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ARTICLE INFO ABSTRACT

Keywords: Background: Fatigue is a common and debilitating symptom in multiple sclerosis (MS). Over the past decade, a growing
MS: Multiple Sclerosis body of research has focussed on the pathophysiological mechanisms underlying central (cognitive and physical) fatigue
MRI: Magnetic Resonance Imaging in MS. The precise mechanisms causing fatigue in MS patients are complex and poorly understood, and may differ

DTI: Diffusion Tensor Imaging
fMRI: Functional Magnetic Resonance Imaging
MRS: Magnetic Resonance Spectroscopy

between patients. Advanced quantitative magnetic resonance imaging (MRI) techniques allow for objective assessment
of disease pathology and have been used to characterise the pathophysiology of central fatigue in MS.

Objective: To systematically review the existing literature of MRI-based studies assessing the pathophysiological
mechanisms of MS-related central fatigue.

Methods: A systematic literature search of four major databases (PubMed, Medline, Embase, Scopus and Google
Scholar) was conducted to identify MRI-based studies of MS-related fatigue published in the past 20 years. Studies using
the following MRI-based methods were included: structural (lesion load/atrophy), T1 relaxation time/magnetisation
transfer ratio (MTR), diffusion tensor imaging (DTI), functional MRI (fMRI) and magnetic resonance spectroscopy (MRS).
Results: A total of 92 studies were identified as meeting the search criteria and included for review. Structurally,
regional gray/white matter atrophy, cortical thinning, decreased T1 relaxation times and reduced fractional
anisotropy were associated with central fatigue in MS. Functionally, hyperactivity and reduced functional
connectivity in several regional areas of frontal, parietal, occipital, temporal and cerebellum were suggested as
causes of central fatigue. Biochemically, a reduction in N-acetyl aspartate/creatine and increased (glutamine
+ glutamate)/creatine ratios were correlated with fatigue severity in MS.

Conclusion: Several advanced quantitative MRI methods have been employed in the study of central fatigue in
MS. Central fatigue in MS is associated with macro/microstructural and functional changes within specific brain
regions (frontal, parietal, temporal and deep gray matter) and specific pathways/networks (cortico-cortical and
cortico-subcortical). Alternations in the cortico-striatal-thalamocortical (CSTC) loop are correlated with the
development of fatigue in MS patients.

Abbreviations: ACC, Anterior cingulate Cortex; AD, Axial diffusivity; BOLD, Blood oxygen dependant level; BPF, Brain parenchymal fraction; BVL, Brain volume loss;
CIS, Clinically isolated syndrome; CNS, Central nervous system; Cho, Choline; Cr, Creatine; CSI, Chemical shift imaging; CSTC, Cortico-striato thalamo-cortical; DMN,
Default motor network; DLPFC, Dorsi-lateral pre frontal cortex; DSI, Diffusion spectrum imaging; DTI, Diffusion tensor imaging; EDSS, Expanded disability severity
score; FA, Fractional anisotropy; FC, Functional connectivity; fMRI, functional MRI; GABA, y-aminobutyric acid; Gln, Glutamine; Glu, Glutamate; Glx, Glutamine
+ glutamate; GM, Gray matter; HARDI, High angular resolution diffusion imaging; IFN, Interferon; ITG, Inferior temporal gyrus; MD, Mean diffusivity; MFG, Middle
frontal gyrus; MFIS, Modified fatigue impact scale; mIno, Myo inositol; mIno/Cr, Myo inositol/Creatine ratio; MRS, Magnetic resonance spectroscopy; MRSI,
Magnetic resonance spectroscopic imaging; MS, Multiple sclerosis; MTI, Magnetisation transfer imaging; MTR, Magnetisation transfer ratio; NAA, N-acetyl aspartate;
NAA/Cr, N-acetyl aspartate/Creatine ratio; NAAG, N-acetyl aspartate glutamate; NAWM, Normal Appearing White Matter; NAWM, Normal Appearing Gray Matter;
NODDI, Neurite orientation dispersion and density imaging; PASAT, Paced auditory serial addition test; PCC, Posterior cingulate cortex; PET, Positron emission
tomography; PMC, Pre motor cortex; PPMS, Primary progressive multiple sclerosis; PRISMA, Preferred reporting items for systematic reviews and meta-analyses; RD,
Radial diffusivity; RRMS, Relapse remitting multiple sclerosis; rs-fMRI, resting state-fMRI; SFG, Superior frontal gyrus; SMA, Supplementary motor area; SMC,
Sensory motor cortex; SMN, Sensory motor network; SII, Secondary somatosensory cortex; SPMS, Secondary progressive multiple sclerosis; SVS, Single voxel
spectroscopy; TBM, Tensor based morphometry; VBM, Voxel based morphometry; WM, White matter
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1. Introduction

Fatigue affects almost 80% of patients with multiple sclerosis (MS)
and is one of the most common and disabling symptoms of the disease
[1,2]. Patients describe fatigue as an overwhelming state of tiredness,
lack of energy and feelings of exhaustion [1,3]. Compared to other MS-
associated neurological deficits such as depression, pain and physical
disability, MS patients indicate that fatigue is considered to be the most
debilitating symptom with significant socio-economic impact and de-
creased work productivity [4]. Fatigue can be present in all stages of
MS, regardless of disease severity. Fatigue tends to be more severe and
frequent in patients with either primary or secondary progressive forms
of MS (PPMS/SPMS), compared with relapse-remitting disease (RRMS)
[5-8]. Fatigue can develop earlier in the disease course when patients
present with the clinically isolated syndrome (CIS), and its severity is
similar to that of RRMS patients [9]. From a symptom management
perspective, differentiating different forms of fatigue is essential. Pri-
mary fatigue can be directly associated with disease mechanisms which
include inflammation, demyelination and/or axonal loss [10]. The
secondary form of fatigue may be related to sleep disorders, which are a
common problem in MS patients due to spasms, pain, anxiety/depres-
sion and medications [11]. MS relapses quite typically are characterised
by increased fatigue [12]. Although fatigue can manifest from altera-
tions in either the central or peripheral nervous systems, MS-associated
fatigue is primarily central with cognitive, physical and psychosocial
elements [13,14].

