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Keywords: Background and purpose: Functional connectivity studies revealed alterations
brain connectivity, within thalamic, salience, and default mode networks in restless legs syndrome
functional magnetic patients.
resonance imaging, Methods: Eighty-two patients with restless legs syndrome (untreated, n = 30;
restless legs syndrome, on dopaminergic medication, n = 42; on alpha-2-delta ligands as mono- or
sleep wake disorders polytherapy combined with dopaminergic medication, n = 10), and 82 individ-

ually age- and gender-matched healthy controls were studied with resting-state
Received 29 July 2020 functional magnetic resonance imaging. Connectivity of 12 resting-state net-
revision requested 29 works was investigated with independent component analysis, and network
September 2020 topology was studied with graph methods among 410 brain regions.
Accepted 5 October 2020 . . .. .
Results: Patients with restless legs syndrome showed significantly higher connec-
European Journal of tivity within salience (p = 0.029), executive (p = 0.001), and cerebellar (p = 0.041)
Neurology 2021, 28: 448458 networks, as well as significantly lower (p < 0.05) cerebello-frontal communica-
tion compared to controls. In addition, they had a significantly higher (p < 0.05)
doi:10.1111/ene.14577 clustering coefficient and local efficiency in motor and frontal regions; lower clus-
tering coefficient in the central sulcus; and lower local efficiency in the central
opercular cortex, temporal, parieto-occipital, cuneus, and occipital regions com-
pared to controls. Untreated patients had significantly lower (p < 0.05) cerebello-
parietal communication compared to healthy controls. Connectivity between the
thalamus and frontal regions was significantly increased (p < 0.05) in patients on
dopaminergic medication compared to untreated patients and controls.
Conclusions: Networks with higher intranetwork connectivity (i.e., salience,
executive, cerebellar) and lower cerebello-frontal connectivity in the restless legs
syndrome patients, as well as lower cerebello-parietal connectivity in untreated
patients, correspond to regions associated with attention, response inhibitory
control, and processing of sensory information. Intact cerebello-parietal commu-
nication and increased thalamic connectivity to the prefrontal regions in patients
on dopaminergic medication suggests a treatment effect on thalamus.
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Introduction

Restless legs syndrome (RLS), also known as Willis-
christoph scherfler@i-med.ac.at). Ekbom disease, is a sensorimotor disorder character-
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Symptoms worsen at rest and in the evening, and
movement relieves them. Pathophysiological concepts
of underlying mechanisms come from genome-wide
studies that report risk alleles, which is associated
with synapse formation and neural network plasticity
[2]. Imaging, cerebrospinal fluid, and autopsy studies
demonstrated dysregulation of dopamine turnover
and its circadian dynamics, as well as alterations of
brain iron metabolism [3,4].

Task-based functional magnetic resonance imaging
(fMRI) detected altered brain function in the cerebellum
and thalamus [5-7], primary motor and somatosensory
cortex [6-8], as well as prefrontal cortex [6-7] in RLS
patients. In contrast to task-based fMRI, resting-state
fMRI (rs-fMRI) enables detection of well-established
brain networks associated with functional domains [9].
RLS studies that applied seed-based methods [10]
detected changes in attentional (ventral, dorsal, sal-
ience), sensory (thalamic), and cognitive (default mode
network [DMN)]) networks [11,12]. Previous RLS stud-
ies demonstrated altered connectivity in the thalamus
and dopaminergic pathways [13], diurnal connectivity
variations [14] and associations of connectivity changes
with the emergence of RLS symptoms [15], as well as
alterations of thalamic connectivity by dopamine ago-
nist treatment [16]. In graph theoretical modeling, the
entire brain is subdivided into nodes that are connected
by edges. This provides a way to reflect changes in the
topological architecture and localize highly connected
regions, known as hubs [17]. To date, the only graph
study in RLS found connectivity decreases in sensorimo-
tor and visual networks, and increases in the affective
cognitive and cerebellar—thalamic networks, as well as
degree centrality (DC) alterations in DMN regions [18].

