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Abstract

Restless legs syndrome (RLS) is a circadian disorder with both sensory and
motor components. It is characterized by an uncomfortable feeling in the legs that
typically occurs in the evening time at rest, and urges movement. It is a hereditary
disorder that affects up to 30% of Western populations at some point in their lives,
and requires medical attention in 2% of the population. RLS may appear
independently of other medical conditions, or related to pregnancy or renal failure.
Most patients with RLS also have periodic leg movements (PLM) during sleep.
Dopaminergic medication alleviates RLS and suppresses PLLM efficiently.

The pathophysiology of RLS is currently not known. Most commonly, the
origin has been suggested to be in the brain or spinal cord, but the findings have
been slightly inconsistent. Therefore, other mechanisms have been suggested.
Recent studies have demonstrated the activation of hypoxic pathways in the legs of
RLS patients, suggesting peripheral involvement. However, the reason why these
pathways are activated remains unknown. The aim of this work was to investigate
potential hypoxia and hypercapnia in patients with RLS and the autonomic
activations coupled to PLM.

The partial pressure of oxygen and carbon dioxide (ptO2 and ptCO2,
respectively) was investigated in the skin tissues of the legs of 15 RLS patients and
14 healthy controls during provocation of RLS symptoms. Transcutaneous
measurements were used to estimate the partial pressures. Simultaneously, skin
temperature, oxy-hemoglobin saturation (SaO2) and subjective discomfort were
monitored. During the night, a polygraphic sleep study was performed to a subset
of patients. The sleep study included recording of the plethysmogram signal from
the toe in order to detect events of vasoconstriction.

The patients with RLS showed lower oxygen levels in their legs (5.54kPa vs.
7.19kPa, p<0.01) but not on the chest (8.75kPa vs. 8.20kPa, p=0.355), when
compared to the control subjects. The oxygen level was found to correlate with the
severity of RLS. The skin temperatures or the levels of SaO2 or ptCO2 did not
differ between patients and controls. During sleep, the PLM were associated with

transient events of vasoconstriction in a subset of RLS patients. The administration



of pramipexole raised the peripheral oxygen levels (from 5.54kPa to 6.65kPa,
p<0.05) and suppressed PLM and vasoconstriction events.

PLM were also investigated in a patient with a complete spinal cord injury with
four polygraphic sleep recordings. The patient had a heavy burden of PLM at
baseline. The PLM were temporally disconnected from the cortical and autonomic
arousals. When a single dose of pramipexole was administered, the PLM were
suppressed.

The data presented here provides evidence that hypoxia may be the reason
behind the activation of hypoxic pathways in the periphery of RLS patients. The
hypoxia could have a role in the pathogenesis of RLS, suggested by the connection
with RLS severity. However, the hypoxia is not likely to be caused by reduced
blood flow, as indicated by the normal skin temperature. Evidence suggests that
pramipexole redirects blood flow to the periphery and resolves the local hypoxia.
This could be a potential new site-of-action of dopaminergic therapy.

Regarding PLLM, our data describes for the first time the transient peripheral
vasoconstriction related to the leg movements. The effect of pramipexole implies
that the vascular events are in tight causal relationship with the leg movements. On
the other hand, it was shown that PLM may appear and may be suppressed by
pramipexole without a connection to the brain. This suggests that the PLLM in our
patient are generated somewhere below the level of the lesion, either in the spinal
cord or the periphery.

In conclusion, this work provides further evidence supporting the involvement
of peripheral systems in the generation of both RLS symptoms and PLM. Possible
systems involved in the peripheral aspects of RLS are the autonomic nervous
system, oxygen transportation, blood circulation or hypoxic pathways. Although
consistent, the findings should at this point be considered preliminary and need to
be confirmed in future studies.



Tiivistelma

Levottomat jalat -oireyhtymid (RLS) on yleinen sairaus, jolla on sekd sensorisia
ettd motorisia ominaispiirteitd. Sen tyypillisimpid oireita on jaloissa illalla esiintyva
epamiellyttivi tunne, joka pakottaa litkuttamaan jalkoja ja pahenee levossa. RLS on
vahvasti perinnollinen sairaus, josta kirsii eliminsi aikana jopa 30 % Linsimaiden
asukkaista. Se kuitenkin vaatii hoitoa vain noin kahdella prosentilla viestostd. RLS
vol liittyd raskauteen tai munuaisten vajaatoimintaan, mutta se voi esiintyd myos
ilman erillistd syytd. Suurimmalla osalla RLS:sta kirsivistd potilaista voidaan todeta
periodisia  jalkojenliikkeitd ~(PLM) unirekister6innissa. Dopamiinin  tapaan
vaikuttavat lddkkeet poistavat RLS-oireen seki Oiset jalkojenliikkeet tehokkaasti.

RLS-oireen alkuperia ei tiedetd. Yleisimmin hyviksytyn teorian mukaan oireen
alkuperd on aivoissa tai selkdytimessd, mutta kaikki havainnot eivit ole tukeneet
nditd vaitteitd. Tdmid on johtanut vaihtoehtoisten teorioiden kehitykseen.
Viimeaikaiset tutkimustulokset ovat osoittaneet hypoksiaan liittyvid merkkeja RLS-
potilaiden jalkojen lihaksissa, mikd voisi tarkoittaa hypoksian sekd periferisten
jarjestelmien keskeistd roolia RLS:ssa. Niiden 16ydosten mekanismia ei kuitenkaan
tunneta. Taman tyon tarkoitus oli tutkia mahdollista hypoksiaa ja hyperkapniaa seka
jalkojen liikkeisiin liittyvid autonomisia vasteita RLS-potilailla.

Koehenkiléiden jalkojen ja rinnan ithokudoksen happi- ja hiilidioksidiosapaineita
mitattiin transkutaanisesti 15 RLS:sta kidrsivilld potilaalla sekd 14 terveelld
verrokkihenkil6lld oireiden provosoinnin yhteydessd. Samaan aikaan mitattiin ihon
limpdtilaa, valtimoveren happisaturaatiota seki itse raportoitua subjektiivista
jalkojen epdmukavuutta. Yon aikana osalle koehenkil6istd tehtiin unirekisterdinti,
johon kuului veren happisaturaation ja pletysmografian mittaaminen koehenkilén
varpaasta. RLS-potilaat kdvivit lipi mittaukset sekd ilman lddkitystd ettd
pramipeksoli-lidkkeen ottamisen jilkeen.