2. Definition of fatigue

In 2000, Chaudhuri and Behan suggested the term “central fatigue’
which mainly refers to failure in performing/sustaining both mental
(cognitive) and physical (motor) tasks requiring self-motivation [15].
This definition contrasts central fatigue with the fatigue experienced by
healthy individuals after a period of sleep loss or viral infection. The
central fatigue experienced by patients with neurological diseases such
as MS can be chronic (persisting for up to six months or longer), dif-
fering from the short-lived physiological fatigue in healthy people. A
more clinically relevant definition of fatigue with a physiological basis
was proposed in 2008 by Mills and Young [16]. They defined MS fa-
tigue as “reversible, motor and cognitive impairment with reduced motiva-
tion and desire to rest, either appearing spontaneously or brought on by
mental or physical activity, humidity, acute infection and food ingestion”
[16].

Neuroimaging techniques such as positron emission tomography
(PET) and magnetic resonance imaging (MRI) have been used to study
the factors related to cognitive [17-19] and physical domains [20-22]
of MS fatigue. MRI is often the preferred choice owing to its versatility
in providing both qualitative and quantitative measures of tissue
characteristics using a wide range of MR metrics [23]. Qualitative or
conventional structural MRI is used extensively in clinical settings to
diagnose and manage MS. Recent advancements in quantitative MRI
techniques have extended its use with a growing number of studies over
the last two decades reporting the use of varied MRI approaches to
characterise the pathophysiological mechanisms underlying MS-asso-
ciated fatigue. The quantitative techniques include relaxometry, mag-
netisation transfer imaging (MTI), diffusion tensor imaging (DTI),
functional MRI (fMRI), magnetic resonance spectroscopy (MRS). De-
spite significant research progress, an understanding of the pathophy-
siological mechanisms underpinning MS fatigue is still not completely
understood. We proposed that a comprehensive, scoping review of
novel MRI-based studies into the mechanisms underlying MS fatigue
would be useful, to assess the current state-of-knowledge in the field
and identify current gaps in knowledge. The primary objective of this
scoping review is to identify and synthesise the MRI findings/features
present in the current literature to understand MS-related central fa-
tigue. The specific research questions are: (1) to identify the most
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common MRI methods that have been used to study MS-related fatigue
and (2) to explore whether or not there is a cerebral imaging signature
associated with fatigue in MS. MRI technology is sophisticated and
technical, which can make the interpretation of MRI-based study find-
ings difficult. Thus, we provide a brief overview of the principles un-
derlying MRI techniques which have been used in studies of MS-related
central fatigue to support the interpretation of published findings.

3. MRI methods used in MS fatigue evaluation
3.1. Conventional structural imaging

3.1.1. T1/T2 weighted imaging

Structural imaging, based on T2 weighted and contrast enhancing
T1 images, is an essential aspect of the clinical diagnosis and further
management of MS. Structural imaging provides information on loca-
lisation of tissue pathology in time and space, as well as alteration in
cerebral and spinal lesions in response to treatment [24]. Both T1 and
T2 weighted imaging provide information on focal areas of white
matter (WM) and gray matter (GM) damage, inflammatory changes and
presence of active lesions through its morphologic characteristics,
signal intensity changes and degree of T1 enhancement with gadoli-
nium [25]. T2 weighted imaging is the most widely used method for the
evaluating of lesion load or burden due to its diagnostic sensitivity in
providing information on disease progression/dissemination [26].

3.1.2. Volumetric imaging for brain atrophy and cortical thinning

Brain volume loss (BVL) or atrophy is a feature of MS disease pro-
gression and biomarker for irreversible neuronal tissue damage [27].
Average BVL in MS patients is 0.6-1%, substantially more than in
healthy age-matched controls (0.5%) [28]. In MS, BLV starts at an early
stage and progresses over the entire duration of the disease [29]. Dif-
fuse global atrophy or total BVL occurs through the loss of both WM and
GM tissues from demyelination and axonal damage [30]. GM atrophy
typically occurs much earlier in the disease course than WM atrophy
[31], and extensive research attention has focussed on the role of GM
pathology (e.g. cortical thinning) in the progression of disability and
cognitive impairment in MS [32]. GM structures are responsible for
normal cognitive functioning, and cortical thickness and surface area
are assessed as readouts of GM function [33]. Thus, evaluating cortical
thickness provides insights into early pathologic changes associated
with MS.

3.2. Quantitative imaging

3.2.1. Relaxometry and Magnetisation Transfer imaging

In contrast to qualitative structural imaging approaches, quantita-
tive techniques, e.g. relaxometry and magnetisation transfer imaging
(MTI) provide more detailed information about tissue characteristics,
including disease-related tissue changes, developmental plasticity and
biological processes. Relaxometry uses T1/T2 relaxation times as
parameters to provide quantitative insights into tissue changes. T1 re-
laxation times quantify the number of free protons and organisation of
molecules such as lipids and larger proteins such as macromolecules
[34]. In contrast, T2 relaxation times quantify the dynamic nature of
water and its interactions with macromolecules [35,36]. Measurement
of T1/T2 relaxation times provides information on tissue structural
integrity, amount of water content and the presence of paramagnetic
ions (e.g. iron) [37].

MTI is based on the transfer of magnetisation between protons in
free water and protons of water attached to macromolecules [38].
Quantification is based on the MT ratio, which is calculated based on
the signal change before and after the application of the MT pulse.
Altered MT ratio reflects the presence of demyelination and re-
myelination. In MS, it allows the quantification of indirect tissue da-
mage, which precedes the appearance of lesions by several months
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[39]. Decreased MT ratio in lesions, normal-appearing WM and GM
(NAWM/NAGM) correlates with clinical disability [40]. Advantages of
MT techniques over structural scan approaches include higher specifi-
city for morphological and pathological changes, the assessment of WM
lesion burden and the ability to create an MT histogram, which provides
information on micro and macroscopic disease burden [41].

3.3. Advanced Quantitative imaging

3.3.1. Diffusion Tensor Imaging (DTI)

DTI examines the macroscopic and structural axonal organisation of
neuronal tissue, in particular, WM tracts [42]. DTI is based on the
measurement of the random motion of water molecules in the extra-
cellular matrix, which is hindered or restricted in many pathological
conditions. The significant diffusion properties used in neuroimaging
research studies include fractional anisotropy (FA) axial diffusivity
(AD), radial diffusivity (RD) and mean diffusivity (MD). FA, being the
most sensitive index, provides information about the shape of diffusion
ellipsoid in the form of scalar quantity between zero and one (zero
represents perfect isotropic diffusivity, the value of 1 indicates diffusion
along an ellipsoid). The FA value for healthy myelin ranges from 0.5 to
0.7, and a decrease in FA value is reflective of tissue damage such as
demyelination. AD and MD are markers of the integrity of axons and
myelin, respectively, while MD is a scalar quantity used to measure
overall diffusion within a voxel, that is representative of vasogenic
oedema, and axonal and myelin loss [43,44]. An increase in MD relates
to the loss of physiological barriers to diffusion due to cell injury [39].

