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1 | INTRODUCTION

Restless legs syndrome (RLS) is a sensorimotor disorder characterised
by a spectrum of wake and sleep symptoms, i.e., unpleasant sensa-
tions usually in the legs, urge to move the limbs, occurrence at rest
and in the evening and/or at night, and improvement with movement
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Summary

Restless legs syndrome (RLS) is a sensorimotor neurological disorder characterised by
an urge to move the limbs with a circadian pattern (occurring in the evening/at night),
more prominent at rest, and relieved with movements. RLS is one of the most preva-
lent sleep disorders, occurring in 5%-10% of the European population. Thomas Willis
first described RLS clinical cases already in the 17th century, and Karl-Axel Ekbom
described the disease as a modern clinical entity in the 20th century. Despite variable
severity, RLS can markedly affect sleep (partly through the presence of periodic leg
movements) and quality of life, with a relevant socio-economic impact. Thus, its rec-
ognition and treatment are essential. However, screening methods present limita-
tions and should be improved. Moreover, available RLS treatment options albeit
providing sustained relief to many patients are limited in number. Additionally, the
development of augmentation with dopamine agonists represents a major treatment
problem. A better understanding of RLS pathomechanisms can bring to light novel
treatment possibilities. With emerging new avenues of research in pharmacology,
imaging, genetics, and animal models of RLS, this is an interesting and constantly
growing field of research. This review will update the reader on the current state of
RLS clinical practice and research, with a special focus on the contribution of

European researchers.
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(Allen, Picchietti, et al., 2014b). RLS leads to delayed sleep onset, poor
sleep quality, psychological distress and impaired health-related qual-
ity of life (Happe et al., 2009; Manconi et al., 2021). With its high
prevalence (up to 10%) especially in European and North-American
populations (Garcia-Borreguero, Egatz, Winkelmann, & Berger, 2006),
a considerable misdiagnosis rate and the availability of only
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symptomatic treatments, adding to significant personal and social bur-
den, RLS has a substantial socioeconomic impact (Trenkwalder
et al., 2021). This article encompasses the key aspects of RLS, underly-

ing relevant contributions by European researchers.

2 | HISTORICAL ASPECTS OF RLS

It is worth remembering here some fundamental historical steps in the
establishment of RLS as a definite nosological condition. It is widely
recognised that RLS was first described by the famous English anato-
mist of the brain, but also neurologist and psychiatrist, Thomas Willis
in the 17th century (Isler, 2010; Willis, 1672). After having been con-
sidered as a functional/psychiatric disorder for a long period
(Wittmaack, 1861), from the end of the 19th century some authors
began to consider it as an organic and biologically determined condi-
tion. In 1880, Beard (Beard, 1880) hypothesised the origin of the
motor restlessness to be at the level of the spinal cord and in 1943
Allison (Allison, 1943) emphasised the involuntary nature of the motor
component of RLS, hypothesising a vascular origin. Finally, RLS has
been recognised as a well-defined and frequent neurological disorder
since its classic and detailed description by Ekbom in 1945
(Ekbom, 1945), when he reported his first eight patients, and called it
“Asthenia Crurum Paraesthetica (Irritable legs)’. An additional support
to the organic nature of RLS was provided in 1953 by Symonds
(Symonds, 1953) with his clinical recognition of periodic leg move-
ments in sleep (PLMS), which were subsequently demonstrated and
finely described polysomnographically by Lugaresi et al. in 1965
(Lugaresi, Coccagna, Tassinari, & Ambrosetto, 1965).

3 | PATHOPHYSIOLOGY OF RLS

Restless legs syndrome is a complex multifactorial condition in which

a genetic and an environmental background predispose to the disease

(Trenkwalder, Allen, Hégl, Paulus, & Winkelmann, 2016). Several
mechanisms have been proposed to play a a major role in RLS patho-

physiology (Figure 1).

3.1 | Brainiron deficiency

Conditions associated with serum iron deficiency show a high preva-
lence of RLS symptoms (Allen, Auerbach, Bahrain, Auerbach, &
Earley, 2013a; Allen & Earley, 2007). However, most people with
RLS do not show systemic iron deficiency but rather a brain iron
deficiency (BID). This can result from altered iron acquisition by the
brain (Connor et al., 2011), and is reflected by reduced cerebrospinal
fluid (CSF) ferritin in the context of normal serum levels in people
with RLS (Earley et al., 2000). In line with this, transcranial ultra-
sound of the substantia nigra showed hypoechogenicity in people
with RLS (Garcia-Malo, Miranda, et al., 2020a; Garcia-Malo, Wanner,
et al, 2020b; Godau, Schweitzer, Liepelt, Gerloff, & Berg, 2007;
Godau et al., 2008; Schmidauer et al., 2005).

3.2 | Dopamine dysregulation

The involvement of the dopaminergic system in the pathophysiology
of RLS is supported by the therapeutic benefit of dopaminergic drugs
on symptoms, suggestive of a dopamine deficit in RLS. In contrast,
subsequent research has provided evidence compatible with a pre-
synaptic hyperdopaminergic state, with increased synthesis and
release of dopamine (Earley, Uhl, Clemens, & Ferré, 2017). It is likely
that a post-synaptic receptor down-regulation secondary to
increased dopaminergic stimulation is responsible for a relative eve-
ning and night-time dopamine deficit, leading to RLS symptoms. Of
note (Earley et al., 2017), brain iron deficiency in rodents confers a
similar dopaminergic profile to that observed in people with RLS
(Earley et al., 2014).