RLS-potilaiden jalkojen happipitoisuus oli matalampi kuin kontrollihenkil6illd
(5.54kPa vs. 7.19kPa, p<<0.01), mutta rinnalta mitattuna tilastollista eroa ei havaittu
(8.75kPa vs. 8.20kPa, p=0.355). Jalkojen happitasot olivat matalammat
vakavammasta ~ RLS-oireesta  kirsivilli  potilailla. ~ Tholimpdtiloissa  tai
hiilidioksidiosapaineissa ei ollut eroa ryhmien vililli. Unen aikana PLM-liikkeiden
yhteydessd havaittiin hetkellisid periferisid vasokonstriktioita osalla potilaista.



Pramipeksoli nosti jalkojen happitasoa RLS-potilailla ja poisti unenaikaiset
jalkojenliikkeet seki niihin liittyvit vasokonstriktiot.

PLM-liikkeitd  tutkittiin =~ my6s  potilaalla, joka  kirsi  kroonisesta
selkiydinvammasta. Potilaalle tehtiin kaksi unitutkimusta, joissa hinelld todettiin
suuri mairi jalkojenliikkeitdi huolimatta tdydellisestd selkdytimen leesiosta. Liikkeet
eivit olleet ajallisesti yhteydessd aivokuorella todettuihin havahduksiin tai sydimen
sykkeen muutoksiin. Liikkeet saatiin poistettua matalalla annoksella pramipeksolia
kolmannen unirekisteréinnin aikana.

Tassd tyossa esitellyt tulokset tuovat uutta ndyttéd siitd, ettd hypoksia on
todennikoisin tekiji RLS-potilaiden jaloissa todettujen vaskulaaristen muutosten
takana. Hypoksian suorasta yhteydesti oireen vakavuuteen voidaan paitelld, ettd se
saattaa olla tirked tekiji RLS-oireen synnyssi. Hypoksiaa ei kuitenkaan nayta
atheuttavan  vahentynyt  periferinen  verenkierto,  kuten  normaaleista
iholalmpdtiloista voi pddtelld. Rautametabolian muutokset tarjoavat vaihtoehtoisen
selitysmallin niille 16ydoksille. Tuloksista voi my6s paatelld, etta dopamiini saattaa
vaikuttaa veren virtaamiseen periferisiin kudoksiin, miké saattaisi olla mahdollinen
dopamiinin tapaan vaikuttavien lidkkeiden vaikutuskohta levottomat jalat -
oireyhtymassi.

Tidssd tyossd kuvattiin my6s ensimmiistd kertaa unenaikaisiin jalkojenliikkeisiin
liittyvit periferiset vasokonstriktiot. Pramipeksolin vaikutus saattaa merkitd sité,
ettd havaitut vaskulaariset ilmi6t liittyvit suoraan jalkojenliikkeisiin. Pramipeksoli
voi poistaa jalkojenlitkkeet myds ilman yhteyttd aivoihin potilaalla, joka kirsii
selkdydinvammasta. Tdstd voi paitelld, ettd pramipeksolin vaikutuskohta oli tissd
tapauksessa aivojen ulkopuolella, joko selkidytimessi tai periferisissd kudoksissa.

Yhteen vedettynd tdssd tyOssi esitetidn uutta todistusaineistoa periferisten
kudosten roolista RLS:n sekid sithen liittyvien unenaikaisten jalkojenliikkeiden
synnyssd. Tami syntymekanismi saattaisi johtua niin autonomisesta hermostosta,
hapenkuljetuksesta  periferisiin  kudoksiin, periferisesti verenkierrosta kuin
hypoksiaan liittyvistd jirjestelmistd. Vaikkakin tdssd ty6ssi esitetyt tulokset luovat
johdonmukaisen kokonaisuuden, on niitd pidettivd alustavina 16ydoksind ja niille

on haettava vahvistusta uusista tutkimuksista.
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1 Introduction

Restless legs syndrome (RLS) is a disorder characterized by an uncomfortable
feeling that is difficult to describe, typically occurring in the legs at night and
relieved by movement. The diagnosis of RLS is based on an interview, and no
specific objective markers are known, although most RLS patients show periodic
leg movements (PLM) in sleep recordings. The origin of RLS symptoms and PLM
has been commonly thought to be in the central nervous system, due to the quick
and efficient suppression of the symptoms by dopaminergic therapy.

However, recent results have suggested that also peripheral systems may play a
role in the generation of the RLS symptoms. First of all, the activation of hypoxic
pathways in the skeletal muscle tissues of the legs of RLS patients could be a sign
of peripheral hypoxia (Wahlin-Larsson, Ulfberg et al. 2009). The same is suggested
by the increased tortuosity of the vasculature in the same tissues (Wahlin-Larsson,
Kadi et al. 2007). There are many potential explanations for these findings. The
most likely possibility is the presence of hypoxia, caused by changes in peripheral
blood flow or metabolism. Blood flow to the periphery has been shown to be
abnormal in RLS (Anderson, Di Maria et al. 2013), supporting this theory.
However, these findings could be explained by other factors than hypoxia (Dery,
Michaud et al. 2005). Therefore, the levels of oxygen and carbon dioxide should be
measured directly in order to investigate the role of hypoxia in the activation of
these pathways in RLS.

PLM, on the other hand, have been shown to be associated with transient
autonomic activation, manifesting as elevations of heart rate (Ferri, Zucconi et al.
2007) and blood pressure (Pennestri, Montplaisir et al. 2007), as well as cyclic
alternating pattern on cortical measurements (Parrino, Boselli et al. 1996).
However, transient changes in peripheral sympathetic tone have never been
measured in relation to PLM. This could increase our knowledge of the generation
of the movements.

The general aim of this study was to investigate the peripheral phenomena
related to RLS and PLM with the help of transcutaneous measurement of tissue
gases, photoplethysmography and skin temperature. In addition, the properties of
PLM were examined in complete spinal cord injury.
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2 Review of the Literature

2.1 Restless Legs Syndrome

Restless legs syndrome (RLS) is a common sensorimotor disorder, characterized
by uncomfortable feeling in limbs during rest and the initiation of sleep.
(Trenkwalder, Paulus 2010) This may prolong the sleep onset or cause nocturnal
awakenings. Consequently, the total sleep time in patients suffering from RLS is
reduced (Hornyak, Feige et al. 2007), and it may lower the quality of life of the
patients (Happe, Reese et al. 2009). RLS is a relatively common complaint, but
requires medical intervention in only a fraction of sufferers.