The aims of our study were to investigate changes in
functional connectivity and topology in a large cohort of
RLS patients compared to healthy controls (HCs) with
independent component analysis (ICA) and graph meth-
ods, and to compare the brain connectivity of patients
on dopaminergic medication with untreated patients.

Methods

Subjects

A total of 82 RLS patients were recruited at the Sleep
Disorders Clinic, Department of Neurology, Medical
University of Innsbruck, Innsbruck, Austria. Inclusion
criteria were age between 18 and 75 years and a diagno-
sis of RLS according to the current International Rest-
less Legs Syndrome Study Group criteria [19].
Exclusion criteria were secondary RLS, other neurolog-
ical diseases identified through clinical examination and
conventional magnetic resonance imaging (MRI), white
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matter lesions of Fazekas score >1 [20], iron supplemen-
tation during the previous 6 months, or current opioid
medication. Eighty-two HCs individually matched for
gender and age (5 years) were included in this case-
control study. Inclusion criteria for controls were age
between 18 and 75 years and the absence of any rele-
vant medical conditions. Exclusion criteria were a his-
tory of neurological or psychiatric diseases, structural
MRI changes, white matter lesions of Fazekas score >1,
iron supplementation during the previous 6 months,
any symptoms of RLS (evaluated during a clinical
interview), or a positive family history for RLS to limit
possible inclusion of carriers of genetic risk factors.

Procedures

Restless legs syndrome patients underwent a structured
interview performed by a board-certified expert in sleep
medicine, which included information about family his-
tory of RLS, age at onset, and medications. Levodopa
equivalent daily doses (LEDD) were calculated. Vali-
dated severity scales were completed: International
RLS Scale (IRLS) [21], clinical global impression
(CGI) [22], and Restless Legs Syndrome-6 Scale (RLS-
6) [23]. Anatomical and rs-fMRI sequences were
acquired with a 3T whole-body MRI scanner (Magne-
tom Verio; Siemens) at daytime between 8 a.m. and
4 p.m. (Appendix S1). The study procedures were per-
formed according to the Declaration of Helsinki and
approved by the ethics committee of the Medical
University of Innsbruck. Prior to inclusion to the
study, all subjects signed an informed consent form.

Statistical analysis

Clinical parameters

Based on current medication, the RLS cohort was
divided into therapeutic subgroups: untreated patients
(n = 30), patients on dopaminergic treatment (n = 42),
and patients on alpha-2-delta ligands as mono- or poly-
therapy in combination with dopaminergic medication
(n = 10). Distributions of demographic data are pre-
sented as frequencies (percentage), means + standard
deviations, or median (interquartile range), accord-
ingly. Gaussian distribution was confirmed by the Kol-
mogorov-Smirnov test. Group differences of normally
distributed data were analyzed by parametric tests (¢
test). Non-Gaussian distributed variables were assessed
by Mann-Whitney U and Wilcoxon rank sum test (o <
0.05) using MATLAB (MathWorks) [24].

Independent component analysis
The preprocessed fMRI dataset (Appendix S1) was
concatenated across the entire cohort and decomposed

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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into 30 automatic components. Components with neu-
ral origin were identified as rs-networks by visual
inspection and comparison to earlier studies [9]. Dual
regression [25] was used to generate subject-specific
spatial maps and associated time series (Appendix S1).
After this, group differences in intranetwork connec-
tivity (o < 0.05, threshold-free cluster enhancement)
were tested with the randomized permutation-testing
tool (5000 permutations).

