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Abstract: Although restless legs syndrome (RLS) is a common neurological disorder, it remains
poorly understood from both clinical and pathophysiological perspectives. RLS is classified among
sleep-related movement disorders, namely, conditions characterized by simple, often stereotyped
movements occurring during sleep. However, several clinical, neurophysiological and neuroimaging
observations question this view. The aim of the present review is to summarize and query some of
the current concepts (known knowns) and to identify open questions (known unknowns) on RLS
pathophysiology. Based on several lines of evidence, we propose that RLS should be viewed as a
disorder of sensorimotor interaction with a typical circadian pattern of occurrence, possibly arising
from neurochemical dysfunction and abnormal excitability in different brain structures.

Keywords: restless legs syndrome; sleep-related movement disorder; sensorimotor interaction;
circadian disorders; dopamine; iron; sensory gating

1. Introduction

Restless legs syndrome (RLS) is a common neurological disorder affecting up to 15%
of the general population [1–3]. It is categorized as a sleep-related movement disorder
(MD) due to its peculiar occurrence, usually during or shortly before sleep [4]. RLS has a
significant impact on daily activities and deeply affects patients’ quality of life [5].

The diagnosis is clinical and is based on five criteria: (1) an urge to move the legs, often
associated with unpleasant leg sensations; (2) induction or exacerbation of symptoms by
rest; (3) symptom relief upon activity; (4) daily fluctuations of symptoms with worsening
in the evening and at night; (5) exclusion of other medical and behavioral conditions that
can mimic RLS [4–7]. Although RLS predominantly affects the legs, other body parts can
be involved, including the arms, abdomen, pelvis, and even the bladder and face [6].

RLS is classified as primary (idiopathic, iRLS) or associated with other medical condi-
tions [8]. The former often shows an autosomal dominant transmission and has specific
genetic risk factors, whereas medical conditions more frequently associated with RLS
include iron deficiency, end-stage renal disease, pregnancy, peripheral neuropathy, diabetes
mellitus, and Parkinson’s disease [3,9]. Effective medications include dopamine agonists
(pramipexole, ropinirole, rotigotine), levodopa, α2δ agonists (gabapentin, pregabalin), iron
supplementation and opioids [10–12].
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The pathophysiology of iRLS remains controversial [13]. Dopaminergic dysfunction
has been suggested on the basis of clinical improvements observed after dopaminergic
treatment. Post-mortem, neuroimaging and biohumoral studies have suggested that brain
iron deficiency (BID) may also play a role in RLS pathophysiology [14]. More recently, the
involvement of other neurotransmitter pathway dysfunctions, including GABA and adeno-
sine, has been suggested [14]. Structural [15] and functional [16] MRI studies performed
in iRLS patients during symptom expression have demonstrated abnormal activation of
several brain areas, including the cerebellum, contralateral thalamus, midbrain, dorsolat-
eral prefrontal cortex, anterior cingulate cortex, pre- and post-central gyri and putamen,
suggesting multisystem involvement [17–19].

RLS is classified as a sleep-related movement disorder (SRMD), according to the third
edition of the International Classification of Sleep Disorders. Despite this, and notwith-
standing the comorbidity between RLS and other SRMD (such as periodic limb movement
disorder, PLMD), several clinical, neurophysiological and neuroimaging observations
question this view [20–22].

The aim of the present review is to summarize and query some of the current con-
cepts of RLS pathophysiology (known knowns) and to identify open questions (known
unknowns), which might drive future research and shed light on this disorder.

2. Why RLS Is Not a Sleep-Related Movement Disorder

RLS is classified among sleep-related MDs, namely, conditions characterized by sim-
ple, often stereotyped movements occurring during sleep [4]. Indeed, such conditions,
such as PLMD, can present together with RLS. However, this definition appears to be
misleading for two main reasons. First, RLS has a circadian pattern of occurrence, but
symptoms are not restricted to sleep time and can occur during rest (e.g., while watching
television, at the cinema or during long flights), even during the daytime, in up to 60%
of patients [23]. Moreover, although RLS can operate as a counter to sleep homeostatic
drive, night disruption due to RLS symptoms is not a mandatory diagnostic criterion.
Secondly, although movements in MDs are involuntary by definition, those in RLS are
under voluntary control and are performed with the intent to relieve discomfort. Indeed,
the main complaint by RLS patients is an uncomfortable sensation in the legs, associated
with a sense of internal restlessness and urge to move them, which is relieved by voluntary
leg movements. Considering this, RLS may share similarities with tics or akathisia [24,25].
However, differently from these disorders, somatosensory symptoms in RLS (variously
described as an awkward sensation, i.e., ”crawling”, “tingling”, “restlessness”, “cramping”,
“creeping”, “pulling”, “pain”, “electric shocks”, “tension”, “itching”, “burning” and “prick-
ing”) are reported as spontaneous by up to 80% of RLS patients and differ from the inner
feeling of compulsion to move, typical of akathisia and tics.

