MS Registry.?? Although fatigue can be observed in
the absence of any other MS symptom,? it increases
with disability3?33 and disease duration,>?*3* which
was confirmed by our data. Furthermore, we found a
robust association of fatigue and BDI, which is the
recommended screening tool for depression in MS
patients.?> However, several BDI items overlap with
fatigue symptoms (loss of energy, fatigue or difficul-
ties in concentration) or are commonly observed in
MS patients (sleep disorders, changes in appetite and
sexual interest, irritability and emotional lability)36-37
whether as symptom of the disease or adverse drug
reaction and it might be impossible to entirely disen-
tangle fatigue and depression in MS patients. This in
turn means that MS patients are likely to achieve BDI
scores, indicating minimal/mild depression and
excluding these patients from the analysis might
introduce a bias in the results. This might not apply
for MS patients with higher BDI scores, indicating
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clinically significant depression, which seems to
resemble major depression.’® Therefore, we repeated
the analysis after exclusion of these patients without a
meaningful change in the results.

We found weak correlations of fatigue with total and
cortical grey matter that did not remain significant in
the multivariate model that included EDSS score. We
concluded that these correlations may not be specific
for fatigue but rather reflect a longer or more severe
disease course. Alternatively, the inclusion of an addi-
tional confounder might have decreased statistical
power. In this case, however, one would expect con-
sistent results among previous studies,’ which is not
the case. To our knowledge, only few studies investi-
gating the association of fatigue with MRI measures
controlled for EDSS or disease duration. Damasceno
and coworkers have described significant association
of fatigue with lower volumes of caudate and accum-
bens nucleus in a cohort of 49 MS patients.3? Of note,
p values became moderate (0.048, 0.047) after correc-
tion for EDSS. We did not confirm these associations
in our cohorts, which were both larger (68 and 233
patients). Yet we acknowledge that our patients had a
shorter disease duration (mean disecase dura-
tion=4.3/5.0 vs 6.2years) and were less disabled
(median EDSS=1.0 and 1.5 vs 2.0).

Alternatively, fatigue in MS might be a consequence
of chronic CNS inflammation. However, studies
investigating different laboratory markers as potential
biomarkers of fatigue in MS patients are inconclu-
sive.” It is believed that inflammatory changes in the
CNS parenchyma are reflected to a certain extent in
the CSF compartment. Thus, we measured inflamma-
tory parameters and immune cell subsets in the CSF
compartment, but did not identify any significant
association with the development of fatigue.

We acknowledge limitations of our study. A more
detailed immune cell subtyping, for example, with
memory and activation markers, might help to further
investigate these contradictory findings. In our study,
this was not possible as it was a post hoc analysis.
With regard to MRI parameters, the investigation of
diffuse WM changes and spinal cord pathology could
add valuable information. Functional imaging may
help to understand fatigue-related dysfunction at the
network level, although changes identified through
this technique are in principle compatible with either
subtle structural damage or functional changes merely
resulting from the inflammatory milieu. In a recent
combined structural and functional MRI study, func-
tional connectivity of basal ganglia correlated with
fatigue severity in the absence of structural changes.

This supports the hypothesis of a rather functional
than structural cause of fatigue, at least in early MS.3°
Finally, we did not control for sleep disorders which
might also contribute to fatigue in MS.40

In summary, we found a robust relation of fatigue
with disease severity. We could link fatigue neither to
damage of certain brain regions nor to a certain type
of inflammatory activity. This, however, does not
prove that those relations do not exist. Rather, demon-
stration of such associations may necessitate more
sophisticated laboratory or MRI methods. Still, coin-
cidence with disease duration and severity must be
accounted for. Gaining a deeper understanding of
fatigue may be very challenging as different aspects
of MS pathology, as well as the premorbid personal-
ity, may eventually determine the final common path-
way of fatigue.
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