Graph connectivity
Graph theory methods were applied on preprocessed
data (Appendix S1) to investigate connectivity among
regions. The Atlas of Intrinsic Connectivity of Homo-
topic Areas (AICHA), which consists of 384 brain
regions, was selected for parcellation as it takes into
account the intrinsic connectivity of homotopic areas
[26]. Twenty-six cerebellar regions were added from the
Automated Anatomical Labeling Atlas [27], as these
motor function related regions are not provided in the
AICHA. To obtain graph matrices of 410 x 410, each
parcellated region’s functional time series was averaged,
thus accounting for differences in voxel sizes, and then
Pearson correlated with the other regions. Then, the
obtained correlation matrices were Fisher transformed
according to z = In((1 + r)/(1-r))/2 with MATLAB [24].
Network-based statistics [28] were used to perform the
t test (o0 < 0.05, false discovery rate [FDR] corrected,
100,000 permutations) on every edge in the connectivity
matrices between groups.

Correlations (a0 < 0.05) of connectivity differences
to clinical scores (IRLS, CGI, and RLS-6) were evalu-
ated in patients.

Graph measures
To study graph measures, each individual connectivity
matrix was thresholded over a wide range of densities
(N = 41) between 0.1 and 0.5 with increments of 0.01,
where a density of 0.1 preserves the top 10% of the
edges. This was done to avoid that a selection of one
specific threshold might affect the results. Graph mea-
sures were calculated with the Brain Connectivity Tool-
box [17] on each node (N = 410) of each thresholded
matrix (N = 41 per subject). The results were averaged
to create individual graph values for each node.
Measures of centrality were studied. DC provides
information on the importance of a node for func-
tional performance, whereas betweenness centrality
(BC) measures how many times a node acts as a
bridge along the shortest paths between two other
nodes [29]. In addition, the clustering coefficient (CC),
and global and local efficiency were studied. The CC
tells the tendency for dense interconnections of a node
with its topological neighbors that form segregated

and functionally specialized clusters [30]. Global and
local efficiency measure the ability of a network to
transmit information at the global and local level, and
inform about the fault tolerance of a network [31].

To investigate hub nodes, all obtained measures (DC,
BC, CC, and local efficiency) were thresholded (aver-
age + standard deviation) in RLS patients and HCs
separately. In addition, group differences were estimated
by two-sample 7 test (a0 < 0.05, FDR corrected). Corre-
lations of significant group differences to clinical scores
of patients were studied (Spearman’s, o < 0.05). Graph
results were visualized with BrainNet Viewer (Neurol-
maging Tools and Resources Collaboratory) [32].

Results

Clinical characteristics

Demographic and clinical data of study participants
are presented in Table 1. There were no significant
differences in age, sex, or disease duration between
subgroups. IRLS scores were significantly higher
(p = 0.048) (i.e., worse symptom severity) in patients
on alpha-2-delta ligands as mono- or polytherapy with
dopaminergic medication compared to patients on
dopaminergic medication alone. Untreated patients
presented with significantly higher (p = 0.025) RLS-6
scores compared to patients on dopaminergic medica-
tion. No significant differences in symptom severity
were evident in CGI scores between subgroups.

Resting-state networks

Twelve identified components that corresponded to
known rs-networks [9] were DMN, somatomotor net-
work (SMN), medial and lateral visual, dorsal atten-
tion, left and right executive, salience, auditory,
cerebellar, frontal, and working memory (Figure S1).
RLS patients had significantly higher (p < 0.05) con-
nectivity within three of these networks compared to
HCs (Fig. 1, Table S1). The findings included two
clusters in the salience network with the main cluster
in left frontal pole (p = 0.029), six clusters in the left
executive network with the main cluster in the left
frontal pole (p = 0.001), and a cluster in the cerebellar
network localized to the left cerebellum (p = 0.041).

The effects of disease and medications to functional
connectivity [33] were studied in untreated and medi-
cated patients compared to matched controls. There
were no significant differences in intranetwork connec-
tivity in subgroups compared to HCs. However,
untreated patients had significantly higher (p = 0.003)
connectivity in the working memory network with a
cluster in the left cerebellum compared to patients on
dopaminergic medication (Table S2).

