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Abstract

Objective: Restless legs syndrome (RLS) is a sensorimotor disorder with alterations in
somatosensory processing in association with a dysfunctional cerebral network, involving the
basal ganglia, limbic network, and sensorimotor pathways. Resting state functional magnetic
resonance imaging (MRI) is a powerful tool to provide in vivo insight into functional processing
and as such is of special interest in RLS considering the widespread pattern of networks
involved in this disorder. In this meta-analysis of resting state functional MRI studies, we
analyzed the preponderance of functional connectivity changes associated with RLS and
discussed possible links to sensorimotor dysfunction and somatosensory processing.
Methods: A systematic research using the online library PubMed was conducted and a total of
seven studies passed the inclusion criteria of the meta-analysis. The results of these studies
were merged and a statistical probability map was generated that indicated the likelihood of
functional connectivity changes within the combined cohort, both for increased and decreased
connectivity.

Results: The meta-analysis demonstrated decreased functional connectivity within the
dopaminergic network in participants with RLS compared with healthy controls, including the
nigrostriatal, mesolimbic, and mesocortical pathways. Increased functional connectivity was
observed bilaterally in the thalamus, including its ventral lateral, ventral anterior, and ventral
posterior lateral nuclei, and the pulvinar.

Discussion: Sensorimotor dysfunction in RLS seems to be reflected by decreased functional
connectivity within the dopaminergic pathways. Network extension in the thalamus can be
regarded as an adaptation to somatosensory dysfunction in RLS. This differential functional
connectivity pattern extends prior findings on cerebral somatosensory processing in RLS and
offers an explanation for the efficacy of dopaminergic treatment.
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Introduction discomforting sensations and alleviated by mov-  jan Kassubek

Restless legs syndrome (RLS, Willis—Ekbom dis-
ease) is a common neurological movement and
sleep disorder, with a prevalence of up to 5% in
the adult general population.! RLS is defined by
clinical diagnostic criteria, that is, the urge to
move the legs, predominantly during episodes of
rest and in the evening, which is accompanied by

ing the legs.>? Idiopathic RLS is often described
as a sensorimotor disorder, given that both sen-
sory and motor circuits and their interplay in sen-
sorimotor integration are under descending
control from monoaminergic clusters in the
brain.# Altered dopaminergic modulation of neu-
ronal excitability is generally thought to be one
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main underlying pathophysiological mechanism
of RLS.> Neuroimaging studies in RLS indicate a
disease-specific dysfunctional cerebral network,
involving the basal ganglia, the limbic network,
and the sensorimotor system.%? Abnormal iron
metabolism in the brain is believed to cause dopa-
minergic dysfunction in the mesolimbic and
nigrostriatal pathways, which in turn could cause
the sensorimotor network dysfunction.8-1! At net-
work level, dopaminergic, glutamatergic, GABA-
mediated, and adenosinergic dysfunctions are
considered to be associated with subsequent cor-
tical hyperexcitability or disinhibition. Thus, RLLS
might be regarded as a multitransmitter neuro-
chemical disorder, globally with enhanced excit-
ability and decreased inhibition.12 In this context,
electrophysiological data suggest that in RLS,
both cortical, subcortical, spinal cord, and periph-
eral nerve generators are involved in the network
disorder, resulting in an enhanced excitability
and/or decreased inhibition.!3

Resting state functional magnetic resonance
imaging (rs-fMRI) is a powerful tool to provide
in vivo insight into functional processing in a task-
free condition, beyond the structural level.l%15
Prior rs-fMRI studies indicated that patients with
RLS may have deficits in controlling and manag-
ing sensory information, supporting the hypothe-
sis that RLS could be a disorder of somatosensory
processing.” Given the broad array of networks
that exhibit functional connectivity changes in
RLS, we asked where the preponderance of
changes is located and if it is specifically associ-
ated with somatosensory processing. To this end,
we conducted a meta-analysis including all avail-
able data on idiopathic RLS and rs-fMRI.

