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Neuroimaging and Fatigue

Daniela Pinter and Christian Enzinger

1 Macrostructural Imaging Correlates of Primary Fatigue
1.1 Relevance of Inflammatory White Matter Lesions

MS-related focal inflammatory white matter changes can be visualized on MRI of
the brain on T2-weighted sequences by hyperintense areas and are accordingly
referred to as T2 lesions. In addition, hypointense areas on T1-weighted sequences
(so-called chronic “black holes”) can indicate more pronounced focal tissue damage
up to irreversible white matter tissue loss, whereas contrast enhancement of lesions
on T1 weighted sequences reveals acute MS foci in the stage of blood-brain barrier
disruption (Fig. 1).

Although the majority of recent studies have failed to demonstrate an association
between extent or volume of T1 or T2 lesions (Arm et al. 2019; Biberacher et al.
2017; Novo et al. 2018), previous studies have reported an association between
higher white matter lesion volume and more pronounced fatigue (Calabrese et al.
2010; Mowry et al. 2009; Papadopoulou et al. 2013; Sepulcre et al. 2009; Tedeschi
et al. 2007). However, a recent paper also concluded that global T2 lesion volume
was increased in people with MS and prolonged fatigue, whereas patients with only
a single episode of fatigue did not differ in global lesion volume. Consequently, the
authors emphasized that the time course and evolution of fatigue should be better
considered in future studies, as the pathophysiological mechanisms of persistent
fatigue (due to irreversible white or gray matter damage) are likely to differ from
those of fluctuating fatigue (e.g., due to inflammatory cytokines or hormonal
changes) (Palotai et al. 2020).
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T1 T1 mit KM

Fig. 1 The upper panel shows extensive, confluent, hyperintense and primarily periventricular
localized white matter lesions after several years of MS (upper left, T2-FLAIR), some of these
lesions are also visible on native T1-weighted images (upper right) by “dark” (hypointense) lesions
(“black holes”) representing focal tissue damage. Note: age-related strong expansion of inner and
moderate expansion of the outer ventricles representing cerebral atrophy. The lower panel shows
native and contrast-enhanced T1-weighted images (“mit KM”), presenting an active lesion (so-
called “wet black hole” due to formation of edema). This represents active disease
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Moreover, beyond these temporal dynamics, specific lesion localizations in the
frontal (Morgante et al. 2011) and parieto-temporal white matter seem to be particu-
larly associated with the occurrence of fatigue (Sepulcre et al. 2009; Altermatt et al.
2018; Palotai et al. 2019; Rocca et al. 2014). This suggests impairment or damage
to pathways strategically relevant to the occurrence of fatigue, which play an essen-
tial role in cognitive processes such as task initiation, motivation, attention, and
maintenance (Sepulcre et al. 2009).

1.2 Changes in Global and Regional Brain Volume

Some studies also showed an association between reduced global brain volume and
the presence of fatigue (Biberacher et al. 2017; Mowry et al. 2009; Tedeschi et al.
2007). Interestingly, one study suggested an association between the presence of
cognitive fatigue and a stronger decrease in brain volume over the subsequent
17 months (Sander et al. 2016). Whether fatigue is indeed a risk marker for disease
progression should be investigated in further studies.

Importantly, regional analyses of cortical and subcortical gray matter suggest an
association between neurodegeneration of striatal-thalamic-frontal regions and the
presence of fatigue (Calabrese et al. 2010; Andreasen et al. 2010; Damasceno
et al. 2016).

Both globally reduced cortex volume or thickness (Biberacher et al. 2017;
Nourbakhsh et al. 2016; Nunnari et al. 2015; Nygaard et al. 2015) and specific
reductions in frontal, insular (Sepulcre et al. 2009; Gonzalez Campo et al. 2019;
Riccitelli et al. 2011), and parietal cortical volume (Hanken et al. 2016; Pellicano
et al. 2010) have been related to the presence and severity of fatigue. Specifically,
individuals with reduced cortical thickness of the primary motor cortex showed
more severe motor fatigue, and there also tended to be a relationship between cogni-
tive fatigue and cortical thickness in frontal and parietal regions responsible for
attentional processes (Andreasen et al. 2019).

Also, decreased thalamic (Nourbakhsh et al. 2016; Bernitsas et al. 2017; Capone
et al. 2019) and basal ganglia volumes (Damasceno et al. 2016; Bernitsas et al.
2017; Yarraguntla et al. 2018) have been frequently described in patients with
fatigue. In addition, atrophy of the corpus callosum has been associated with more
pronounced fatigue (Yaldizli et al. 2014; Yaldizli et al. 2011).