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology



Table 1 Demographics and clinical information
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Healthy RLS Patients on dopaminergic Untreated Patients on alpha-2- P P
controls patients medication patients delta ligands® value®  value®
Sample size, n 82 82 42 30 10 — —
Age, years, 50.2 £ 10.0 519 +£10.8 53.1 + 104 49.6 £ 11.4 53.9 £ 10.3 0.320  0.736
mean + SD
Gender, females, 43 (52) 43 (52) 22 (52) 14 (47) 7 (70) — —
n (0/0)
Disease duration, years, — 16.3 +£ 129 152 + 104 13.2 + 10.6 21.3 + 109 0.447  0.104
mean + SD
LEDD medication, — 8.8 (0-36) 30 (18-70) — 4.4 (0-64) — 0.070
median (IQR)
CGI, median (IQR) — 3 (34 3 (34 334 4 (2.75-5) 0.468  0.705
IRLS, median (IQR) — 14.5 (22-7) 12 (0-18.75) 15.50 (9- 20.50 (12-31) 0.127  0.048*
24.25)
RLS-6, mean + SD — 16.0 £ 10.7 13.1 £ 9.9 17.9 £ 8.7 227 £ 152 0.025* 0.052
Family history — 28 17 9 2 — —
Age of onset — 36.5 + 14.1 37.7 £ 14.1 36.4 + 14.5 31.2 £ 13.7 0.709  0.216

CGlI, clinical global impression (0-7); IQR, interquartile range; IRLS, International Restless Legs Scale (0-40); LEDD, levodopa equivalent
daily doses; RLS, restless legs syndrome; RLS-6, Restless Legs Syndrome-6 Scale (0-60); SD, standard deviation. *Patients on alpha-2-delta
ligands as mono- or polytherapy with dopaminergic medication. ®The p values shown are for patients on dopaminergic medication against
untreated patients. “The p values shown are for patients on dopaminergic medication against patients on alpha-2-delta ligands as mono- or

polytherapy with dopaminergic medication. *Significant differences.

Graph connectivity

Graph analysis revealed significantly lower (p < 0.05,
corrected) cerebello-frontal connectivity (i.e., between
vermis 7, and the left and right inferior frontal sulcus
2) in RLS patients compared to HCs (Fig. 2A). Sub-
group analysis showed significantly lower (p < 0.05,
corrected) cerebello-parietal connectivity (i.e., between
vermis 7 and the right superior parietal gyrus 4 and
left intraparietal sulcus 3, and between vermis 8§ and
left intraparietal sulcus 3) in untreated patients com-
pared to HCs (Fig. 2B). Patients on dopaminergic
medication had significantly higher (p < 0.05, cor-
rected) connectivity between the right subcallosal
gyrus 1 and left thalamus 1 (i.e., anterior nuclei) com-
pared to HCs (Fig. 2C), and between the right orbital
sulcus 1 and right thalamus 1 compared to untreated
patients (Fig. 2D). Patients on alpha-2-delta ligands
(as mono- or polytherapy with dopaminergic medica-
tion) had significantly higher (p < 0.05, corrected)
connectivity between the right frontal inferior orbital
gyrus 2 and left superior parietal gyrus 1 compared to
HCs (Fig. 2E). Severity scores (IRLS, CGI, and RLS-
6), disease duration, and LEDD values did not corre-
late with connectivity alterations.

Hub nodes and nodal differences

There were no significant group differences in nodal
measures of DC and BC. Both RLS patients and HCs

revealed their highest DC and BC values (i.e., hubs)
in precentral, occipital, insula, temporal, cingulum,
paracentral, precuneus, parieto-occipital, and calcarine
regions (Figures S2 and S3). In addition, DC was high
in the Rolando, postcentral, parietal, intraparietal,
Rolandic operculum, and lingual regions; and BC in
the frontal, hippocampal, parahippocampal, caudate,
thalamic, and cerebellar regions in both groups.

Both groups revealed their highest CC and local
efficiency in the precentral, Rolando, postcentral,
supramarginal, cingulate, parietal, parieto-occipital,
occipital, cuneus, lingual, fusiform, and paracentral
regions (Figures S4 and S95). In addition, high CC was
found in the intraparietal and calcarine regions in
both groups and in frontal regions in patients. In
addition, high local efficiency was found in the
intraoccipital, Rolandic operculum, and temporal
regions in both groups.