Iron
Deficiency . . — .
Hypoadenosinergic > ctivation o > Hyperaronsal
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FIGURE 1

Proposed pathophysiological model of RLS. BID, brain iron deficiency; C-S-T-C circuits, cortico-striatal-thalamic-cortical circuits;

PLMS, periodic leg movements in sleep (Ferré, Garcia-Borreguero, Allen, & Earley, The Neuroscientist, New Insights into the neurobiology of
restless legs syndrome. Vol 25(2) 113-125, copyright © 2019 by The Author(s). Reprinted by permission of SAGE Publications)
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Besides central dopaminergic mechanisms, the descending spi-
nal dopaminergic system originating in the dorsal-posterior hypo-
thalamus (A11
pathophysiology of RLS, losing its inhibitory influence on spinal

region), might also be involved in the
sensory inputs and thus causing symptoms (Clemens, Rye, &
Hochman, 2006).

The therapeutic effects of opiates in RLS are probably related to
a dopaminergic effect through the p-opioid receptors, as agonists of
u-opioid receptors ultimately lead to dopaminergic activation (Altarifi
et al., 2017). The p-opioid receptors, located in the dopaminergic ven-
tral tegmental area and in the nucleus accumbens, mediate both the

analgesic and addictive effects of opioids.

3.3 | Hyperglutamatergic state

Evidence for the implication of altered glutamatergic neurotransmis-
sion in RLS comes from magnetic resonance spectroscopy showing
an increase in basal glutamate levels in the thalamus (Allen, Barker,
Horska, & Earley, 2013b) but also from the therapeutic effect of
a26-ligands (Dohin et al, 2013; Dooley, Taylor, Donevan, &
Feltner, 2007; Garcia-Borreguero et al., 2014). Furthermore, drugs
that inhibit N-methyl-D-aspartate (NMDA\) (Inturrisi, 2005; Kapur &
2002; 2005; Senerth, &
Earley, 2011), or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

Friedman, Inturrisi, Silver, Allen,
acid (AMPA)-glutamate receptors seem to exert a therapeutic effect
on RLS symptoms (Garcia-Borreguero, Cano, & Granizo, 2017).
However, how do dopaminergic and glutamatergic dysfunction
relate to each other? It should be noted that dopamine receptor ago-
nists are able to block the glutamate release in both brain iron defi-
cient rats and controls (Yepes et al., 2017), suggesting that dopamine
receptors localised in striatal glutamatergic terminals might be one of

the targets for dopamine receptor agonists in RLS (Yepes et al., 2017).

34 | Adenosine

Brain iron deficiency in rodents has shown to produce a significant
downregulation of adenosine A1 receptors, leading to increased sensi-
tivity of glutamatergic cortico-striatal terminals (Ferré et al., 2018;
Quiroz et al., 2016). Both A1R and A2AR receptors are localised in
cortico-striatal terminals where they form A1R-A2AR heteromers that
operate as an adenosine concentration-dependent switch, by which
high adenosine facilitates glutamate release (Ciruela et al., 2006).
Thus, BID mediated changes in the adenosine receptor density or func-
tion (A1R downregulation and A2AR upregulation) lead to increased
sensitivity of glutamatergic terminals, resulting in hyperdopaminergic
and hyperglutamatergic states in corticostriatal pathways (Ferré et al.,
2018). A recent placebo-controlled crossover study has shown that
dipyridamole, a blocker of the adenosine reuptake transporters,
had a therapeutic effect on sensory symptoms, PLMS and sleep
disturbances in people with RLS (Garcia-Borreguero, Garcia-Malo,
Granizo, & Ferré, 2021).

Research

4 | NEUROPHYSIOLOGY AND PERIODIC
LEG MOVEMENTS

The neurophysiological picture of RLS is dominated by the presence,
in up to 85% of patients, of repetitive and somewhat stereotyped
movements occurring mainly in sleep, called periodic leg movements
(PLM) (Ferri, 2012); they can also occur during wakefulness (PLM dur-
ing wakefulness, PLMW). PLM during sleep (PLMS) typically involve
the lower limbs and are characterised by an extension of the big toe,
partial flexion of the ankle, knee and, sometimes, the hip; the upper
limbs can also be involved, even if more rarely (Provini et al., 2001).
PLMS may be unilateral or bilateral and may be associated with corti-
cal arousal and autonomic activation or an awakening (Ferri
et al., 2007). They are defined as movements lasting from 0.5 to 10 s
(15 s for bilateral movements), with an increase in the electromyo-
graphic (EMG) signal to 28 uV above baseline and an intermovement
interval between two consecutive movements (onset-to-onset) of
10-90 s (Ferri et al., 2016a, 2016b); PLMS sequences are then identi-
fied by at least four consecutive limb movements with intermovement
intervals within this range. Figure 2 shows an example of PLMS occur-
ring during sleep stage 2 in a patient with RLS.

Although PLMS are found in the great majority of people with
RLS, they may occur in other sleep disorders, sometimes with differ-
ential features, such as narcolepsy (Dauvilliers et al., 2007; Ferri
et al., 2006), REM sleep behaviour disorder (RBD) (Fantini, Michaud,
Gosselin, Lavigne, & Montplaisir, 2002; Manconi, Ferri, Zucconi,
Fantini, et al., 2007a), and obstructive sleep apnea syndrome (Baran,
Richert, Douglass, May, & Ansarin, 2003; Chervin, 2001; Manconi
et al., 2014). Moreover, PLMS can be observed also in several medical
conditions, such as cardiovascular disease, end-stage renal disease,
depression (Allen, Picchietti, et al., 2014b), Parkinson's disease and
multiple system atrophy (Puligheddu et al., 2014; Wetter, Collado-Sei-
del, Pollméacher, Yassouridis, & Trenkwalder, 2000). When they occur
in the absence of RLS, narcolepsy, untreated obstructive sleep apnea
or RBD, and cause clinically significant nocturnal or daytime distur-
bance, PLMS constitute an identifiable sleep disorder called periodic
limb movement disorder (PLMD) (American Academy of Sleep
Medicine, 2014). However, PLMS can also be found in the general
healthy population, especially after the age of 40 years (Pennestri
et al., 2006).