2 Microstructural Imaging Correlates of Primary Fatigue

Diffusion tensor imaging (DTI) allows the visualization and examination of nerve
fiber connections of the brain in vivo. White matter integrity (“intactness”) using
fractional anisotropy (FA) or the course of larger nerve fiber bundles using tractog-
raphy can be assessed with this technique.

Reduced integrity of frontal nerve fiber connections (e.g., in the forceps minor)
(Bisecco et al. 2016; Gobbi et al. 2014a; Pardini et al. 2010), in the cingulum
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Fig. 2 Relevant fiber tracts of fatigue. Reduced white matter integrity of these fiber tracts are
associated with more severe fatigue: (a) Forceps minor, (b) Cingulum, (¢) Corpus callosum (red),
and (d) anterior thalamic radiation (green). Created by DSI Studio

(Bisecco et al. 2016; Pardini et al. 2015), in the corpus callosum (Sander et al. 2016;
Bisecco et al. 2016), and in fronto-temporal connections, (e.g., in the fasciculus
uncinatus) (Gobbi et al. 2014a), has been associated with more pronounced fatigue
(Fig. 2).

Also, reduced integrity of subcortical connections, particularly towards the basal
ganglia (especially to the caudate nucleus and the putamen (Palotai et al. 2019;
Pardini et al. 2015)) and within the anterior thalamic radiation (Rocca et al. 2014;
Bisecco et al. 2016; Gobbi et al. 2014a; Bester et al. 2013), as well as microstruc-
tural changes in the thalamus, basal ganglia, and frontal lobe (Wilting et al. 2016)
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have been described. Furthermore, in MS patients with fatigue, reduced integrity
has been observed in the following structures: in the forceps major, the inferior
fronto-occipital fascicle (Rocca et al. 2014), anterior capsula interna (Genova et al.
2013), and in nerve fiber connections from the hypothalamus to the brainstem
(Hanken et al. 2015).

Interestingly, in contrast to the literature cited in the previous paragraph suggest-
ing regionally selective processes, some DTI studies yielded findings suggesting
that extensive white matter microstructural changes are related to the onset of
fatigue independently from lesion burden and gray matter atrophy (Novo et al.
2018; Palotai et al. 2019).

Currently, it can be assumed that the continuous accumulation of focal lesions,
independently or in concert with diffuse MS-related tissue damage, leads to an
impairment of the cortical-subcortical brain connections, resulting in disturbances
of the anatomical and functional connectivity. In particular, damage in cortico-
striato-thalamo-cortical nerve fiber bundles (“cortico-striato-thalamo-cortical
[CSTC] loop”) seems relevant for fatigue. In addition to the presented structural
correlates of fatigue, potentially underlying changes in brain function are increas-
ingly being investigated (Bertoli and Tecchio 2020).

3 Functional Imaging Correlates of Primary Fatigue

Functional magnetic resonance imaging (fMRI) of the brain can identify changes in
cerebral tissue blood flow caused by the increased energy demand of active neurons
and thus indirectly allows imaging of brain activity (e.g., which brain regions are
active during a task) and functional connectivity (FC) (e.g., which brain regions
work together and therefore exhibit synchronous changes in blood flow).

In one of the first functional imaging studies of fatigue in MS using positron
emission tomography (PET), reduced glucose metabolism was found in the prefron-
tal cortex (especially in the lateral and medial prefrontal cortex and in pre- and
supplementary motor areas) and in the basal ganglia (especially in the putamen and
caudate nucleus) as well as an increased metabolism in the vermis cerebelli and the
anterior cingulate in patients with MS and fatigue (Roelcke et al. 1997). Based on
the findings of this study, it was hypothesized that changes in cortico-subcortical
(mainly thalamus, basal ganglia) activation are associated with fatigue. These find-
ings were corroborated by subsequent fMRI and further positron emission tomogra-
phy (PET) studies (Derache et al. 2013; Filippi et al. 2002).