Clustering coefficient (Fig. 3A, Table S3) was signif-
icantly higher (p < 0.05, FDR) in motor (i.e., left sup-
plementary motor regions 2 and 3) and frontal
regions (i.e., left superior frontal sulci 4 and 5, middle
frontal gyrus 5, right superior frontal sulci 4 and 5,
middle frontal gyrus 3, medial frontal superior 2) in
RLS patients compared to HCs. Lower CC was pre-
sent in the left central sulcus in RLS patients com-
pared to HCs. There were no significant differences of
CC in subgroups compared to HCs.

In RLS patients, local efficiency (Fig. 3B, Table S4)
was significantly higher (p < 0.05, FDR) in frontal (i.e.,

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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Figure 1 Three resting-state networks with significantly higher (p < 0.05) intranetwork connectivity in restless legs syndrome (RLS) com-
pared to healthy controls. Independent component analysis with dual regression (5000 permutations, threshold-free cluster enhancement)
found significantly higher (in orange) intranetwork connectivity in RLS patients compared to healthy controls in the following three net-
works (maps in green): (A) salience network with the main cluster in the left frontal pole (x = —26, y = 42, z = 16), (B) left executive net-
work with the main cluster in the left frontal pole (x = —42, y = 46, z = 8), and (C) cerebellar network with the cluster in the left
cerebellum (x = —26, y = —46, z = —44). Sagittal, axial, and coronal views are shown in radiological orientation in Montreal Neurological
Institute (MNI) coordinates. The maps were thresholded with arbitrary threshold of Z = 4 for visualization purposes. L, left; R, right.

[Colour figure can be viewed at wileyonlinelibrary.com]

left superior frontal sulci 4 and 5, left superior frontal
medial gyrus 2, right medial frontal superior 2) and
motor (i.e., right supplementary motor region 1) regions
compared to HCs. In turn, local efficiency was lower in
Rolandic operculum (i.e., central opercular cortex), tem-
poral, parieto-occipital, cuneus, and occipital regions in
RLS patients compared to HCs. No significant differ-
ences of local efficiency were evident in subgroups com-
pared to HCs. None of the nodal differences correlated
with clinical scores, disease duration, or LEDD values.

There was no significant difference of whole brain
global efficiency in patients (0.2967 + 0.0576) com-
pared to HCs (0.2969 + 0.0557).

Discussion

In this case—control rs-fMRI study, we applied brain
network analysis (i.e., ICA and graph methods) to
investigate functional topology and communication in
a large cohort of untreated and medicated RLS
patients and individually matched HCs. Thus, age and
gender as confounding factors were excluded. Our
results showed significantly higher intranetwork con-
nectivity localized to frontal regions in the salience
and left executive networks and in the cerebellar net-
work, as well as lower fronto-cerebellar connectivity
in RLS patients compared to HCs. Interestingly, in

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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(a) LOWER CONNECTIVITY
) All RLS patients compared to controls