PLMS are the main objective parameter (Fulda & Wetter, 2008) that
can be used for the assessment of treatment strategies for RLS and
respond early and dramatically to even low doses of dopaminergic agents
(Manconi et al., 2012; Manconi, Ferri, Zucconi, Clemens, et al., 2011a;
Manconi, Ferri, Zucconi, Oldani, et al., 2007b, 2011b), thus supporting
the dopaminergic hypothesis of RLS (Clemens et al., 2006).

PLMS have been reported to be increased in both adults (Yang,
White, & W.inkelman, 2005) and children (Ferri et al., 2022;
Vendrame, Zarowski, Loddenkemper, Steinborn, & Kothare, 2011)
taking selective serotonin reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs) antidepressants, but not
the dopamine reuptake inhibitor bupropion (Kolla, Mansukhani, &

Bostwick, 2018). SSRIs and SNRIs increase serotonin levels, and



40f 16

Journal of
Slee

ESRSVM

KHACHATRYAN ET AL.

Research

EOG-TIGN rinomnn ssommessmtsnti i A oesosemissa sty pos e ot AN P i A ol A et s 09 NN AN AP N S\ perss o i B o0

EOG-left /iyt ety /SN o £ b 5 8 [ e T A S A sty ) P PN e | i g, A0 A\ s A st ~
Vv Y Wy \ e\ AW | A it V V VWY

N

Fa-M1 et w*\«’\“.fﬂ',:‘wMJ’»’.&"\NAm‘M‘w”\‘-‘-,/(\w“Ni"pW;“\fm"~’w.%’w'”~f/v" \ ‘A"/M.‘"‘f"‘M""‘.,.W\’!ﬁ"-»«“",WWW Mfﬂ{’%‘MMW**mM"'»w‘W"M'JWV"‘»:",«‘»V\MW'M,‘,-"{AW%W{VMWAWMW

C4-M1 'ql\n;"v,'«\{grV,W/v'ﬂ.wwmf-\‘*m‘“.'aM‘;“,MMMw,,MM-/ﬁ»ﬂw«mwwﬂmw,y/w,w.,w‘:'4,*\H,"-‘.&.‘,«.‘,‘..‘-¢«Ma}Mwmww..»;mﬂv‘ﬁ'.,.~,*,\A\M}\%wv‘l,M,M‘\«w»,wfwf‘\\_,wm\mﬂmm‘w&,‘h_,«‘w

C3-M2 'fm\\M‘MM‘t’;vg‘WW-“«[A*/;Wm‘w‘w.w/p*mfVrﬂ’v\vvr‘psww;/“fnmxgwﬂmvM\M’,/»\"'wm«w,w‘,"w.wﬁmwfv‘~w%‘v\~‘r‘,vwWM’/‘MMMMMVM.«-«/N:r‘»vvm'wvw»ﬁw.w‘y\*

O2-M1 bty gt

EVIG ChI setsisbotsb bt b psomstios bt s

T

ST—————

N A e AP A Ayt behng A A AN Bt et

I AAAM et

W TPTRWTEIO | " Ll

; bbbt oo

EMG leg-right ‘ w

+

EMG leg-left e

FIGURE 2 Polysomnographic aspect of a sequence of PLMS during sleep stage 2 in a patient with RLS

serotonergic projections from the raphe nuclei influence dopaminergic
neurons in the substantia nigra, ventral tegmental area, nigro-striatal
pathway and mesolimbic dopaminergic system (Digiovanni, Dimatteo,
Pierucci, & Esposito, 2008). These findings further support the dopa-
minergic theory for the generation of PLMS (Clemens et al., 2006).

Besides PLMS, neurophysiological studies of RLS have assessed
central and peripheral nervous system excitability, especially by means
of the transcranial magnetic stimulation (TMS) technique. The findings
of these studies seem to indicate that RLS is a sensorimotor disorder
with the involvement of cortical, subcortical, spinal, and peripheral
nerve structures constituting a complex dysfunctional network
characterised by increased excitability, decreased inhibition, and disor-
dered synaptic plasticity (Lanza, Lanuzza, et al., 2018b). These findings
also support the idea that not only dopamine is involved in the patho-
genesis of RLS, but a significant contribution of different pathways,
such as those involving glutamate, gamma aminobutyric acid, and opi-
oids, is likely (Lanza et al., 2017, 2015; Lanza, Cantone, et al., 2018a3;
Lanza & Ferri, 2019).

Finally, a mechanism of hyperarousal, similar to that of insomnia,
has been suggested to exist in RLS (Lanza & Ferri, 2019), at least in the
early night hours. This is supported by studies showing increased alpha
and beta EEG bands during both wakefulness preceding sleep and the
sleep onset period (Ferri et al., 2014) or sympathetic activation during
relaxed wakefulness preceding sleep and during sleep (DelRosso

et al., 2020; Manconi, Ferri, Zucconi, Clemens, et al., 2011a).

5 | NEUROIMAGING

Several imaging studies using different techniques (including magnetic
resonance imaging (MRI), positron emission tomography (PET), single
positron emission computed tomography (SPECT), transcranial sonog-
raphy of the substantia nigra) investigated brain structures in people
with RLS (Rizzo, Li, Galantucci, Filippi, & Cho, 2017).

PET and SPECT studies demonstrated a dysfunction of nigrostriatal
and mesolimbic dopaminergic pathways. The most replicated find-
ing is a reduction in D2 receptors and dopamine transporters in the
striatum, compatible with an increase in synaptic dopamine (Rizzo
et al., 2017). In line with the pathogenetic hypothesis of a dopami-
nergic dysfunction, these findings may express a post-synaptic
receptor downregulation secondary to increased dopaminergic
stimulation, with subsequent relative evening and nighttime dopa-
mine deficit (Allen, 2015).

