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INTRODUCTION



Restless legs syndrome (RLS) is the most commarrdés of movement
and quiet wakefulness, with a prevalence in theeggmopulation of 10—
12% (with a range of 5-20% among different studi#sat increases with
age and is higher in women than in men (TrenkwaCiet al, 2005; Allen
RP et al, 2003). It is characterised by an irrddesturge to move the legs,
associated with unpleasant paraesthesias in tisedeg sometimes in the
arms. These sensations occur at rest, in particuldre evening or at night,
and are relieved by movement. Many patients alsee haeriodic limb
movements in sleep (PLMS) and wakefulness (PLMWJ &mey may
complain of insomnia and/or hypersomnia (Trenkwal@e et al, 2005;
Allen RP et al, 2003). In the 70-80% of cases iamsidiopathic disorder
with no apparent cause and in the remaining partidascribed as a
symptomatic syndrome associated with pregnancyniaseiron depletion,
polyneuropathy, spinal disorders, and rheumatdiariéis (Bassetti C et al,
2001, Trenkwalder C et al, 2005), which is probabtpre correct to
consider “risk factors” (Zucconi M, Ferini-Stramhi2004).

Historical note

The first clinical description of restless legsaitributed to Thomas Willis,
which described the syndrome in 1672 (Willis, 16856)1861 Wittmaack
called the disorder "anxiety tibiarum,” and wrotett it was a frequent
symptom of hysteria (Wittmaack, 1861). Oppenheins wee first to define
the disease as a neurologic illness and the firstetognize the genetic
component of the disease (Oppenheim, 1923). Thedignificant clinical
review of restless legs syndrome was written by dékbin 1945. He
provided the basic modern description of the dispenhd first suggested the
currently accepted term “restless legs syndroriéS monograph described
2 forms of the disorder: one form presents withngrent paresthesia,
"asthenia crurum paresthetica,” and the other for@sents with prominent
pain, "asthenia crurum dolorosa"” (Ekbom, 1945). 1853 Nils-Brage



Nordlander was the first to propose that iron deficy may play a primary
role in restless legs syndrome (RLS) (Nordlander, NB53). In 1953

Symonds described 5 patients with jerking of thereewities during sleep.
He thought it could represent an epileptic disored called it "nocturnal
myoclonus" (Symonds CP et al, 1953). In 1965, Legiaand colleagues
first videopolysomnographically documented the eneg of PLMS

(adopting the Symonds’ definition) in patients wikhS (Lugaresi E et al,
1965).

Clinical features and diagnosis

In 1995, clinical diagnostic criteria for the rest$ legs syndrome were
established by the International Restless Legs 1®ymel Study Group
(IRLSSG) (Walters AS, 1995), and reviewed in 208Ben RP et al, 2003).
These include four essential criteria that all mbst met and three
supportive criteria. Furthermore additional sigrafit clinical features are

associated with the disorder.

Essential diagnostic criteriafor RLS
1) An urge to move the legs, usually accompanied arsea by

uncomfortable and unpleasant sensations in the(f&g®etimes the
urge to move is present without the uncomfortalelesations and
sometimes the arms or other body parts are invoiveatldition to
the legs)

2) The urge to move or unpleasant sensations begwomsen during
periods of rest or inactivity such as lying orist

3) The urge to move or unpleasant sensations arealpartir totally
relieved by movement, such as walking or stretchandeast as long

as the activity continues



4) The urge to move or unpleasant sensations are Wotke evening
or night than during the day or only occur in ther@ng or night
(When symptoms are very severe, the worseninggat niay not be

noticeable but must have been previously present)

Supportive clinical features of RLS
1) Family history: he prevalence of RLS among firsghee relatives of

people with RLS is 3 to 5 times greater than ingbeevithout RLS.

2) Response to dopaminergic therapy: nearly all peofite RLS show
at least an initial positive therapeutic resporseither L-dopa or a
dopamine-receptor agonist at doses considered teebe low in
relation to the traditional doses of these medicestiused for the
treatment of Parkinson disease. This initial respds not, however,
universally maintained.

3) Periodic limb movements (during wakefulness or gjeg@eriodic
limb movements in sleep (PLMS) occur in at leas¥85&f people
with RLS; however, PLMS also commonly occur in otdesorders
and in the elderly. In children, PLMS are much lessxmon than in

adults.

Associated features of RLS
1) Natural clinical course: the clinical course of tbesorder varies

considerably, but certain patterns have been iflethtthat may be
helpful to the experienced clinician. When the agenset of RLS
symptoms is less than 50 years, the onset is oftere insidious;
when the age of onset is greater than 50 yearssytmgtoms often
occur more abruptly and more severely. In somezpttj RLS can
be intermittent and may spontaneously remit for yngears.

2) Sleep disturbance: disturbed sleep is a commonrmagobidity for

RLS and deserves special consideration in plantigagment. This



morbidity is often the primary reason the patieaeks medical
attention.

3) Medical evaluation/physical examination: the phgbkiexamination
is generally normal and does not contribute todiagnosis except
for those conditions that may be comorbid or seaondauses of
RLS. Iron status, in particular, should be evaldateecause
decreased iron stores are a significant potensklfactor that can be
treated. The presence of peripheral neuropathyradatulopathy
should also be determined because these condhmresa possible,

although uncertain, association and may requifergift treatment.

In summary RLS is a sensorimotor disorder. The a@nsomponents
include discomfort in the legs with an urge to mdkat patients report
using different and sometimes bizarre descriptiocreepy-crawly, ants
crawling, jittery, pulling, worms moving, soda buioly in the veins, electric
current, shock-like feelings, pain, the gotta movasrning, jimmy legs,
heebie jeebies, tearing, throbbing, tight feeliggabbing sensation, elvis
legs, itching bones, crazy legs, fidgets (WalterS, A996). The motor
component is characterized by the need to walkimraluntary periodic leg
movements during wakefulness (PLMW) and duringsi@dMS).

In the diagnostic process particular attention mustmade in order to
exclude other conditions that may resemble RLSeddd an interview with
a trained physician is necessary for the correagjribsis of RLS: if only
questionnaires with the RLS criteria are given #dignts this results in
approximately 10-25 % false positives due to thealed “RLS mimics”,
which include akathisia, nocturnal leg cramps, pdegral neuropathy,
lumbosacral radiculopathy, painful legs and moviogs, growing pains,
attention deficit hyperactivity disorder (ADHD) (Hieg WA et al, 2009).
Useful diagnostic tool is the suggested immobiiaattest (SIT), that
evaluates periodic leg movements (PLM) and selbrep sensory
symptoms for people who are instructed to remalhfst 1 h while sitting
on a bed with their legs outstretched (Michaud M af 2002).



Polysomnographwllows accurate assessment of PLMS, scoring thdgn on
if they occur in a series of four consecutive moeats lasting 0.5-5 s, have
an amplitude of one quarter or more of the toe iflexson during
calibration and are separated by intervals of 490hey occur during the
stages 1-2 of NREM sleep, diminish during stagek a&id nearly always
disappear during REM sleep. An index (number of FLIgder hours of
sleep) greater than 5 for the entire night is abergid pathologic and is
supportive, although not specific, of the diagn@gi®LS (Zucconi M et al,
2006). The PLMW, both during the sleep period drel $IT, appear to be
more specific for RLS, but the data for this finglimemain limited
(Montplaisir J, et al, 1998; Nicolas A et al, 1999)

With regard to the quantification of RLS symptorasice it is primarily a
subjective disorder, a subjective scale represietoptimal instrument to
measure disease severity for clinical assessmeséarch, or therapeutic
trials. Therefore, in 2003 the IRLSSG proposed \addiated a rating scale,
consists of ten questions, whose total score pssgeefrom 0 to 40 with the

degree of disease severity (Walters AS et al, 2003)

Genetics
A family history of RLS is present in more than 5@¥affected individuals

(Zucconi M, Ferini-Strambi L, 2004). RLS is 3-3n&s greater amongst
first degree relatives of subjects suffering frolcSRhan in subjects without
RLS (Allen RP et al, 2003) and pedigrees mostlygesty an autosomal-
dominant transmission with high penetrance. Thesipddy of anticipation
has been described (Trenkwalder C et al, 1996; drarzA et al, 1999).
Variations in penetrance and anticipation suggesssiple genetic
heterogeneity (Lazzarini A et al, 199LS has also been reported to have
a high concordance for monozygotic (61%) and dy#ggtwins (45%)
(Desai AV et al, 2004). Clinically, familial formsannot be differentiated

from sporadic or symptomatic forms (Winkelmann &le2000)except for



an earlier age of onset and a more slowly progressourse in familial
cases (Allen RP and Earley CJ, 2000; Winkelmaenal, 2002).