Dopaminergic medication compared to untreated

=

LA

Figure 2 Functional connections with significant differences (p < 0.05, 100,000 permutations, 7 test, false discovery rate—corrected) in
restless legs syndrome (RLS) patients. Lower connectivity (in blue) was found in (A) RLS patients compared to healthy controls
between vermis 7 (x = 1, y = —72, z = —25) and left (x = —43, y = 15, z = 29) (Tstat: 4.41) and right (x = 44, y = 19, z = 28) (Tstat:
4.72) inferior frontal sulcus 2, and (B) in untreated patients compared to healthy controls between vermis 7 and right superior parietal
gyrus 4 (x =29, y = —49, z = 67) (Tstat: 5.18) and left intraparietal sulcus 3 (x = =27, y = —60, z = 43) (Tstat: 4.71), and between
vermis 8 (x = 1, y = —64, z = —34) and left intraparietal sulcus 3 (Tstat: 5.09). Higher (in red) connectivity was found in patients on
dopaminergic medication (C) between right subcallosal gyrus 1 (x = 6, y = 21, z= —16) and left thalamus | (x = -4, y =0,z = 1)
(Tstat: 4.71) compared to healthy controls, and (D) between right orbital sulcus 1 (x = 25, y = 41, z = —15) and right thalamus 1
(x=4,y=0,z=1) (Tstat: 3.81) compared to untreated patients. (E) Patients on alpha-2-delta ligands as mono- or polytherapy with
dopaminergic medication had higher connectivity between right frontal inferior orbital gyrus 2 (x = 21, y = 22, z = —20) and left supe-
rior parietal gyrus 1 (x = =24, y = —47, z = 59) (Tstat: 4.31) compared to healthy controls. Nodes are presented in their centroid
stereotaxic coordinates (Montreal Neurological Institute) among 410 parcellated atlas regions from An Atlas of Intrinsic Connectivity
of Homotopic Areas and Automated Anatomical Labeling. L, left; R, right. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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—

(a) Difference in clustering coefficient

Figure 3 Significant (p < 0.05, two-sample 7 test, false discovery rate) differences in graph measures in restless legs syndrome patients
compared to healthy controls. Regions where significant differences were found in (A) clustering coefficient and (B) local efficiency.
Red nodes represent regions where graph measures were significantly (p < 0.05) higher and blue nodes where measures were signifi-
cantly lower in RLS patients compared to healthy controls. Left sagittal, axial, and right sagittal views are shown. The results were
calculated on averaged nodal measures with graph densities between 0.1 and 0.5. Nodes present atlas regions from An Atlas of Intrin-
sic Connectivity of Homotopic Areas and Automated Anatomical Labeling that are presented in their centroid stereotaxic coordinates
(Montreal Neurological Institute). L, left; R, right. [Colour figure can be viewed at wileyonlinelibrary.com]

the cohort of RLS patients on dopaminergic medica-
tion, lower cerebello-parietal connectivity, previously
identified in untreated patients compared to HCs, was
not evident. Instead, they presented with higher con-
nectivity between the thalamus and the subcallosal
gyrus compared to HCs, and between thalamus and
the orbital sulcus compared to untreated patients.

Fronto-cerebellar connectivity

We found higher connectivity within the salience net-
work, as well as higher CC (i.e., functional segrega-
tion) and higher local efficiency values (i.e., ability to
transmit information at the local level) within the
frontal regions. Similarly, a seed-based study in RLS
patients found connectivity increases in the frontal
regions of the salience network [11], which was sug-
gested to serve as the functional substrate of altered
attentional control of sensory inputs. The salience net-
work comprises the anterior insula and anterior cingu-
late cortex, and is involved in the processing of
external stimuli and the assignment of attentional
resources such as the engagement of frontoparietal
systems for working memory and higher-order cogni-
tive control [34].

We identified higher connectivity within the left
executive network, which is located within the dorso-
lateral prefrontal and posterior parietal cortex [34],

and is associated with control of attention and work-
ing memory, and higher cognitive functions such as
planning and decision making in the context of goal-
directed behavior [35].

We found significantly higher intranetwork connec-
tivity in the cerebellum and lower cerebello-frontal
connectivity (between vermis 7 and inferior frontal
sulci) in RLS patients compared to HCs. Both sal-
ience and executive networks comprise regions that
involve the inferior frontal sulcus, which has a role in
response inhibitory control [36]. Therefore, this region
could represent the functional substrate for the
reported reflection impulsivity and perceptual decision
making in RLS patients, which is disease-related
regardless of dopaminergic treatment [37].