The concept of BID in RLS is supported by most of the MRI stud-
ies using iron sensitive sequences, although an inconstant regional
variability in iron content has been reported, mainly involving the sub-
stantia nigra and the thalamus (Rizzo et al., 2017). Beyond the use of
neuroimaging for clarifying RLS pathophysiology, brain iron assess-
ment through transcranial sonography of the substantia nigra has
been used recently as a predictor of therapeutic response to intrave-
nous iron therapy (Garcia-Malo, Wanner, et al., 2020b).

Regarding MRI structural changes, there is a lack of consistency
in grey matter findings (Mogavero et al., 2021; Park, Kim, Oh, Seong, &
Joo, 2021; Rizzo et al, 2017; Sheng et al., 2021) whereas more
consistent white matter changes in the sensory-motor and limbic/
nociceptive networks have been reported (de Paiva et al., 2020; Lee
et al., 2018; Park et al., 2021; Rizzo et al., 2017; Stefani et al., 2019).
As myelin synthesis depends on iron, myelin deficit in RLS could be
reflected in white matter changes. Of note, a recent study reported a
correlation between fractional anisotropy (FA) values in the right ante-
rior thalamic radiation and anxiety levels, as well as between FA
values in the left corticospinal tract and the number of PLM and the
movement arousal index, thus linking structural changes to clinical
parameters (Park et al., 2021).

A meta-analysis on fMRI studies in people with RLS compared
with healthy controls demonstrated decreased functional connectivity
within the dopaminergic network in RLS including the nigrostriatal,

mesolimbic, and mesocortical pathways, likely reflecting sensorimotor
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dysfunction (Kocar, Miiller, & Kassubek, 2020). Changes in sensorimo-
tor networks have also been found in more recent studies not
included in the meta-analysis (Ku, Lee, Kim, Chang, & Cho, 2020; Lee,
Baron, Soca, & Attarian, 2016; Rizzo et al., 2017; Tuovinen
et al., 2021; Zhuo et al., 2017).

Moreover, increased functional connectivity was observed bilat-
erally in the thalamus. In particular, diurnal changes in the thalamic cir-
cuits of the default mode network may lead to changes in arousal
cortical activation thresholds and relate with the circadian expression
of RLS symptoms (Ku et al., 2018). Of note, functional changes in tha-
lamic connectivity were altered by dopamine agonist treatment (Lee
et al., 2020; Tuovinen et al., 2021).

Taken together, neuroimaging data support the concept of RLS as
a complex network disorder linked to brain iron deficiency and dopa-
minergic dysfunction, with the thalamus representing a crucial node

of different networks, including the sensorimotor and limbic circuits.

6 | GENETICS
Several genetic risk factors for RLS have been identified, mainly
through genome-wide association studies (GWAS) and, more recently,
through mutational load analysis (Didriksen et al., 2020; Schormair
et al,, 2017; Tilch et al., 2020; Winkelmann et al., 2007). The identified
genes are linked to neurogenesis, changes in neuronal circuit forma-
tion, synaptogenesis, and axonal guidance (Schormair et al., 2017).
The strongest genetic risk factor for RLS is an intronic regulatory
element within MEIS1, a transcription factor involved in the develop-
ment of the central and peripheral nervous systems. This element
plays a role in the ganglionic eminences of the developing forebrain
(Salminen, Lam, & Winkelmann, 2019). An increased sympathovagal
variability during N2 and N3 has been reported in people with RLS
with PLMS compared with control subjects. Thus, the MEIS1 variant
might identify people with RLS at risk for cardiovascular disorders
(Thireau et al., 2017). As MEIS1 regulation is organised in a modular
pattern (i.e., disease-associated intronic regulatory elements control
MEIS1 expression with cell type and maturation stage specificity, par-
ticularly in the inhibitory neuron lineage) the precise spatiotemporal
activity of these elements likely contributes to RLS pathogenesis.
Polymorphisms in BTBD9 also confer a higher risk of RLS. An MRI
of the BTBD9 knockout mice revealed decreased neural activities in
the cerebellum (Lyu, Xing, DeAndrade, Perez, Yokoi, et al., 2020b), and
changes in the primary somatosensory cortex and in the corticostriatal
pathway (Lyu, Xing, DeAndrade, Perez, Zhang, et al., 2020a), similar to
the MRI alterations reported in RLS (see Neuroimaging section).
Another link between genetic findings and clinical phenotype
comes from a small exploratory study suggesting that the SNP
rs3104767 (related to the TOX3 gene locus) is linked to painful RLS
(Karroum, Saini, Trotti, & Rye, 2020).
Two GWASs suggest a common genetic basis for RLS and insom-
nia (Hammerschlag et al., 2017; Lane et al., 2017), one showing also
that the observed association could not be explained only by the pres-

ence of an RLS subgroup within the insomnia cases (Hammerschlag

Research

et al., 2017). In contrast, a further study in chronic insomnia disorder
patients with and without RLS suggested that MEIS1 is only associ-
ated with RLS (El Gewely et al., 2018), although a lack of power

precluded from refuting small pleiotropic effects.

7 | ANIMAL MODELS

The limited knowledge of the mechanism behind RLS, together with
the urge to identify new druggable targets and novel medications, jus-
tify the development of animal models of RLS. In the past two
decades, several experiments in this direction have been attempted,
however, a validated model is still not unanimously recognised.