Linkage analysis actually have detected nine geciealssociated to familial
forms of RLS (RLS1-9), located on chromosomes 12q, 99, 2q, 20p, 4q,
17p, 19p, 16p, all autosomal-dominant except tist &ine that is recessive
(Trenkwalder C et al, 2009; Levchenko A et al, 2008ut no candidate
gene has been identified. On the basis of knoveleddghe pathophysiology
of RLS (see below) some candidate genes have hadred - i.e. those
coding for D1-D5 receptors, DAT, TH, Dopamifiehydroxylase, GTP
cyclohydrolase, GABA A receptor subuniisl(6, p 1-3, y1-3, pl1-2),a-1
subunit of the glycine receptor (chromosome 5g3170-A, MAO-B,
Neurotensin — without disclosing any mutation oeatly predisposing
polymorphism (Winkelmann J et al, 2007a; Dhawaet ¥él, 2006).
Recently, a genome-wide case-control study of ehmgicleotide-
polymorphisms (SNPs) has showed association betvide® and three
genetic loci: one withinMEISL, one within BTBD9 and one between
MAP2K5 and LBXCOR1 (Winkelmann J et al, 2007b). Another genome-
wide association study of RLS and PLM reported @ssion with one of
these geneBTBD9 (Stefansson H et al, 2007). All these genage been
implicated in development mechanisms, raising th&sibility that RLS has
components of a developmental disorder. IntergistiBTBD9 also affects
ferritin level and iron storage (Mignot E, 2007).

Pathophysiology

The pathophysiology of RLS is poorly understoodlof of observations
point towards an involvement of central nervousictires and networks,

dopaminergic system and iron metabolism.



Central nervous structures and networks
RLS dysfunction appears to involve the central aesvsystem, but the

areas involved are somewhat uncertaifunctional MRI (fMRI)
demonstrated an activation of the thalamus (legsodnfort), cerebellum
(legs discomfort and PLM), red nuclei and brains{&bM) (Bucher SF et
al, 1997). A more recent fMRI study, using only atar paradigm, found
activation in the thalamus, the putamen, the middiatal gyrus and the
cingulated gyrugAstrakas LG et al, 2008).

Electrophysiological studies suggest that the margmare involuntary and
are organized at the brainstem or spinal levelr{kwalder C et la, 1996).
Patients with periodic leg movements of sleep, withwithout associated
restless legs syndrome, may have abnormal blinéxes (Briellmann RS et
al, 1996). H-reflexes with its modulation (Martihgd and Coccagna G,
1976; Rijsman RM et al, 2005; Scaglione et al 20884 flexor reflex
(Bara-Jimenez W et al, 2000) are impaired sugggstibrainstem or more
rostral dysfunction leading to enhanced spinal tekdity. Cortical
prepotentials associated with the PLMS or PLMW hgererally not been
found (Lugaresi et al, 1986; Trenkwalder et al, I9Recently a study
disclosed that in RLS patients the event-relatedta b@and mu
(de)synchronization amplitudes and durations fdum@ary movement were
greater during the symptomatic period (at 8:30 Ptdn during the
asymptomatic (at 8:30 AM) period and in comparigoth healthy controls,
suggesting the presence of cortical sensorimotefudgtion (Tyvaert L et
al, 2009a)Cortical transcranial magnetic stimulation (TM3)dies in RLS
show that the pyramidal tract is intact, wherea&sdkcitatory and inhibitory
system seems to be altered, but can be influenugdestored by treatment
with dopamine-agonists (Nardone R et al, 2006; KatuY et al, 2006;
Gorsler and Liepert, 2007; Rizzo V et al, 2009).

All these studies are consistent with a subcortibadfunction that alters

function of the motor pathways.
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Clinical observations in patients after an ischestioke suggest that lesions
of the subcortical brain areas such as the pyrdnmaet, thalamus and the
basal ganglia-brainstem axis, which are involvedmator functions and
sleep-wake cycles, may lead to RLS symptoms (Leet &J, 2009; Unrath
A et al, 2006). A study in patients with multipleleyosis disclosed a higher
prevalence of RLS associated to greater cervicad cdamage and
speculated about a possible brain-spinal discommme¢Manconi M et al,
2008).

Therefore, RLS appears as a complex movement @isaftecting several
levels of the neuraxis, even though the precisbgaaiatomic location of
this dysfunction has not yet been determined (BeeriG et al, 2005).
However, there is evidence for impairment of seinsator processing at the
level of the cortex and the spinal cord, suggestifered
subcortical/supraspinal control.

Structural and microstructural abnormalitiesin MR studies
Conventional cranial MRI does not identify any stural abnormalities in

RLS patients. MR studies using advanced technigepsrted contrasting
data. A voxel based morphometry (VBM) study deteéchebilateral gray
matter increase in the pulvinar and the authorarmasd that these changes
in thalamic structures may reflect a consequencehobnic increase in
afferent input of behaviourally relevant informati¢Etgen T et al, 2005).
Successive VBM studies did not confirm this resblit one disclosed
significant regional decreases of gray matter va@umthe bihemispheric
primary somatosensory cortex, which additionallyeeded into left-sided
primary motor areas (Unrath A et al, 2007), anothe slightly increased
gray matter density in the ventral hippocampus andthe middle
orbitofrontal gyrus (Hornyak M et al, 2007), and ymother one lack of
specific gray matter alterations (Celle S et aQ@0

Only one diffusion tensor imaging (DTI) study of RLis present in

literature (Unrath A et al, 2008). In the patiembuyp, multiple subcortical
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areas of significantly reduced fractional anisoyrqBA) (a quantitative
marker of white matter integrity) were observedeniispherically in close
proximity to the primary and associate motor ansh&wmsensory cortices, in
the right-hemispheric thalamus (posterior ventaéédal nucleus), in motor
projectional fibers and adjacent to the left amtedgingulum. The authors
suggested that these findings gave support totaredlsubcortical network,
with the major component of altered cerebral sensmior pathways, within
a hodological concept of the RLS pathoanatomy (thnfaet al, 2008).
Despite these conflicting data the investigationowb structural
abnormalities in RLS remains an actual point oérest, also in light of the
discovery of a possible role of genes involved évalopment mechanisms
(MEISL, BTBD9, MAP2K5 andLBXCOR1) (Winkelmann J et al, 2007b).

Dopaminergic system

The dopaminergic system involvement is highly plbdecause treatment
with dopamine agonists shows efficacy as confirrbgdcontrolled trials,
while dopamine antagonists worsen symptoms or maegn eelecit RLS
(Barriere G et al, 2005). Many studies reportedr@neased prevalence of
RLS in PD patients, although they are difficult itderpret because the
current diagnostic criteria for RLS have not beatidated in PD patients
and “RLS mimics” could have been affect the res(iller JC et al,
2010). PET and SPECT studies revealed some contialveesults of the
pre- and postsynaptic dopaminergic neurotrasmissi@iem. Almost all
have focused on the striatum, a brain region raogidense dopaminergic
innervations, showing slight reduction binding av difference of both
presynaptic 1]BCIT, [*2A]IPT or [*™Tc]TRODAT-1 in SPECT studies
and*®F-dopa in PET studies) and postsynaptic D2 radiolig(f>31]1BZM

in SPECT studies andC-raclopride in PET studies) in RLS patients when
compared with control subjects (Wetter TC et alp£L0Hilker R et al,
2006). Taken together, these results suggest thigveal of nigro-striatal

pathway the membrane dopamine transporter andyoagtsc D2-receptor
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seem to be either unchanged or mildly reduced tremiz with idiopathic
RLS. The most recent PET study investigated, bessdieatal regions by
Y¢C-raclopride, other extrastriatal dopaminergic oegiby FLB 457 (a new
postsynaptic high-affinity D2 radioligand) and dased a higher binding
potential in patients than controls at level ofbimand associative part of
striatum, medial and posterior part of thalamugge@or cingulate cortex
and insule, all part of the medial nociceptive sgstwhich is thought to
regulate the affective-motivational component ofinpaThe authors
sustained the hypothesis of hypoactive dopaminergarotrasmission
associated to receptor up-regulations (Cervenkat Sale 2006). An
involvement of the medial nociceptive system waspsuted also by a PET
with [*'C]diprenorphine, a non-selective opioid receptatioigand, which
found regional negative correlations between ligddding and RLS
severity in areas serving the medial pain systened{ah thalamus,
amygdala, caudate nucleus, anterior cingulate gynsilar cortex and
orbitofrontal cortex) (von Spiczak S et al, 2005).