The first known description of the symptoms of RLS was that of Thomas
Willis, the physician of King Charles II of England, in his book “De Anima
Brutorum quae Hominis Vitalis ac Sentitiva est: Exercitationes Duae” in 1672.
However, the term 'restless legs' was not used before 1945 when it was coined by
Karl-Axel Ekbom to describe eight of his patients (Ekbom 1945). At that moment,
the word 'syndrome' was not yet used in the context of restless legs. In the honor
of Dr. Ekbom, RLS is sometimes referred to as Ekbom disease. The syndrome has
received more and more attention in the last decades due to improved quality of
life and longer lifetimes.

Recently, the naming of RLS has been under heavy debate. Experts on RLS
research argue that the understanding of RLS has now reached maturity, and that
the symptoms and pathophysiology of RLS has been characterized well enough to
call it a ‘disease’ instead of a ‘syndrome’ (Garcia-Borreguero 2012). Therefore, it
has been suggested that RLS would be called Willis-Ekbom disease in the future, as
homage to the two pioneers of the field. However, presently the term ‘restless legs

syndrome’ is more used in the literature, and will also be used in this work.

2.1.1  Diagnosis and severity

The RLS research started to advance more rapidly after the agreement upon
diagnostic criteria. Today, the diagnosis of RLS is based on criteria established by
the International Restless Legs Syndrome Study Group (IRLSSG) in 2003 (Allen,
Picchietti et al. 2003). The essential diagnostic criteria of RLS include the following:

14



1. An urge to move the legs, usually accompanied or caused by
uncomfortable and unpleasant sensations in the legs

2. The urge to move or unpleasant sensations begin or worsen during
periods of rest or inactivity, such as lying or sitting

3. The urge to move or 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 or unpleasant sensations are worse in the evening or
night than during the day or only occur in the evening or night (Allen,
Picchietti et al. 2003).

These diagnostic criteria are still in use. Recently, an additional essential
criterion has been suggested, excluding common mimics of RLS, such as cramps
and neuropathies (Hening, Allen et al. 2009). In particular, the symptoms should be
differentiated from akathisia, a common condition induced by neuroleptics. In
akathisia, however, the symptoms do not have a circadian component (Sachdev
1995). Therefore, a fifth criterion has been added to the essential diagnostic
criteria:

5. The symptoms are not explained by other neurological conditions.

Additionally, RIS might be associated with the following additional clinical
features, which may help in cases of diagnostic uncertainty (Allen, Picchietti et al.
2003):

0. Positive family history of RLS
7. Response to treatment with dopaminergic drugs
8. Periodic limb movements in sleep.

The neurological examination in these patients is often normal, although
peripheral neuropathy may be found in some patients (Ondo, Jankovic 1996). The
symptoms often arise in middle age, and worsen with age, often causing increasing
sleep disturbance (Allen, Picchietti et al. 2003).

The severity of RLS can be evaluated by questionnaires, regarding the intensity
of the subjective symptoms of RLS, such as the urge to move legs. IRLSSG has
also developed a severity rating scale for clinical use (Walters, L.eBrocq et al. 2003).
The questionnaire ranks the severity of RLS based on ten questions. Each question
is answered in the range of 0-4 representing increasing RLS severity, thus providing
a final scale from 0 to 40. 1-10 points indicate mild, 11-20 moderate, 21-30 severe
and 31-40 very severe RLS. The minimal clinically significant change on the rating
scale for pharmaceutical studies is considered to be six points (Allen 2013). A
factor analysis revealed two subscales within the IRLSSG (International Restless

15



Legs Syndrome Study Group) severity scale. (Allen, Kushida et al. 2003) One
subscale can be used to measure symptom severity (6 questions) and the other to
evaluate the symptom impact on daily living (4 questions).

Other questionnaires exist for evaluating RLS severity and impact. These
include the RLS 6-item questionnaire (Kohnen, Oertel et al. 2003), and the RLS
quality of life questionnaire (RLS-QolL) (Abetz, Vallow et al. 2005). A recent article
compared these two questionnaires and a commonly used Clinical Global
Impression item 1 (CGI-1) to the IRLSSG scale. The authors concluded that the
inter-correlation of the questionnaires is good and that the IRLSSG scale together
with CGI-1 is sufficient for evaluating RLS severity and impact in clinical trials
(Allen, Oertel et al. 2013).

The suggested immobilization test (SIT) can be used as a specific tool for the
diagnosis of RLS and the evaluation of its severity (Montplaisir, Boucher et al.
1998). In the SIT test, the patient sits on a bed while keeping the legs still for 60
minutes. During this time, possible voluntary or involuntary leg movements are
detected through EMG recording of the anterior tibial muscle. The movements are
then analyzed from the EMG recording with similar criteria that are used in
evaluation of periodic leg movements (Michaud, Poirier et al. 2001). In patients
suffering from RLS, periodic leg jerks may occur during the immobilization. A leg
movement index can be computed to estimate the severity of RLS. A variation of
this test, the forced immobilization test, may be used in some cases to assess the
responses of the RLS patients to immobilization (Montplaisir, Boucher et al. 1998).
However, this test may produce considerably more discomfort to the patient.

2.1.2  Epidemiology and genetics

The prevalence of RLS in Caucasian populations is evaluated between 4 and 29
% of the adult populations in different epidemiological studies (Innes, Selfe et al.
2011). In the USA, the largest study so far has estimated the prevalence as 5.8% in
the general population (Gao, Schwarzschild et al. 2009). The prevalence of
clinically significant RLS has been assessed in two large studies. In a European
population the prevalence was reported at 2.1% (Allen, Stillman et al. 2010)
whereas in North America the corresponding prevalence was 2.7% (Allen, Walters
et al. 2005). The incidence of RLS has been estimated to be at 1.7% per year in a
North American population (Budhiraja, Budhiraja et al. 2012) and at 2.2% in
Germany (Szentkiralyi, Fendrich et al. 2011). Higher incidence of RLS has been

associated with people in less favourable socio-economic conditions (Szentkiralyi,
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Fendrich et al. 2012). In European studies, a prevalence of 8.5% was found in
France (Tison, Crochard et al. 2005) and of 10.5% in Germany (Berger,
Luedemann et al. 2004). In the only Finnish study, the prevalence was estimated to
be 17.5% (Juuti, Laara et al. 2010) in a 57-year-old population in Northern Finland.
In Southern Europe and in Asian countries, however, the prevalence of RLS is
lower than in Northern Europe (Tan, Seah et al. 2001, Hadjigeorgiou, Stefanidis et
al. 2007).