The most common strategy to alleviate the discomfort caused by RLS is moving the
legs. Interestingly, however, symptom reduction seems to be correlated with the degree of
alertness produced by movement, more than with movement intensity [7]. Other strategies
for symptom relief usually involve a degree of somatosensory input, such as massaging the
legs, tying a cloth/rope tightly around them, dipping the feet in cold water, or applying ice
over calves [7]. For these reasons, idiopathic RLS may be considered a primary sensory
disorder, which triggers a voluntary motor response. This might be in keeping with sensory
neuropathies [8] and spinal cord lesions [26] being among the causes of secondary RLS,
possibly due to altered sensory inputs or sensorimotor interactions at the spinal cord level,
which has been suggested in RLS [27]. What remains a purely motor phenomenon in the
context of RLS are PLMDs, which occur in nearly 85% of RLS patients [4]. Considering the
strong association between PLMD and RLS, the former is often considered a supportive
criterion for the diagnosis of RLS, although it is neither necessary nor sufficient for it.
PLMD, however, is also very common in patients without RLS, being found in 7.6–25% of
the general population and between one-third and two-thirds of older adults [28,29].
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3. Why RLS Should Be Considered a Disorder of Sensorimotor Interaction, Rather
than a Motor Disorder

Growing evidence supports the view of RLS as a derangement of sensorimotor in-
teraction. Psychophysical studies in iRLS have showed a reduced pain threshold and
increased somatosensory threshold, without evidence of small fiber neuropathy [30]. On
the other hand, neurophysiological studies have demonstrated increased excitability of the
primary somatosensory cortex, with impairment of the somatosensory gating control [21],
whereas brain MRI scans have revealed morphologic changes in the primary somatosen-
sory system, with decreased cortical thickness in the bilateral postcentral gyrus [20]. By
using a multimodal MRI approach, Stefani and colleagues showed that progressive white
matter impairment of somatosensory circuits in iRLS was associated with the perception of
sensory discomfort in the legs [15]. A central origin of the symptoms has therefore been
hypothesized, likely due to a decreased supraspinal inhibitory influence on the spinal cord,
resulting in increased spinal excitability [22].

Two mechanisms that may have an important role in altered somatosensory processing
in RLS are BID and dopaminergic dysfunction. BID, especially in the substantia nigra
(SN), with or without systemic iron deficiency, is considered an ubiquitous finding in
RLS patients, with neuroimaging, neurochemical and histological evidence from humans
and animal models [31–38]. RLS has been associated with low cerebrospinal fluid (CSF)
ferritin and high CSF transferrin levels [34,35]; imaging studies have revealed decreased
iron concentrations in the SN, red nucleus, thalamus and striatum [36]. Similar evidence
has arisen from post-mortem studies [37] and animal models [33]. Further supporting
a possible role of BID in RLS pathophysiology is the evidence that BTBD9 and MEIS1,
two genetic risk loci for RLS, are involved in brain iron metabolism [9]. Interestingly, BID
has been implicated not only in the modulation of motor activity and alertness, but also
sensory perception: iron-deficient rats exhibit lower pain thresholds during dark periods
and increased acute and chronic pain responses [38].

Experimental and clinical evidence suggests that dopamine also plays a role in sensory
and pain perception and in modulating central nervous system (CNS) excitability. Moreover,
basal ganglia, one of the main targets of central dopaminergic innervation, are involved in
the sensory-discriminative dimension of pain and provide sensory gating of nociceptive
information to motor cortical areas [39].

Clinically, RLS appears to result, at least in part, from decreased dopaminergic signal-
ing, as suggested by the evidence that RLS symptoms improve when increasing dopamin-
ergic stimulation through dopamine receptor agonists, whereas they worsen with anti-
dopaminergic medications. However, it has been suggested that phenotypic manifestations
reflect decreased post-synaptic dopamine signaling and pre-synaptic hyperdopaminer-
gic states [40–42], with neuroimaging studies showing evidence of increased tyrosine
hydroxylase activity and dopamine synthesis, decreased dopamine transporter activity,
and decreased dopamine reuptake [31]. Accordingly, resting-state functional MRI studies
have shown that functional connectivity within the dopaminergic networks, including the
nigrostriatal, mesolimbic, and mesocortical circuits, was lower in patients with RLS than in
controls [43].

The involvement of neurotransmitters other than dopamine has also been reported.
For instance, a hypoadenosinergic state, potentially linked to BID, may lead both to hyper-
glutamatergic and hyperdopaminergic states [44]. The latter might also be directly linked
to BID [31]. Furthermore, endogenous opioids have been found to be decreased in sensory,
but not in motor pathways, in RLS patients [45]. Therefore, the hyperdopaminergic state in
RLS may lead to a decrease in endogenous opiates, which may contribute to the abnormal
processing of sensory stimuli [46].