In a recent pathological study, the substantiaanignd putamen were
obtained at autopsy from individuals with primark3Rand a neurologically
normal control group and a quantitative profilettod dopaminergic system
was obtained. RLS tissue, compared with contrdiewed a significant
decrease in D2R in the putamen that correlated setrerity of the RLS.
RLS also showed significant increases in tyrosipéréxylase (TH) in the
substantia nigra, compared with the controls butinahe putamen, and
both with the decrease of D2R, interpreted as and@gulation, led authors
to hypothesize an overly activated dopaminergi¢esysas possible part of
the RLS pathology (Connor JR et al, 2009). The Hygsis of an increase in
dopamine activity and turnover is consistent witle recent CSF studies
showing increased 3-Ortho-methyldopa (3OMD) in Rip&tients off
dopamine treatment that correlates well with inseeaHVA (Allen et al,
2008).

These contrasting data could be explained by tHféereince in the

methodologies and in selected patients (mild oreeR&.S). However, even
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if cerebral metabolism in RLS probably reflectsyafdnction of the central
dopaminergic system, it has still to be determinb@ther these alterations
affect mainly the nigrostriatal and/or other cehtlapaminergic systems
like the diencephalospinal or mesolimbic pathwag aether they are the
primary mechanisms or only secondary phenomenanatitie manifestation
of RLS symptoms.

In the last years great interest has developedndralie involvement of
diencephalospinal pathway in RLS. Some authors doiivthe hypothesis
that RLS reflects a dysfunction of the little-stedi dorso-posterior
hypothalamic dopaminergic A1l cell group (Clemenst&l, 2006). The
All cell group in the dorso-posterior hypothalanansl subparafascicular
thalamus is the largest, possible sole, sourcp@iaBsDA (Skagerberg G et
al, 1982 and 1985; Qu S et al, 2006). A11 spinajgations innervate all of
Rexed’'s laminae and are most heavily concentratedhe superficial
sensory-related dorsal horn and the intermediahtaucleus (IML). They
modulate sensory inputs and sympathetic drive, gneclntly with
inhibitory action through D2 and especially D3 mgtoes (Clemens S et al,
2006). This theory was supported from some animaldeis which
disclosed that D3 receptor knockout (D3KO) mice hygperactive and
manifest an increased wakefulness across the eagiyacycle (Accili D et
al, 1996; Hue GE et al, 2003) and that locomototivities were
significantly increased in All-lesioned mice congabwith controls (Ondo
WG et al, 2000; Qu S et al, 2007). A recent neutogagical study shows
no evidence of changes in the number and volum@hbf(+) neurons,
neither atrophy nor hypertrophy nor gliosis in tA&1l region in the
posterior hypothalamus of RLS patients comparet agte-matched control
cases (Earley CJ et al, 2009). These results csujgport a functional

involvement rather than a degeneration of A11 negio
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| ron metabolism
The potential central role of iron metabolism inghent in RLS is

indicated primarily by those secondary forms of RUS which iron
insufficiency is clear, but also from some limitpdarmacological studies
which demonstrated that by using intravenous ol owm, one could
markedly improve, if not resolve, RLS symptoms, reva those who
apparently had normal blood levels of iron (NordlanNB, 1953; Earley
CJ et al, 2005; Wang J et al, 2009). Several ssudlowed a relation
between low ferritin concentrations and symptoms tlé syndrome,
especially when ferritin was measured in the cargtinal fluid (CSF). This
link to the iron deficiency is particularly stromfgr early-onset RLEClardy
SL et al, 2006a) Studies on CSF showed decreased ferritin, eldvate
transferrin and decreased pro-hepcidin (that interaith the iron transport
protein ferroportin on the surface of cells) inipats with RLS(Clardy SL
et al, 2006h) Neuropathological studies found alterations ohiregulatory
proteins (decreased ferritin, divalent metal tramsgy 1, ferroportin,
transferrin receptor and increased hepcidin) inroreelanin cells from
brains of patients (Connor JR et al, 2003 and 20@)ered iron
metabolism was disclosed in lymphocytes from subjadth RLS (Earley
CJ et al, 2008). A recent pathological study showet RLS substantia
nigra had more mitochondrial ferritin levels anddecytosolic H-ferritin
than control samples (Snyder AM et al, 2009). Reduarain iron in RLS
patients is also suggested by the data of some tdes that exploit the
effect of iron on T2, T2* and T2' (and associateapzeters R2, R2* and
R2"), although with discrepant results. It has beelt documented through
in vitro studies that paramagnetic iron will incseaproportionally proton
transverse relaxation rates (R2=1/T2). Furthernferetin and hemosiderin
are considered to be the only forms of nonheme m@sent in sufficient
quantities to affect MR contrast in the human bréitaacke EM et al,
2005). In two studies of the same group regiomainbiron concentration
were assessed in RLS patients by Reasurement, and the mean iron

content from the substantia nigra was significatdlyer in the early-onset
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RLS patients (< 45 years) and not in the late-o(akén RP et al, 2001;
Earley CJ et al, 2006). In a study performed ingoas$ with late-onset RLS,
the T2 relaxation time was assessed separatelthéotwo components of
the SN, and low iron content was found in the Sk gampacta (and not in
the pars reticolata) (Astrakas LG et al, 2008). theo group, without
differentiating between early-onset and late-ondetglosed that mean T2
values of multiple regions were higher in RLS patise though significantly
increased only in four regior{saudate head, thalamus medial, dorsal and
ventral); the mean T2 over all voxels was highepatients, indicating a
multiregional (global) brain iron deficiency in Rlugtients (Godau J et al,
2008). Also transcranial B-Mode sonography was usedRLS patients
which exhibited substantia nigra hypoechogeniattyrelated inversely with
T2 values and interpreted as related to iron daficy (Schmidauer C et al,
2005; Godau J et al, 2008).

These observations has led to a more general mpardine model of RLS
and it has been suggested that dopaminergic dysfarcan be mediated by
low brain iron levels since iron is needed as aactoir for tyrosine
hydroxylase (the rate limiting enzyme in the systheof dopamine),
because the Dreceptor is a protein containing iron, and becatise
dopaminergic synaptic protein Thy-1 requires ironifs activity. Hence a
brain iron deficiency could lead to lowering dopamiproduction via
reduced tyrosine hydroxylase activity, down-regalaiof dopamine type 2
receptors and destabilization of dopaminergic sgaap(Allen RP, 2004;
Allen RP and Earley CJ, 2007).

In support of this hypothesis there are some animmalels which reported
increase of wakefulness in the 4 hours precediegekting phase of iron-
deficient mice (Dean T et al, 2006), increased octor activities in the
mice that were iron deprived, with a further sigzahtly augmented activity
after combination of iron deprivation and A1l leso(Qu S et al, 2007),
increased locomotor activities in the mice treatetth iron-deficiency diet
(ID), which were reversed by the D2/D3 agonist naple, and a

16



synergistic greater decrease of spinal cord D2ibgnth mice underwent
both ID and 6-OHDA lesion of A11 region (Zhao Ha&t2007).

Finally BTBD9 gene recently associated to RLS and PLM, affeatdtife
level and iron storage (Winkelmann J et al, 20(&tefansson H et al, 2007,
Mignot E, 2007).