3.3.2. Functional MRI (fMRD)

Over the years, fMRI has become an essential tool in neuroscience
research, which measures neuronal activity, or function, based on
changes in haemodynamics based on blood oxygen dependent level
(BOLD) signal changes [45]. Broadly, fMRI is used in two ways. The
task-related experimental designs (Block & Event), commonly em-
ployed both in clinical and research, involve the performance of a task,
or stimuli, presented to the subject with a period of rest (10seconds) in
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between [46]. Alternatively, resting state design (rs-fMRI) provides
information on the functional connectivity (FC) of the brain at rest,
allowing the exploration of the overall organisation of functional
communication or the synchrony of neural activity among regions in
the brain networks [47]. Areas of the brain which exhibit signal fluc-
tuations that are correlated in time are interpreted as being functionally
connected. The most commonly studied networks or BOLD signal active
regions are the default mode network (DMN) and the sensory-motor
network (SMN). The DMN consists (1) precuneus/posterior cingulate,
(2) lateral parietal cortex, (3) medial prefrontal cortex while the SMN
corresponds to thel) precentral gyrus, (2) postcentral gyrus (3) and
supplementary motor area (SMA) [48].

3.3.3. Magnetic Resonance Spectroscopy (MRS)

While structural MRI techniques make use of high spatial resolution
to provide physical characteristics of tissue anatomy, MRS provides
data on chemical tissue properties (e.g. metabolite profiles) to provide
information on biochemical processes [39]. MRS measures the inter-
action of an applied magnetic field with the local magnetic environ-
ment of atoms within molecules, through a phenomenon termed che-
mical shift [49]. The difference between the MRI and MRS lies in the
timing of the applied gradient to localise signal. The former applies
gradient during the acquisition period whereas MRS does not apply this
gradient during the acquisition portion to preserve the chemical shift
information [50]. Rather than providing images, MRS quantification
generates a spectrum, where each spectral peak represents a particular
metabolite based on that molecule’s chemical shift properties (Fig. 1).

The area under the peak denotes the concentration of each meta-
bolite [51]. Absolute quantification of metabolite concentrations in-
volves complex computational steps and interpretation of quantified
data requires expertise. Metabolite ratios (normalised to the con-
centration of a stable metabolite) are commonly used for simplified
quantification based on the assumption that there are minimal changes
to the reference metabolite in the pathological state being examined
[52]. The most commonly reported metabolites in neuroscience are
total N-Acetyl aspartic acid (NAA) (NAA+NAAG), creatine (Cr),
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choline (Cho), myo-inositol (mI), Glx pool (glutamine (Gln), glutamate
(Glw)), and lipids/lactate. Cr is commonly used as an internal reference
metabolite in MRS in neurodegenerative disorders, including MS
[53,54]. NAA/Cr ratio has been reported as a reliable metric for the
assessment of changes in the integrity of axons and a surrogate imaging
biomarker for neuronal integrity [55].

4. Methods

To identify research publications, we performed a systematic elec-
tronic literature search of PubMed, Ovid Medline, Embase, Scopus and
Google Scholar. The following search terms were used: "fatigue",
"multiple sclerosis", "magnetic resonance imaging”, “brain atrophy”,
“brain volume”, “structural MRI”, “magnetisation transfer ratio”, “dif-
fusion tensor Imaging”, “functional MRI” and “magnetic resonance
spectroscopy”. Only original research publications published in English
from 1980 to 2018 were included. Publications were limited to those
reporting data from human subjects, which included adult MS patients
with fatigue who had undergone MRI. This search identified a total of
346 studies. Two authors (JA and SR) independently screened the ab-
stracts before full-text extraction. After removing duplicate entries
using Endnote software, the remaining studies (243 total) were trans-
ferred into Covidence software for screening and data extraction.

Articles were further categorised based on the reported MRI
methods used. Fig. 2 provides a PRISMA flowchart overview of the
search and screening strategy performed. Extracted data included
magnetic field strength, data analysis method used, MRI metric applied,
brain region studied, fatigue domain assessed (i.e. cognitive or phy-
sical), patient sample size, and significant findings.
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5. Results

Our literature search and screening approach identified a total of 92
articles satisfying the inclusion criteria relevant to our research ques-
tions. The MRI methods used in the identified studies included struc-
tural, fMRI, DTT and MRS methods. Conventional MRI techniques were
used to quantify atrophy/cortical thinning in 26 studies and only five
studies utilised MRS techniques. Almost half of the studies carried out
so far have adopted an integrated imaging approach, the common MRI
methods used were structural imaging for lesion load, atrophy and DTI
methods. Geographically, most of the identified studies were performed
in European countries (> 60%), with more than 30 studies published
by Italian groups using structural techniques and advanced methods
including fMRI and DTI. Table 1 provides an overview of the MRI
methods and features published in the identified studies of MS-asso-
ciated fatigue. We have summarised the brain regions identified based
on the type of MRI method applied, and their associations with different
domains of fatigue assessed, including cognitive (mental), physical
(motor), total fatigue score in the development of fatigue in MS.

6. Brain regions implicated in MS-associated fatigue
6.1. Lesion load

An overview of structural studies that assessed lesion load is pre-
sented in Table 2. The majority of earlier studies failed to identify an
association between MS-related fatigue and either the total global ex-
tent of cerebral abnormalities or discrete T2/T1 lesions in regional
areas [3,9,56-67]. Several theories have been suggested for the lack of
correlation between anatomical feature and central fatigue. These
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Fig. 2. PRISMA diagram of the search and screening strategy performed. fMRI: Functional MRI, DTI: Diffusion Tensor Imaging, MRS: Magnetic Resonance

Spectroscopy, MTR: Magnetic Transfer Ratio.
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include diffuse low-grade diffuse inflammation that is undetectable in
MRI [56], peripheral inflammation rather than central inflammation
[68], low sensitivity [61] and the discrepancies in patient selection,
fatigue evaluation, and analysis methods applied. In contrast, recent
studies reported significant correlations between T2 lesion load and
both cognitive fatigue [63,69,70] and total fatigue score [21,71-75].
These studies included whole brain WM/GM lesion volume [75,76] as
well as lesions in regional areas such as basal ganglia, parts of frontal,
parietal lobes [74,77], periventricular/juxta cortical/basal ganglia/
frontal lobe/deep WM [70], and cortical lesions [73].