The hypothesis that RLS may represent a network disorder, rather than a purely
dopaminergic one, is also supported by recent evidence coming from functional connec-
tivity studies. Tuovinen and coworkers reported that patients with RLS have increased
connectivity within salience and executive networks and a reduced cerebello-frontal con-
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nectivity [47]. The observation that RLS is a multipathway network disorder has relevant
therapeutic implications and suggests the possibility to identify new non-dopaminergic
therapeutic targets.

4. Why RLS Is a Circadian Disorder, Rather than a Sleep-Related Disorder

The occurrence of RLS symptoms shows a strong circadian pattern, with a peak in the
early portion of the sleep period (23:00–04:00 h) and a nadir during the early portion of
the wake period (09:00–14:00 h). Although the function of the central circadian pacemaker
does not seem to be abnormal, the severity of symptoms might be indirectly modulated
by some factors undergoing circadian variation. Human data show a circadian variation
in dopamine release, with a pattern characterized by an increase in the morning and
a nadir in the late evening/night [48]. This is possibly due to a dopamine–melatonin
interaction, because the peak of melatonin coincides with the nadir of dopamine present in
the striatum [48]. From an evolutionary perspective, this could be explained by the lower
need for dopamine at night, when movement is not required.

It might be supposed that the hyperdopaminergic state, and consequent downreg-
ulation of dopamine reuptake, reaches a critical point at evening–night-time, when the
release of additional neurotransmitters determines a drop in dopamine release. Post-
synaptic downregulation of D2 receptors due to a hyperdopaminergic state may result
in low dopaminergic signaling when dopamine levels are physiologically low, i.e., in the
evening, leading to a relative night-time dopamine activity deficit and the occurrence of
RLS symptoms. This may explain why dopaminergic agents given at night are effective
treatment options.

BID, dopamine and melatonin levels seem to be closely related [48]: serum iron shows
a marked circadian variation, with a nadir in the evening and early night [49], time which
coincides with the maximal severity of RLS symptoms. Thus, in general, circadian variation
in serum iron seems to mirror the circadian variation in CSF dopamine. It should be noted,
however, that in some RLS patients, the correlation between serum and CSF ferritin might
be weak [50].

The dopaminergic model could also explain the so-called augmentation, a unique
iatrogenic phenomenon affecting up to 70% of RLS patients under long-term dopaminergic
treatment. This consists of an earlier onset of RLS symptoms in the day, a shorter latency of
symptoms at rest, a spread of symptoms to other parts of the body, or a greater intensity
of symptoms [3,4]. Another key feature of augmentation is the paradoxical effect of
treatment: a dose increase causes symptom worsening, whereas a reduction leads to
improvement. Dopaminergic treatment can therefore trigger a phase advance of circadian
rhythm, expressed as an anticipation of dim light melatonin, a further drop in dopamine
and the anticipation of RLS symptoms [13].

However, data on neurotransmitter releases in RLS are controversial. Some studies
have reported no differences in serotonin and dopamine CNS levels in RLS versus controls
at evening time [51], whereas others have identified higher concentrations of dopamine
metabolites in RLS in the evening versus morning compared with healthy controls, with
reduced ferritin levels [40].

Nevertheless, it is important to highlight that, although this evidence suggests that
RLS is a circadian rather than a sleep disorder, it is often related to PLMD, which is the
primary sleep disturbance of RLS and is associated with (and presumably causes) poor
sleep quality in these patients.

5. Conclusions and Future Research Perspectives

RLS is a puzzling disorder that remains poorly understood from both clinical and
pathophysiological perspectives. Recent studies have suggested that RLS should be con-
templated as a complex network disorder related to several neurochemical dysfunctions,
with a typical circadian pattern of occurrence and evidence of abnormal excitability within
the CNS. Neurophysiological studies in humans [52] and animal models [53] point toward



Brain Sci. 2022, 12, 118 5 of 8

a hyperfunctioning of excitatory mechanisms, rather than hypofunctioning of inhibitory
mechanisms, including increased activities in the D1R pathway and hyperexcitability of
motor circuitry [52]. The somatosensory system seems to play an important role, and it has
been proposed that the abnormal processing of afferent inputs may be involved in releasing
otherwise unnecessary motor outputs [54].

We might hypothesize that abnormal sensorimotor processing, related to a hyper-
dopaminergic/hyperglutamatergic state and to hypoadenosinergic state, triggered by BID,
can be temporally reset by somatosensory input acting through a gating mechanism, as
suggested for other neurological disorders, such as dystonia or tics [24]. Intrinsic factors
(i.e., active movement, pressure, or alertness) are well known to play a pivotal role in
modulating RLS symptoms, although little is known about extrinsic factors (i.e., visual,
auditory or somatosensory stimuli), which might be functionally relevant as well.