In addition to adults, RLS may also be found in children and adolescents.
Slightly different diagnostic criteria are used for pediatric RLS than for adult RLS.
Possible RLS may be diagnosed if the child is observed to seem restless or
uncomfortable in situations precipitating RLS symptoms (Picchietti, Bruni et al.
2013). The prevalence of definite or probable RLS in pediatric populations has
been estimated to be up to 5.9% (Kotagal, Silber 2004). The significant overlap of
symptoms with attention-deficit/hyperactivity disorder (ADHD), muscle pain and
growing pains make the diagnosis challenging.

RLS is a highly hereditary condition, as established already by early familial
aggregation studies. In these studies it was reported that a significant portion of
patients suffering from idiopathic RLS also reported RLS among the first-degree
relatives: the percentage of familial RLS among these patients has varied in
different studies from 63% (Montplaisir, Boucher et al. 1997) to 92% (Ondo,
Jankovic 1996). This is especially true for those patients with the onset of RLS at
an early age, before 20 years old (Walters, Hickey et al. 1996).

In more recent genome-wide association studies, RLS has been associated with
several genetic loci. A study in German and Canadian RLS populations showed
associations with variants of MEIS1 and BTBD?Y loci, as well as a locus including
MAP2K5 and LBXCOR1 (Winkelmann, Schormair et al. 2007). Another study,
focusing only on patients with RLS and objectively reported periodic leg
movements, also found association with a2 common variant in the intron of
BTBD9Y (Stefansson, Rye et al. 2007). The results have been confirmed since in
other populations, including the Finnish RLS patients (Kemlink, Polo et al. 2009,
Yang, Li et al. 2011). In addition to these loci, also variants of the neuronal nitric
oxide synthase (nNOS) gene have been associated with RLS in an association study
(Winkelmann, Lichtner et al. 2008).

Recently, the MEIS1 locus, associated with RLS, has been further characterized
from the neurodevelopmental viewpoint (Spieler, Kaffe et al. 2014). It was
established in mouse and zebrafish models that the single-nucleotide
polymorphism of MEIS1, previously associated with RLS, has a crucial role in the
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development of the nervous system, in particular the forebrain. This indicates that
the gene is active in the developmental phase of the telencephalon and not in the
adult brain, suggesting that RLS could have elements of a neurodevelopmental
disorder.

With the help of this information, there have been attempts to create an animal
model of RLS in the mouse (Deandrade, Johnson et al. 2012) and the fruit fly
(Freeman, Pranski et al. 2012), as well as in non-human primates (Barraud, Obeid
et al. 2010). However, many challenges exist in the creation and validation of this
model (Manconi, Hutchins et al. 2007). A major obstacle is the fact that RLS is
defined as a set of subjectively reported symptoms, and no objective chemical or
neurological markers of RLS exist that would be specific and accurate enough for
testing. Until now, motor markers resembling PLM or nocturnal restlessness have
been used in validation of these models (Manconi, Hutchins et al. 2007). When a
valid animal model is created, it could be the perfect tool for studying disease
aetiology and treatment options.

2.1.3  Secondary forms of RLS

RLS may exist as an idiopathic syndrome (with no association to any other
concomitant disease) or secondary to some other condition or disease. The most
common conditions increasing the incidence of RLS are end-stage renal disease,
pregnancy and iron deficiency.

Patients with end-stage renal disease have been shown to have significantly
increased prevalence of RLS, compared to the general population, estimated to be
between 18.4% (Merlino, Piani et al. 2006) and 45.8% (Siddiqui, Kavanagh et al.
2005). RLS has been shown to decrease the individual’s quality of life (Abetz, Allen
et al. 2004), as well as to increase the mortality of RLS patients (Li, Wang et al.
2013). The same genetic variants, MEIS1 and BTBDY, associated with idiopathic
RLS, have been shown to be associated with uremic RLS patients (Schormair, Plag
et al. 2011). In these patients, RLS is often resolved upon receiving a kidney
transplant, fixing the initial renal problem (Azar, Hatefi et al. 2007).

RLS is a frequent but transient problem during pregnancy. The estimations of
the prevalence of RLS among pregnant women range from 10.4% (Chen, Liou et
al. 2012) to 34% (Uglane, Westad et al. 2011). The latest European studies show a
prevalence of 29.6% (Sarberg, Josefsson et al. 2012). In most cases, the symptoms
peak at the third trimester and are alleviated within days after delivery (Manconi,
Govoni et al. 2004). Even if the symptoms disappear after delivery, these women
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have a high risk to develop RLS later in life (Cesnik, Casetta et al. 2010). It has
been suggested that the gender difference in RLS prevalence (Szentkiralyi, Fendrich
et al. 2011) could be explained by pregnancy (Pantaleo, Hening et al. 2010). In this
study, the researchers found no significant difference between the prevalence of
RLS among women who never gave birth and men. It has been suggested that the
connection between pregnancy and RLS could be due to an interaction between
estradiol and dopamine (Pereira, Rocha e Silva et al. 2013). To date, no genetic
studies exist in RLS secondary to pregnancy, but it was recently shown that family
history of RLS is a predictor also for RLS during pregnancy (Hennessy, De La
Torre 2013).

Another significant risk factor for RLS is iron deficiency anemia. The
prevalence of RLS in patients with iron deficiency anemia has been reported to be
up to nine times higher than in the general population (Allen, Auerbach et al.
2013). Treatment of the iron deficiency with IV or oral iron supplements often
resolves RLS in these patients (Allen, Adler et al. 2011). Low ferritin levels and
abnormal iron metabolism in the central nervous system have also been reported in
patients with idiopathic RLS (Mizuno, Mihara et al. 2005), which makes the
connection between iron homeostasis and RLS interesting.