The first pioneering attempt to replicate a RLS phenotype in ani-
mals was performed by producing a selective bilateral hypothalamic
lesion of the A11 nuclei, which increased the motor activity in rodents
(Ondo, 2000). Later, in the same model, a rescue treatment with dopa-
mine agonists was proved to reduce hyperactivity (Qu et al., 2007).

Rodents subjected to an iron deficient diet showed increased
wheel running activity, pain response (Dowling et al., 2011), and peri-
odic limb movements (Lai et al., 2018). However, a milder iron defi-
ciency did not replicate the same (Lo Martire et al., 2018).

The identification of genetic allelic variants associated with RLS
by genome-wide association studies suggested the utilisation of
knockout (KO) mice for BTBD9 and MEIS 1. Mice knocked out for
BTBD9 showed motor restlessness, sensory alterations, decreased
sleep, and altered serum iron levels (Deandrade et al., 2012). Similar
results were obtained by knocking out BTBD? specifically in the stria-
tum (Lyu et al., 2019). In mutant mice for MEIS1 a hyperactivity was
observed with a RLS-like circadian trend, associated with a sensory
alteration of functions modulated by dopaminergic networks
(Salminen et al., 2017).

However, there are no animal models reproducing all the clinical
features of the complex human RLS phenotype. The main issue in
achieving a trustable model concerns the face-to-face validity, that
consists in how closely the animal reproduces RLS clinical phenotype.
To foster the preclinical research in RLS, consensus guidelines on the
best outcome measures to assess RLS-like behaviour in rodents have
been established recently. Motor activity and video-PSG were rec-
ommended to assess sleep disturbances and PLMS, in combination
with pharmacological interventions to rescue the RLS-like behaviour
(Salminen et al., 2021).

8 | DIAGNOSIS OF RLS

8.1 | Diagnostic criteria

The current diagnostic criteria for RLS have been developed by the
International Restless Legs Study Group (IRLSSG) and published in
2014 (Allen, Picchietti, et al., 2014b). All five essential criteria must be
met (see Table 1). As RLS diagnosis is clinical, a thorough patient his-

tory is needed.
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TABLE 1 Essential diagnostic criteria for RLS (all must be met)
(Allen, Picchietti, et al., 2014b)

1. An urge to move the legs usually, but not always, accompanied by,
or felt to be caused by, uncomfortable and unpleasant sensations in
the legs

2. The urge to move the legs and any accompanying unpleasant
sensations begin or worsen during periods of rest or inactivity such
as lying down or sitting

3. The urge to move the legs and any accompanying unpleasant
sensations are partially or totally relieved by movement, such as
walking or stretching, at least as long as the activity continues

4. The urge to move the legs and any accompanying unpleasant
sensations during rest or inactivity only occur or are worse in the
evening or night than during the day

5. The occurrence of the above features is not solely accounted for as
symptoms primary to another medical or a behavioural condition
(e.g., myalgia, venous stasis, leg edema, arthritis, leg cramps,
positional discomfort, habitual foot tapping)

TABLE 2
et al., 2011))

RLS mimics (adapted from (Garcia-Borreguero

Peripheral neuropathies
Radiculopathies

Positional discomfort

Painful legs and moving toes
Nocturnal legs cramps

Vascular claudication, spinal claudication
Peripheral vascular disease

Varicose veins

Propriospinal myoclonus

Sleep myoclonus

Fasciculations

Akathisia

Attention deficit hyperactivity disorder

Volitional movements, foot tapping, leg rocking

8.2 | Differential diagnosis

In many cases of comorbidities, it is difficult to discern if RLS-like
symptoms are due to comorbidities or represent true RLS. Potential
RLS mimics are listed in Table 2 (adapted from Garcia-Borreguero
et al.,, 2011 on behalf of the European RLS Study Group, EURLSSG)
and briefly explained below.

Polyneuropathy (PN) can mimic RLS symptoms but can also rep-
resent a comorbidity in people with RLS. Typical PN symptoms are
pain, numbness and tingling beginning mostly in the periphery (feet),
whereas in RLS the symptoms tend to begin in the calves. Also, the
classical RLS diurnal pattern of symptoms’ worsening in the evening is
lacking in people with PN. Considering PN of different aetiologies, the
prevalence of RLS varies from 5.2% (Rutkove, 1996) to 53.7%
(Ondo & Jankovic, 1996).

Akathisia represents an internal urge to move, mostly without cir-
cadian pattern. It can be induced by medications, such as selective sero-
tonin reuptake inhibitors (Lane, 1998), neuroleptics, and dopamine-
antagonists.

Nocturnal leg cramps are sudden painful sensations in the legs,
usually unilateral, occurring during the night and mostly associated
with a palpable contraction of the muscles.

Sleep myoclonus manifests with involuntary jerks when falling
asleep, not associated with an urge to move.

Propriospinal myoclonus is characterised by jerky repetitive
movements of the whole body.

Vascular and spinal claudication present with pain in the legs, mostly
when standing or after periods of walking, without a circadian pattern.

Radiculopathies present typically with unilateral painful sensa-
tions and/or sensory/motor deficits with radicular distribution and do
not improve with dopaminergic medication.

Painful legs and moving toes is a disorder characterised by irregu-
lar movements of toes, without an urge to move the legs. These
movements cannot be voluntarily suppressed or only temporarily
(Dressler, Thompson, Gledhill, & Marsden, 1994). In contrast to RLS,
the symptoms are not relieved by movements, do not present a circa-
dian pattern and there is no urge to move.

Attention deficit hyperactivity disorder (ADHD) can present with
an urge to move associated with an internal restlessness, with increased
difficulties in falling asleep. Comorbid RLS is frequent in ADHD
(Cortese et al., 2005).