The circadian occurrence of neurochemical abnormalities might be related to the fact
that these are at subthreshold levels until additional neurochemicals (i.e., melatonin and
potentially others) or other unknown factors determine the reach of a critical level (Figure 1).
However, the interplay between all these intrinsic and extrinsic factors is not completely
understood, and there are many knowledge gaps to be filled in order to better understand
the nature of the disease.
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Figure 1. Proposed pathophysiological model for RLS. Centripetal gating is achieved by passive
movements, massage, pressure, cold water, streaking, etc.; centrifugal gating is obtained by active
movements. Arrows refer to increase/decrease of the mentioned compounds (“↑”: increase; “↓”:
decrease; “↓↓”: substantial/consistent decrease.

In conclusion, we propose that RLS should be viewed as a circadian sensorimotor disor-
der, rather than a sleep-related MD. Future research should focus on improving the clinical
characterization of extrinsic and intrinsic modulators of RLS symptoms and on investigat-
ing their effect on sensorimotor cortex excitability and integration. Further studies are also
needed to disentangle the link between RLS symptoms and compounds showing circadian
variations in their CSF concentration (e.g., ferritin, transferrin, dopamine, hypocretin-1,
homovanillic acid, 5-Hydroxyindoleacetic acid) [14] and develop an integrated model of
the disease, which can ultimately assist in the development of new treatment avenues. In
this regard, promising targets might be represented by the glutamate and adenosine neuro-
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transmission systems, whose modulation has been suggested to be effective in alleviating
RLS symptoms [55].

Author Contributions: Conceptualization: E.A., K.P.B. and M.T.; literature review: E.A., A.L., D.B.
and F.M.; writing—original draft preparation: E.A., L.R., A.L. and F.M.; writing—review and editing:
L.R., A.L., D.B., F.M., K.P.B. and M.T.; supervision: L.R., K.P.B. and M.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: F.M. was supported by the MJFF Edmond J. Safra Foundation and by the research
grant “Fondo Gianesini” in collaboration with UniCredit Foundation and University of Verona, Italy.
K.P.B. has received grant support from EU Horizon 2020. He receives royalties from publications of
the Oxford Specialist Handbook Parkinson’s Disease and Other Movement Disorders (Oxford University
Press, 2008), of Marsden’s Book of Movement Disorders (Oxford University Press, 2012), and of Case
Studies in Movement Disorders–Common and Uncommon Presentations (Cambridge University Press,
2017). He has received honoraria/personal compensation for participating as consultant/scientific
board member from Ipsen, Allergan, and honoraria for speaking at meetings from Allergan, Ipsen,
and the International Parkinson’s Disease and Movement Disorders Society.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hening, W.; Walters, A.S.; Allen, R.P.; Montplaisir, J.; Myers, A.; Ferini-Strambi, L. Impact, diagnosis and treatment of restless legs

syndrome (RLS) in a primary care population: The REST (RLS epidemiology, symptoms, and treatment) primary care study. Sleep
Med. 2004, 5, 237–246. [CrossRef] [PubMed]

2. Allen, R.P.; Walters, A.S.; Montplaisir, J.; Hening, W.; Myers, A.; Bell, T.J.; Ferini-Strambi, L. Restless legs syndrome prevalence
and impact: REST general population study. Arch. Intern. Med. 2005, 165, 1286–1292. [CrossRef] [PubMed]

3. Trenkwalder, C.; Paulus, W. Restless legs syndrome: Pathophysiology, clinical presentation and management. Nat. Rev. Neurol.
2010, 6, 337–346. [CrossRef] [PubMed]

4. American Academy of Sleep Medicine. International Classification of Sleep Disorders—Third Edition (ICSD-3); Darien, IL, USA, 2014.
5. Trenkwalder, C.; Tinelli, M.; Sakkas, G.K.; Dauvilliers, Y.; Ferri, R.; Rijsman, R.; Oertel, W.; Jaarsma, J. Socioeconomic impact of

restless legs syndrome and inadequate restless legs syndrome management across European settings. Eur. J. Neurol. 2021, 28,
691–706. [CrossRef] [PubMed]

6. Suzuki, K.; Suzuki, S.; Miyamoto, M.; Miyamoto, T.; Matsubara, T.; Nozawa, N.; Arikawa, T.; Nakajima, I.; Hirata, K. Involvement
of legs and other body parts in patients with restless legs syndrome and its variants. J. Neurol. Sci. 2019, 407, 116519. [CrossRef]
[PubMed]

7. Allen, R.P.; Picchietti, D.L.; Garcia-Borreguero, D.; Ondo, W.G.; Walters, A.S.; Winkelman, J.W.; Zucconi, M.; Ferri, R.; Trenkwalder,
C.; Lee, H.B. Restless legs syndrome/Willis-Ekbom disease diagnostic criteria: Updated International Restless Legs Syndrome
Study Group (IRLSSG) consensus criteria–history, rationale, description, and significance. Sleep Med. 2014, 15, 860–873. [CrossRef]
[PubMed]