In addition to these three most common types of secondary RLS, other
disorders have been associated with an elevated prevalence of RLS. The most
obvious of these conditions are perhaps different sleep disorders. RLS has been
associated especially with obstructive sleep apnea (Lakshminarayanan, Paramasivan
et al. 2005, Ohayon, Roth 2002) and narcolepsy (Plazzi, Ferri et al. 2012), but also
with sleep-disordered breathing (Roux 2013).

RLS has also been associated with numerous neurological conditions. Most
studies have been able to demonstrate the association between peripheral
neuropathy and RLS (Luigetti, Del Grande et al. 2013, Cho, Na et al. 2013), with
one study suggesting more prominent RLS only in the hereditary forms of
neuropathy (Hattan, Chalk et al. 2009). RLS is also associated with Parkinson’s
disease (PD) (Ondo, Vuong et al. 2002), although the results are conflicting (Loo,
Tan 2008). The relationship between RLS and PD is particularly interesting, as
both disorders are effectively treated by dopamine agonists. The prevalence of RLS
in the population of PD has been evaluated in several studies, the results ranging
from 0% to 20.8%. Some studies suggest that the association could be iatrogenic, a
result of long-term dopaminergic treatment rather than of PD itself (Lee, Shin et al.
2009, Calzetti, Angelini et al. 2013). In addition to Parkinsonism and neuropathy,

also multiple sclerosis (MS) has been associated with RLS in several studies
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(Schiirks, Bussfeld 2013). The results obtained in patients with MS or PD may be
biased by the difficult discrimination between the sensory symptoms of these
conditions and RLS.

RLS may also be connected with different kinds of neuropathies, although this
connection is still debated (Rajabally, Martey 2013). In epidemiological studies,
RLS has been associated with peripheral axonal neuropathy (Iannaccone, Zucconi
et al. 1995), painful polyneuropathy (Gemignani, Vitetta et al. 2013) and diabetic
peripheral neuropathy (Cho, Na et al. 2013). Late-onset RLS with no family history
has also been associated with loss of small sensory fibers in the periphery
(Polydeftkis, Allen et al. 2000).

Other medical conditions have been reported to increase the risk of RLS.
Intestine and bowel diseases, such as irritable bowel syndrome (Borji,
Fereshtehnejad et al. 2012), celiac disease (Moccia, Pellecchia et al. 2010) and
Crohn’s disease (Weinstock, Bosworth et al. 2010) have been connected with the
increased prevalence of RLS in past studies. In addition, RLS is also suspected to
be more prevalent among patients with type 2 diabetes (Merlino, Valente et al.
2010).

As another type of secondary RLS, the symptoms of RLS may also be induced
by different kinds of medication (Hoque, Chesson 2010). The most common RLS-
inducing medication is mirtazapine, which may provoke both symptoms of RLS
(Markkula, Lauerma 1997) and PLM (Fulda, Kloiber et al. 2013) in healthy users.
Also other antidepressants, especially the selective serotonin reuptake-inhibitors
(SSRIs), have been shown to increase the risk of RLS (Rottach, Schaner et al.
2008). Other pharmaceutical therapies increasing the incidence of RLS include
other histamine antagonists, dopamine antagonists and some antiepileptics (Hoque,
Chesson 2010). However, akathisia is a more common side-effect of neuroleptics
in clinical work, and may be confused with RLS symptoms (Sachdev 1995).

214  Pathophysiology

One of the eatly pioneers of RLS research, Karl-Axel Ekbom, suggested that
RLS was of peripheral origin (Ekbom 1945). This was based on the amelioration of
the symptoms with nitroglycerine. However, after it was discovered that
dopaminergic medication provided a rapid suppression of RLS symptoms (Akpinar
1987), a central dopaminergic deficiency was suggested as the mechanism of RLS
pathogenesis  (Montplaisir, Godbout et al. 1986). This candidate for a
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pathophysiological mechanism was borrowed from PD, another movement
disorder effectively treated with dopaminergic therapy.

However, in the case of RLS, the site of action of the dopaminergic medication
in the central nervous system (CNS) has not been identified. The studies looking
for abnormalities in dopamine, serotonin and their metabolites in the cerebrospinal
fluid of RLS patients have been negative (Earley, Hyland et al. 2001, Stiasny-
Kolster, Moller et al. 2004). In addition, imaging studies have given inconsistent
results (Ruottinen, Partinen et al. 2000), possibly suggesting a hyperdopaminergic
state rather than a dopamine deficiency in the CNS. The same is suggested by
studies of dopamine transporter protein in the striatum (Earley, Kuwabara et al.
2011) and dopamine receptors in the putamen (Connor, Wang et al. 2009). Despite
the inconsistent evidence, the theory of dopaminergic abnormality in the CNS
remains a widely recognized theory of the origin of RLS.

Because of the unsatisfactory evidence supporting a dopaminergic abnormality
in the brain, alternative theories have been proposed. The next candidate for the
location of the RLS pathology has been the spinal cord. According to the theory
originally published by Clemens and co-workers (Clemens, Rye et al. 2006), RLS
could be caused by the degeneration of descending spinal pathways from the A1l
neurons in the hypothalamus. Cell group A1l is a dopaminergic nucleus projecting
to the spinal cord and is the only source of spinal dopamine (Lindvall, Bjorklund et
al. 1983). The authors suggest that these long projections to the spinal cord are
susceptible to degradation through the normal process of ageing. The degradation
process would result in dysfunction of spinal sensory and motor systems and
produce RLS symptoms.

There are several studies supporting a spinal dysfunction in RLS. Abnormal
spinal reflexes in RLS have been reported in multiple studies. The patients with
RLS have increased spinal excitability (Bara-Jimenez, Aksu et al. 2000) and
diminished inhibition of the spinal H-reflexes (Rijsman, Stam et al. 2005). Also
group I nonreciprocal inhibition of spinal reflexes has been shown to be impaired
in RLS (Scaglione, Vetrugno et al. 2008). On the other hand, a postmortem study
found no signs of degradation in A1l neurons in the hypothalamus in autopsy
studies of RLS patients (Eatley, Allen et al. 2009), possibly undermining this
theory. However, the descending pathways in the spinal cord have never been
studied in detailed anatomical studies.

