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Abstract

Several studies provide information useful to our understanding of restless legs syndrome (RLS),
using various imaging techniques to investigate different aspects putatively involved in the
pathophysiology of RLS, although there are discrepancies between these findings.

The majority of magnetic resonance imaging (MRI) studies using iron-sensitive sequences
supports the presence of a diffuse, but regionally variable low brain-iron content, mainly at the
level of the substantia nigra, but there is increasing evidence of reduced iron levels in the thalamus.
Positron emission tomography (PET) and single positron emission computed tomography
(SPECT) findings mainly support dysfunction of dopaminergic pathways involving not only the
nigrostriatal but also mesolimbic pathways. None or variable brain structural or microstructural
abnormalities have been reported in RLS patients; reports are slightly more consistent concerning
levels of white matter. Most of the reported changes were in regions belonging to sensorimotor
and limbic/nociceptive networks. Functional MRI studies have demonstrated activation or
connectivity changes in the same networks. The thalamus, which includes different sensorimotor
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and limbic/nociceptive networks, appears to have lower iron content, metabolic abnormalities,
dopaminergic dysfunction, and changes in activation and functional connectivity. Summarizing
these findings, the primary change could be the reduction of brain iron content, which leads to
dysfunction of mesolimbic and nigrostriatal dopaminergic pathways, and in turn to a dysregulation
of limbic and sensorimotor networks. Future studies in RLS should evaluate the actual causal
relationship among these findings, better investigate the role of neurotransmitters other than
dopamine, focus on brain networks by connectivity analysis, and test the reversibility of the
different imaging findings following therapy.
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1. Introduction

In recent years, several imaging studies have focused on the evaluation of the central
nervous structures in restless legs syndrome (RLS) patients. Different imaging techniques
have been used to investigate different aspects putatively involved in the pathophysiology of
the disorder, providing a plethora of information useful to our understanding of RLS, albeit
with some discrepancies in the findings and divergence in the interpretations offered.

These studies include positron emission tomography (PET) and single positron emission
computed tomography (SPECT) studies, mainly focusing on the dopaminergic pathway, and
magnetic resonance imaging (MRI) studies, employing various techniques such as iron-
sensitive MRI methods, voxel-based morphometry (VBM), magnetic resonance
spectroscopy (MRS), diffusion weighted sequences, and functional magnetic resonance
imaging (fFMRI) using a task or during the resting state.

Our aim was to review these studies and to report their findings as completely as possible,
emphasizing possible knowledge gaps and suggesting further imaging studies that can be
undertaken in RLS patients. Accordingly, we also briefly overviewed the currently available
imaging modalities, including techniques which have not yet been used in patients with
RLS, but which could give further useful pathophysiological data. We summarized the
methodological concepts underlining the different techniques to help the clinicians to better
understand their potentialities and limitations.

2. Methodological concepts

2.1. PET and SPECT

PET and SPECT both use tracers labeled by radioactive isotopes to study the density of
particular receptors or the metabolism and the regional cerebral blood flow (rCBF) in
specific areas [1].

As for the brain metabolism, PET mainly uses [*8F]-2-fluoro-2-deoxy-D-glucose
([*8F]FDG), which is radiolabeled glucose, as the brain metabolizes glucose as a major
source of energy [1]. In contrast, SPECT imaging can only indirectly study the brain
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metabolism, measuring blood flow to the brain by injecting radiolabeled chemicals, such as
99mTc- hexamethylpropyleneamine oxime (HMPAO) or 9MTc-ethyl cysteinate dimer
(ECD) ECD [2]. As for specific receptor density evaluation, a number of tracers are
available for both PET and SPECT to study the different neurotransmitter pathways [1-7].
Most nuclear medicine studies in neurologic diseases, mainly in parkinsonism, have focused
on the dopaminergic system, using radiotracers for both the presynaptic compartment (eg,
([*231] 2B-carbomethoxy-3p-(4-iodophenyl)tropane ([1231] BCIT), [*231]N-(3-iodopropen-2-
yl)-2B-carbomethoxy-3p-(4-chlorophenyl)tropane ([1231]IPT) or [?®MT¢]TRODAT-1 in
SPECT studies and [*8F]dopa and [11C](+)-dihydrotetrabenazine ([11C]-DTBZ) in PET
studies), and the postsynaptic compartment (eg, [1231] iodobenzamide ([1231]IBZM) in
SPECT studies and [11C]raclopride or [11C]FLB 457 in PET studies) [1-6]. Furthermore,
radiotracers for cholinergic, adrenergic, serotoninergic, -y-aminobutyric acid (GABA)-ergic,
glutamatergic and opioidergic systems are available [1,5-10].

2.2. Iron-sensitive MRI methods

2.3. MRS

Currently, several MRI techniques have been used to measure non-heme iron content in
brain tissue [11], including the commonly used relaxometry methods measuring R1, R2,
R2* or R2” [11-13], mapping of field-dependent transverse relaxation rate increase (FDRI)
[14,15], magnetic field correlation (MFC) [16,17], phase imaging [18], susceptibility
weighted imaging (SWI) [11,19], direct saturation imaging [20], and the recently developed
quantitative susceptibility mapping (QSM) [21,22].