8. Trenkwalder, C.; Allen, R.; Högl, B.; Paulus, W.; Winkelmann, J. Restless legs syndrome associated with major diseases: A
systematic review and new concept. Neurology 2016, 86, 1336–1343. [CrossRef]

9. Schormair, B.; Zhao, C.; Bell, S.; Tilch, E.; Salminen, A.V.; Pütz, B.; Dauvilliers, Y.; Stefani, A.; Högl, B.; Poewe, W.; et al.
Identification of novel risk loci for restless legs syndrome in genome-wide association studies in individuals of European ancestry:
A meta-analysis. Lancet Neurol. 2017, 16, 898–907. [CrossRef]

10. Anguelova, G.V.; Vlak, M.H.M.; Kurvers, A.G.Y.; Rijsman, R.M. Pharmacologic and Nonpharmacologic Treatment of Restless
Legs Syndrome. Sleep Med. Clin. 2020, 15, 277–288. [CrossRef]

11. Silber, M.H.; Buchfuhrer, M.J.; Earley, C.J.; Koo, B.B.; Manconi, M.; Winkelman, J.W. The Management of Restless Legs Syndrome:
An Updated Algorithm. Mayo Clin. Proc. 2021, 96, 1921–1937. [CrossRef]

12. Gossard, T.R.; Trotti, L.M.; Videnovic, A.; St Louis, E.K. Restless Legs Syndrome: Contemporary Diagnosis and Treatment.
Neurotherapeutics 2021, 18, 140–155. [CrossRef] [PubMed]

13. Koo, B.B.; Bagai, K.; Walters, A.S. Restless Legs Syndrome: Current Concepts about Disease Pathophysiology. Tremor Other
Hyperkinetic Mov. 2016, 6, 401. [CrossRef]

http://doi.org/10.1016/j.sleep.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15165529
http://doi.org/10.1001/archinte.165.11.1286
http://www.ncbi.nlm.nih.gov/pubmed/15956009
http://doi.org/10.1038/nrneurol.2010.55
http://www.ncbi.nlm.nih.gov/pubmed/20531433
http://doi.org/10.1111/ene.14582
http://www.ncbi.nlm.nih.gov/pubmed/33043569
http://doi.org/10.1016/j.jns.2019.116519
http://www.ncbi.nlm.nih.gov/pubmed/31669730
http://doi.org/10.1016/j.sleep.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25023924
http://doi.org/10.1212/WNL.0000000000002542
http://doi.org/10.1016/S1474-4422(17)30327-7
http://doi.org/10.1016/j.jsmc.2020.02.013
http://doi.org/10.1016/j.mayocp.2020.12.026
http://doi.org/10.1007/s13311-021-01019-4
http://www.ncbi.nlm.nih.gov/pubmed/33880737
http://doi.org/10.5334/tohm.322


Brain Sci. 2022, 12, 118 7 of 8

14. Jiménez-Jiménez, F.J.; Alonso-Navarro, H.; García-Martín, E.; Agúndez, J.A.G. Neurochemical features of idiopathic restless legs
syndrome. Sleep Med. Rev. 2019, 45, 70–87. [CrossRef] [PubMed]

15. Stefani, A.; Mitterling, T.; Heidbreder, A.; Steiger, R.; Kremser, C.; Frauscher, B.; Gizewski, E.R.; Poewe, W.; Högl, B.; Scherfler, C.
Multimodal Magnetic Resonance Imaging reveals alterations of sensorimotor circuits in restless legs syndrome. Sleep 2019, 42.
[CrossRef]

16. Rizzo, G.; Li, X.; Galantucci, S.; Filippi, M.; Cho, Y.W. Brain imaging and networks in restless legs syndrome. Sleep Med. 2017, 31,
39–48. [CrossRef] [PubMed]

17. Bucher, S.F.; Seelos, K.C.; Oertel, W.H.; Reiser, M.; Trenkwalder, C. Cerebral generators involved in the pathogenesis of the restless
legs syndrome. Ann. Neurol. 1997, 41, 639–645. [CrossRef]

18. Margariti, P.N.; Astrakas, L.G.; Tsouli, S.G.; Hadjigeorgiou, G.M.; Konitsiotis, S.; Argyropoulou, M.I. Investigation of unmedicated
early onset restless legs syndrome by voxel-based morphometry, T2 relaxometry, and functional MR imaging during the night-time
hours. AJNR Am. J. Neuroradiol. 2012, 33, 667–672. [CrossRef] [PubMed]

19. Liu, C.; Wang, J.; Hou, Y.; Qi, Z.; Wang, L.; Zhan, S.; Wang, R.; Wang, Y. Mapping the changed hubs and corresponding functional
connectivity in idiopathic restless legs syndrome. Sleep Med. 2018, 45, 132–139. [CrossRef] [PubMed]

20. Lee, B.Y.; Kim, J.; Connor, J.R.; Podskalny, G.D.; Ryu, Y.; Yang, Q.X. Involvement of the central somatosensory system in restless
legs syndrome: A neuroimaging study. Neurology 2018, 90, e1834–e1841. [CrossRef] [PubMed]