The studies cited below frequently report increased brain activation or activation
of additional brain areas in patients with MS and fatigue compared to patients with
MS without fatigue or healthy controls during the performance of motor or cogni-
tive tasks. When performing motor tasks, increased activations in the thalamus
(Rocca et al. 2007), basal ganglia (Rocca et al. 2007; Specogna et al. 2012), frontal
lobe (Rocca et al. 2007; Specogna et al. 2012; Pardini et al. 2013; Rocca et al.
2016), precuneus (Rocca et al. 2009), and cerebellum (Pardini et al. 2013; Rocca
et al. 2009) were associated with fatigue.
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In addition to these “overactivations,” two of the aforementioned studies were
able to observe parallel reduced brain activation in partially adjacent regions, e.g.,
in the frontal lobe, middle temporal lobe, postcentral gyrus, and basal ganglia
(Rocca et al. 2016; Rocca et al. 2009), which were related to the severity of fatigue.
Similarly, complex altered activation patterns (i.e., activity increases/decreases in
the cingulate, frontal lobe, primary sensory cortex, or insula) have been reported in
patients with fatigue after manual or mental effort during the performance of motor
tasks (Tartaglia et al. 2008; White et al. 2009).

Regarding cognitive task performance, increased activity in the thalamus
(DeLuca et al. 2008), basal ganglia (DeLuca et al. 2008), frontal lobe (DeLuca et al.
2008; Huolman et al. 2011; Spiteri et al. 2017), parietal lobe (DeLuca et al. 2008;
Engstrom et al. 2013), and substantia nigra (Engstrom et al. 2013) have been
observed in MS patients with fatigue. One study also reported parallel reduced
activity in the thalamus, basal ganglia, and frontal lobe (Engstrom et al. 2013).

It should be noted though that most of these studies defined fatigue as a trait. In
studies that used the definition of transient fatigue, i.e., a state, increased brain acti-
vation in MS patients was also reported during a cognitive task in the frontal lobe,
caudate nucleus, and cerebellum (Genova et al. 2013).

Comparability of these findings is difficult due to the different applied tasks
(motor vs. cognitive; simple vs. complex), small and frequently heterogeneous sam-
ples, and variability in operationalization (use of different questionnaires), prompt-
ing the increasing use of resting-state functional MRI examinations expecting
identification of possible changes in functional connectivity (FC).

Recent studies emphasize that reciprocal FC of the thalamus and basal ganglia
and subcortical FC to the cortex are particularly relevant for the occurrence of
fatigue (Capone et al. 2019; Chaudhuri and Behan 2000).

Patients with fatigue showed greater FC between the thalamus and the precentral
gyrus, reduced FC between the thalamus and the parietal operculum and superior
frontal gyrus, and reduced FC between the insula and posterior cingulate (Stefancin
et al. 2019). In the presence of fatigue, patients showed higher FC between the
thalamus and insula and reduced FC between the dorsolateral prefrontal cortex
(DLPFC) and posterior cingulate compared to healthy controls (Lin et al. 2019). In
agreement, increased FC of the superior frontal gyrus with cortical regions (frontal,
temporal, occipital) and reduced FC to the thalamus have been reported in cognitive
fatigue (Pravata et al. 2016).

Examining FC of the thalamus (Hidalgo de la Cruz et al. 2017), the authors
found specific changes in connectivity to the precuneus and cerebellum (cognitive
fatigue), the sensorimotor network (SMN; motor fatigue), and the insula (psychoso-
cial fatigue).

Greater expression of fatigue correlated with reduced FC of the striatum with the
SMN and increased FC of the DLPFC to the inferior parietal gyrus and sensorimo-
tor cortex (Jaeger et al. 2019). Consistent with these findings, more severe fatigue
has been reported to correlate with stronger FC between the caudate nucleus and
DLPFC (Wu et al. 2016). Greater fatigue severity correlated with reduced FC of the
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Fig. 3 Schematic overview of brain areas associated with structural or functional connectivity
changes related to fatigue. Created using FSL View. Thalamus: blue. Striatum: yellow-red. Cortex
(frontal, parietal, insular): green. x = —18, y=-2,z=4

basal ganglia with the frontal and parietal cortex and increased FC between the
caudate nucleus and motor cortex (Finke et al. 2015).

Patients with fatigue showed higher FC in the posterior cingulate and reduced FC
in the anterior cingulate when investigating a so-called “resting network™ (“default
mode network” [DMN]). When focusing on the SMN, increased functional con-
nectivity was observed in primary and supplementary motor areas (Cruz-Gémez
et al. 2013), with changes in the DMN being more strongly associated with the
occurrence of fatigue (Bisecco et al. 2018).

In general, FC, and thus the cooperation of brain areas responsible for maintain-
ing and accomplishing sensorimotor function, motor planning, motivation, attention
and executive function, as well as the resting network, appears to be disrupted in the
context of MS in fatigue (Fig. 3).