6.2. Macrostructural changes (Brain volume loss and cortical thinning)

Studies (Table 3) using whole brain atrophy measurement found
cognitive/motor fatigue in MS patients have an association with global
brain atrophy (reduced brain parenchymal fraction and cortical vo-
lumes) [75,76,78-80]. Association between extensive atrophy pre-
dominantly in cortical and subcortical GM/WM [76,80-82], corpus
callosum [83], and cognitive fatigue have been reported. Perhaps, the
most compelling evidence that sheds lights to a clear link between fa-
tigue and atrophy is from findings of the studies focussing on regional
brain atrophy measurements using advanced analysis techniques such
as voxel/tensor-based morphometry (VBM/TBM). VBM is a whole brain
unbiased, objective method that compares different brains on a voxel
by voxel basis which provides more sensitivity in evaluating small scale
and regional differences in GM or WM [84]. Using VBM, several studies
reported an association between fatigue and regional atrophy. Cogni-
tive fatigue was associated with extensive WM/GM atrophy of occipital
lobes (mainly right superior/inferior occipital gyrus [85], temporal
lobes including right inferior temporal gyrus (ITG), frontal lobe, (dorsi
lateral pre frontal cortex (DLPFC), left superior frontal gyrus (SFG),
right inferior frontal gyrus (IFG), and forceps major) [63,86], parietal

Hyper : Cerebellum, cingulate gyrus, STG, ITG, SPC, IPC, thalamus, basal ganglia, frontal (DLPFC), parietal,
(precuneus/cuneus) occipital, contralateral SMA, PMC, ACG,SII, precuneus, OFC, left PPC, right substantia

nigra, caudate nucleus
Frontal, cingulum bundle, right ATR, Ulcinate fasciculus, forceps minor, SLF, cerebellar peduncle, temporal

Frontal, parietal, temporal, occipital, thalamus, corpus callsoum and basal ganglia, SMA, brain stem, SCP
cortex, inferior fronto-occipital fasciculus, thalamus, basal ganglia

Corpus callosum/periventricular WM, tegmental pons/cerebellum, left parietal WM/hypothalamus, left

Hypo: Frontal lobe, basal ganglia, contralateral thalamus, ipsilateral rolandic operculum
frontal region/lentifrom nucleus, PCC

Deep GM/WM (Thalamus, putamen and caudate)

Thalamus, Hypothalamus, Temporal lobe

Major Brain areas/network identified
No change observed

ACC: Anterior Cingulate Cortex, ATR: Anterior Thalamic Radiation, CBF: Cerebral Blood Flow, CBV: Cerebral Blood Volume, 3D: Three Dimensional, DLPFC: Dorsi-Lateral Pre Frontal Cortex, DSC: Dynamic
Susceptibility Contrast, DTI: Diffusion Tensor Imaging, FA: Fractional Anisotropy, FLAIR: Fluid Attenuated Inversion Recovery, fMRI: functional Magnetic Resonance Imaging, Glx: Glutamine/Glutamate pool, GM: Gray
Matter, IPC: Inferior Parietal Cortex, ITG: Inferior Temporal Gyrus, MD: Mean Diffusivity, MRS: Magnetic Resonance Spectroscopy, MRSI: Magnetic Resonance Spectroscopic Imaging MT: Magnetisation Transfer, NAA/
Cr: N-Acetyl Aspartate/Creatine, PMC: Primary Motor Cortex, OFC: Orbito Frontal Cortex, PCC: Posterior Cingulate Cortex, PVS: Peri Ventricular Space, RD: Radial Diffusivity, SCP: Superior Cerebral Peduncle, SII:
Secondary somatosensory cortex, SLF: Superior Longitudinal Fasciculus, SMA: Sensori Motor Area, SPC: Superior Parietal Cortex, STG: Superior Temporal Gyrus, SVS: Single Voxel Spectroscopy, WM: White Matter.
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[21,94,101,102]. Furthermore, atrophy was found to be a risk factor for

< g the development of fatigue [75], serves as a disease biomarker [88],
§ 2 and determine fatigue severity over time [103]. However, studies that
§ g have failed to establish a correlation between atrophy changes and
g g fatigue propose that atrophy has no bearing in fatigue development but
g 5 g 5y rather other factors such as altered neuroplasticity in deep GM struc-

tures result from neurodegenerations may contribute to the develop-
ment of fatigue, although the variability in disease type and method of
analysis could explain the lack of association. This is plausible as neu-
roplasticity in MS contributes to altered strength of synaptic transmis-
sion, the formation of new synapses, cortical reorganisation, and the
induction of neurogenesis [104]. The atrophy observed in these studies
may also be caused by Wallerian degeneration with indirect primary
damage, pseudo-atrophy from changes in brain water content due to
drug treatment or even due to the natural ageing process [105].

Apart from lesion load and changes in atrophy, increased T1 re-
laxation times in deep GM, particularly in the thalamus and hypotha-
lamus [106] decreased cerebral blood flow/volume in thalami/basal
ganglia/hypothalamus and dilated periventricular space [71] have also
been correlated with fatigue. However, studies using the MT technique
failed to identify positive results. The first study assessed a small sample
on two groups of MS patients (n =28 patients, including a fatigued and
non-fatigued group). The other study included a slightly larger cohort
of patients (n=34, 17 each). Assessed MT ratios did not differ between
the groups [60,107]. The first study results appeared to be preliminary
but robust because of the methodology used and avoidance of con-
founders. The second study, on the other hand, proposed that the lack
of diffuse NAWM injury with primary fatigue is due to the homogeneity
of RRMS patients. Regardless of the methodology applied or lack of
diffuse disease, the lack of correlation in these studies could well be
related to the smaller sample size.