21. Yang, H.; Wang, L.; Li, X.; Wang, K.; Hou, Y.; Zhang, X.; Chen, Z.; Liu, C.; Yin, C.; Wu, S.; et al. A study for the mechanism of
sensory disorder in restless legs syndrome based on magnetoencephalography. Sleep Med. 2019, 53, 35–44. [CrossRef]

22. Dafkin, C.; McKinon, W.; Kerr, S. Restless legs syndrome: Clinical changes in nervous system excitability at the spinal cord level.
Sleep Med. Rev. 2019, 47, 9–17. [CrossRef]

23. Tzonova, D.; Larrosa, O.; Calvo, E.; Granizo, J.J.; Williams, A.M.; de la Llave, Y.; García-Borreguero, D. Breakthrough symptoms
during the daytime in patients with restless legs syndrome (Willis-Ekbom disease). Sleep Med. 2012, 13, 151–155. [CrossRef]

24. Berlot, R.; Rothwell, J.C.; Bhatia, K.P.; Kojović, M. Variability of Movement Disorders: The Influence of Sensation, Action,
Cognition, and Emotions. Mov. Disord. 2021, 36, 581–593. [CrossRef] [PubMed]

25. Ferré, S.; Guitart, X.; Quiroz, C.; Rea, W.; García-Malo, C.; Garcia-Borreguero, D.; Allen, R.P.; Earley, C.J. Akathisia and Restless
Legs Syndrome: Solving the Dopaminergic Paradox. Sleep Med. Clin. 2021, 16, 249–267. [CrossRef]

26. Kumru, H.; Vidal, J.; Benito, J.; Barrio, M.; Portell, E.; Valles, M.; Flores, C.; Santamaria, J. Restless leg syndrome in patients with
spinal cord injury. Parkinsonism Relat. Disord. 2015, 21, 1461–1464. [CrossRef] [PubMed]

27. Dafkin, C.; Green, A.; Olivier, B.; McKinon, W.; Kerr, S. Circadian variation of flexor withdrawal and crossed extensor reflexes in
patients with restless legs syndrome. J. Sleep Res. 2018, 27, e12645. [CrossRef] [PubMed]

28. Walters, A.S.; Picchietti, D.; Hening, W.; Lazzarini, A. Variable expressivity in familial restless legs syndrome. Arch. Neurol. 1990,
47, 1219–1220. [CrossRef] [PubMed]

29. Scofield, H.; Roth, T.; Drake, C. Periodic limb movements during sleep: Population prevalence, clinical correlates, and racial
differences. Sleep 2008, 31, 1221–1227. [PubMed]

30. Bachmann, C.G.; Rolke, R.; Scheidt, U.; Stadelmann, C.; Sommer, M.; Pavlakovic, G.; Happe, S.; Treede, R.D.; Paulus, W. Thermal
hypoaesthesia differentiates secondary restless legs syndrome associated with small fibre neuropathy from primary restless legs
syndrome. Brain 2010, 133, 762–770. [CrossRef] [PubMed]

31. Connor, J.R.; Wang, X.S.; Allen, R.P.; Beard, J.L.; Wiesinger, J.A.; Felt, B.T.; Earley, C.J. Altered dopaminergic profile in the putamen
and substantia nigra in restless leg syndrome. Brain 2009, 132, 2403–2412. [CrossRef] [PubMed]

32. Connor, J.R.; Patton, S.M.; Oexle, K.; Allen, R.P. Iron and restless legs syndrome: Treatment, genetics and pathophysiology. Sleep
Med. 2017, 31, 61–70. [CrossRef]

33. Allen, R.P.; Earley, C.J.; Jones, B.C.; Unger, E.L. Iron-deficiency and dopaminergic treatment effects on RLS-Like behaviors of
an animal model with the brain iron deficiency pattern of the restless legs syndrome. Sleep Med. 2020, 71, 141–148. [CrossRef]
[PubMed]

34. Earley, C.J.; Connor, J.R.; Beard, J.L.; Malecki, E.A.; Epstein, D.K.; Allen, R.P. Abnormalities in CSF concentrations of ferritin and
transferrin in restless legs syndrome. Neurology 2000, 54, 1698–1700. [CrossRef] [PubMed]

35. Earley, C.J.; Connor, J.; Garcia-Borreguero, D.; Jenner, P.; Winkelman, J.; Zee, P.C.; Allen, R. Altered brain iron homeostasis and
dopaminergic function in Restless Legs Syndrome (Willis-Ekbom Disease). Sleep Med. 2014, 15, 1288–1301. [CrossRef] [PubMed]

36. Godau, J.; Klose, U.; Di Santo, A.; Schweitzer, K.; Berg, D. Multiregional brain iron deficiency in restless legs syndrome. Mov.
Disord. 2008, 23, 1184–1187. [CrossRef]