Methods

Search strategy and study selection

The literature review and study inclusion process
was conducted in accordance with the PRISMA
guidelines.1% In a systematic search conducted in
February 2020, data were collected from the
online library PubMed (https://www.ncbi.nlm.
nih.gov/pubmed/). The search queries and key-
words were (a) “resting state” AND “restless
legs”, (b) “resting state” AND “RLS”, (c) “rest-
ing-state” AND “RLS”, and (d) “resting-state”
AND “restless legs”. All studies up until February
2020 were included. In total, this search yielded
15 results. These 15 studies were probed for the

following criteria: the studies had to be published
in the English language in peer-reviewed journals;
only human studies that used rs-fMRI including a
whole-brain analysis were included; both partici-
pants with RLS and a control group of similar size
like the RLS group, matched for age and gender,
had to be present; only studies were included for
which it was stated that the participants met diag-
nostic criteria according to common diagnostic
guidelines for RLS;2 only studies on idiopathic
RLS were included. Patients had to be either
drug-naive or asked to stop medication before the
trial, that is, cessation of medication had to be
performed prior to the study for at least 3-fold its
biological half-life. From the 15 studies in ques-
tion, only 8 conducted rs-fMRI with either seed-
based or independent component analysis, and
only these studies were included since other
methods were not considered comparable. From
these eight studies, one was excluded due to sec-
ondary RLS as the condition under investigation,
as opposed to idiopathic RLS. In one study, both
treated and drug-naive participants were pre-
sent.!” Here, only the analyses of the drug-naive
subjects were included. The references in each of
the 15 studies were carefully studied for further
candidate studies, but this cross-reference search
did not yield additional inclusions. In total, seven
studies were included in the meta-analysis. For a
summary of the literature review and study inclu-
sion process, see Figure 1.

This analysis is a meta-analysis without acquisi-
tion of new data. All contributing studies reported
that they were conducted in human subjects
according to the current World Medical
Association Declaration of Helsinki.

Imaging data processing

The seven included studies were screened for sig-
nificant differences in functional connectivity
between participants with idiopathic RLS and
healthy controls.17-23 For each study, the number
of contributing subjects was noted for later statis-
tical weighting to prevent bias from small studies.
Only clusters that were significant after correction
for multiple comparisons (at least p<<0.05) were
included. In two studies,!”"18 no correction for
multiple comparisons was reported; here, all clus-
ters that passed an wuncorrected significance
threshold of »p<<0.005 were included, which we
considered equivalent. Clusters had to be reported
in a common stereotaxic space, that is, Montreal
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Figure 1. PRISMA flow diagram depicting the literature review, exclusion and inclusion process.

Neurological Institute (MNI) coordinates (n=7).
From each study, all significant clusters were
extracted including cluster size, peak MNI coordi-
nates, and associated z-value (or related parame-
ters). Each cluster was then reshaped to a spherical
volume around the peak coordinate for the subse-
quent statistical analysis resulting in a total of 60
clusters for the inclusion into the further analysis.

The Tensor Imaging and Fiber Tracking (TIFT)
software package was used for statistical analyses,
as described in a previous meta-analysis with diffu-
sion-weighted MRI data.?%2> The statistical pro-
cess was transferred to the present rs-fMRI data
set: each of the 60 coordinates was placed as
Gaussian shaped result-spheres with its corre-
sponding size, weighted with the square-root of
contributing subjects of the respective study. The
signal from overlaying clusters was added, leading
to high signal strength in areas in which several
clusters converged. In order to spatially homoge-
nize the input information, the resulting 3-D data

set was spatially smoothed with an isotropic
Gaussian kernel of full-width-at-half-maximum
size of 18 mm. This filter size was regarded as a
good balance between sensitivity and specificity, as
it allowed eliminating small isolated result clusters,
while collimating neighboring clusters from differ-
ent studies. In order to account for this lenient
smoothing, we decided to discard voxels with sig-
nal strength of less than half of the global maxi-
mum. Then, a standard clustering procedure was
applied; in order to discard false-positive results,
clusters below a cluster size threshold of 512 voxels
(mm?) were excluded.2® The entire procedure was
done separately for clusters with increased and
decreased functional connectivity, respectively.

Results
Qualitative synthesis

Each of the studies included in the meta-analysis
used a seed-based approach to resting state fMRI
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data analysis. Common seeds were the default
mode network,2%2! the thalamus,!7-18:22 the puta-
men,23 or a combination of several networks.1?
While the integration of these results may seem
challenging, a rather coherent picture emerged
from the synthesis. Among the areas most affected
by functional connectivity changes were the basal
ganglia, the frontal lobe, and limbic structures.
Each of the following areas was reported in at
least two of the analyzed studies: Increased func-
tional connectivity was most prominent in the
thalamus, but also found in parahippocampal
gyrus and the superior parietal lobe. Decreased
functional connectivity was observed in the basal
ganglia (most notably the caudate nucleus and
the putamen), the cingulate and paracingulate
gyrus, the orbito-frontal cortex, as well as the
medial and superior frontal gyrus. For a detailed
list of the studies and their respective results, see
Table 1.