While each technique has its own limitations — R2 relaxation is affected by water content
changes not related to iron, FDRI has to scan at two different field strengths, R2*/R2’ has
possible contaminations from background field gradient, SW1 is not quantitative, and phase
imaging is a nonlocal measure, etc. [11,23] — previous studies have demonstrated strong
linear correlations between tissue iron concentration in gray matter (GM) derived from
literature [24] or measured directly [25] with those proposed iron-sensitive MRI methods
[11]. Such correlation with tissue iron is usually low in white matter (WM) due to other
possible contrast mechanisms including tissue microstructures or myelin lipids. Among all
the proposed methods, the best-established and validated methods are the R2* or R2’
relaxometry which have been shown to be more sensitive to tissue iron concentration than
R2 relaxometry [11,25]. Recent studies on QSM have also demonstrated its high sensitivity
and specificity to ferritin bound tissue iron in cerebral GM [26-28]. Note that QSM images
can be obtained from the MR phase data acquired using the same multi-echo gradient echo
(GRE) sequences for deriving R2* measurement and have minimum contaminations from
the background field gradient, thus combined use of QSM and R2* might give more
information about tissue iron in the future [29].

MRS is a noninvasive method that permits measurement of the concentration of specific
biochemical compounds in the brain in precisely defined regions guided by MR imaging
[30]. MR spectroscopy provides a spectrum rather than an image, and can quantify spectra
of many biologically important metabolites. Proton (*H)-MRS is the most used in clinical
practice [31]. 1H-MRS can detect a number of metabolites including N-acetyl-aspartate-
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containing compounds (NAA) (markers for neuronal health, viability and number), choline-
containing compounds (Cho) (major constituents of the membranes), creatine-
phosphocreatine (Cr) (whose peak is relatively stable and commonly used as a concentration
reference), glutamate and glutamine (GIx) (linked to excitatory neurotransmission), myo-
inositol (ml) (a glial marker), scyllo-inositol (closely coupled with ml amount), lactate (the
end product of anaerobic glycolysis) and lipids [32]. Using field strengths of 3.0 T and
higher, it is possible to detect additional metabolites at short TEs, as the inhibitory
neurotransmitter GABA and the antioxidant glutathione, and to separate glutamate (Glu) and
glutamine (GIn). Up to 18 metabolites can be quantified at field strengths of 7.0 or 9.4 T
[31,33-35].

2.4. Volumetric MRI

Progressive brain atrophy is an important and well-known feature of many central nervous
system (CNS) disorders, including not only neurodegenerative diseases but also
inflammatory conditions. A number of methods have been developed in the last decade to
measure brain atrophy on high-resolution 3D T1-weighted MRI scans. Voxel based
morphometry (VBM) [36] is able to detect subtle volume changes in the human brain by
performing a voxel-by-voxel comparison of the regional attenuation of brain GM and WM
intensity across groups of subjects. VBM strengths in comparison to older approaches are
the reliability and reproducibility of the results as well as time saving. Furthermore, VBM
does not require a priori hypothesis on the location of group differences and thus allows the
exploration of the entire brain as a whole. An alternative method to measure subtle cortical
changes in the human brain is the estimation of cortical thickness on T1-weighted images.
This method requires the identification of the inner and outer cortical boundaries or surfaces
in order to measure the cortical thickness. One of the most popular methods used to perform
these calculations is provided by the Freesurfer software package (https://
surfer.nmr.mgh.harvard.edu, Center for Biomedical Imaging, Charlestown, MA), which
reconstructs a representation of the GM and WM surfaces and provides a measure of GM
thickness using the distance between corresponding points on the two surfaces. To
investigate differences in cortical thickness across subjects, Freesurfer employs non-rigid
high-dimensional spherical averaging to align cortical folding patterns, brings all subjects to
the same space, and makes them comparable [37]. The different cortical areas are then
labeled on the basis of several atlases that are included in the software [38,39].