Also iron deficiency in the CNS has been suggested to be a factor in the
pathogenesis of RLS (Allen, Earley 2007). This is supported by the findings from
ultrasound (Godau, Wevers et al. 2008, Schmidauer, Sojer et al. 2005) and
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neuroimaging studies (Allen, Barker et al. 2001, Earley, B Barker et al. 2006). These
studies provide evidence for changes in iron metabolism of the basal ganglia of the
brain in idiopathic RLS. Decreased ferritin levels in the brain of RLS patients also
point to a central iron deficiency (Mizuno, Mihara et al. 2005). More recently, a
study by Connor et al. reported differences in the cerebral profile of proteins
managing iron transportation at the blood-brain barrier (Connor, Ponnuru et al.
2011). These results could indicate deficiencies in the transportation of iron to the
brain in patients with RLS.

In addition to the direct evidence from imaging studies, a high incidence or RLS
is reported in diseases and conditions that are known to be associated with iron
pathologies. These conditions include for example iron-deficiency anemia (Allen,
Auerbach et al. 2013) and pregnancy (Cesnik, Casetta et al. 2010). Iron deficiency
has also been associated with increased responses to both acute and chronic pain in
mouse models (Dowling, Klinker et al. 2009), possibly resembling human RLS.

The connection between iron metabolism and dopamine in RLS could be the
major role of iron in the synthesis of dopamine. Iron is an important cofactor for
the tyrosine hydroxylase enzyme, converting I-tyrosine into L-DOPA, a precursor
of dopamine in the human body (Nelson, Cox 2005). Therefore, insufficient supply
of iron could limit the production of dopamine in the brain. Despite the mounting
evidence, deficiencies in iron metabolism in the central nervous system have not
been able to explain all aspects of RLS.

In addition to the more popular theories on the pathophysiology of RLS, an
inflammatory mechanism mediating the generation of the symptoms of RLS has
also been suggested by a review article on the topic (Weinstock, Walters et al.
2012). It concluded that 95% of the conditions often associated with RLS are
associated with inflammatory reactions. This could mean that the mechanism of
RLS could involve inflammatory changes. However, no prospective studies have
been done in support of this hypothesis.

215  Treatment

2.1.5.1  Dopaminergic treatment

The dopaminergic theory of RLS origin is supported by the efficient acute
response when treating with levodopa, an endogenous precursor of dopamine
(Trenkwalder, Stiasny et al. 1995, Benes, Kurella et al. 1999). Levodopa is
administered in combination with carbidopa in order to block its effects on the
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peripheral metabolism. In long-term treatment, levodopa remains efficacious in
40% of patients with RLS, when administered as sustained-release
levodopa/carbidopa (Trenkwalder, Collado Seidel et al. 2003).

Due to its rapid onset of action, levodopa is suitable for controlling occasional
or sporadic RLS in situations where moving is limited, such as theatre or airplane.
In daily use, however, it is no longer recommended due to its short duration of
action predisposing to a phenomenon called augmentation. Augmentation means
the reappearance of symptoms with either greater subjective intensity or earlier
time of onset than prior to the dopaminergic treatment. The symptoms may also
extend to other, previously asymptomatic body parts. It may occur within a few
weeks of starting the therapy. The occurrence of augmentation in levodopa therapy
has been confirmed since the first reports in a prospective study (Hogl, Garcia-
Borreguero et al. 2010) and in a community sample (Allen, Ondo et al. 2011). At
high doses of 50/200 mg, levodopa/carbidopa has been reported to cause
augmentation in up to 82% of the patients in long-term use (Allen, Earley 1990).

Dopamine agonists have currently replaced levodopa as the first-line treatment
for RLS (Ferini-Strambi, Manconi 2009). The dopamine agonists have a longer
time of efficacy than levodopa, and they relieve symptoms more efficiently for the
duration of the whole night. The dopamine agonists can be divided into ergot and
non-ergot derivatives. Only non-ergot-derived dopamine agonists are used today,
because of the rare but severe adverse effects caused by ergot-derived medication
(cabergoline and pergolide). The most severe adverse effects of these drugs include
retroperitoneal, pericardial and pleuropulmonary fibrosis (Schade, Andersohn et al.
2007). Less commonly used examples of ergot derived dopamine agonists include
lisuride and bromocriptine (Ferini-Strambi, Manconi 2009).

Pramipexole and ropinirole are the two most commonly used dopamine
agonists in the treatment of RLS. The superiority against placebo treatment in the
long and short term has been demonstrated in large-scale studies for both
pramipexole (Oertel, Stiasny-Kolster et al. 2007, Winkelman, Sethi et al. 2006) and
ropinirole (Trenkwalder, Garcia-Borreguero et al. 2004, Walters, Ondo et al. 2004).
The usual initial doses for pramipexole and ropinirole are 0.125 mg and 0.25 mg,
respectively (Ferini-Strambi, Manconi 2009).

Both pramipexole and ropinirole are preferential D3 dopamine receptor
agonists. The D3 preferential agonists have been shown to be more efficacious in
suppressing the symptoms of RLS than dopamine agonists with more affinity to
the D2 receptor (Manconi, Ferri et al. 2011). The half-life of pramipexole is 8-12
hours in the human body. Ropinirole, on the other hand, has a shorter half-life of
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5-6 hours. In terms of drug safety and tolerability in the treatment of RLS, it has
been suggested that pramipexole should be favored over ropinirole (Quilici,
Abrams et al. 2008). However, head-to-head studies comparing efficacy and safety
have not been conducted and the data remains inconclusive.

More recently, a third non-ergot derived dopamine agonist, rotigotine, has been
tested for RLS. Similarly to pramipexole, rotigotine is a D3 receptor preferential
dopamine agonist (Scheller, Ullmer et al. 2009). However, unlike pramipexole or
ropinirole, rotigotine is administered through the skin with a transdermal patch,
which enables a more stable release of the agent throughout the day. The efficacy
of rotigotine has been demonstrated in both short-term (Hogl, Oertel et al. 2010,
Hening, Allen et al. 2010) and long-term (Oertel, Trenkwalder et al. 2011)
treatment.

Even if the dopamine agonists can relieve all the primary symptoms of RLS,
they have failed to provide significant improvement in sleep parameters, (Ferri,
Manconi et al. 2010). In addition to suppressing PLM, treatment with
dopaminergic medication is not able to alleviate the abnormalities that are present
in the microstructure of sleep of patients with RLS. The abnormalities are observed
as high sleep instability and frequent discontinuation of sleep. These findings could
suggest that dopamine agonists are not the optimal treatment for RLS.