Macrostructural characterisation studies suggest a potential corre-
lation between lesion load and fatigue, although this correlation is ra-
ther modest and variable across studies. While the majority of reported
studies failed to establish an association between lesion load and fa-
tigue development, those that reported a link highlight the presence of
damage or impairment to the deep WM pathways/cortical areas, in-
cluding parts of frontal, temporal, parietal and diffuse disease involving
the CNS. Atrophy assessment studies identify a positive correlation
between cortical/subcortical atrophy and fatigue scores. Many neural
pathways/network seems to have involved in the pathogenesis of fa-
tigue, including attentional network, cortico-subcortical circuit, cor-
tico-striatal network, Striato-thalamus—frontal cortex pathway, dopa-
minergic circuitry, thalamic microstructure as well as primary motor
cortex.

Morphological alterations in thalamus (higher CSF fraction, global GM  Wilting et al. 2016

fraction in fatigued groups). No Correlation with between BPF

Fatigue associated with smaller caudate

Major findings linked to fatigue

150(120 RRMS 30

N (MS phenotype)
CIS)

79 RRMS

Depression status
Not mentioned

Excluded

Fatigue domain
Cognitive/

Physical
Cognitive/

Physical

6.3. Microstructural changes (DTI)

Early quantitative studies using DTI metrics did not find any dif-
ference between fatigued and non-fatigued MS patients [60,107]
(summarised in Table 4). These studies measured DTI changes both in
lesions as well as in NAWM, explicitly focussing on frontal, parietal and
basal ganglia regions. The lack of identified association could be due to
the smaller sample and variability in statistical analysis applied. In
contrast, several studies assessing the relationship between fatigue
perception and WM integrity reported a significant correlation between
complex networks of affected WM regions [3,63,108-113].

In assessments of MS patients with cognitive fatigue, inverse cor-
relations were identified between fatigue scores and decreased FA and
increased MD/RD values in a range of brain regions. These include right
anterior thalamic radiation [114] and right uncinate fasciculus, forceps
minor [115], thalamus and basal ganglia [66,110] anterior internal
capsule [22], inferior fronto-occipital fasciculus [63], corpus callosum
[80], fibres between the posterior hypothalamus-mesencephalon [116]
and fronto frontal-subcortical disconnections [117]. Of particular note,
Genova et al. studied structural and functional interconnection in a

Thalamus/basal ganglia/frontal cortex

Region studied

Whole brain
2 Longitudinal study, BPF: Brain Parenchymal Fraction, CC: Corpus Callosum, CSF: Cerebral Spinal Fluid, CTh: Cortical Thickness, FSL: FMRIB Software Library, CIS: Clinically Isolated Syndrome, DLPFC: Dorsi-

Lateral Pre Frontal Cortex, GM/WM: Gray Matter/White Matter, IFC: Inferior Frontal Cortex, IOG: Inferior Occipital Gyrus, MFC: Middle Frontal Cortex, MFG: Middle Frontal Gyrus, N: Sample size, PCC: Posterior

Field strength/analysis

method
3T/Semi-quantitative

3T/VBM

Spinal Tract, EC: External Capsule, FA: Fractional Anisotropy, Fm: Forceps minor, FM: Forceps Major, FSL: IC: Internal Capsule, ITG: Inferior Temporal Gyrus, JCF: Juxta Cortical Fibres, MS: Multiple Sclerosis, MD: Mean

Diffusivity, N: Sample size, NABT: Normal Appearing Brain Tissue, NAWM: Normal Appearing White Matter, OR: Optic Radiation, PD: Parallel Diffusivity, PP: Primary Progressive, PTR: Posterior Thalamic Radiation
gyrus, SIENAX: Structural Image Evaluation using Normalisation of Atrophy-Cross-sectional, SFC SP: Secondary Progressive, SOG: Superior Occipital Gyrus, TBM: Tissue Based Morphometry, TBV: Total Brain Volume,

Cingulate Cortex, PFG: Posterior Frontal Gyrus, PPC: Posterior Parietal Cortex, RRMS: Relapse Remitting MS, PP: Primary Progressive,: Superior Frontal Cortex, SCP: Superior Cerebral Peduncle, SFG: Superior Frontal
VBM: Voxel Based Morphometry

RD: Radial Diffusivity, RR: Relapse Remitting, SFOF: Superior Fronto-Occipital Fasciculus, SFG: Superior Frontal Gyrus, SLF: Superior Longitudinal Fasciculus, SP: Secondary Progressive, TBSS: Tract Based Spatial

AD: Axial Diffusivity, AIC: Anterior Internal Capsule, ATR: Anterior Thalamic Radiation, ATT: Anterior Thalamic Tract, BMS: Benign Multiple Sclerosis, CC: Corpus Callosum, CCC: Central Corpus Callosum, CST: Cortico
Statistics, UF: Ulcinate Fasciculus

Table 3 (continued)
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separate group of patients with state and trait forms of cognitive fatigue
[22]. While the “state” form of cognitive fatigue is transient and change
over time, the “trait” form is more stable. They found that patients with
trait fatigue had decreased FA in the anterior internal capsule with
increased fatigue score and hyperactivation in caudate. In stark con-
trast, Hanken et al. reported consistently lower FA values/increased AD
and MD in the interoceptive region of the amygdala on non-fatigued MS
patients compared to a fatigued group and healthy subjects
[116,118,119]. Their studies concluded that fatigue is a symptom
arising from inflammation-induced interoceptive information proces-
sing and that the absence of fatigue in MS patients could be due to
disturbed information processing and peripheral inflammatory signals
in these areas.

Studies that included overall fatigue score (both cognitive/physical)
have identified correlations with reduced FA and increased MD/AD
values in deep left frontal WM [108], cingulum bundle (anterior/
medial cingulate cortices, DLPFC, left caudate) [109], right temporal
cortex [117] [99], left thalamo-frontal pathway [120] and many parts
of NAWM skeleton [80,99,114,121]. Fig. 3 shows the neural tracts that
have been associated with fatigue.

Collectively, studies assessing microstructural changes using DTI
found reported a significant reduction in FA and increased AD/MD
values in several WM regions particularly the fronto-striatal and par-
ieto-striatal networks among highly fatigued MS patients, compared to
non-fatigued and healthy control participants. Almost two-thirds of
these studies noted a robust negative correlation between FA values and
fatigue scores, indicating FA is a useful objective marker for micro-
structural changes in MS patients with fatigue. These changes may re-
sult in the alteration and disruption of pathways/circuits within the
frontal lobes and between frontal lobes and other brain structures in-
cluding striatal, limbic, pyramidal, thalamic and occipital regions.
These complex WM pathways/circuits are fronto striatal fibres, fronto-
frontal connections, fibres between posterior hypothalamus and me-
sencephalon, and cortical-subcortical loops. Mounting evidence

Journal of the Neurological Sciences 400 (2019) 52-71

suggests a link between deep GM substrates and fatigue, in particular in
the thalamus and basal ganglia. The fronto thalamic pathways are of
great importance as they are one of the major loops (association loop)
that connects basal ganglia to the entire frontal lobe [15]. These
structures are closely associated with functions such as processing, at-
tention and cognition and impairment within these regions is reported
to have profound effects on information speed processing and cognitive
decline [122].