2.5. Diffusion tensor MRI and structural connectivity

Diffusion tensor MRI (DT MRI) is sensitive to the random thermal movement of water
molecules (Brownian motion) in neural tissues and provides quantitative measurements of
brain microstructure. Such diffusion properties can be measured using the tensor model,
which allows calculation of the absolute magnitude of water diffusion, measured by mean
diffusivity (MD), and the degree of anisotropy of such diffusion, represented by fractional
anisotropy (FA). WM, which physically connects different brain regions, is characterized by
an anisotropic diffusion of water molecules due to the linear structure of WM tracts, which
allows the water molecules to diffuse freely along the axons but impedes their diffusion
perpendicularly to the axonal main direction because of myelin [40]. Several methods can be
used to explore brain WM integrity and structural connectivity. The first procedures to
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analyze DT MRI data employed region of interest (ROI)-based approaches, which require an
examiner to select the areas of the brain of interest and then extract DT MRI metrics from
those areas. More recently, voxel-wise, a priori hypothesis free approaches have been
implemented for the analysis of DT MRI data. Tract-based spatial statistics (TBSS) [41],
currently the most used procedure for performing voxel-wise DT MRI analyses, addresses
the issue by introducing carefully tuned non-linear registration of FA images, followed by
projection onto an alignment-invariant tract representation (skeleton). Another way to study
DT MRI data is to reconstruct the WM tracts that physically connect the different regions of
the brain. A number of DT MRI tractography algorithms have been developed to perform
such studies. Their strength compared to a voxel-wise approach is the ability to resolve
specific connections between different brain regions, their weakness, however, is that like
ROI-based approaches, they require an a priori hypothesis and previous anatomical
knowledge to position the seeds that are needed to create the tracts [42].

2.6. fMRI and functional connectivity

fMRI is able to measure neuronal activity by detecting modifications of the transverse
magnetization relaxation time (either T2* in a gradient echo sequence, or T2 in a spin echo
sequence) associated to the blood oxygenation level-dependent (BOLD) mechanism [43].
Brain activations can be studied by fMRI in two ways. First, the subject has to perform a
task during the fMRI acquisition eliciting the activation of task specific areas (eg, motor,
sensitive, visual, etc.). This approach is called ‘task-based fMRI’ and is useful to explore
specific activation pattern changes due to the presence of different conditions (or diseases) in
relation to a specific task. Second, neural activations can be measured on awake patients not
performing any particular task. This is called ‘resting-state fMRI.” Resting state fMRI is the
most-used technique to explore functional connectivity by MRI. Particularly interesting are
the low frequency oscillations (~0.01-0.1 Hz) of resting-state fMRI time-series, which are
thought to originate from the spontaneous neuronal activation patterns that are measured by
the BOLD effect. Functional connectivity can be explored by measuring the level of co-
activation of resting-state fMRI time-series between brain regions. Several methods can be
used to process resting-state fMRI data. Such methods can be divided into model-dependent
and model free [44]. Model-dependent functional connectivity requires an ROI, which is
also called a seed. The seed can be chosen according to an a priori hypothesis or based on a
traditional task-based activation map. The results would be a functional connectivity map
providing information about which brain regions are functionally linked to the ROI and the
strength of such connection. The advantage of this approach resides in the simplicity of its
application and the straightforwardness of the results. The disadvantage is the dependence
on a priori hypotheses and the difficulty of exploring functional connectivity patterns at the
whole brain scale. Model-free methods allow exploring brain functional connectivity
without an a priori hypothesis and are thus suited to performing whole brain connectivity
analyses. Different from seed-based methods, model-free methods are able to investigate
general patterns of connectivity across all brain regions [45-49]. The most popular of these
approaches, likely because of its high level of consistency, is independent component
analysis (ICA) [46]. ICA is a mathematical method that maximizes the statistical
independence between its components and can be applied to brain voxel-wise data without a
priori assumptions. The main disadvantages are that this method requires the user to
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manually select the important components distinguishing noise from signal and that
interpretation of results is more difficult [44].

2.7. Connectomics

The newest advances in MRI analysis techniques have offered the chance of investigating
the overall structure and function of the brain network using graph analytical methods.
Considering the complexity of the brain, the overall investigation of the brain network could
provide novel highlights on how it actually works, revealing important information about
both its structural and functional organization at the local and global levels [50]. Graph
theory techniques can be applied on both functional and structural MRI (Fig. 1). The first
step, for both imaging modalities, consists of the definition of the nodes of the brain
network, which are the brain regions composing such a network; the connections between
such regions are called edges. The most straightforward way to obtain brain nodes is by
selecting an atlas which labels the brain regions and then registering it to the fMRI or DT
MRI data [38,51,52]. With resting-state fMRI data, the connectivity between each pair of
nodes is defined as the correlation coefficient of their BOLD fluctuations. With DT MRI
data, whole-brain tractography is usually performed and WM tracts linking each pair of
nodes are reconstructed. The number of streamlines of each tract or the DT MRI metrics of
the tract are used as measures of structural connectivity. Structural and functional
connectivity measurements can then be entered in connectivity matrices and used to build
graphs describing brain networks (see Fig. 1).

Such graphs exhibit various organizational and topological properties that can be studied,
such as centrality, clustering, efficiency, hierarchy, hubs, modularity, robustness, small-
worldness, synchronizability [53]. Graph analysis has also been valuable in identifying
functional or structural connections associated with a contrast of interest, like a group
difference in a case—control comparison [54,55]. The characterization of network
dysfunction in neurological conditions may be of fundamental importance for the
characterization of the most vulnerable networks and to model the pathways of pathology
spreading.