37. Connor, J.R.; Ponnuru, P.; Lee, B.Y.; Podskalny, G.D.; Alam, S.; Allen, R.P.; Earley, C.J.; Yang, Q.X. Postmortem and imaging based
analyses reveal CNS decreased myelination in restless legs syndrome. Sleep Med. 2011, 12, 614–619. [CrossRef] [PubMed]

38. Dowling, P.; Klinker, F.; Amaya, F.; Paulus, W.; Liebetanz, D. Iron-deficiency sensitizes mice to acute pain stimuli and formalin-
induced nociception. J. Nutr. 2009, 139, 2087–2092. [CrossRef] [PubMed]

39. Chudler, E.H.; Dong, W.K. The role of the basal ganglia in nociception and pain. Pain 1995, 60, 3–38. [CrossRef]
40. Earley, C.J.; Hyland, K.; Allen, R.P. Circadian changes in CSF dopaminergic measures in restless legs syndrome. Sleep Med. 2006,

7, 263–268. [CrossRef] [PubMed]
41. Unger, E.L.; Wiesinger, J.A.; Hao, L.; Beard, J.L. Dopamine D2 receptor expression is altered by changes in cellular iron levels in

PC12 cells and rat brain tissue. J. Nutr. 2008, 138, 2487–2494. [CrossRef] [PubMed]

http://doi.org/10.1016/j.smrv.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30965199
http://doi.org/10.1093/sleep/zsz171
http://doi.org/10.1016/j.sleep.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27838239
http://doi.org/10.1002/ana.410410513
http://doi.org/10.3174/ajnr.A2829
http://www.ncbi.nlm.nih.gov/pubmed/22173758
http://doi.org/10.1016/j.sleep.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29680421
http://doi.org/10.1212/WNL.0000000000005562
http://www.ncbi.nlm.nih.gov/pubmed/29695597
http://doi.org/10.1016/j.sleep.2018.07.026
http://doi.org/10.1016/j.smrv.2019.05.005
http://doi.org/10.1016/j.sleep.2011.09.015
http://doi.org/10.1002/mds.28415
http://www.ncbi.nlm.nih.gov/pubmed/33332680
http://doi.org/10.1016/j.jsmc.2021.02.012
http://doi.org/10.1016/j.parkreldis.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26476461
http://doi.org/10.1111/jsr.12645
http://www.ncbi.nlm.nih.gov/pubmed/29164719
http://doi.org/10.1001/archneur.1990.00530110079020
http://www.ncbi.nlm.nih.gov/pubmed/2241618
http://www.ncbi.nlm.nih.gov/pubmed/18788647
http://doi.org/10.1093/brain/awq026
http://www.ncbi.nlm.nih.gov/pubmed/20194142
http://doi.org/10.1093/brain/awp125
http://www.ncbi.nlm.nih.gov/pubmed/19467991
http://doi.org/10.1016/j.sleep.2016.07.028
http://doi.org/10.1016/j.sleep.2020.01.024
http://www.ncbi.nlm.nih.gov/pubmed/32094092
http://doi.org/10.1212/WNL.54.8.1698
http://www.ncbi.nlm.nih.gov/pubmed/10762522
http://doi.org/10.1016/j.sleep.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25201131
http://doi.org/10.1002/mds.22070
http://doi.org/10.1016/j.sleep.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/21570342
http://doi.org/10.3945/jn.109.112557
http://www.ncbi.nlm.nih.gov/pubmed/19776188
http://doi.org/10.1016/0304-3959(94)00172-B
http://doi.org/10.1016/j.sleep.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/16564215
http://doi.org/10.3945/jn.108.095224
http://www.ncbi.nlm.nih.gov/pubmed/19022977


Brain Sci. 2022, 12, 118 8 of 8

42. Allen, R.P.; Connor, J.R.; Hyland, K.; Earley, C.J. Abnormally increased CSF 3-Ortho-methyldopa (3-OMD) in untreated restless
legs syndrome (RLS) patients indicates more severe disease and possibly abnormally increased dopamine synthesis. Sleep Med.
2009, 10, 123–128. [CrossRef]

43. Kocar, T.D.; Müller, H.P.; Kassubek, J. Differential functional connectivity in thalamic and dopaminergic pathways in restless legs
syndrome: A meta-analysis. Ther. Adv. Neurol. Disord. 2020, 13, 1756286420941670. [CrossRef] [PubMed]

44. Ferré, S.; García-Borreguero, D.; Allen, R.P.; Earley, C.J. New Insights into the Neurobiology of Restless Legs Syndrome.
Neuroscientist 2019, 25, 113–125. [CrossRef] [PubMed]

45. Walters, A.S.; Ondo, W.G.; Zhu, W.; Le, W. Does the endogenous opiate system play a role in the Restless Legs Syndrome? A pilot
post-mortem study. J. Neurol. Sci. 2009, 279, 62–65. [CrossRef] [PubMed]