6.4. Functional correlates

Cognitive and physical domains of fatigue assessed using task-based
and rs-fMRI techniques have been reported (Table 5). DeLuca et al used
a task-based paradigm to describe increased cerebral activation within
the basal ganglia and frontal lobes including superior, medial, middle
and inferior regions, parietal regions (precuneus and cuneus), thalamus,
occipital lobe, orbital frontal, and inferior parietal cortex during cog-
nitive performance or cognitive fatigue over time [17]. Similarly, an-
other study showed increased cerebral activation in the contralateral
SMA and premotor cortices (PMC) when fatigued patients were subject
to a challenging mental task [123]. Their observations suggest func-
tional reorganisation or unmasking of existing motor pathways in MS
patients, with the additional effort required to perform a task ade-
quately and that these adaptations make use of more brain areas.

Engstrom et al. (2013) used fMRI to assess whether axonal loss and
demyelination contribute central fatigue in MS, due to the disruption of
the thalamo striato cortical network. They found altered brain activity
in this network in a complex working memory task that challenged
fatigue and that brain activation in certain cortical and subcortical
areas of the network (the left posterior parietal cortex and the right
substantia nigra) were positively correlated with perceived fatigue
ratings. Their findings also revealed that fatigued patients had stronger
functional intercortical and subcortical connections, but weaker cor-
tical to subcortical connections. Genova et al. (2013) studied "state and

Fig. 3. Author’s sketch of DTI fibre tracking of the neural tracts identified in fatigued patients. A: Arcuate Fasciculus, B: Forceps minor, C: Corpus callosal tracts, D:
Cingular bundle: Fronto striatal and Inferior fronto occipital tracts, E: Inferior fronto occipital fasciculus, F: Ulcinate fasciculus, G: Thalamic: Fibres between posterior
hypothalamus and mesencephalon. H: Anterior Internal Capsule, I: the entire fibre tracts.
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trait" forms of cognitive fatigue and showed hyper-activation in the
caudate nucleus, prefrontal regions and cerebellum with increased trait
fatigue score and a negative association with "state" fatigue in temporal
regions [22]. They concluded that the disruption of the pathways
through the basal ganglia via the associated loop of the striato-thala-
mocortical fibres might be primarily responsible for central fatigue. The
increased activation identified may result as fatigued patients require
more effort to perform simple tasks, due to functional adaptive changes
in response to demyelination. Further support for this finding was
provided by an additional study investigating the effect of a single dose
of rivastigmine, a cholinergic agent used to modify neuronal activity
[124]. A stronger bilateral frontal activation was demonstrated after a
sustained cognitive effort, which further increased after rivastigmine
treatment. [125]. Similar to Genova et al, Spiteri and colleagues ob-
served increased activation of the bilateral ACC, right middle cingulum
and left paracentral lobule in effort independent fatigue (trait), while
reduced activation was noted in effort dependent fatigue (state) in brain
regions responsible for frontal attention control and sensory motor re-
gions such as left anterior insula, precuneus, basal ganglia and right
SMA during the performance of cyclic and coordinated fatigue-inducing
N-back task [126]. They concluded fatigue in MS is caused by complex
interactions of both increased activity in control networks and drop in
haemodynamic activity in executive networks such as attention.

Using the rs-fMRI technique, several studies demonstrated inter-
esting findings involving resting state connection between different
brain regions. Fatigue severity was positively correlated with increased
between caudate nucleus with the motor cortex [99], rostral inferior
parietal gyrus and SMC [127], DLPFC and right caudate [127,128],
increased DMN in posterior cingulate cortex (PCC), SMN-FC in left PMC
and SMC [121] and several regions within thalamus with MFG, SMN,
precuneus, insula, and cerebellum [129]. On the other hand, fatigue
was negatively correlated with reduced FC of basal ganglia with
structures within DMN network [99], caudate nucleus and ventral
striatum with the SMC [127], decreased DMN-FC in anterior cingulate
cortex (ACC) [121], SMA and associative somatosensory cortex (SII)
[130]. Following the Paced Auditory Serial Addition Test (PASAT),
Pravata et al. found cognitively fatigued patients had hyper-con-
nectivity in cortico-cortical (left SFG and occipital, temporal) and cor-
tico-subcortical areas (left SFG with the left caudate nucleus) im-
mediately after completion of the mentally challenging task. Several
theories have been proposed for the changes of FC network and de-
velopment of fatigue in these studies. These include development of
new cortico-cortical and cortico-subcortical connections, reorganisation
of DMN/remodelling of SMN, maladaptive/compensatory mechanisms
and disruptions of motor/non motor basal ganglia functions.

Studies have also assessed the physical domain of fatigue. An earlier
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study, pioneering work by Filippi et al. reported decreased level of
movement-related brain activity in fatigued patients in several cortical
and subcortical areas (related to motor planning and execution) in-
cluding frontal lobes (contralateral MFG), ipsilateral precuneus/cere-
bellum, and contra lateral thalamus [20]. Areas that significantly cor-
related with fatigue scores included the contralateral thalamus and
ipsilateral rolandic operculum. These findings reveal the involvement
of thalamic circuit (primarily functional disruption of cortical to sub-
cortical pathways) in the development of fatigue. The thalamus seems
to be an important structure in the study of fatigue, as it is thought to be
a relay station that connects prefrontal cortices to basal ganglia, which
are part of a feedback loop within the limbic system that controls the
cortical motor output [15].