In this regard, the higher intranetwork connectivity
in the cerebellum, salience, and left executive networks
might result from compensatory upregulation for the
lower communication between these regions. Similar
disconnection between cerebello-frontal regions, as
noted in our study, exists in attention deficit hyperac-
tivity disorder (ADHD) [38]. RLS is common in chil-
dren and adults with ADHD (44% and 35%,
respectively), and 27% of RLS patients present with
ADHD symptoms [39]. This is not surprising, as iron
deficiency and dopamine dysfunction are common in
both conditions. A diffusion tensor imaging study that
comprised 94% of the participants of this study

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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detected lower fractional anisotropy values in the
anterior part of the internal capsule bilaterally [40].
This region comprises the frontopontine tract, which
carries neuronal inputs from the frontal (and parietal)
cortex to the cerebellum through the thalamus. There-
fore, this finding supports the noted lower fronto-cere-
bellar connectivity [41] and suggests communication
alterations through the thalamus in RLS.

Motor networks

In addition, we found higher CC and local efficiency
in supplementary motor regions, lower CC in the left
central sulcus, and lower local efficiency in the Rolan-
dic operculum in RLS patients compared to HCs.
Alterations in motor regions could relate to the urge
to move in RLS patients. Connectivity changes in the
SMN were hypothesized in a study that reported frac-
tional anisotropy reductions in proximity to primary
and associate motor and somatosensory cortices [42].
In addition, a possible explanation for our results
could be the involvement of cerebellar and motor
regions in the generation of periodic limb movements
(PLMs) [5-6].

Cerebello-parietal connectivity

In line with the noted cerebello-frontal communica-
tion changes through the frontopontine tract,
untreated RLS patients had lower cerebello-parietal
connectivity (between vermis 7 and 8, and the intra-
parietal sulcus) compared to HCs. Intraparietal sulci
are functionally part of the left and right executive
networks, which comprise parts of the neocerebellum.
This, in turn, includes vermis 6 and 7 as well as corre-
sponding crus I and II [43]. Functions of the parietal
lobe include the integration of proprioceptive and
mechanoreceptive information in the somatosensory
cortex [14]. Therefore, lower cerebello-parietal connec-
tivity in untreated RLS patients might reflect an
altered processing of sensory information, which may
contribute to the generation of RLS symptoms. In
addition, decreased local efficiency in temporal, pari-
eto-occipital, cuneus, and occipital regions in RLS
patients compared to HCs suggests alterations in local
information transfer. Interestingly, as such change
was not found in the medicated patients, these results
suggest a possible modulating effect of medications
(both dopaminergic and alpha-2-delta ligands).

Thalamic connectivity

Graph analysis revealed higher thalamo-frontal con-
nectivity (between the thalamus and subcallosal gyrus
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and orbital sulcus) in RLS patients on dopaminergic
medication compared to HCs and untreated patients.
The thalamus is an important relay station that pro-
vides sensory information from subcortical structures
to the cortex [44]. Previous RLS studies reported
reduced iron content [45], metabolic changes [46,47],
and a higher (''C)FLB-457-binding potential to D2-
receptors [48] of the thalamus in RLS patients. In
addition, task-based fMRI revealed thalamic signal
changes [5-7] that were associated with sensory leg dis-
comfort [5] Furthermore, rs-fMRI showed that thala-
mic connectivity was reduced in untreated RLS
patients [15], was higher in patients on combined med-
ication [11] and was altered by dopamine agonist
treatment [16]. In this context, reduced thalamic con-
nectivity was suggested to be the functional substrate
of deficits in control and management of sensory
information [15]. An increase following dopamine
intake has been suggested as a compensation for
otherwise insufficient mesocortical connectivity [13]. In
our study, the connectivity changes in the anterior
nuclei of the thalamus could be related to its function
to receive inputs from the cerebellum and basal gan-
glia (i.e., globus pallidus and substantia nigra) that
project through the internal capsule (thalamic radia-
tion) to the cortex (i.e., motor cortices) [49]. These
findings support the hypothesis that the thalamus
plays a role in the processing and perception of sen-
sory symptoms of RLS [10,15,46].