3. Imaging findings in RLS patients

3.1. PET and SPECT findings

A number of studies used PET or SPECT imaging in RLS patients. Only one study has used
[18F]fluorodeoxyglucose PET to measure cerebral metabolism in six RLS patients without
seeing abnormal regional metabolic uptake, although all patients were free of RLS
symptoms during the PET scan examination [56]. Conversely, a SPECT study investigated
rCBF in two patients with familial painful RLS during the state of pain induced by
immobility, using [?9™Tc] HMPAO, finding reduced rCBF in the caudate nuclei and
increased rCBF in the thalami and anterior cingulate with increasing pain [57].

The remaining part of the studies focused on the dopaminergic system at the level of both
presynaptic and postsynaptic compartments. As for the presynaptic compartment, SPECT
studies evaluated binding of dopamine to their specific transporters (DAT) located in the
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presynaptic terminals of the neurons [58-64], detecting no changes in most cases [58-62].
Conversely, two studies reported DAT dysfunction, a significantly decreased striatal
[#°™Tc]TRODAT-1 binding in patients with early RLS [63], while an increased striatal DAT
density in moderately severe old RLS patients at the level of the caudate and posterior
putamen by using [1231] BCIT [64]. Three PET studies evaluated the presynaptic
dopaminergic compartment by using [18F]dopa [56,65,66], disclosing no change in one [56]
and a mild reduction of caudate and putamen uptake in the other two [65,66]. A further
study used a PET ligand for DAT, [11C]-d-threo-methylphenidate, to scan patients for 90 min
straight after tracer infusion in order to evaluate membrane-bound DAT rather than total
cellular DAT as in the SPECT studies (which employ scans after a 24-h delay) [67]. A
decreased binding potential in putamen and caudate but not in the ventral striatum of RLS
subjects was detected [67].

As for postsynaptic dopamine (D2) receptors, three old SPECT studies [68—70] in ‘nocturnal
myoclonus syndrome’ patients, in the majority associated with RLS, detected reduced
[1231]1BZM striatal binding as well as one study on RLS patients [60]. No change in
[123111BZM binding was detected by the other three studies [58,59,64]. PET studies mainly
used [L1C]raclopride to study post-synaptic D2 receptors in RLS patients. Two studies
reported a reduced striatal uptake [66,71]. In one case, values were calculated not only for
the striatal D2 receptor binding potentials per se, which were reduced, but also for the
density of receptors on the membrane (Bmax) and the receptor—ligand dissociation constant
or receptor affinity (Kg), which were unchanged, together interpreted as increased synaptic
dopamine [71]. A third PET study reported a significantly lower mean magnitude of
[1C]raclopride binding potential in the mesolimbic dopamine region, ie, nucleus accumbens
and caudate, but not in the nigrostriatal dopamine region, ie, putamen, in the RLS group
[72]. The binding correlated negatively with clinical severity scores and positively with the
degree of improvement after dopaminergic treatment [72]. The results of a further study
supported a limbic dopaminergic impairment in RLS, although with opposite results,
disclosing a higher [11C]raclopride binding potential in limbic and associative striatal
subregions, and higher [11C] FLB 457 (a higher affinity D2 radioligand) binding potential in
medial and posterior thalamus, anterior cingulate cortex and insulae [73]. All these brain
structures serve the medial nociceptive system, involved in the affective-motivational
component of pain. A negative correlation between RLS severity and the binding levels of
the non-selective opioid receptor radioligand [11C] diprenorphine in orbitofrontal and
anterior cingulate cortex was also found [74].

Finally, SPECT with [123]]BCIT tracer was used to study serotonergic neurotransmission in
RLS, evaluating the availability of serotonin transporter (SERT) in the pons and medulla
[75]. SERT availability was similar in both RLS and control groups, but negatively
correlated with disease severity in RLS patients [75].

3.2. Iron-sensitive MRI findings

Iron-sensitive MRI methods have been used to quantify brain iron levels in RLS patients.
The results support the hypothesis of reduced iron content in several regions of the brain of
RLS patients, although with some discrepancies. Some authors have assessed regional brain
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iron concentration in RLS patients by R2” measurement, defined as ‘iron index’, and
reported lower iron content of the substantia nigra in the early-onset RLS patients (<45
years) [76,77]. Others evaluated the T2 relaxation time of the substantia nigra, and found
low iron content in the pars compacta, but not in the pars reticulata, in patients with late-
onset RLS [78]. Recently, the iron index in the substantia nigra was detected as significantly
lower in patients with late-onset RLS than in controls, but not in patients with early-onset
RLS, in a study using R2" measurement by 3T MRI [79]. Another group, without
differentiating between early-onset and late-onset cases, reported higher mean T2 values,
suggesting lower iron content, of multiple regions (caudate head and medial, dorsal, and
ventral thalamus) in RLS patients [80].

The findings of a phase imaging study also support reduced brain iron content in RLS
patients [81]. Significantly higher phase values were present in the patients compared with
healthy controls at the level of the substantia nigra, putamen, pallidum, and particularly the
thalamus, indicating diffuse but regionally variable low brain iron content in idiopathic RLS
patients [81].