9 | ASSESSMENT METHODS IN RLS

Methods to assess RLS have been developed for various scenarios includ-
ing epidemiological studies, treatment trials, and in a diagnostic or clinical
context for different aims including the assessment of the presence/
absence of RLS, of RLS severity, of RLS treatment response, and of RLS
augmentation. Assessment methods include scales and questionnaires
(both self-applied and in interview form), interviews, and instrumental
methods. Table 3 lists the most important assessment tools for RLS.

For the diagnostic assessment of RLS in an epidemiological context
currently no screening instruments can be recommended as stand-
alone solutions (Fulda et al., 2021). This recommendation is based on a
systematic review and meta-analysis showing that RLS screening
instruments have insufficient specificity, thus identifying as RLS a large
number of false-positives (Fulda et al., 2021). Such instruments can,
however, be used to screen RLS candidates, whose RLS status should
then be verified by experts familiar with both RLS diagnostic criteria as
well as RLS mimics. They might also be used in a clinical context with a
high pretest probability of RLS, when an expert evaluation is part of the
diagnostic process. Among the diagnostic instruments that have been
used in multiple studies are the 3|4 questions (Rothdach, Trenkwalder,
Haberstock, Keil, & Berger, 2000) and variants, the Wayne Hening
Telephone Diagnostic Interview (Hening, Allen, Washburn, Lesage, &
Earley, 2008), and the Cambridge Hopkins RLS questionnaire (Allen,
Burchell, MacDonald, Hening, & Earley, 2009).
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TABLE 3 Common instruments for the assessment of RLS
Scope ) Treatment .
RLS severity response RLS augmentation Reference
Clinical setting,
Epidemiological high pre-test RLS
Instrument studies probability
Self-completed scales and questionnaires
IRLS self-administered No No Yes Possibly Possibly Sharon et al., 2019
RLS-6 scales No No Yes Yes Possibly Kohnen et al.,, 2016
3|4 questions [Berger] (Yes) Yes No No No Allen et al., 2003;
Rothdach et al., 2000

Cambridge Hopkins RLS (Yes) Yes No No No Allen et al., 2009

questionnaire
Interview based instruments
IRLS interview version No No Yes Yes Possibly Walters et al., 2003
Hening telephone (Yes) Yes No No No Hening et al., 2008;

diagnostic interview Mitterling et al., 2013

(HTDI)
Augmentation severity No No No No Yes Garcia-Borreguero

rating scale (ASRS) et al.,, 2007
Instrumental examinations
Suggested immobilisation - Yes Possibly Possibly Possibly Michaud et al., 2002;

test (SIT) Montplaisir et al., 1998
Multiple suggested - Possibly Yes Yes Possibly Garcia-Borreguero

immobilisation test

IRLS: International Restless Legs Syndrome Study Group Rating Scale.

For the assessment of RLS severity the International Restless
Legs Syndrome Study Group Scale (IRLS), a 10-item scale with a score
ranging from O to 40 points, is by far the most used scale and has
been used in all recent RLS trials (Walters et al., 2003). The original
IRLS is an interview-based scale, but a self-administered version has
been recently validated (Sharon et al., 2019). Besides the IRLS, also
the RLS-6 scale, an instrument created by members of the EURLSSG
to quantify RLS severity with six items (each ranging from O to 10),
has been used in multiple studies, including medication trials (Kohnen
et al,, 2016).

For the assessment of augmentation currently only one validated
instrument is available, the Augmentation Severity Rating Scale, devel-
oped by the EURLSSG (Garcia-Borreguero et al., 2007).

A key in RLS
immobilisation test (SIT), where the subject is asked not to move for an

instrumental assessment is the suggested
extended period of time (typically 1 hour), during which the urge to
move as well as PLMs are quantified, with both measures increasing
over time and being significantly more pronounced in subjects with RLS
compared with healthy controls (Montplaisir et al., 1998). Recently, an
extended protocol with multiple SITs (mSIT) over the course of the day
has also been validated (Garcia-Borreguero et al., 2013). The SIT is suit-
able for diagnostic purposes, for the quantification of treatment
response and possibly also for assessment of augmentation, especially
in the case of the mSIT.

Among the assessments that have been initially validated but sub-

sequently not independently evaluated are the RLS Diagnostic Index,

etal., 2013

a protocol combining information on the RLS diagnostic criteria,
response to dopaminergic treatment, and polysomnographically dem-
onstrated PLMS (Benes & Kohnen, 2009) and the L-DOPA test
(Stiasny-Kolster, Kohnen, Moller, Trenkwalder, & Oertel, 2006), a
standardised protocol to evaluate the acute response to a dopaminer-
gic medication.

To the best of our knowledge there are no validated instruments
for the assessment of RLS in children, although several instruments
including a Pediatric RLS Severity Scale have been developed
(Arbuckle et al., 2010; Riar et al., 2013).

Finally, although the presence of PLMS is a supportive criterion
for RLS, the observation of PLMS has a very low diagnostic value for
the presence of RLS, i.e., most subjects with PLMS do not have RLS.
Since actigraphy is no longer recommended for the assessment of
PLMS (Ferri et al., 2016a, 2016b; Smith et al., 2018) owing to con-
cerns on diagnostic accuracy (Plante, 2014), polysomnography is cur-
rently the only recommended option for PLMS assessment, and is not

part of the standard diagnostic process for RLS.

10 | EPIDEMIOLOGY OF RLS

10.1 | RLS in general population

Restless legs syndrome is a common disorder according to most of

the epidemiological studies performed in both general and specific
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disease populations (Ferini-Strambi, Walters, & Sica, 2014; Khachatryan,
Ghahramanyan, Tavadyan, Yeghiazaryan, & Attarian, 2020; Lebrato
Hernandez et al., 2022; Manconi et al., 2021; Trenkwalder et al., 2016).
Overall, the prevalence of RLS in the general population ranges from
2.5% to around 10% (Garcia-Borreguero et al., 2006). The prevalence of
RLS differs depending on the geographical region of Earth and altitude
(Gupta, Ulfberg, Allen, & Goel, 2017; Manconi et al., 2021; Stefani,
Heidbreder, Hackner, Burtscher, & Hogl, 2017).