Similarly to levodopa, also dopamine agonists are affected by the problem of
augmentation. In a 6-month prospective study, the augmentation rate during
pramipexole treatment was 9.2% (Hogl, Garcia-Borreguero et al. 2011). In another
study, the rate of definite augmentation cases was 24% for ropinirole and 11% for
pramipexole in a community sample (Allen, Ondo et al. 2011). Although the rates
are lower than those of levodopa, they are nevertheless remarkable. Transdermal
rotigotine has a slightly lower risk of clinically relevant augmentation, demonstrated
as 2.9% in a recent 6-month trial (Oertel, Trenkwalder et al. 2011, Benes; Garcia-
Borreguero et al. 2012).

Beside augmentation, the dopamine agonists have other known side effects.
Odds ratio for adverse events has been on average 1.48 during pramipexole, 2.07
during ropinirole and 2.41 during rotigotine treatment (Hornyak, Trenkwalder et al.
2012). Most common adverse events leading to dropouts in clinical trials include
fatigue, nausea, headache and somnolence (Hégl, Garcia-Borreguero et al. 2011).
With rotigotine patches, skin reactions on the application site are common (Oertel,
Trenkwalder et al. 2011). Another severe side effect of dopamine agonists is
impulse control disorder (ICD), including pathological gambling, compulsive
shopping or eating and hypersexuality. ICD could occur in up to 32% of cases of
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RLS patients treated with dopamine agonists (Cornelius, Tippmann-Peikert et al.
2010). Dopamine agonists are also associated with withdrawal syndrome when the
treatment is stopped (Rabinak, Nirenberg 2010), although this has not been studied
in the context of RLS.

2.1.5.2  Alpha-2-delta ligands

Due to the augmentation and the residual sleep problems related to
dopaminergic treatment, alternative therapies for RLS are needed. It has been
discovered that anticonvulsants binding as ligands to the @28 subunit of the
voltage-dependent calcium channels could be an efficient treatment for RLS. These
drugs include gabapentin and pregabalin, which are most commonly used for
epilepsy, pain control or anxiety disorders.

A superior efficacy of gabapentin against placebo for suppressing RLS
symptoms has been demonstrated (Garcia-Borreguero, Larrosa et al. 2002).
Gabapentin reduced the RLS symptoms on all rating scales, and was also
associated with improvements in sleep parameters. Also the acute efficacy of
gabapentin enacarbil, a prodrug of gabapentin, on RLS has already been
demonstrated in large-scale trials (Lal, Ellenbogen et al. 2012, Lee, Ziman et al.
2011). Another «28 ligand often used in the treatment of RLS is pregabalin
(Garcia-Borreguero, Ferini-Strambi et al. 2012). Evidence for the efficacy of
pregabalin in the treatment of RLS is provided by two different studies (Garcia-
Borreguero, Larrosa et al. 2010, Allen, Chen et al. 2010). Both of them have shown
improvement in RLS severity measures. The doses of pregabalin in these studies
range from 150 to 450 mg/day.

A recent head-to-head study with one-year follow-up compared pregabalin
(daily dose of 300 mg) to pramipexole at two different doses (0.25 and 0.5 mg)
(Allen, Chen et al. 2014). In this large, one-year-long study, pregabalin was found
to be more effective in the treatment of RLS symptoms than the lower dose of
pramipexole or placebo. Most importantly, pregabalin was also found to cause
significantly less augmentation than pramipexole or placebo, suggesting that the
augmentation phenomenon is iatrogenic and possibly associated only with
dopaminergic therapy.

21.53 lron
For RLS patients with low ferritin levels, it is recommended to first try either

oral or intravenous iron treatment. The efficacy of oral iron against placebo has
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been demonstrated in RLS patients with iron deficiency (Wang, O'Reilly et al.
2009). Recently, a study by Lee et al. compared the efficacy of oral iron to
pramipexole in 30 patients with RLS and low serum ferritin (15-50 ng/ml) (Lee,
Lee et al. 2014). The authors found no difference in efficacy between the treatment
options. The response rate, however, was not impressive. The authors concluded
by suggesting combined treatment of dopamine agonists and iron supplement for
the patients with iron deficiency and not responding to iron or dopamine treatment
alone.

Intravenous iron has been also studied as a treatment option in the context of
RLS with iron deficiency with moderately promising results (Grote, Leissner et al.
2009, Sloand, Shelly et al. 2004). These studies used either iron dextran or iron
sucrose as the source of iron in the intravenous administration. A recent
preliminary study also suggested good efficacy and safety in intravenous ferric
carboxymaltose treatment in RLS (Allen, Adler et al. 2011). In this study, 46
patients with RLS were randomized to either IV iron or placebo. Further studies
are under way to confirm the results. In addition to patients with idiopathic RLS,
also patients with pregnancy-related RLS and low ferritin have been treated with
intravenous iron supplement with good results (Vadasz, Ries et al. 2013).

Taken together, promising results have been obtained with both oral and
intravenous iron treatment in patients with RLS and iron deficiency. However,
larger studies are required to establish these as recommended treatment for RLS,
especially in the case of idiopathic RLS.

2154 Opioids

In cases of severe RLS that cannot be sufficiently controlled with dopaminergic
medication, opioid treatment may be used for treatment. Opioids, such as
morphine and codeine, are psychoactive drugs that are often used to treat acute
pain. The evidence for the treatment of RLS with opioids is scarce. Recently, a 12-
week randomized controlled trial showed the safety and efficacy of prolonged-
release oxycodone-naloxone in 306 patients with severe RLS and failure of
treatment with previous medication (Trenkwalder, Benes et al. 2013). This was the
first and only controlled study to study opioids in RLS in a larger patient sample.

In addition to this one randomized trial, some evidence exists for the efficacy of
other opioids in RLS. Oxycodone has been studied in one randomized trial,
suggesting significant reduction in both RLS and sleep complaints (Walters,
Wagner et al. 1993). Treatment of RLS with methadone has been studied in
refractory RLS (Ondo 2005) and in a longitudinal study (Silver, Allen et al. 2011),
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providing promising results. The third opioid drug with evidence for the treatment
of RLS is tramadol (Lauerma, Markkula 1999). This open-label study reported
effective suppression of RLS symptoms with a daily tramadol dose of 50-150 mg.
However, no randomized trial has been conducted to date on these opioids and
therefore the evidence is insufficient for official treatment recommendations
(Garcia-Borreguero, Ferini-Strambi et al. 2012).