On the other hand, significantly higher activation in the cingulate
motor area, primarily in ACC and right cingulum, was also reported in
the fatigue group when compared with the non-fatigued group
[20,131]. Increased activation of basal ganglia, thalami, and frontal
lobes after interferon (IFN) injection following a simple motor task was
also reported in a group of 22 fatigued patients [132]. This increased
activity was interpreted as compensatory mechanism due to the in-
creased effort needed to accomplish the task. Using Graph theory (a
mathematical representation of structural and functional brain archi-
tecture) with rs-fMRI, Filippi et al. suggest that disruption of the tha-
lamic connector may contribute to fatigue [126]. In a recent study,
Rocca et al. reported increased activation of the right MFG is related to
global fatigue score, while reduced recruitment of the left MTG, right
thalamus and SMA was associated with physical fatigue [133]. The
findings of this study suggest that functional inefficiency within the
motor network may be responsible for fatigue in MS.

In another study designed to determine activation patterns during a
simple motor task and after fatiguing hand grip, greater activation on
contralateral PMC, (M1) insula and cingulate gyrus were noted when
compared with controls, even before commencing the fatiguing task
and no change in activation observed after the task [134]. This findings
indicate that functionally adaptive changes in response to demyelina-
tion and patients with fatigue require more effort to perform a simple
task. Orbitofrontal cortex and cerebellum activation were also found to
correlate with motor performance during a brief and straightforward
motor task and development of persistent subjective fatigue [108].
Outside the brain, cervical cord recruitment and severity of fatigue
were also found to have a link especially inter neuronal dysfunction
including an abnormal function of local circuits and altered modulation
from supratentorial pathways [135]. Fig. 4 highlights some of the
functional brain regions implicated in the pathogenesis of fatigue.

fMRI has proven to play a significant role in our understanding of
MS fatigue. Increased and decreased activities within several

Fig. 4. Authors’ illustrations of hyper-activation of brain areas in patients with fatigue. (Left) Midsagittal image shows activation in IF: Inferior Frontal, PFC: Pre
Frontal Cortex, MF: Middle Frontal, SF: Superior Frontal, OL: Occipital Lobe, Precuneus, Cuneus, (Middle) Sagittal image shows increased activation in Dorsolateral
PFC and PMC: Pre Motor Cortex and (Right) mid coronal image shows activation in T: Thalamus and SN: Substantia Nigra.
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functionally connected (both ipsilateral and contralateral regions) brain = - E
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premotor [143], limbic, basal ganglia [19,137] or hypothalamic region
[111,139,144]; disruption of the neuro-endocrine axis leading to low
arousal [145]; alteration in dopamine serotoninergic pathways [146];
changes in neurotransmitter levels [147]; mitochondrial dysfunction
and altered CNS functioning caused by a disruption of the immune
response [68]. The highlight of this review is that although we could
not identify a single cerebral signature responsible for fatigue in MS, the
findings from advanced quantitative MRI studies suggest that the cor-
tico-striato-thalamo-cortical (CSTC) loop has close connections with the
development of central fatigue in MS.

CSTC is a functionally connected network that modulates executive
functioning, problem-solving and high order cognitive tasks such as
maintaining goals and allocating attentional resources. CSTC has im-
portant projections (Fig. 5) that provide biases for recurrent excitatory
operations of the local canonical circuits [148]. Demyelination and
axonal damage along the long-distance projections of this network can
cause a significant effect on the synchronisation of brain activity such as
diminished signal transmission. In patients with fatigue, these in-
efficient operations are compensated through adaptive/maladaptive
mechanisms including compensatory reorganisation, cortical deaf-
ferentiation, diaschisis effect and recruitment of new circuits.

However, there is mounting evidence from published studies to
suggest that the pathophysiological mechanism of central fatigue in MS
patients is not a focal event. Rather, fatigue likely results from the
complex interplay of global changes involving significant structural
alterations and changes in functional connectivity in cortical/sub-
cortical areas and pathways within the frontal, parietal, temporal and
basal ganglial structures. MS is a chronic neurodegenerative disease
with intricate etiology and multiple pathophysiological underpinnings.
The heterogeneous disease course coupled with simultaneous occur-
rence of several independent processes (i.e. neurodegeneration and
compensatory mechanisms) has huge impact on many cognitive func-
tions such as attention, information processing, learning, planning, and
motor/sensory functions. A symptom like fatigue in MS can therefore be
viewed as a malfunction of well co-ordinated events and at the same
time a consequence of a balancing act of sustaining normality.

While published findings have reported a number of associations, it
is prudent to highlight the methodological limitations of the current
approaches and studies. There is moderate to substantial heterogeneity
within each MRI method in terms of study design, sample size, disease
subtype, fatigue assessment, scan protocol, data acquisition/analysis,
and statistical analysis. Most studies were performed using cross sec-
tional designs while only four studies followed longitudinal designs
[54-57]. Longitudinal designs not only provide the nature of

Journal of the Neurological Sciences 400 (2019) 52-71

accumulative changes especially when MS patients undergoing disease
modifying therapies but importantly predict potential future changes
[149]. Slightly over half of the studies (54%) included healthy subjects
as a control group, while many studies compared results with low/no
fatigue groups of MS patients. Sample size varies considerably between
studies (ranging from 10 to 500 patients). The low sample sizes used in
task-based fMRI in particular likely reflects the difficulty in patient
recruitment and study logistics. The largest single cohort of patients
reported (n=507) included all MS phenotypes from CIS to PRMS [76].
Of the 5327 patients included in the published studies, almost two-
thirds of the patients had RRMS subtype (> 4000), although fatigue
levels in CIS, SPMS and PPMS were also included in the remaining
studies. It is important to mention that there is considerable variability
in the fatigue assessments performed in the identified studies. Most
studies reported a combined overall fatigue score rather than individual
scores while 38 studies focussed on cognitive and nine studies on
physical fatigue only. It was, therefore, challenging to separate findings
related to cognitive versus physical fatigue from studies that reported
overall fatigue score.

The majority of identified studies did not report power analyses.
The average patient sample size across all studies was 59, suggesting
studies may be underpowered to identify small differences. This may be
particularly relevant for task-based fMRI studies where seven studies
included 15 patients or less. This is concerning as underpowered studies
can introduce type II errors [150]. The choice of statistical analysis also
varied across studies. Many studies performed regression and corrected
for some variables such as age, gender disability and disease duration.
However, some failed to include a multivariate analysis to address
potential confounders. Identification of correlations (or lack thereof)
may be affected by patient inclusion criteria, varying degrees of dis-
ability, disease subtypes from clinically isolated syndromes to primary
progressive form of the disease and differing cognitive status.