During a very recent 7T MRI study, QSM has been applied to assess possible brain iron
deficiency in RLS [82]. Example QSM images of a normal control and an age-matched RLS
patient (both 69 years old) at the level of substantia nigra are shown in Fig. 2. Initial results
from this study have shown significantly decreased iron levels as measured by magnetic
susceptibility in the thalamus and dentate nucleus in the RLS patient group as compared to
healthy controls [83].

Discordant results are also present in the literature and specifically in two studies [84,85].
One study using T2* gradient echo MRI sequences did not find significant differences in
regional signal intensity in levels of 12 regions of interest (substantia nigra, pallidum,
caudate head, thalamus, occipital WM, and frontal WM bilaterally) [84]. A second study
showed an unexpectedly decreased T2 relaxation time in the right internal globus pallidus
and the subthalamic nucleus of untreated patients with early-onset RLS, indicating increased
iron content, without any change in the substantia nigra [85]. Discordances could be
explained by clinical inhomogeneity or by technical considerations. We have such an
example from a study aimed at assessing the relationship between the different relaxometry
methods and different ROl approaches using each of these methods on a single population of
controls and RLS subjects [86]. Although detecting a lower iron content in several brain
regions of the patients, such involvement changed with the different methods applied [86].

Support of the low brain iron content hypothesis in RLS has been obtained using a different
technique, transcranial B-mode sonography. Indeed, some authors have reported
hypoechogenicity of the substantia nigra [80,87-90], red nucleus, and brainstem raphe [89]
of RLS patients. Substantia nigra hypoechogenicity inversely correlated with T2 values [80]
and was interpreted as secondary to iron deficiency.

3.3. MRS findings

Two studies have used IH-MRS in RLS patients by 1.5T MRI scanners [91,92]. Both studies
evaluated the thalamus, although with a different localization of the volume of interest
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[91,92]. The aim of the first study was to evaluate the metabolism of the medial portion of
the thalamus, as a part of the limbic and nociceptive system, in idiopathic RLS patients [91].
1H-MRS revealed a significantly reduced NAA/Cr ratio and NAA concentrations in patients
with RLS compared with healthy controls. Lower NAA concentrations were significantly
associated with a family history of RLS. As for diffusion tensor imaging (DTI), VBM and
volumetric and shape analysis of the thalami in the same subjects did not show differences
between the two groups, the 1H-MRS findings suggested an involvement of medial thalamic
nuclei of a functional nature rather than a neuronal loss. These results support the hypothesis
that dysfunction of the limbic system plays a role in the pathophysiology of idiopathic RLS
[91].

The second study investigated the whole right thalamus of RLS patients, disclosing an
increase of the GIx/Cr ratio in patients compared to controls [92]. The GIX/Cr ratio
correlated with the wake time during the sleep period and all other RLS-related
polysomnographic sleep variables except for periodic limb movements (PLMSs) per hour
[92]. The findings supported the general hypothesis of increased glutamatergic activity in
RLS, which together with dopaminergic dysfunction may lead to dual mechanisms
potentially underlying the clinical abnormalities seen in RLS. Indeed, the authors suggested
that glutamatergic pathology in RLS could underlie the arousal sleep disturbance and not the
PLMs, more strongly related to the dopaminergic system [92].

A more recent 1H-MRS study used a high field (4T) MRI scanner and localized the volumes
of interest not only in the thalamus but also in the dorsal anterior cingulate cortex and the
cerebellum of RLS patients and controls subjects [93]. Levels of metabolites were no
different between two groups in the thalamus and the cerebellum. However, GABA levels
positively correlated with both PLM indices and RLS severity in the thalamus and negatively
with both of these measures in the cerebellum in RLS subjects, suggesting that cerebellar—
thalamic interactions may modulate the intensity of RLS sensory and motor symptoms [93].
As for the anterior cingulate cortex, NAA levels were higher in RLS than in controls,
interpreted as being due to an overactivation of this structure possibly associated with the
affective components of the painful symptoms in this disorder [93].

3.4. Structural MRI findings

Magnetic resonance studies using advanced techniques such as VBM and DTI have searched
for subtle structural changes but report discordant results. The first VBM study in RLS
patients detected bilateral GM increases in the pulvinar, interpreted as a consequence of a
chronic increase in afferent input of behaviorally relevant information [94].