2.1.5.5  Non-pharmacological treatment

Also non-pharmaceutical options have been studied for RLS treatment,
although not as consistently as the pharmaceutical alternatives. In a 12-week study,
an exercise program was found efficient to treat RLS, as compared to controls with
no exercise (Aukerman, Aukerman et al. 2000). Also cognitive behavioral therapy
has been shown favorable for both treated and non-treated RLS patients, in a study
by Hornyak et al (Hornyak, Grossmann et al. 2008). In addition, good sleep
hygiene might have a positive effect on RLS patients, and the patients should avoid
alcohol and caffeine when possible. Anecdotal findings also recommend

concentration, hot baths or other application of extreme temperatures to avoid the

RLS symptoms (Mitchell 2011).

2.1.6  Comorbidities

Probably the most common comorbidity of RLS is the periodic leg movements
(PLM) during sleep and wakefulness (Hornyak, Feige et al. 2007). The prevalence
of PLLM is estimated to be approximately 80% among patients with untreated RLS
(Montplaisir, Boucher et al. 1997). The mean number of PLM per hour during
sleep was 22.9 in a polysomnography study (Hornyak, Feige et al. 2007). Patients
with more severe RLS have more cortical arousals related to the PLM compared to
patients with less severe RLS (Hornyak, Feige et al. 2007). PLM may fragment
sleep but are sometimes not considered to be a target for potential treatment by
itself (Hornyak, Feige et al. 2006). It may be debated whether PLLM are a comorbid
condition or a finding related to RLS. Therefore, PLM will be discussed separately
in more detail in Chapter 1.2.

RLS may also be associated with common conditions, such as cardiovascular
disease (Walters, Rye 2009). In a recent study by Batool-Anwar et al. higher systolic
and diastolic blood pressure was associated with RLS in middle-aged women
(Batool-Anwar, Malhotra et al. 2011). In addition, the study demonstrated that
patients with more frequent RLS symptoms had higher blood pressure levels than
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those with less frequent symptoms. The data was controlled for other risk factors
of hypertension, such as obesity, diabetes and age. The association between RLS
and hypertension has been found also in other studies (Ferini-Strambi, Walters et
al. 2013). The association, however, remains controversial, since not all studies
have found an association between RLS and hypertension (Cosentino, Arico et al.
2012) or cardiovascular diseases (Winter, Schiirks et al. 2012) exist.

The cardiovascular comorbidities could be linked to periodic leg movements
(Nannapaneni, Ramar 2014), which are associated with intermittent nocturnal
fluctuations in the diastolic and systolic blood pressure (Pennestri, Montplaisir et
al. 2007). More pronounced responses in blood pressure are observed when the leg
movements are associated with a cortical microarousal, as compared to movements
not causing a major cortical response. Also intermittent elevations in heart rate are
associated with periodic leg movements (Winkelman 1999), which could contribute
to the cardiovascular risk.

Case reports also associate RLS or PLM with stroke (Lee, Kim et al. 2009,
Sechi, Agnetti et al. 2008, Unrath, Kassubek 2006). In these cases, the PLM or RLS
symptoms appeared directly after the patients suffered an ischemic stroke.
However, these findings have not been confirmed in larger studies. The
relationship may also exist in the other direction. Stroke might be more common in
RLS patients than normal controls. This has been suggested by initial studies, but
due to the small sample size the results did not reach statistical significance
(Walters, Moussouttas et al. 2010). However, patients with RLS suffering a stroke
have been shown to have worse clinical outcome than stroke patients with no RLS
(Medeiros, de Bruin et al. 2011).

A German time sequence analysis study of cardiovascular risk factors and RLS
found that the diagnosis of RLS was not a significant risk factor for later
development of cardiovascular morbidities (Szentkiralyi, Volzke et al. 2013). On
the other hand, cardiovascular disease did predict the later onset of RLS. This
suggests that cardiovascular disease may be a risk factor for RLS and not vice
versa.

RLS has been also associated with psychological comorbidities. Depression is a
major comorbidity in RLS, demonstrated in several studies (Gupta, Lahan et al.
2013, Lee, Ramsey et al. 2014). Other studies have indicated that RLS is partly
associated with depression but not all aspects of depressive disorder (Hornyak,
Kopasz et al. 2005). A prospective cohort study in Germany showed the possible
bidirectional relationship between the two conditions: depression was a risk factor

for developing RLS and untreated RLS was a risk factor for depression
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(Szentkiralyi, Volzke et al. 2013). In addition to depression, RLS is also associated
with elevated anxiety both in adult (Scholz, Benes et al. 2011, Winkelman, Finn et
al. 2006) and adolescent patient populations (Pullen, Wall et al. 2011). However,
RLS does not affect cognitive functioning (Lee, Ramsey et al. 2014).

Other significant neurological comorbidities in RLS include migraine and
headaches (Rhode, Hosing et al. 2007, Gupta, Lahan et al. 2012). In epidemiologic
studies, women and men with migraine have been reported to have a minor but
significantly increased risk to also suffer from RLS (Schiirks, Winter et al. 2012,
Winter, Schirks et al. 2013). Other studies report no increased risk but increased
severity of RLS in patients with migraine (Gozubatik-Celik, Benbir et al. 2014).
Other conditions linked with RLS include erectile dysfunction (Li, Batool-Anwar et
al. 2013), sleep bruxism (Lavigne, Montplaisir 1994) and irritable bowel syndrome
(Weinstock, Walters 2011).

2.1.7  Peripheral aspects of RLS

In contrast to the current pathophysiological models of RLS, several findings
have recently suggested peripheral abnormalities in patients with RLS. The most
prominent ones of these studies have been performed by Wahlin-Larsson et al. In
their first study, they showed the high capillary tortuosity in the skeletal muscles of
the legs of patients with RLS (Wahlin-Larsson, Kadi et al. 2007). In this study, the
morphology of the skeletal muscles was assessed in 20 patients and 16 controls
from muscle biopsies. The patients with RLS had significantly higher predicted
maximal oxygen intake and tortuosity index, compared to the controls. In a
subsequent study, the same group studied the levels of vascular endothelial growth
factor (VEGF) in the same skeletal muscles of 12 patients with RLS