17



OBJECTIVES
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This study was designed to evaluate RLS patientadd{iple advanced MR
techniques in order to investigate three diffeespects of the
pathophysiology of the disease:

1) To evaluate the presence of structural and/or rsiarotural
abnormalities in the brain of RLS patients usingkeledbased
morphometry (VBM) and diffusion tensor imaging (D Enalysis,
considering the contradictory data reported in jmey studies
(Etgen T et al, 2005; Hornyak M et al, 2007; Cdlest al, 2009;
Unrath A et al, 2007 and 2008).

2) To investigate metabolic functions of the thalamfi®kLS patients
using proton magnetic resonance spectroscopi-MRS),
considering the possible involvement of this suuetdisclosed by
MRI (Bucher SF et al, 1997; Astrakas LG et al, 2008 SJ et al,
2009; Unrath A et al, 2006) and PET studies (Cétaef et al,
2006; von Spiczak S et al, 2005).

3) To evaluate brain iron content in RLS patients gghase imaging.
The primary hypothesis was that patients have |dwle+brain iron
levels. Additionally certain regions previously pasted of low
iron concentrations were assessed separately (RIRet al, 2001;
Earley CJ et al, 2006; Astrakas LG et al, 2008; &pod et al,
2008).

VBM

VBM is an automated technique that assesses pattérregional atrophy
on MRI between groups of subjects. Mainly and maceurately it
investigates voxel-wise changes in the grey matt@ume/topography
rather than white matter. The procedure is relftiwtraightforward and
involves spatially normalizing high-resolution ingsgfrom all the subjects
in the study into the same stereotactic space.i$ti@lowed by segmenting
the gray matter from the spatially normalized insaged smoothing the
gray-matter segments. Voxel-wise parametric siadilst tests which
compare the smoothed gray-matter images from tbepgrare performed.
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Corrections for multiple comparisons are made usiiegtheory of Gaussian
random fields (Ashburner J and Friston K, 2000)s unbiased in that it
looks throughout the whole brain and does not reqany a priori

assumptions concerning which structures to asséhs gives it a

significant advantage over more traditional regafnnterest (ROIl) based
methods, which typically involve drawing aroundtiausture of interest.

DTI

Diffusion tensor imaging (DT]I) is sensitive to watkffusion characteristics
(such as the principal diffusion direction and thi#usion anisotropy) and
has therefore been developed as a tool for inasig the local properties
and integrity of brain tissues, mainly at levelvdiite matter tracts but also
at level of grey matter (Pierpaoli P et al, 199Bhst-processing of the
acquisitions allows the reconstruction of mapshefmean diffusivity (MD)
and of the white matter anisotropic properties allgun terms of fractional
anisotropy (FA) (Mascalchi M et al, 2005). Neuroaad/or axonal loss is
typically characterised by increased MD and redue&das modification of
brain tissue integrity reduces the barriers thsirict the movement of water
(Rizzo G et al, 2008; Agosta F et al, 2009). Maps1® and FA may be
analysed using a ROIs approach to evaluate singletsres, using a
histogram approach to evaluate greater portiorteebrain or whole brain
and using voxel-wise analyses for an unbiased agproWe utilised all
three approaches. For the voxel-wise analyses wd tract-based spatial
statistics (TBSS), which aims to solve crucial eswf cross-subject data
alignment, allowing localized cross-subjstatistical analysis (avoiding the
arbitrariness of the choice of spatial smoothingeed}, using the “mean FA
skeleton” approach (Smith SM et al, 2006 and 2007)

'H-MRS
Magnetic resonance spectroscopy (MRS) is a noniveasiethod that

permits measurement of the concentration of smechiochemical

compounds in the brain and other organ systemeeitigely defined regions
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guided by MR imaging. With MR spectroscopy we cagasure spectra of
many biologically interesting isotopes. In vivo imedical applications are
mainly focused on protortt), phosphorus*{P) and carbon{C) isotopes
(Hajek M et al, 2008). The most used in clinicahgiice is'H MRS. At
long echo-time (TE)'H MRS can detect N-acetyl-aspartate containing
compounds, choline containing compounds, creatiesjphocreatine and
lactate. At short TE, lipids, tryglicerides, glutate, glutamine, scyllo-
inositol, glucose, myo-inositol, are visible (BoitavS et al, 1999). The
most relevant metabolites in neurological studies @robably N-acetyl-
aspartate (NAA), a neuronal marker (Kantarci K gt2908), and myo-
inositol (ml) a glial marker (Brand A et afl993). '"H MRS can be
performed with single-voxel, multivoxel, single c&di and multislice
techniques. This technique can be useful in thdystunumber of central
nervous system disorders such as epilepsy, bramorg) stroke, multiple
sclerosis, degenerative disorders (identificatidnmicroscopic pathology
not visible with MRI) and metabolic diseases (metabdisturbances with
specific metabolic patterns) (Lodi R et al, 2009nBvita S et al, 1999).

Phase imaging

This is a new neuroimaging technique (a part ofcepsbility-weighted
imaging, SWI), which uses tissue magnetic susciipfildifferences to
generate a unique contrast, different from thasph density, T1, T2, and
T2* (Haacke EM et al, 2009). It measures the plsdsis in gradient-echo
images. It seems a very sensitive tool to quarttiy iron content of the
brain (Ogg RJ et al, 1999). Furthermore, while RT1) and R2 (1/T2) can
be reversible depending on the water content ahérdbcal structural
changes that can affect relaxation times (in tleeses, the effect of iron
remains invisible), this is not true for RR2'=R2*-R2) or phase (Haacke
EM et al, 2005). Tissue containing (paramagnetim) iexhibits a negative
phase in complex images compared to immediatelgcadi tissue, which
will have an increased phase. Phase imaging allogqsalitative evaluation
based on the unique contrast resulting in the imaged a quantitative
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analysis based on the evaluation of local phaderdifces (measured in
radians).
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METHODS
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Setting, timing and subjects

A total of 25 patients (age 52+10, mean = SD; 10esyand 15 females)
(Table 1) were recruited by Sleep Medicine Centre of the ddepent of
Neurological Science of Bologna University and thegre studied by MR
in the MR Spectroscopy Unit of the Department ofefnal Medicine,
Aging and Nephrology of Bologna University, fromndiary 2007 to May
2009. The patients will satisfy the revised crdeof IRLSSG(Allen RP et
al, 2003). Secondary forms of RLS were excludedeXxploring a detailed
history, by objective evaluation and using labanatanalyses such as
hemoglobin, iron, ferritin, tranferrin, creatiningea and liver enzymes. The
severity of RLS was assessed on the day of scaig tise IRLSSG rating
scalg(Walters AS et al, 2003).

We have studied also 22 healthy control subjeais @&+16, mean + SD;
14 males and 8 females).

All control subjects were interviewed by a Sleepdidane expert in order to
exclude symptoms suggesting RLS and other neudbglisorders. Both
patients and controls gave written informed cons®&ath patients and
controls not always underwent the complete MR maltbecause of time or
technical problems. So the studied samples diffeoreg the different
protocols.

MR protocols

Subjects were studied in a 1.5 Tesla GE Signa Hori2 system equipped
with a birdcage head radio-frequency coil for slgneception and an
EchoSpeed gradient system providing a maximum gnaditrength of 22
mT/m and maximum slew rate of 120 mT/m/(&Rgyure 1).

1) Structural and microstructural analysis
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VBM

Data acquisition. A conventional T1-weighted (T1W) axial volumetric
image was acquired using the FSPGR sequence Tir8QTE=5.1 ms;
TR=12.5 ms; 25.6 cm square FOV, 1 mm slice thicknes-plane
resolution=256x256.