In untreated RLS patients, lower connectivity
between the thalamus and the orbito-frontal and sub-
callosal gyrus was previously proposed as a sign for
weaker classification and regulation of processing the
inner-generated stimuli [12]. Another study suggested
the cortico-striatal-thalamic-cortical loop as the site of
dysfunction in RLS [50]. Our results of higher thala-
mo-frontal connectivity in RLS patients on dopamin-
ergic medication suggest that treatment normalizes the
communication between these regions.

Furthermore, untreated patients showed higher con-
nectivity within the working memory network com-
pared to patients on dopaminergic medication.
However, the located region (i.e., cerebellum) was out-
side the main components of this network, and there-
fore the result might be trivial. Nevertheless, a
previous study indicated the role of dopamine in
working memory—related tasks [51] that could explain
the noted differences.

Default mode network

Both patients and HCs showed high DC and BC val-
ues in regions that correspond to known brain hubs
(e.g., occipital, insula, temporal, precuneus, cingulate,
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parahippocampal) [52,53]. Although a previous study
found DC differences in DMN regions, in drug-naive
RLS patients [18] no significant differences in DC and
BC were evident between any of the groups in our
cohort. Differences in symptom severity might explain
this disagreement, as our RLS cohort presented moder-
ate in contrast to the severe RLS symptoms in the pre-
vious study [18]. DMN reflects a network that is active
during rest. In a previous RLS study, connectivity
between the DMN and thalamus was increased in the
morning (between 9 a.m. and 12 p.m.) and reduced in
the evening (between 6 p.m. and 8 p.m.) [14]. They sug-
gested that RLS is a disorder of the disturbed sensory
activation threshold associated with the dysfunction of
the thalamic control mechanisms. Although we found
alterations of thalamic connectivity, the wide range of
scan times (between 8 a.m. and 4 p.m.) might have
suppressed DMN changes in our cohort.

Medication effects across networks

Our study revealed medication-dependent connectivity
alterations in a broad array of networks. In particu-
lar, lower cerebello-parietal connectivity was present
in untreated RLS, but not in medicated patients, inde-
pendently of type of drug treatment. RLS patients
treated solely with dopaminergic medication presented
with higher thalamo-frontal connectivity compared to
untreated patients. This is in line with the preponder-
ance of medication-induced connectivity changes of
the mesocortical pathway [13]. Reported dopaminer-
gic-related connectivity alterations in RLS patients fit
the pathophysiological concept of the altered pre- (hy-
per-) and postsynaptic (hypo-) dopaminergic system
[4], which therefore might represent a compensatory
treatment effect.

Limitations

As the rs-scans were acquired as part of a larger proto-
col, the duration of the sequence was limited due to
time concerns. In addition, we cannot entirely rule out
whether sensory discomfort occurred during fMRI, and
therefore it might have influenced the connectivity. To
minimize this effect, scans were performed during the
asymptomatic period during daytime. Therefore, fur-
ther studies are required to investigate whether the
noted thalamic differences are stronger at evening.

Conclusions

First, rs-fMRI identified higher connectivity in three
networks (i.e., salience, left executive, and cerebellar
networks) in the entire RLS cohort compared to HCs.

These changes were discussed with their related func-
tions such as attention, cognition, response inhibitory
control, generation of PLMs, processing of sensory
information, and their relation to known disease charac-
teristic symptoms. Second, we found lower cerebello-
frontal connectivity in RLS patients and cerebello-pari-
etal connectivity in untreated patients compared to HCs.
As these changes were not noted in patients on
dopaminergic medication, this suggests a treatment effect
that normalized the altered processing of sensory infor-
mation. Third, patients on dopaminergic medication had
higher thalamo-frontal connectivity compared to HCs
and untreated patients, which was discussed in light of a
medication-induced effect on the thalamus that might
mitigate the occurrence of RLS symptoms. Network
analysis revealed drug treatment—dependent connectivity
alterations in RLS. This supports the application of rs-
fMRI as a complementary tool to investigate the impact
of existing and novel treatments in RLS.
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