Subsequent VBM studies did not confirm these findings [78,95-102]. Most studies reported
no changes [78,95-98]. The remaining studies showed small and variable abnormalities: (i)
regional decreases of GM volume in the bihemispheric primary somatosensory cortex and
left-sided primary motor areas [99]; (ii) a slight increase in GM density in the ventral
hippocampus and middle orbitofrontal gyrus [100]; (iii) reductions in WM volumes in small
areas of the genu of the corpus callosum, anterior cingulum, and precentral gyrus [101]; (iv)
regional decreases of GM volume in the left hippocampal gyrus, both parietal lobes, medial
frontal areas, and cerebellum [102].
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DTI studies using a voxel-based or tract-based approach also reported variable abnormalities
at the level of the WM of RLS patients. The finding included: (i) multiple bilateral
subcortical areas of significantly reduced fractional anisotropy, mainly close to the primary
and associated motor and somatosensory cortices [103], (ii) decreased FA in the genu of the
corpus callosum and the inferior frontal gyrus WM [104], (iii) altered FA in subcortical
WM, mainly in the temporal regions, the internal capsule, the pons, and the cerebellum [98].
A further study did not detect changes using a significance threshold corrected for multiple
comparisons [97]. However, applying an uncorrected threshold the analyses revealed subtle
abnormalities, ie, reduced FA and increased RD in the right peridentate WM, a correlation
between IRLSSGRS score and MD and AD in the splenium of corpus callosum and the left
sensory-motor WM, and a correlation between disease duration and MD, AD, and RD
values in the right prefrontal WM [97].

Methodological differences in the analysis, the different significance threshold used,
heterogeneity in terms of size, and clinical features of the samples studied contribute to the
discrepant results obtained in the various structural studies. The findings of these studies
could represent subtle and hard-to-detect primary changes or variable secondary alterations,
the most part belonging to specific brain networks, as sensorimotor and limbic networks.

A more recent DTI study, restricting the analysis to the brainstem, showed significant FA
alterations in two clusters in the midbrain bilaterally, along with a trend for lower FA values
at the level of the second and third vertebra area in the patient sample (not significant after
correction) [105]. The authors have hypothesized that such FA changes could involve the
projections of the hypothalamic A11 neurons, which spread to the midbrain/brainstem and
lead to spinal pathways [105].

3.5. Functional MRI findings

The first fMRI study in RLS investigated the patients under four different conditions: (i)
during a symptom-free period, (ii) during sensory symptoms of the legs, (iii) during the
occurrence of PLMs and sensory symptoms, (iv) while mimicking PLMs. An activation of
the thalamus was associated with leg discomfort, activation of red nuclei and brainstem with
PLMs, and activation of the cerebellum to both conditions [106]. A second study
simultaneously used electromyography (EMG) and fMRI in seven RLS patients instructed
not to move voluntarily [107]. The tonic EMG activity, negatively correlated with the degree
of sensory leg discomfort, was associated with activation in motor and somatosensory areas
such as precentral and postcentral gyri and the cerebellum, but was also correlated positively
with activation of the posterior cingulate gyrus and negatively with the anterior cingulate
gyrus [107]. Another fMRI study used a motor paradigm consisting of alternating active
plantar flexion and dorsiflexion, showing an activation in primary motor cortex, primary
somatosensory cortex, somatosensory association cortex, and the middle cerebellar
peduncles in both RLS patients and controls, and in the thalamus, putamen, middle frontal
gyrus, and anterior cingulate gyrus of the RLS patients only [85]. A further fMRI study was
performed on RLS patients during the night, using a different paradigm, ie, random active
asymmetric self-initiated movements of the feet to relieve their familiar uncomfortable
sensations related to the RLS [78]. Patients activated the primary motor and somatosensory
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cortex, the thalamus, pars opercularis, the ventral anterior cingulum, the striatum, the
inferior and superior parietal lobules, the dorsolateral prefrontal cortex, the cerebellum, the
midbrain, and the pons [78]. The authors suggested that striatofrontolimbic activation could
underlie the repetitive compulsive movements seen in RLS [78].

The intrinsic functional architecture in RLS can be better understood using a resting-state
fMRI, which reflects spontaneous neuronal activity [108]. The DMN (default mode
network) is a type of resting-state fMRI showing a network of brain regions that is active
when an individual is not focused on the outside world and the brain is at a wakeful rest
[109]. The DMN changes are usually observed in people who have brain dysfunctions that
cause difficulties in being able to maintain a resting state, such as RLS. We can determine
the presence of altered resting state brain connectivity, which may underlie RLS, by making
an assessment during the asymptomatic period.

The typical discomfort of RLS symptoms is induced by rest or a low arousal state, but the
threshold for induction has a circadian variation, lowest at night and highest in the morning
[110]. The emergence of RLS symptoms may be related to altered brain functions dealing
with internally generated stimuli.

In a previous study including comparison with healthy controls, RLS/WED patients during
asymptomatic periods showed alterations in the resting state functional connectivity, which
are associated with their symptoms [111]. All the connection changes in brain regions
related to the thalamus observed in the study indicate that these regions may be associated
with sensory monitoring and perception processing. It would be interesting to see the effect
of dopaminergic drugs on modulation of pathologic circuits in the future. Additional
research that examined the amplitude of low-frequency fluctuations (ALFF) before and after
providing rTMS in the primary motor cortex reported intrinsic changes in the brain of an
individual with RLS/WED during the resting state and showed that modulating these
changes leads to improvement of the symptoms [112].