Even though the presented functional MRI findings are partly in agreement with
the macro- and microstructural findings and provide further possible MRI markers
of fatigue, the exemplary and diverse results presented above show how complex
the underlying mechanisms of fatigue are likely to be.

4 Functional Imaging Correlates of Fatigability

In contrast to subjectively perceived fatigue, the objectively measurable decline in
performance due to fatigue (“fatigability”) is increasingly being investigated by
means of imaging. Although there is a positive correlation between fatigability and
fatigue (Loy et al. 2017), distinct underlying mechanisms are suspected (Kluger
et al. 2013).

Changes in brain activation associated with fatigue and fatigability in MS patients
were specifically investigated. The findings revealed reduced activation in the
insula, frontal and parietal lobes, basal ganglia and amygdala with higher cognitive
fatigability, and increased activation in the anterior cingulate with increased fatigue
(Spiteri et al. 2017). In contrast, increased activation in the caudate nucleus was
found to be associated with higher cognitive fatigability (Berard et al. 2019).
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5 Secondary Fatigue and Imaging Findings

Secondary fatigue describes the occurrence of severe fatigue that is not directly
caused by MS, such as insomnia (Foschi et al. 2019), infections, chronic pain, medi-
cations, physical overexertion, and/or affective problems (especially depression).
Even though fatigue and depression are distinct symptoms, both can overlap and
lead to listlessness, exhaustion, and tiredness. It should be noted that the construct
of secondary fatigue encompasses multifactorial etiologies and consequently cor-
relations and specifically causalities can only be explored to a limited extent.

In this context, individual studies reported that regional cortical atrophy (Gobbi
et al. 2014b) and cerebellar atrophy (Lazzarotto et al. 2020) in MS are related to
both depression and fatigue. Another study demonstrated an association between
reduced cortical thickness in the inferior parietal lobe and depression-independent
fatigue, but cortical thickness provided little variance explanation for fatigue and
depression, and the authors consequently emphasized the importance of subcortical
mechanisms to study distinct brain markers (Hanken et al. 2016).

Regarding associated changes in white matter, damage to fronto-striatal and
temporo-insular tracts appears to be crucial regarding the occurrence of persistent
fatigue and independent of the presence of depression (Palotai et al. 2019). Reduced
white matter integrity in frontal (forceps minor) and fronto-temporal (fasciculus
uncinatus) fiber tracts has also been observed in fatigue, independent from depres-
sion (Gobbi et al. 2014a). Overlapping and distinct FC changes in the DMN were
found for depression and fatigue (Hggestgl et al. 2019).

The identification of distinct and overlapping underlying brain mechanisms of
depression and fatigue is only possible using a clear operationalization and compre-
hensive assessment of both impairments.

6 Summary and Outlook

Recent neuroimaging findings suggest that both macro- and microstructural as well
as functional changes in specific brain regions (mainly frontal, parietal, temporal,
and subcortical) and specific structural and functional connections (mainly cortico-
striato-thalamo-cortical) are related to the occurrence of primary fatigue in people
with MS (Arm et al. 2019; Palotai and Guttmann 2019) (Fig. 3).

Due to the diversity of fatigue assessment and the variety of operationalizations
of this subjectively perceived impairment (Penner & Paul 2017), the identification
of objective MRI markers of fatigue cohorts will continue to vary in the future.
Furthermore, while the range of different analytical approaches (e.g., structural and
functional, activation and connectivity, local changes vs. network analysis) allows
for a more comprehensive investigation of underlying mechanisms, it also compli-
cates the verification of “simple” markers, which are unlikely in this context.
Currently, both structural and functional changes in the cortico-striato-thalamo-
cortical network appear to be associated with fatigue. Consequently, multicenter
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and longitudinal studies with sufficient sample size are needed to assess objective
MRI parameters and their specificity independently of other possible influencing
factors (e.g., age, physical and cognitive impairment, depression).

To date, imaging techniques cannot contribute to the individual clinical diagnosis
of fatigue, because imaging of individual patients with fatigue often does not yield
obvious MRI correlates, and imaging markers of fatigue do not necessarily imply
causality. However, MRI markers do provide important relevant information for
developing and optimizing possible more targeted treatment approaches.

Exploring the underlying cerebral mechanisms of the complex concept of fatigue
and associated constructs such as “fatigability”” and secondary fatigue will continue
to lead to interesting research findings in the future.
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