Quantitative synthesis

In total, six significant clusters emerged from the
analysis. The majority of functional connectivity
changes was located in the thalamus and in areas
belonging to the dopaminergic pathways, the for-
mer showing increased and the latter showing
decreased connectivity (Figure 2). Increased func-
tional connectivity in the thalamus involved the
ventral lateral, ventral anterior, and ventral poste-
rior lateral nuclei in the right hemisphere and the
pulvinar in the left hemisphere. Decreased func-
tional connectivity in the dopaminergic pathways
was observed bilaterally in the putamen and the
nucleus accumbens, the left caudate head, and the
left medial frontal gyrus. In addition to these
findings, decreased functional connectivity was
observed in the anterior cingulate gyrus and the
precuneus. For a detailed list of the results clusters
from this meta-analysis, reported separately for
increased and decreased connectivity, see Table 2.

Discussion

This rs-fMRI meta-analysis demonstrated differ-
ential functional connectivity in thalamic and
dopaminergic pathways in participants with RLS
compared with controls, with increased connec-
tivity in the thalamus and decreased connectivity
in the dopaminergic pathways. Within the dopa-
minergic system, all of the major components,
that is, nigrostriatal, mesolimbic, and mesocorti-
cal pathways, were shown to be altered.

Previous rs-fMRI studies in RLS reported con-
nectivity changes in brain regions related to the
thalamus, indicating that the thalamic regions
may be associated with altered sensory monitor-
ing and perception processing in RLS.!8 The thal-
amus was previously observed to show functional
connectivity changes within its associated sensory
thalamic circuits.!? In addition, diurnal functional
connectivity changes in the thalamus were
reported, from hyperconnectivity in the morning
to hypoconnectivity in the evening, reflecting the
circadian presentation of RLS symptomatology.2!
With respect to these pathoanatomical concepts,
increased functional connectivity in the current
meta-analysis was indeed observed bilaterally in
the thalamus, including its anterior, ventral lat-
eral, ventral anterior, and ventral posterior lateral
nuclei in the left hemisphere and the pulvinar in
the right hemisphere. These results are in general
accordance with prior interpretations of rs-fMRI
studies that RLS patients may have deficits in
controlling and managing sensory information.2?

The finding of decreased functional connectivity
within the dopaminergic system adds new aspects
to this concept of RLS-associated alterations of
somatosensory processing. Our results are sup-
ported by recent studies that emphasized the
importance of the putamen in the pathophysiol-
ogy of RLS. In a morphometric analysis of sub-
cortical gray matter, Li and colleagues found
abnormalities in the putamen that correlated with
disease duration of RLS.23 In addition, diurnal
changes that reflect circadian characteristics of
RLS were not only reported to occur in the thala-
mus, but also in the striatum.2! Interestingly, our
meta-analytic findings were not confined to the
nigrostriatal pathway, but also included func-
tional connectivity alterations in the mesolimbic
and mesocortical pathways. This constellation
can be regarded as a representation of a distrib-
uted dysfunction of dopamine metabolism in
association with RLS as it was previously shown
by positron emission tomography analyses, which
indicated dysfunction not only the nigrostriatal
but also mesolimbic pathways.%"%10 The broad
spectrum of RLS symptomatology could relate to
each of these pathways, that is, motor symptoms
to the nigrostriatal pathway and discomfort and
pain to the mesolimbic/limbic system.2:3 A recent
rs-fMRI study demonstrated specific effects of
dopaminergic treatment in the mesocortical path-
ways: when compared with drug-naive RLS
patients, dopamine intake increased functional
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Table 1. Studies included in the meta-analysis, ordered by time of publication.

Study Subjects Seed Regions Functional connectivity IRLS
RLS/controls
Increase Decrease
Ku et al.’8 25/25 ventral posterior right parahippocampal right superior temporal 26+7
lateral nucleus of the gyrus, right precuneus, gyrus, left/right middle
thalamus right precentral gyrus, left/  temporal gyrus, right
right lingual gyrus medial frontal gyrus
Gorges etal.’”  26/26 motor/sensorimotor - - 27+ 6
network
sensory thalamic left caudate nucleus,
network right putamen, left/
right thalamus, right
parahippocampal cortex,
ventral attention left/right thalamus, right
network parahippocampal cortex
dorsal attention right medial prefrontal
network cortex, right cingulate
cortex, right supplementary
eye field
basal ganglia-thalamic  left/right medial prefrontal
network cortex, left caudate
nucleus, left putamen, left
thalamus,
cingulate network left cingulate cortex
brainstem network - -
Ku et al.20 16/16 default Mode Network right superior parietal left posterior cingulate 26+7
lobule, right supplementary  cortex, right orbito-frontal
motor area, left thalamus gyrus, left precuneus, right
subcallosal gyrus
Ku et al.2! 15/15 default mode network Left/right thalamus, right right medial frontal gyrus, 26+7
(morning) superior parietal lobule left posterior cingulate,
left precuneus, right
subcallosal gyrus, right
parahippocampal gyrus
default mode network left declive, left cuneus, right caudate tail, right
(evening) right middle occipital gyrus  caudate head, left anterior
mid-cingulate gyrus, left
caudate head
Liu et al.22 16/26 cuneus left medial frontal gyrus/ 23+ 6
paracentral lobule
superior frontal gyrus right medial prefrontal
cortex
thalamus left cerebellum posterior
lobe, right middle temporal
gyrus
(Continued)]
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Table 1. (Continued)