Data analysis. Structural data was analysed with FSL-VBM, a voxel-
based morphometry style analysis (Ashburner J amgtoR K, 2000)
carried out with FSL tools (Smith SM et al, 2004)igure 2). First,
structural images were brain-extracted using BEmItls SM et al,
2002). Next, tissue-type segmentation was carrietd using FAST4
(Zhang Y et al, 2001). The resulting grey-mattettipavolume images
were then aligned to Montreal Neurological InsgtMINI152 standard
space using the affine registration tool FLIRT Kleson M et al, 2002],
followed by nonlinear registration using FNIRT
(www.fmrib.ox.ac.uk/fsl), which uses a b-spline megentation of the
registration warp field (Rueckert D et al, 1999heTresulting images
were averaged to create a study-specific temptateyhich the native
grey matter images were then non-linearly re-regest. The registered
partial volume images were then modulated (to cori®r local
expansion or contraction) by dividing by the Jaeobof the warp field.
The modulated segmented images were then smootitiednvisotropic
Gaussian kernel with a sigma of 3 mm. Finally, akse GLM was
applied using permutation-based non-parametriantgstorrecting for
multiple comparisons across space, using the pmogr&im
(www.fmrib.ox.ac.uk/fsl), applying threshold-freéuster enhancement.
Sex and age were introduced as covariates. ThesHiot significance
level were set at P<0.01.

DTI: ROI/histogram analyses and TBSS

Acquisition. Axial DTl SE-EPI images were obtained (slice thieka =5
mm, inter-slice gap = 0 mm) using a single-shot &&juence witl =
90°, TE=89.2 ms; TR=10 s; 32 &MOV, in-plane resolution=192x192,
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NEX=1, and phase encoding in right-left directioBix directions-
encoding gradients were applied with gradient gfifesicorresponding to
b-values 900 s/mf In addition, images without diffusion weighting
were acquired, corresponding to b = 0 sfnamd exhibiting T2-contrast.
Data preprocessing. Distortions in the DTI-EPI images due to gradient-
induced eddy currents were corrected by slice-vagestration of the DT
images onto the T2-weighted EPI image using thegemeegistration
software FLIRT (www.fmrib.ox.ac.uk/fsl). Due to theature of the
distortions, the degrees of freedom were restrittedanslation, scaling,
and shearing along the phase encoding directioedligeove et al, 1996).
Mean diffusivity (MD) and fractional anisotropy (ffAvere determined
pixel-wise using a least-squares fit using the paog DTIFIT
(www.fmrib.ox.ac.uk/fsl). In order to avoid contamtion of the MD
values for grey and white matter by the much higredues of cerebral
spinal fluid (CSF) during further evaluation, pixelontaining CSF were
masked from the MD map. This was accomplished usimeg FAST
algorithm (www.fmrib.ox.ac.uk/fsl) for a two-clasegmentation based
on the corresponding T2-weighted EPI imag@é&gure 3).

Manual ROl and histogram analyses. Regions of interest (ROIs) were
selected manually on T2-weighted EPI images. RCdsewdefined to
include medulla, pons, left and right middle cefevgpeduncle (MCP),
superior cerebellar peduncle (SCP), dentate nucleaiebellar white
matter, thalamus, caudate, putamen, pallidus, pgarract at the level
of the posterior limb of internal capsule (PLIG)rital and parietal white
matter, optic radiation and corpus callosum (gemdi splenium)Figure
4-A). Cerebral cortical ROIs were not selected, becasgestantial
partial volume effects from subcortical white mat®d CSF could not
be completely avoided. For a global evaluation ddirb MD values,
including cortical areas, histograms of MD were ggated for all pixels
in the sovratentorial and infratentorial compartin@igure 4-B/C). As
previously described (Martinelli et al, 2007) infatorial compartment

histograms of MD were also generated separatelsrias corresponding
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to brainstem, vermis, and cerebellar hemispheresrrdaned by manual
segmentatiorfFigure 4-D). The asymmetry of the MD distribution was
assessed by finding the B@ercentile values (medians) along with the
mean (Rizzo et al, 2008Figure 4-E). Parametric tests were used as
Kolmogorov—Smirnov testing showed that means andliane values
were normally distributed. The Student T test wagduto evaluate
differences among two groups and Pearson testaluate correlations,
correcting for multiple comparisons. P values légan 0.05 were
accepted as statistically significant.

Tract-based analysis. Voxel-wise statistical analysis of the FA data was
carried out using TBSS (Tract-Based Spatial Stesis{Smith SM et al,
2006), part of FSL (Smith SM et al, 2004). FirsA ifages were created
as described in the paragraph 'Data pre-processithgubjects’ FA data
were then aligned into a common space using théneam registration
tool FNIRT (www.fmrib.ox.ac.uk/fsl), which uses a -spline
representation of the registration warp field (Ruggt D et al, 1999).
Next, the mean FA image was created and thinnexeate a mean FA
skeleton which represents the centres of all treatsmon to the group.
Each subject's aligned FA data was then projeateal this skeleton and
the resulting data fed into voxelwise cross-subgatistics, correcting
for multiple comparisons, using the program Glm
(www.fmrib.ox.ac.uk/fsl). Subjects’ age and sex aveconsidered
nuisance variables whose effect was removed froen fihal group
comparisons. Thresholds for significant level weee at P<0.0{Figure

5).

Automatic segmentations

Automatic segmentation of the volumetric T1IW imagas performed

using FIRST (www.fmrib.ox.ac.uk/fsl) to bilaterallyefine seven
subcortical gray matter structures (thalamus, patgrnecaudate, pallidus,
accumbens, hippocampus and amygd@eure 6). In addition, frontal,

parietal, temporal and occipital lobes, brainstemd aerebellum were
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defined using the MNI152 template. Within theseiong gray matter
was defined using a three-class segmentation offftw images. All

structures were registered onto the DTl maps in steps using FLIRT
(www.fmrib.ox.ac.uk/fsl). White matter partial vohe on DTI images
was masked by registering the MNI FA template @ubjects’ own FA

map using non-linear registration. Deep gray stmest were identified
by warping the Harvard-Oxford sub-cortical struetatlas (also defined
in MNI coordinate space). A mask excluding CSF weserated from a
three-class segmentation of the T2-weighted imaijenve. ROIs of all

deep gray and cortical structures was definedenffil space by fusing
registered FIRST, Harvard-Oxford, and CSF and WMlweston masks
(Figure 7). For each, volumes and median MD values were [zl

Cortical and subcortical volumes were separatelyected for subject
age and total brain volume, MD values for age oShatistical analyses
were performed using SPSS 15.0 for Windows. Paranigsts were
used as Kolmogorov-Smirnov testing showed that theables were
normally distributed. The Student T test was useeivaluate differences
among two groups. For correlations we used the sBeatest. The
Bonferroni correction was applied to correct forltiple comparisons.

Only P values less than 0.05 were accepted astgtalily significant.

2) H-MRS

Data acquisition. Proton magnetic resonance spectroscopyMRS)
study was performe@ingle voxel'H-MRS spectra were acquired using
the PRESS sequence. The water signal was suppregsitd CHESS
(Chemical Shift Selective) sequence. A spectrurshatt echo-time (TE
= 35ms; TR = 4 s; number of acquisitions = 128) wegquired in the
medial region of the thalamus (volume 4.0 to 5.8)diFigure 8).

Data analysis. Peak integrals for N-acetyl-aspartate (NAA), dreat
phosphocreatine (Cr), choline-containing compou(@so), and myo-

inositol (ml) were calculated using the operatatependent fitting
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program LCModel using standard basis sets (Prowwen8w, 1993).
Peak integral values were expressed relative to T@e exclusion
criterion for metabolite evaluation was an LCModsttimated fitting
error greater than 20%, this being a reliable iadic of poor quality
spectra. Statistical analyses were performed usRHS 15.0 for
Windows. Parametric tests were used as KolmogonmHdv testing
showed that the variables were normally distribufte Student T test
was used to evaluate differences among two grdumscorrelations we
used the Pearson test. For all analyses, only iesdéss than 0.05 were
accepted as statistically significant.

3) Phase imaging

Data acquisition. Anatomical imaging was performed by a T2-weighted
(T2W) FSE sequence in an axial oblique plane, usacguisition
parametersa=90°; echo time (TE): 107 ms; repetition time (TBJ80
ms; square FOV: 24 cm; acquisition matrix 8286; reconstructed in-
plane resolution: 0.938 mm; slice thickness; 4 mfo gap. # slices
variable to cover whole head. NEX: 2. Phase-semsitimages were
acquired using a gradient echo sequence, and pigdroth real and
imaginary channels. Slice locations matched thdséhe anatomical
scan, excluding slices above the central corpusstah, and below the
dentate nucleus. Acquisition parameters: TE/TR6@0hs; acquisition
matrix 51256; reconstructed in-plane resolution: 0.938 mrEXN2;
bandwidth 15.6 kHz; maximum acquisition time 7°06”.