Ekbom initially reported a RLS prevalence of 5% (Ekbom, 1945),
which was later confirmed in the general Swedish adult population
(Ulfberg et al., 2007). The most common impression from available
prevalence studies is that Western countries have a higher prevalence
of RLS than Asian and South American populations. Moreover, preva-
lence is almost universally higher in females and increases with age
(Berger, Luedemann, Trenkwalder, John, & Kessler, 2004; Cakmak
et al., 2015; Castillo, Kaplan, Lin, Fredrickson, & Mahowald, 2006;
Cho et al., 2008; Garcia-Borreguero et al., 2012). Several studies con-
firm a high prevalence of RLS in European countries. In a large study
(h = 701) from Austria, RLS was observed in 10.6% of participants
with a female preponderance (Hogl et al., 2005). A large telephone
survey in five European countries (UK, Germany, Italy, Portugal, and
Spain) found a 5.5% average prevalence of RLS (Ohayon &
Roth, 2002). Prevalence studies from North America are in line with
the above-mentioned findings (Hening et al., 2004; Innes, Selfe, &
Agarwal, 2011).

Of note, a study from Germany found a high incidence rate of
RLS of 9.1% and 7% in two cohorts (n = 1312 and 4308 respectively)
with a follow-up duration 2.2 and 5.2 years, with a low persistence of
RLS over time of 41.5% and 47.4%, respectively (Szentkiralyi,
Fendrich, Hoffmann, Happe, & Berger, 2011).

The observed differences may refer to the natural course of the
disease, depend on the RLS severity, pregnancy status, and various
comorbidities. Also, utilisation of different methodologies may play a
role, such as single practice prevalence as in the first report by Ekbom
(Ekbom, 1945), versus conducting door-to-door interviews, sending
mails, and validating telephone survey protocols (Erer, Karli, Zarifoglu,
Ozcakir, & Yildiz, 2009; Garcia-Borreguero et al., 2006; Hening
et al., 2008).

10.2 | RLS during pregnancy

RLS occurs in up to one third of pregnant women (21%-31%) and is
more frequent in the third trimester of pregnancy. In many cases it
disappears after delivery. The primary occurrence of RLS during preg-
nancy represents a risk factor for developing RLS later in life (4-fold
increase) or in the following pregnancies. European Research Groups
in Switzerland, Italy, Slovakia, Germany published in the past years
new data regarding the prevalence and management of RLS during
pregnancy (Cesnik et al., 2010; Garbazza & Manconi, 2018; Goecke,
Schnakenberg, Frensch, & Chechko, 2020; Manconi et al., 2004;
Minar, Habanova, Rusnak, Planck, & Valkovic, 2013; Silvestri &
Arico, 2019).

10.3 | RLSn children and adolescents

The prevalence of RLS of 1.9%-3.6% in children and adolescents was
reported in several studies (Yilmaz, Kilincaslan, Aydin, & Kor, 2011).
RLS is likely underdiagnosed in these groups, and the diagnosis can be
improved with symptom description in age-adapted terms. RLS in this
special patient group is often associated with psychiatric conditions
and certain medications, such as antidepressants and antipsychotics
(DelRosso, Mogavero, Baroni, Bruni, & Ferri, 2021). A genetic suscepti-
bility in RLS occurring at young age is also assumed, since children who
develop RLS have at least one parent with RLS (Mubhle et al., 2008).

11 | TREATMENT OF RLS

11.1 | European guidelines
Treatment for RLS should be initiated when symptoms impair the
patient's quality of life, daytime functioning, social functioning, or
sleep. Furthermore, consideration should be given to fully replenish
iron stores and to maximise non-pharmacological treatments before
initiating drug treatment. It is recommended that all measures (includ-
ing oral iron supplements and, in some cases, i.v. iron administration)
are taken to ensure that ferritin levels are raised above 75 ng/mL
(Allen et al., 2018). The use of medications that are known to exacer-
bate RLS symptoms should also be reconsidered; these include anti-
histamines, dopamine antagonists, serotonergic reuptake inhibitors,
beta-blockers, some anticonvulsants, and lithium (Winkelman, 2006).
Current European guidelines for the management of RLS were first
established by the European Federation of Neurological Societies in
2012 (Garcia-Borreguero et al., 2012) and are currently being updated
by a dedicated taskforce of the European Academy of Neurology.
Current guidelines recommend the use of pharmacological strategies
for moderate to severe RLS and the use of dopamine agonists and
a26-ligands for both the short- and long-term treatment of RLS.
Pramipexol, ropinirole, and rotigotine were considered to be effective for
up to 6 months in the treatment of RLS. However, caution is recommended
during long-term treatment with dopamine agonists due to the risk of
augmentation. In 2016, the EURLSSG published guidelines on the preven-
tion and treatment of augmentation (Garcia-Borreguero et al., 2016)
which included a change in the recommended first line treatment of RLS
(to 25-ligands), following the results of a long-term comparison between
a dopamine agonist and an a28-ligand (Allen, Chen, et al, 2014a).
Of note, the a28-ligands gabapentin and pregabalin, although available, are
not approved for RLS in Europe. On the other hand, prolonged-release
oxycodone-naloxone is considered effective and is approved in Europe for
treatment-resistant RLS (Trenkwalder et al., 2013).

12 | AUGMENTATION

The first operational definition of augmentation was described at a
conference in Munich in 2006. Augmentation was identified as an
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iatrogenic worsening of symptom severity, manifested mainly by an
earlier onset of symptoms in the afternoon compared with before
treatment was initiated (Garcia-Borreguero et al., 2007). Augmenta-
tion is a class-specific complication of any dopaminergic treatment
(Garcia-Borreguero & Williams, 2014).