Study Subjects Seed Regions Functional connectivity IRLS
RLS/controls
Increase Decrease
Lietal.8 20/18 right putamen cingulate gyrus 23+7
left dorsal rostral left/right putamen,
putamen cingulate gyrus
left dorsal caudal left putamen, left frontal
putamen pole, right superior frontal
gyrus
left ventral rostral left/right putamen,
putamen left frontal pole, right
paracingulate gyrus
right dorsal rostral right cerebellum left putamen, right caudate,
putamen left frontal pole, right
paracingulate gyrus
right dorsal caudal left putamen
putamen
right ventral rostral left caudate, right putamen,
putamen left superior cingulate gyrus
Lee et al.'”? 16/16 ventral posterior right temporal gyrus left/right lingual gyrus 25+8
lateral nucleus of the
thalamus
Total 134/142

IRLS, international RLS rating scale = standard deviation, RLS, restless legs syndrome.

connectivity in the mesocortical pathway.!7 It is
possible that this increase might compensate for
otherwise insufficient mesocortical functional
connectivity, offering an explanation for its thera-
peutic effect. In general, this finding is not at odds
with pathophysiological concepts of RLS as a
hyperdopaminergic state,? given that RLS seems
to constitute a condition with cerebral dopamine
dysfunction.

Cerebral networks involved in pain bear a striking
resemblance to the functional connectivity
changes observed in this meta-analysis. Sensory
input from the spinal cord to both thalamic and
limbic structures is considered to convey affective
information related to nociceptive sensations.
Together with the sensory information from
thalamocortical pathways, these pathways con-
verge in the anterior cingulate, where the infor-
mation is integrated.?® Given that pain is among
the most commonly reported symptoms of RLS,
both altered thalamic functional connectivity and

decreased connectivity in the limbic system, spe-
cifically the anterior cingulate gyrus, may reflect
involvement of the nociceptive system in RLS
symptomatology.?®3° The multiple neurotrans-
mission dysfunction may also constitute a link
between RLS and other chronic pain disorders.1?

The current meta-analysis was not without limi-
tations. A relatively low number of seven studies
(with a total of 134 participants with RLS) that
met the inclusion criteria could be included, indi-
cating a limited application of the rs-fMRI
approach to RLS yet. In general, the number of
advanced MRI studies in this common disorder is
rather limited, perhaps due to the patients’ rest-
lessness and inability to lie down in the scanner
without moving. All of the studies included in this
meta-analysis followed a seed-based approach to
rs-fMRI; this, however, might have biased the
analysis as it is possible that functional connectiv-
ity changes within networks that are not covered
by a specific seed are not registered. As a further
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Figure 2. Frequency of occurrence depicted in transversal, coronal, and sagittal slices at the level of

the global maximum (left side) and in projectional view (right side). Clusters represent areas which were
commonly affected in participants with RLS in this meta-analysis. The heat map indicates frequency of
occurrence (F) relative to the global maximum (= 100% F/arbitrary units). Clusters with increased functional
connectivity are depicted in the upper panel (warm color map), clusters with decreased functional connectivity

are depicted in the lower panel (cold color map).
MNI, Montreal Neurological Institute.