Data analysis. Following the published method (Ogg RJ et al, 388a
were high pass filtered by multiplication with #dr function in k-space,
using tools provided by FSL (FMRIB; U Oxford) and=MI (NIMH,
NIH; Bethesda MD), and a phase map prepared ubiediltered data.
T2W data were registered onto the gradient eche usihg FLIRT (FSL)

(Figure 9). Whole brain regions of interest were selectedraatically
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by thresholding T2W data, and excluding pixels vehdscal filtered
phase dispersion exceeded a second threshold gimdjc low
signal:noise)Figure 10). Regions of interest were selected in two ways:
structures known to accumulate iron (dentate addteleus, substantia
nigra, basal ganglia) were manually segmented usotig phase maps
and T2W imagegFigure 11). For whole brain ROIs, the 950" and
90" percentile of the filtered phase histogram wedeutated, while for
local ROIs, 28 and 5" percentiles only, as these contained mainly
negative phase. For each percentile score, pataemtscontrol groups
were compared using the Mann-Whitney U test, andetadion with
demographic and clinical parameters used the Speartast. The
Bonferroni correction was applied to correct forltiple comparisons.
Statistical analyses will be performed using wit?SS 15.0 for

Windows, assuming a significaRtvalue <0.05.
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Structural and microstructural analysis

Subjects
22 patients (age 509, meant£SD; 7 males and 15lésinand 22 healthy

controls (age 49+16, mean + SD; 14 males and 8léshaere studied.
Mean values and standard deviations of age at aisease duration and
IRLSSG score in RLS patients were 41+12 years, @ads and 22+7
respectively. 14 patients never took therapy anpaBents receiving
dopaminergic therapy were free from drugs fromeast 2 weeks before

scan. 8 patients had a family history of RO%ble 2).

MR data
VBM

No significant difference in volume or density wlasind in any brain
area. The lack of differences still remains where a&nd sex were
introduced as a cofact@fFigure 12).

DTI

For all ROIs selected MD and FA values in RLS paewere not
significantly different from control¢Table 3). Similarly, the histograms
of MD and FA in the whole sovratentorial and inémitorial
compartment and in the brainstem, vermis, and edegbhemispheres
singly were virtually identical for the two groumsd no significant
differences were observed at level of median MDueslTable 3).
TBSS group comparison revealed no difference in 8id FA of any
brain area between two groups. The lack of diffeesnstill remains
when age and sex were introduced as a cofdéigure 13).

Automatic segmentation

No significant difference in volume or MD values smdisclosed in any

segmented structure@.able 4)
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'H-MRS

Subjects
25 patients (age 52+10, meanzSD; 10 males and malés) and 18

healthy controls (age 51+16, mean + SD; 11 males7afemales) were
studied Mean values and standard deviations ofahagmset, disease
duration and IRLSSG score in RLS patients were 383gars, 9+8 years
and 22+7 respectively. 16 patients never took therand 9 patients
receiving dopaminergic therapy were free from drérgen at least 2

weeks before scan. 9 patients had a family histbRLS (Table 5).

MR data
The NAA/Cr and Cho/Cr ratios were significantly lewin the medial

thalamus of RLS patients compared with the heatthytrols(Table 6,
Figures 14 and 15)We did not detect statistical differences in thieeo
ratios. The reduction of the NAA/Cr and Cho/Craatin the thalamus of
the patients did not correlate with the clinicatiables considered (age,
age at onset, disease duration, IRLSSG rating sfmlesymptoms

severity).

Phase imaging

Subjects
11 patients (age 54+11, meant£SD; 2 males and 9ésinand 11 healthy

controls (age 51+18, mean + SD; 6 males and 5 fshalere studied
Mean values and standard deviations of age at aisease duration and
IRLSSG score in RLS patients were 48+11 years, ¥&s and 21+9
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respectively. 8 patients never took therapy andaBepts receiving
dopaminergic therapy were free from drugs fromeast 2 weeks before
scan. 5 patients had a family history of RO%ble 7).

MR data
In the whole brain analysis, RLS patients showedelophase dispersion,

characterized by fband 98" percentile radians values of significantly
smaller magnitude than in controls (respectively0.p%2 and p=0.02),
while the median was no differefiTable 8 and Figure 16) In the
localized ROls, differences were not significanthaligh there was a
trend of more negative radians values, prevaleintlyed nucleus and
substantia nigrgTable 8). The 18" percentile of whole brain phase in
RLS patients correlated with disease duration @&0p=0.04)(Figure
17), but not with IRLSSG rating scale or other clididamographic

parameters.
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In this study we have used advanced MR techniquésvestigate various
aspects of RLS pathophysiology. Firstly, we useduitimodal approach to
evaluate the possible presence of structural andfocrostructural
abnormalities in terms of volume and/or DTI paraenetalterations using
ROl/istogram analysis, VBM, TBSS and automatic segpations of brain
structures. Neither volume or MD or FA pathologichanges were found
in any brain structures of RLS patients. Regardimgr previous VBM
studies (Etgen T et al, 2005; Unrath A et al, 208@rnyak M et al, 2007,
Celle S et al, 2009) our data are in accord onlilhe most recent one
which found a lack of specific grey matter alteyasi in RLS patients (Celle
S et al, 2009). Discrepancies with other studieghtmon the one hand be
explained by methodological differences, since fing study, detecting
increasing pulvinar grey matter, was performed &y of the classical VBM
technique (Etgen T et al, 2005). All other studies|uding our, used the
optimised VBM protocol (Good CD et al, 2001). Di#atly from previous
studies, our study used the software FSL-VBM irgte SPM, although
the two software packages seem to give similarlie¢Battaglini M et al,
2009). For example Cell et al found results vemilsir to ours, using SPM.
Another important note regarding the first two VBbrks is that in neither
study did the results survive a correction for mplét comparisons (Etgen T
et al, 2005; Unrath A et al, 2007).

Methodological differences are also present betveegrand a previous DTI
analysis (Unrath A et al, 2008), which disclosedFs reduction in the
sensori-motor cortical regions not confirmed in study. Indeed, Unrath et
al used standard registration algorithms that didjive a satisfactory
solution to the question of how to align FA imadesn multiple subjects
with an arbitrariness of the choice of spatial sthom extent. We have
chosen to used TBSS, which resolves these issuesibg the “mean FA
skeleton” approach (Smith SM et al, 2006 and 20Q&ck of any MD or
FA abnormalities was confirmed by the ROI and lgston analysis.
Furthermore for the first time in RLS patients waleated volume and DTI
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parameters at level of cortical and subcorticalagreising automatic
segmentation and again no pathological changes prvesent.

On the other hand, these technical aspects alogkt mot be sufficient to
explain the different results among different séisdiThe heterogeneity in
terms of size and clinical features of the studsssmples could be a
considerable factor. The presence of medical treatm such as
dopaminergic agents, is an important issue, becthese are known to
affect the morphology of cerebral structures (Cor8W et al, 1999). In
some studies (Etgen T et al, 2005; Unrath A e2@0,7 and 2008) almost all
the patients were on treatment, but not in all egb®rnyak M et al, 2007;
Celle S et al, 2009). In our sample most patigmtd 6) never took therapy.
In the remaining 9 patients treated with dopamiitedgugs, treatment was
stopped for at least 2 weeks before scan. Othesildesdifferences among
the studies would regard the severity of symptdhms percentage of family
history, and the co-occurrence of other sleep dest Finally the possible
heterogeneity of RLS itself might be reflectedhe different results.

Overall our VBM and DTl data argue against clear
structural/microstructural abnormalities in the ibraof patients with
idiopathic RLS.