46. Youdim, M.B. Brain iron deficiency and excess; cognitive impairment and neurodegeneration with involvement of striatum and
hippocampus. Neurotox. Res. 2008, 14, 45–56. [CrossRef]

47. Tuovinen, N.; Stefani, A.; Mitterling, T.; Heidbreder, A.; Frauscher, B.; Gizewski, E.R.; Poewe, W.; Högl, B.; Scherfler, C. Functional
connectivity and topology in patients with restless legs syndrome: A case-control resting-state functional magnetic resonance
imaging study. Eur. J. Neurol. 2021, 28, 448–458. [CrossRef]

48. Khaldy, H.; León, J.; Escames, G.; Bikjdaouene, L.; García, J.J.; Acuña-Castroviejo, D. Circadian rhythms of dopamine and
dihydroxyphenyl acetic acid in the mouse striatum: Effects of pinealectomy and of melatonin treatment. Neuroendocrinology 2002,
75, 201–208. [CrossRef] [PubMed]

49. Scales, W.E.; Vander, A.J.; Brown, M.B.; Kluger, M.J. Human circadian rhythms in temperature, trace metals, and blood variables.
J. Appl. Physiol. 1988, 65, 1840–1846. [CrossRef] [PubMed]

50. Mizuno, S.; Mihara, T.; Miyaoka, T.; Inagaki, T.; Horiguchi, J. CSF iron, ferritin and transferrin levels in restless legs syndrome.
J. Sleep Res. 2005, 14, 43–47. [CrossRef]

51. Stiasny-Kolster, K.; Möller, J.C.; Zschocke, J.; Bandmann, O.; Cassel, W.; Oertel, W.H.; Hoffmann, G.F. Normal dopaminergic
and serotonergic metabolites in cerebrospinal fluid and blood of restless legs syndrome patients. Mov. Disord. 2004, 19, 192–196.
[CrossRef] [PubMed]

52. Lanza, G.; Cantone, M.; Lanuzza, B.; Pennisi, M.; Bella, R.; Pennisi, G.; Ferri, R. Distinctive patterns of cortical excitability to
transcranial magnetic stimulation in obstructive sleep apnea syndrome, restless legs syndrome, insomnia, and sleep deprivation.
Sleep Med. Rev. 2015, 19, 39–50. [CrossRef] [PubMed]

53. Lyu, S.; Xing, H.; DeAndrade, M.P.; Perez, P.D.; Zhang, K.; Liu, Y.; Yokoi, F.; Febo, M.; Li, Y. The role of BTBD9 in the cerebral
cortex and the pathogenesis of restless legs syndrome. Exp. Neurol. 2020, 323, 113111. [CrossRef] [PubMed]

54. Rizzo, V.; Aricò, I.; Liotta, G.; Ricciardi, L.; Mastroeni, C.; Morgante, F.; Allegra, R.; Condurso, R.; Girlanda, P.; Silvestri, R.; et al.
Impairment of sensory-motor integration in patients affected by RLS. J. Neurol. 2010, 257, 1979–1985. [CrossRef]

55. Manconi, M.; Garcia-Borreguero, D.; Schormair, B.; Videnovic, A.; Berger, K.; Ferri, R.; Dauvilliers, Y. Restless legs syndrome. Nat.
Rev. Dis. Primers 2021, 7, 80. [CrossRef] [PubMed]

http://doi.org/10.1016/j.sleep.2007.11.012
http://doi.org/10.1177/1756286420941670
http://www.ncbi.nlm.nih.gov/pubmed/32821291
http://doi.org/10.1177/1073858418791763
http://www.ncbi.nlm.nih.gov/pubmed/30047288
http://doi.org/10.1016/j.jns.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/19167016
http://doi.org/10.1007/BF03033574
http://doi.org/10.1111/ene.14577
http://doi.org/10.1159/000048238
http://www.ncbi.nlm.nih.gov/pubmed/11914592
http://doi.org/10.1152/jappl.1988.65.4.1840
http://www.ncbi.nlm.nih.gov/pubmed/3263357
http://doi.org/10.1111/j.1365-2869.2004.00403.x
http://doi.org/10.1002/mds.10631
http://www.ncbi.nlm.nih.gov/pubmed/14978675
http://doi.org/10.1016/j.smrv.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24849846
http://doi.org/10.1016/j.expneurol.2019.113111
http://www.ncbi.nlm.nih.gov/pubmed/31715135
http://doi.org/10.1007/s00415-010-5644-y
http://doi.org/10.1038/s41572-021-00311-z
http://www.ncbi.nlm.nih.gov/pubmed/34732752

	Introduction 
	Why RLS Is Not a Sleep-Related Movement Disorder 
	Why RLS Should Be Considered a Disorder of Sensorimotor Interaction, Rather than a Motor Disorder 
	Why RLS Is a Circadian Disorder, Rather than a Sleep-Related Disorder 
	Conclusions and Future Research Perspectives 
	References