limitation, no weighting and no correlation analy-
ses were performed between regional connectivity
strength and measures of disease severity (e.g.
international RLS rating scale), respectively,
given that the mean scores were almost identical
in the contributing studies with relatively high
standard deviations (Table 1). The functional
connectivity changes observed in association with
RLS might be attributed to structural abnormali-
ties. A well-accepted hypothesis is that abnormal
iron metabolism in the putamen is associated
with dopaminergic and sensorimotor dysfunction
in RLS.%727 Decreased functional connectivity
within the dopaminergic pathways as found in
this meta-analysis could be interpreted as a result
of these deficits. In addition, macro- and micro-
structural abnormalities in the spinothalamic fib-
ers, the brainstem, the midbrain, and the thalamus
are considered to provoke functional and meta-
bolic changes within the sensorimotor system
and specifically the thalamus.?5:31-33 Increased

functional connectivity in the thalamus could
thus be regarded as an adaptive consequence to
compensate for these structural deficits.?* Given
that both the thalamus and the dopaminergic
pathways are interwoven within the sensorimotor
system, such a combination of these pathoana-
tomical concepts could explain somatosensory
processing deficits and sensorimotor dysfunction
in RLS. A straightforward integration of our
results in current clinical neurophysiology data in
RLS is possible; neurophysiological studies using
transcranial magnetic  stimulation (TMS)
reported altered motor cortex excitability and
dysfunctional sensorimotor integration in RLS.?5
In addition, RLS patients exhibited an impair-
ment of the long-term depression-like mecha-
nisms induced by inhibitory repetitive TMS
compared with healthy subjects, indicating
abnormal cortical plasticity.?® Modification of
these networks wvia repetitive TMS-mediated
modulation of cortical excitability within the
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Table 2. Significant clusters resulting from the meta-analysis (increased and decreased connectivity reported
separately, clusters ordered by size). Anatomical brain regions are reported in order of proximity to the peak

coordinate, according to the MNI Atlas.

Increased connectivity

Cluster Cluster size (mm3) Peak MNI coordinate Anatomical brain regions
X,Y,2)

#1 2523 (=14, -9, 9) right: ventral lateral, ventral
anterior, and ventral posterior
lateral nucleus of the thalamus.
lateral globus pallidus, putamen

#2 1922 (20, -36, 8) left: thalamus: pulvinar

Decreased connectivity

Cluster Cluster size (mm3) Peak MNI coordinate Anatomical brain regions
(X,Y,2)

#1 3722 (-23,9,0) right: putamen, caudate head,
nucleus accumbens

#2 2541 (-1, 30, 19) left/right: anterior cingulate gyrus
(BA 24, 32), right: medial frontal
gyrus (BA 6, 9)

#3 2019 (-2, -62, 26) left/right: cingulate gyrus (BA 23,
31), precuneus (BA 7, 31)

#4 1626 (23, 15, -6) left: putamen, ncl. accumbens,

subcallosal gyrus (BA 47)

MNI, Montreal Neurological Institute; BA, Brodmann area.

sensorimotor network has shown to alleviate the
sensorimotor symptoms in RLS.37 These findings
support the abnormal somatosensory processing
function and the altered functional connectivity
observed in RLS.

However, it remains yet unresolved how the func-
tional and structural brain abnormalities in RLS
relate to each other. As a perspective, a future
longitudinal study with rs-fMRI, perhaps together
with structural imaging modalities like diffusion
tensor imaging, might demonstrate how these
abnormalities develop over time and how they
relate to the course of symptom severity. An
‘ideal’ candidate study should monitor iron con-
tent within the brain, micro- and macrostructural
changes, as well as rs-fMRI in newly diagnosed
RLS over an interval of several years and correlate
the MRI data with clinical and neuropsychologi-
cal scores. In addition, a longitudinal observation
of the effects of pharmaceutical treatment could
help explain efficacy and long-term side effects,
such as augmentation. This way it might be

possible to further unravel the relationship
between structural, functional, and clinical find-
ings in RLS.

In conclusion, the current meta-analysis of rs-
MRI data demonstrated differential functional
connectivity in thalamic and dopaminergic path-
ways in participants with RLS compared with
controls, with decreased connectivity in the
dopaminergic system and increased connectivity
in the thalamus. Increased functional connectiv-
ity in the thalamus can be interpreted as network
extension, adaptive to somatosensory dysfunc-
tion. Decreased functional connectivity in the
dopaminergic system could reflect sensorimotor
dysfunction. The broad affection of the dopa-
minergic system (nigrostriatal, mesolimbic, and
mesocortical pathways) may partially explain
RLS symptomatology, including discomfort,
sleep, and motor symptoms. The present rs-
fMRI meta-analysis supports the hypothesis of
somatosensory processing deficits in RLS and
contributes to the framework around RLS
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pathophysiology and the efficacy of dopaminer-
gic treatment. In highlighting the importance of
sensorimotor integration in RLS, our data also
support other pharmacological and non-phar-
macological treatments,338 including non-inva-
sive neuromodulation.3” By this contribution to
the understanding of the pathophysiology, this
meta-analysis might assist in the development of
new treatment options in RLS that will specifi-
cally target the dysfunction of somatosensory
processing.
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