The second part of our study focused on thalamioliement. UsingH-
MRS we detected metabolic changes in the mediabmegf the thalamus.
This region is a part of the medial nociceptivetays This system projects
through medial and intralaminar nuclei of the thala to several cortical
and limbic regions: frontal and insular corticesl amterior cingulate gyrus.
It is thought to mediate affective-motivational esgg of pain such as
emotional reactions, arousal and attention to tirautus, as well as the
drive to escape from the noxious stimuli (Treede &@l, 1999; Price DD,
2000). An activation of these brain structures miyirpain perception has
been confirmed by PET and fMRI studies (Apkarian &Y al, 2005).
H2[*0] PET (San Pedro EC et al, 1998) and fMRI (Buc®ret al, 1997;
Astrakas LG et al, 2008) found similar brain adilma in RLS patients. A

PET study with 'C]diprenorphine, a non-selective opioid receptor
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radioligand, disclosed regional negative corretegibetween ligand binding
and RLS severity in areas serving the medial pgstesn (medial thalamus,
amygdala, caudate nucleus, anterior cingulate gynsilar cortex and
orbitofrontal cortex) (von Spiczak S et al, 20058hother PET study which
used the high-affinity D2-receptors radioligand&C]JFLB 457 reported a
higher thalamic binding potential in RLS patient&urt in controls, at the
level of the medial and posterior portions, othent at the level of limbic
and associative part of striatum, anterior cingulabrtex and insulae,
suggesting again an involvement of the medial ggstem (Cervenka S et
al, 2006). Neurophysiological studies have showninapairment of pain
and temperature perception in idiopathic RLS, waithabsence of peripheral
nerve fibre damage suggesting a functional impaitmef central
somatosensory processing (Stiasny-Kolster K e2@04; Schattschneider J
et al, 2004; Tyvaert L et al, 2009b). Interestinglye study has disclosed
increased ratings of pin-prick pain in untreatedSRpatients indicating
static hyperalgesia that was more pronounced itotler limb and reversed
by long-term dopaminergic treatment (Stiasny-Kalgtet al, 2004).

Our MR spectroscopic data confirm a thalamic ineatent in RLS
patients, presumably not due to degenerative clsagigen that none were
detected by VBM and DTI studies (see above). Thisoamality could be
an epiphenomenon in the pathophysiology of RLSterms of metabolic
dysfunction secondary to discomfort perception. Big also possible that
the involvement of the medial portion of the thalentould have a primary
role, because its function is modulated by dopargineafferents. Indeed,
an extensive mesothalamic and nigrothalamic systemginates as
collaterals from A8-A9-A10 neurons (Freeman A et2001). Thus, DA
axons directly innervate thalamic components of essv parallel,
functionally unique, basal ganglia-thalamocortitaps as follows: motor
(ventrolateral; VL), ‘prefrontal’ (parvocellular mé&roanterior; VApc), and
‘limbic’ (mediodorsal; MD) in nhon-human primatescahumans (Rye DB,
2004).
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From this point of view the thalamic metabolic edt@&n which we have
found may reflect an impairment of medial pain egstsecondary to a
dopaminergic dysfunction and leading to a abnorafigctive-motivational

sensory-motor processing of the sensory inputss €auld also happen in
parallel with a dysfunction of other dopaminergiatipvays such as the
diencephalospinal pathway projecting from All atesspinal cord in a

contest of a multilevel demodulation of pain stinpgrception.

The third part of our study investigated the braimn content of RLS

patients and disclosed a global brain iron reduactio these patients
compared to healthy subjects of a similar age. Wedua quantitative
evaluation of the phase maps obtained by a SWiopobt Paramagnetic
tissue causes a dipolar effect and iron presendetlyst affects the

paramagnetic properties of the tissues (Ogg R&,e1999). In our work

alterations were seen in both the 10th and the pétbentile of the whole
brain histogram where the extremes of image phagation were reduced,
due to reduced paramagnetic tissue content in Rilljests. This is

consistent with a lower iron content compared tomad brains. This

alteration correlated with disease duration. Tldzda are in agreement with
the previous MRI studies that found increased 72,and T2' (and reduced
R2, R2* and R2") in different brain structures udihg substantia nigra,
thalamus and caudate (Allen RP et al, 2001; E&leet al, 2006; Astrakas
LG et al, 2008; Godau J et al, 2008). Variability these results points
toward a non localized reduced iron content buttnposbably a diffuse

lowering. Indeed despite the small sample sizeomed an alteration at the
whole brain analysis, which appears to be moreitbemshan the local ROI

analysis where we did not detect significant déferes but only a trend.
Alterations of iron regulatory proteins such asrifer, divalent metal

transporter 1, ferroportin, transferrin, transfenreceptor, pro-hepcidin and
hepcidin detected in neuromelanin cells and CSkflyains of patients
(Clardy SL et al, 2006b; Connor JR et al, 2003 2004) indicate a basic
alteration of brain iron homeostasis, probably @ffg the control of iron

movement between CSF and brain and between exXtdaceland
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intracellular compartments. Iron deficiency shouttpair the function of
some cerebral systems more than others, notablgdpaminergic system,
because of the strong connection between dopanmderan (Allen RP,
2004; Allen RP and Earley CJ, 2007). Under this dtlgpsis, an
involvement of all the various dopaminergic patigvaould be present at a
subclinical level, but only that of networks img@ied in sensori-motor
integration and pain processing would be clearlgew at clinical level,
either because of a further major susceptibilitjyom deficiency in neurons
in this network, or because of differences in tmeghold of perceptibility
of the dysfunction (sensory dysfunction throughnpaystem rather than
motor impairment through nigrostriatal system feample).

A methodological consideration coming from our stigithat the histogram
analysis of the phase maps is a very sensitive tto@valuate brain iron
content and is also far less operator dependens 3Jiggests that this
imaging protocol may also be useful in all typesnefrological disease
characterized by a pathological increase of ironuawlation, primary
(neurodegeneration with brain iron accumulation) @econdary
(neurodegenerative diseases), as a biomarker ehshksprogression and for
assessment of pharmacological interventions widtatimg drugs.

In summary, putting together the results of all thiéerent MR protocols
adopted in this study, we can support a pathoploygimal model of RLS
which is consistent with low brain iron content tine brains of these
patients. The iron deficiency may lead to a fun@ioimpairment, in the
absence of structural and/or microstructural abmadities. Via
dopaminergic dysfunction, this functional impairrmheifects the central
mechanisms of sensori-motor integration and paotgssing involving a
number of brain structures including the mediallahms (part of medial

pain system).
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41



Table 1. Patients recruited for MR studies. All patientsfpened the'H-

MRS study. *=performed structural-microstructurdudy. #=performed

phase imaging study.

Patients  Age () Sex Age at Disease Therapy Fémily IRLSSGRS
onset (y) length (y) history score
1* 48 M 45 3 / No 22
2* 49 F 39 1C / No 21
3* 46 M 15 31 DA druas Yes 26
4* 43 F 40 3 / No 24
5% 43 F 35 8 / No 26
6* 55 F 48 7 / No 23
7* 43 F 19 24 DA druas No 25
8* 56 M 40 1€ DA druas Yes 21
9* 31 M 30 1 / Yes 22
10* 50 F 24 2€ DA druas No 26
11 66 M 59 7 DA druas Yes 28
12* 50 M 49 1 / No 8
13* 58 M 56 2 DA druas No 24
14* 67 M 57 1C / No 20
15# 65 F 58 7 / Yes 24
16%# 50 F 40 1C DA druas No 24
174 58 M 54 4 / No 22
184 69 F 66 3 / No 1C
194 56 M 51 5 DA druas No 30
20%# 48 F 38 1C / No 28
21%# 49 F 45 4 / Yes 9
22 # 45 F 40 5 / No 12
23 # 31 F 25 6 / Yes 11
24+ # 62 F 50 12 DA druas Yes 35
25+ # 61 F 57 4 / Yes 21
Mean 52 43 9 9/1€ 9/16 22
SD 10 13 8 / / 7

DA drugs = dopaminergic drugs; IRLSSGRS
Study Group Rating Scale
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Figure 1. 1.5 Tesla GE Signa Horizon LX system equipped waithirdcage

head radio-frequency coil for signal reception

Figure 2. Schematic illustration of methodological steps K8$L-VBM

(from www.fmrib.ox.ac.uk/fsl). A: Original T1-weighd volumetric
images; B: Segmented grey matter partial volumeggztially smoothed
grey matter partial volume; D: Regions of signifitagroup difference in

GM volume (colour) superimposed on template T1-wiid image.