These resting-state fMRI results indicate that RLS subjects have abnormalities in network
functions dealing with internal stimuli in the resting state even during a symptom-free period
[111]. In another study using a resting-state functional MR, significantly increased
connectivities were observed in the sensory thalamic, ventral and dorsal attention, basal
ganglia—thalamic, and cingulate networks in RLS patients [113]. These altered functional
networks may be associated with altered attentional control of sensory inputs. A DMN study
in RLS subjects during the asymptomatic resting state showed disturbances of the DMN
[114]. These weaker extinction processes of the DMN may allow survival of undesirable
sensations generated somewhere in the brain. The study also showed increased activity of
the thalamic circuit. The authors hypothesized that this may come from the ‘resting-keeper’
circuit, which is necessary to keep the resting state so RLS patients can deal with the actual
generation of discomfort [114]. These studies indicate that RLS patients may have deficits in
controlling and managing sensory information. They may provide a basis for many of the
perceptual changes observed in RLS patients and support the hypothesis that RLS is a
disorder of somatosensory processing.
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4. Discussion

Imaging studies in RLS patients have provided a number of findings useful for improving
our understanding of the disease, although there are some discordances likely related to
clinical differences in the studied samples and to different methodological approaches and
technical parameters used.

The majority of the MRI studies using iron-sensitive sequences [76-83,86—90] support the
presence of lower-brain iron content in RLS patients. Globally, these results are consistent
with a diffuse but regionally variable low brain iron content, mainly at the level of substantia
nigra, but with increased evidence of reduced iron level in the thalamus. PET and SPECT
studies consistently support a dysfunction of dopaminergic pathways, involving not only the
nigrostriatal pathway but also the mesolimbic pathway [60,63-73]. This is in agreement with
the hypothesis linking iron and dopamine [115], as supported by pathological data and
animal models [116]. Regarding the type of dopaminergic dysfunction, overall the D2
receptors and dopamine transporters (mostly the membrane-bound transporters) in the
striatum are decreased in most of the nuclear medicine studies. These findings are
compatible with an increase in synaptic dopamine [60,63,65—72], which does not seem to be
compatible with efficacy of dopaminergic drugs in RLS patients. Different explanations
could justify this apparent contradiction. First, the very low dosage of dopaminergic drugs
used in the clinical practice can lead to a preferential binding to the dopaminergic
autoreceptors, which have higher affinity for dopamine than heteroreceptors, resulting in a
pre-synaptic feedback inhibition of dopamine release [117]. A different interpretation can be
that increased dopaminergic stimulation produces a post-synaptic receptor down-regulation
that, despite the overall dopamine increase, led to a relative evening and nighttime dopamine
deficit, because of circadian dopaminergic activity pattern decreasing in the evening and
night and increasing in the morning [118]. However, a more complex dopaminergic change
remains possible, with different dopamine levels according to disease duration or clinical
severity, or with some brain regions presenting hyperdopaminergic and others presenting
hypodopaminergic activity.

None or variable brain structural or microstructural abnormality has been reported in RLS
patients [94-105], slightly more consistent at the level of WM. These findings could reflect
subtle primary changes if we take into account the results of genome-wide association
studies reporting association of RLS with variants in genes also involved in developmental
processes [119], or if we consider that myelin synthesis depends on iron, and brain iron
deficiency in animals reduces myelin proteins [120,121]. In this scenario, the myelin deficit
involving specific WM tracts could affect the connectivity among brain regions that are part
of specific brain networks in RLS patients. Indeed, most of these changes were in regions
belonging to sensory-motor and limbic/nociceptive networks. Accordingly, the fMRI studies
have demonstrated activation or connectivity changes of cerebral areas belonging to the
sensorimotor network and to the limbic/nociceptive network [78,85,106,107,111-114].
Conversely, they may be due to random or brain modifications secondary to chronic hypo- or
hyperactivation of these brain networks. Future studies should better investigate the
relationship between such structural changes and connectivity modifications.
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An involvement of the limbic structures in RLS patients is also supported by metabolic
alteration in the medial thalami and ACC disclosed by H1-MRS [91,93], by [%°MTc]-
HMPAO-SPECT [57], and by the limbic dopamine and opioid receptor evaluation by PET
studies [73,74]. The limbic system involvement may underlie RLS patients’ compulsive urge
to move. The overlap of the limbic with the nociceptive systems, and its role in the affective-
motivational sensory-motor processing of the painful sensory inputs [122] fits well with the
similarities of the sensory descriptors in RLS to those of neuropathic pain [123].
Furthermore, limbic dysfunction could explain the greater propensity of RLS patients to
develop depressive and anxiety disorders [124-127], mild cognitive deficits [127-130], and
sympathetic overactivity [131]. The involvement of the A11 diencephalospinal pathway,
supported by the data from a single DTI study [105], could be included in the context of a
multilevel demodulation of pain stimuli perception. The DMN circuit of RLS subjects may
have differences compared to healthy control groups. The alterations of the DMN in RLS
patients could be a putative basis for the sensory symptoms of RLS, which may be present to
some degree even during the daytime asymptomatic period. Therefore, the analysis of the
resting brain in the RLS patients could possibly give us more insight into RLS
pathophysiology. Increasing evidence support the notion that RLS represents a complex
network disorder, with involvement of specific brain networks dynamically interacting with
each other, due to a metabolic/functional dysfunction. Accordingly, future connectivity
studies may allow us to better understand which network is primarily or mainly affected, the
relationship between function of different networks and dopaminergic activity, the possible
changes of activation, and connectivity of different brain regions according to disease
duration and clinical severity. In this field, more useful information could be obtained by
connectomic analysis that evaluates the interaction among different networks or the specific
functional involvement of brain regions being crucial for specific networks. Such regions,
defined as hubs, represent nodes with high numbers of connections and an overall central
position in a network’s topological organization. A crucial node of different networks,
including sensory-motor and limbic/nociceptive, is the thalamus, which appears to have
lower iron content [80,81,83], metabolic abnormalities [91-93], dopaminergic dysfunction
[73], and changes in activation and functional connectivity [78,85,111]. This could reflect
the dysfunction of the networks passing through the thalamus or suggest a specific role in an
abnormal sensory-motor integration. Furthermore, the increased thalamic glutamate level
reported by a 1H-MRS study is in line with the possible scenario of RLS as an arousal
disorder, which deserves further investigations.