The actual prevalence of augmentation is controversial, as it var-
ies according to the drug, its dose, the duration and type of study, and
the criteria used to evaluate augmentation. Nevertheless, the aug-
mentation rates increase with the duration of the studies: in short-
term studies augmentation rates of < 10% have been reported (Allen,
Chen, et al., 2014a; Garcia-Borreguero et al., 2012; Hogl et al., 2011;
Oertel et al., 2008) while in studies lasting 2-3 years augmentation
rates are at 30% (Allen et al., 2011; Ondo, Romanyshyn, Vuong, &
Lai, 2004; Silber, Girish, & lzurieta, 2003), and in two very long-term
studies (approx. 10 years) augmentation has been reported to be
42%-68% (Garcia-Borreguero et al., 2019; Silver et al., 2011).

Augmentation manifests as a frequently fluctuating but slowly
progressive increase in symptom severity and as such, it is difficult to
differentiate from RLS symptoms per se. Due to its progressive
nature, it does not become evident immediately after treatment
initiation.

Furthermore, the most recent guidelines (Garcia-Borreguero
et al,, 2016) seek to facilitate the identification of augmentation in clini-
cal practice by recommending physicians to ask four screening ques-
tions on any patient undergoing treatment with dopaminergic agents:

1. Do RLS symptoms appear earlier than when the drug was first
started?

2. Are higher doses of the drug now needed, or do you need to take
the medicine earlier, to control the RLS symptoms compared with
the original effective dose?

3. Has the intensity of symptoms worsened since starting the
medication?

4. Have symptoms spread to other parts of the body (e.g., arms) since

starting the medication?

The deterioration of RLS severity taking place during augmentation
reduces the response rate not only to dopaminergic medications, but also
to future treatment with «25-ligands (Garcia-Borreguero et al., 2019).
Due to the lack of response to most treatments, the EURLSSG was piv-
otal in the establishment of new treatment guidelines at a 2016 confer-
ence in Munich by recommending the initiation of RLS treatment with

non-dopaminergic agents (Garcia-Borreguero et al., 2016).

13 | OTHER COMPLICATIONS OF RLS
TREATMENT WITH DOPAMINE AGONISTS

Reports of impulse control disorders (ICDs, mainly gambling, punding,
and hypersexuality) in people with RLS under dopamine agonist ther-
apy started around 15 years ago (D'Orsi, Demaio, & Specchio, 2011;
Driver-Dunckley et al., 2007; Evans & Stegeman, 2009; Jones &
George, 2011; Quickfall & Suchowersky, 2007; Tippmann-Peikert,

Research

Park, Boeve, Shepard, & Silber, 2007). After these first case reports,
case-control studies were conducted reporting a frequency of 7%-21%
of any ICD in people with RLS treated with dopamine agonists.

Despite the well-known association between the use of dopa-
mine agonists and ICDs, a large study conducted by the Montpellier
group comparing people with RLS treated with low-dose dopamine
agonists for a median of 11 months with drug-free people with RLS
found no differences in impulsivity scores and ICDs between the two
groups (Bayard, Langenier, & Dauvilliers, 2013). A more recent smaller
study reported a 39.7% frequency of ICD symptoms, and a 20.7%
frequency of definitive ICDs in a cohort of people with RLS with and
without augmentation. However, patients with augmentation had an
almost 6-fold increased risk of exhibiting ICD symptoms (Heim
et al., 2016). A further study by the same group suggested that
augmentation is associated with poorer decision making, even in the
absence of ICD symptoms (Heim et al., 2021).

Adding to that, abnormalities in emotional processing (Ellmerer,
Heim, et al., 2020a) and impaired executive function (Ellmerer, Stefani,
et al., 2020b) have been described in people with RLS with current
or past augmentation compared with RLS patients who never had
augmentation and healthy controls.

A 2-week randomised, double-blind, crossover, and placebo-
controlled study in a single, referral centre in dopamine-treatment-
naive patients and non-augmented patients continuously treated with
dopaminergic agents for the past five consecutive years assessed the
treatment response to gabapentin enacarbil versus placebo after
washout of any previous CNS-active drug. Of note, improvement
during treatment (assessed with IRLS scale, clinical global impression
(CGl) scale, and mSIT) was greater in the dopamine-treatment-naive
group compared with the long treatment with dopamine agonists
group (Garcia-Borreguero et al., 2019).

All these findings have strong implications for the initial choice of
RLS treatment, supporting current recommendations to start treatment
only when symptoms are disturbing and not to start with dopaminergic
agents (Garcia-Borreguero et al., 2016), to prevent not only augmenta-
tion but also other complications of dopaminergic treatment for RLS.

14 | FUTURE DIRECTIONS

Although RLS had been described centuries ago, awareness of the
disease should be enhanced including the development of specific
diagnostic tools in special populations such as children, and an improve-
ment of screening methods.

Despite a considerable amount of research on RLS and improved
knowledge of its pathophysiology, this is a complex multifactorial dis-
order and many aspects still need to be clarified. A better understand-
ing of RLS pathophysiology is crucial for improving the management
of the disease and developing new treatments. These are much
needed, considering that limited options are available now. Also,
awareness of augmentation and guidelines for its prevention should
be improved among general practitioners and general neurologists, to

avoid a misuse of dopamine agonists in people with RLS.
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A better understanding of the disease can be achieved through
large multicentre studies, which would allow improving clinical, neuro-
physiological, laboratory, imaging and genetic characterisation of RLS.
This might lead to the identification of different phenotypes enabling
personalised approaches with potential treatment implications.
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