From a technical perspective, these advanced MRI methods are far
from perfect. Considerable variability exists in the field strength used,
scan protocol, the method of data collection/analysis, clinical evalua-
tion of fatigue and interpretation of MR features. 3Tesla (T) systems
were predominantly used although earlier studies were performed on
low field scanners (1T and 1.5T). Further, there was considerable
variability between studies in terms of paradigm design, data acquisi-
tion and interpretation of results. Many pitfalls associated with each
MRI method as well as the data analysis should be highlighted. There
are different analyses methods used to measure changes in brain vo-
lumes, from semi-automated atlas based approaches, to fully automated
VBM, TBM techniques that may be impacting on the accuracy of

Fig. 5. Left: Midline Sagittal T1 image shows illustration of CSTC circuit. PFC: Prefrontal cortex S: Striatum, T: Thalamus. Right: Diagrammatic representation of
CSTC. Blue lines indicate inhibitory GABAergic connections; green lines display excitatory pathways regulated by glutamate. SN: Substantia Nigra
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atrophy estimates [29]. A cut-off value for annual brain loss must be
identified that enables a distinction between normal physiological
processes and disease pathology [31]. Almost two-thirds of the identi-
fied fMRI studies assessed localised activation in fatigued MS patients.
As fatigue is a perception, drawing inferences based purely on a loca-
lised T2* sensitive haemodynamic response can be a misrepresentation
of functional changes at the network level. Going forward, an under-
standing of the interconnection between both functional and structural
connectivity is necessary, as demonstrated by Genova et al. [22]. fMRI
is a powerful and non-invasive advanced technique that enables us to
understand functional neuronal changes, which will undoubtedly pro-
vide further insights into MS-associated fatigue pathology in the future.

Technical limitations also exist with current DTI methods. It cannot
be assumed that each voxel (region of interest) provides information on
a coherently oriented bundle of white matter tracts. Approaches such as
high angular resolution diffusion-weighted imaging (HARDI) and dif-
fusion spectrum imaging (DSI) may be useful to resolve crossing fibres
within a voxel [151]. Moreover, the current DTI model does not en-
tirely describe the diffusion properties of WM but instead assumes a
single pool of water [152]. One way to address this issue is by in-
corporating multiple diffusion sensitising gradients (b values) to sepa-
rate diffusion properties of brain tissue from the surrounding water.
However, this would be at the cost of increased scan time [153]. Ap-
plication of newer novel DTI models such as neurite orientation dis-
persion and density imaging (NODDI) may be beneficial in future stu-
dies.

Given the breadth and width of the topic, we must acknowledge the
shortcomings in our search and analysis of this review. Firstly, we
limited our search to adults, journals published in the English language,
and major databases. Age or gender characteristics affecting fatigue and
their associations with imaging features were also not assessed. It is also
worth mentioning that this review only identified studies using sub-
jective fatigue questionnaire and hence the fatigue scores might be
biased by individual perception. Finally, although there is a debate on
whether fatigue is caused by dopamine imbalance or inflammation and
elevated levels of various cytokines or excessive and lengthy cognitive
load that leads to mental exhaustion [154], fatigue is a subjective
perception and most imaging studies used cross-sectional study design
which captured fatigue at a one-time point. Longitudinal trials in-
corporating an integrated imaging approach are needed to understand
fatigue in its entirety over multiple time points so better treatments
options can be derived.

It is also important to consider the overlap of other neurological
deficits such as pain, sleep disorder and depression in MS patients with
fatigue. Although fatigue and depression are different conditions, it is
often difficult to separate them as fatigue can manifest as a symptom of
depression and depression can be seen as a consequence of fatigue
[155] [89]. It is possible that these symptoms also share a similar
neurobiological pathway [156]. Further, depression is a predictor of
chronic factor for secondary fatigue [7,157,158].Some of the identified
studies considered depression as a potential co-founder and have either
excluded or corrected for depression during statistical analysis (see
Tables). However, it is worth noting that there was substantial variation
in the assessment methods used to evaluate depression and the inclu-
sion/exclusion criteria used. Some studies screened patients based on
antidepressants prescriptions rather than assessing depression symp-
toms at the time of the study and others included patients with mild
depression. Furthermore, the inclusion criteria used to screen for de-
pression varied. For example, the cut-off score used in the commonly
used Beck Depression Inventory scale varied (while a cut-off value of 19
is recommended when evaluating depression in MS patients [159].

The objective evaluation of a symptom like fatigue in MS warrants
multiple MR metrics to understand the changes that occur not just at
the micro/macro-structural level but also in functional and metabolic
outcomes. Imaging research in MS is always complicated and requires
support from a multidisciplinary team including radiology, neurology,
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physics and biomedical engineering input. Factors such as cost, avail-
ability of equipment, and patient compliance for lengthy data collection
must be considered for the successful and timely completion of studies.
However, MRI technology is going through a paradigm shift at the
moment with remarkable improvements in hardware/software al-
lowing for rapid data acquisition, delineation of brain anatomy with
exquisite details, improved signal/spatial resolution with higher field
scanners and the introduction of deep machine learning to improve
analysis. With these new developments, MRI-based approaches hold
considerable promise in improving understanding of this debilitating
symptom. Mounting evidence suggests that fatigue in MS is caused by
structural alterations, functional abnormalities and biochemical im-
balances. However, further work is required, and it is imperative that
future studies involve large multicentre trials with standardised ima-
ging protocols, data analysis method and inclusion of a well-controlled
patient cohort perhaps in longitudinal study design to enhance our
understanding the pathophysiological of MS fatigue.

8. Conclusions

A number of MRI methods ranging from conventional structural
techniques to advanced quantitative MRI metrics such as atrophy
measurements, DTI, fMRI, MRS have been used in the study of central
fatigue in MS. Although structural MRI (lesion load) failed to link
changes with the development of fatigue, advanced methods have
consistently established correlations between disruptions in several
brain regions with cognitive and physical fatigue. The evidence sug-
gests that central fatigue is associated with alterations in structural as
well as functional pathways and the major neural network that has
close correlations is the cortico-striato-thalamo-cortical (CSTC) loop.

The MR features identified have improved our understanding of the
development of fatigue in MS, yet the exact pathophysiological me-
chanisms remain unclear. With the continued development of MRI
technology, advanced techniques have the great potential to provide
new insight into the exact nature of this symptom. Future studies should
include a large cohort of well-designed prospective longitudinal trials
with an integrated multiparametric approach.
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