5. Conclusion

Imaging findings in RLS patients have provided evidence of low brain iron content,
dopaminergic dysfunction, and involvement of specific brain networks. It may be
hypothesized that the primary change is the reduction of brain iron content, likely due to
decreased acquisition of iron by cells in the brain [132], which leads to a dysfunction of
mesolimbic and nigrostriatal dopaminergic pathways, and in turn to a dysregulation of
limbic network and sensorimotor networks resulting in the signs and symptoms of RLS (Fig.
3). However, imaging studies evaluating the actual causal relationship among these findings
are still lacking. Furthermore, studies better investigating the role of neurotransmitters other
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than dopamine and further MRI studies focused on brain networks in RLS, eg, by structural

an

d functional connectivity analysis, are needed.

Future imaging studies in RLS patients may add further useful pathophysiologic
information. Nuclear medicine studies should investigate possible neurotransmitter changes
involving non-dopaminergic systems such as cholinergic, adrenergic, serotoninergic,
GABAergic, and glutamatergic. We need studies using a multimodality approach to correlate
the different findings, eg, iron levels with metabolic and functional abnormalities. Network

an

alyses should be increased evaluating both structural and functional connectivity.

Furthermore, studies testing the reversibility of the different imaging findings after therapy
are required.
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Fig.1.
Schematic representation of the structural and functional connectome processing pipeline.

The left half of the picture describes an example of pipeline required to perform the analysis
of structural connectome. The right half of the picture summarizes the pipeline to process
functional connectome data. ‘“Network differences’ section: the red lines represent the
significantly different connections across two groups, in terms of structural and functional
connectivity. FA, fractional anisotropy; MD, mean diffusivity; NBS, network-based
statistics. (For interpretation of the reference to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2.

Ql?antitative susceptibility maps of a 69-year-old normal control (a) and a 69-year-old
restless legs syndrome patient (b) showing the substantia nigra and red nucleus. Presented
imaging data were acquired at 7T with 0.8-mm isotropic resolution using a single echo
gradient echo sequence (TE/TR = 12/20 ms, flip angle 10°, bandwidth 169 Hz/px).
Quantitative susceptibility values were estimated using the acquired magnetic resonance
phase data (Laplacian-based phase unwrapping, V-SHARP for background phase removal
and LSQR for quantitative susceptibility mapping (QSM) dipole inversion) and used to
assess possible brain iron deficiency in restless legs syndrome. Higher intensity in the image
indicates more paramagnetic thus higher iron content. Note the lower intensity of substantia
nigra (white arrows) and red nucleus (black arrows) of a restless legs syndrome patient (b)
compared to a normal control (a).

Sleep Med. Author manuscript; available in PMC 2018 March 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Rizzo et al.

Page 23

[ Reduced brain iron uptake ]

Mesolimbic
pathway

h 4

( Reduced iron content in

Substantia Nigra/Basal
Ganglia

Reduced iron content in
Thalamus

Dopaminergic dysfunction (plus
further neurotransmitter
dysfunction, as serotonine or

glutammate) /

Medial

Nigrostriatal

pathway

Limbic network
dysfunction

-~
~
EY
- Depressive and anxiety
symptoms
- Mild cognitive deficits
- Sympathetic
overactivity

Sensorimotor
network
dysfunction

Sensorimotor
symptoms

Fig. 3.

Schematic illustration of the possible pathophysiological integration of the currently
available imaging findings in restless legs syndrome patients.
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