FSL-VBM

Voxel-Based Morphometry with FSL tools

- To investigate GM volume differences
voxel-by-voxel across subjects
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Figure 3. Schematic illustration of preprocessing of DTI gea for FA/MD
analysis. A: DTl image. B: T2W image. C: MD map. Eirst eigenvector
map weighted by FA.

<> Left-Right

¢ Anterior-Posterior

X  Superior-Inferior

Figure 4. A: Example of manual segmentation of ROIs. B-D:noal

segmentation of whole left and right hemispherels ({Bole infratentorial
compartment (C) and of the areas correspondingdamdiem, vermis, and
cerebellar hemispheres separately for histogranysiegD). E: example of

cerebral hemisphere histograms in a healthy cantrol

«~ Right hemisphere
<~ Left hemisphere

005 045 085 1285 165 2405
MD (x10-*mm’/)
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Figure 5. Schematic illustration of methodological stepsT®&SS (from

www.fmrib.ox.ac.uk/fsl).

|. Use medium-DoF nonlinear reg to l. Use medium-DoF nonlinear reg to

pre-align all subjects’ FA pre-align all subjects’ FA
(nonlinear reg: FNIRT) (nonlinear reg: FNIRT)

2."Skeletonise” Mean FA 2.“Skeletonise” Mean FA

B =If &

Figure 6. Example of three dimensional projection of autooadiy
generated subcortical structures (colour) onto FEighted volumetric

image (greyscale).
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Figure 7. Data pipeline to create automatic ROIs.

——» Registration

T1W space X DTl space
MNI space

Figure 8. Localization of medial thalamic VOI (volume of émest) for'H-
MRS study (A) and example of spectrum (B) in a oansubject. NAA =
N-acetyl-aspartate; Cr = creatine-phosphocreati@®@o = choline-

containing compounds; ml = myo-inositol.

46



Figure 9. Schematic illustration of preprocessing of phasages. A-B: real

and imaginary images; C-D: Low pass filtered imagesphase map; F-H:

details of iron-rich structures (F: basal ganglia,substantia nigra and red

necluei, H: dentate nuclei).

Figure 10. Whole brain ROI (A) and derived phase histogrammfra

healthy control (B).
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Figure 11.Manual segmentation of ROIs at level of iron-ritfustures (A:

basal ganglia, B: substantia nigra and red neclligilentate nuclei).

Table 2. Clinical data of the RLS patients and controls ibfe

structural/microstructural study.

) Therapy Positive
Age at  Disease

Subjects  Age Sex ) IRLSSG (DA family
onset  duration )
(N) (years) (M/F) score drugs) history
(years) (years)
(N) (N)
RLS
patients 5019 7115 41412 918 22+7 8 (36%) 8 (36%)
(22)
Healthy
controls  49+16 14/8 / / / / /
(22)

M, male; F, female; DA drugs = Dopaminergic drug®.SSGRS = International Restless
Legs Syndrome Study Group Rating Scale. All dagegaren as mean + SD.
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Figure 12. VBM analysis disclosed no differences between tyroups.
Thresholds for significance level were set at P¥Qafter correction for
multiple comparisons across space, and applyingskiwid-free cluster

enhancement.
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Table 3. MD and FA values for control and RLS groups by R&id
histogram analysis of DTl images.

MD (x10° mm?s) FA .
ROIs
Controls RLS patients Controls  RLS patients
Mean values

Medulla 0.84+0.07 0.86+0.08 0.46+0.12 0.44+0.10 n.s.
Dentate nucleds 0.69+0.06  0.74+0.06 0.34+0.07 0.31+0.07 n.s.
Pons 0.87+0.06 0.91+0.05 0.43+0.07 0.47+0.08 n.s.
Middle cerebellar pedundle 0.74+0.06 0.78+0.05 0.60+0.04 0.57+0.07 n.s.
Superior cerebellar peduntle 0.69+0.03  0.69+0.05 0.48+0.10 0.43+0.10 n.s.
Cerebellar white mattér 0.81+0.04 0.77+0.06 0.67+0.07 0.69+0.06 n.s.
Posterior limb of internal caps(ile 0.69+0.03 0.71+0.03 0.68+0.04 0.52+0.07 n.s.
Thalamu$ 0.78+0.02 0.78+0.05 0.32+0.02 0.70+0.04 n.s.
Putamef 0.75+0.02 0.75+0.02 0.24+0.03 0.33+0.03 n.s.
Globus pallidu$ 0.73+0.03 0.75+0.04 0.38+0.04 0.23+0.03 n.s.
Caudaté 0.79+0.03 0.80+0.03 0.24+0.03 0.38+0.04 n.s.
Parietal white mattér 0.85+0.07 0.84+0.06 0.39+0.07 0.22+0.02 n.s.
Frontal white mattér 0.78+0-04 0.76+0.03 0.29+0.04 0.41+0.05 n.s.
Corpus callosuffi 0.82+0-05 0.83+0.04 0.76+0.03 0.29+0.04 n.s.
Optic radiatiof 0.83+0.04 0.83+0.03 0.55+0.04 0.76+0.05 n.s.

Median values
Sovratentorial compartment 0.89+0.05 0.86+0.03 0.23+0.02  0.24+0.02 n.s.

Infratentorial compartment 0.87+0.05 0.87+0.05 aro4 0.31+0.04 n.s.
Brainstem 0.90+0.05  0.87+0.05 0.44+0.04 0.45+0.02 .s. n
Vermis 0.98+0.11  0.96+0.07 0.23+0.03 0.24+0.04 n.s.
Cerebellar hemispheres 0.81+0.03 0.83+0.05 0.2%+0.0 0.30+0.05 n.s.

"Student T test (aP-value of <0.05 after correction for multiple comisans was
considered to be significant). MD= Mean diffusivifyA= Fractional anisotropy.= Mean
of the left and right value&” = mean of the genu and splenium. All data are givemeasn
+ SD.
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Figure 13. TBSS analysis of DTI images disclosed no differenoetween
two groups. Thresholds for significance level weet at P<0.01 after
correction for multiple comparisons across spaoe, aplying threshold-

free cluster enhancement.

:Ii, ‘ \

X

51



Table 4. MD values and volumes for control and RLS grouplected by

automatidROIl segmentation.

Volume (mnv)

Controls

RLS patients

Mean +SD Mean +SD P
Occipital lobé 101259 12651 98645 9738 n.s.
Parietal lob& 149318 15213 148619 14795 n.s.
Temporal lobé 141164 11859 140741 15285 n.s.
Frontal lob& 239190 26608 239435 23835 n.s.
Caudaté 7199 708 6712 819 n.s.
Pallidug 3572 447 3450 391 n.s.
Putamef 9680 1315 9441 926 n.s.
Thalamu$ 15572 1829 14862 1333 n.s.
Accumben$ 1033 185 1101 156 n.s.
Hippocampu’ 7822 1077 7633 518 n.s.
Amygdald 2775 389 2630 474 n.s.
Brainstem 23566 2804 21650 9455 n.s.
Cerebellum 110160 11203 104524 10450 n.s.
MD (x10° mm?s)
Controls RLS patients P
Mean +SD Mean +SD
Occipital lobé 0,84 0,04 0,81 0,03 n.s.
Parietal lob& 0,79 0,04 0,77 0,03 n.s.
Temporal lob& 0,85 0,03 0,83 0,02 n.s.
Frontal lob& 0,80 0,04 0,79 0,02 n.s.
Caudaté 0,77 0,02 0,80 0,02 n.s.
Pallidug 0,77 0,06 0,76 0,02 n.s.
Putameh 0,75 0,02 0,74 0,02 n.s.
Thalamu$ 0,79 0,05 0,78 0,04 n.s.
Accumben$ 0,80 0,05 0,80 0,03 n.s.
Hippocampu’ 0,92 0,04 0,91 0,04 n.s.
Amygdald 0,86 0,05 0,87 0,04 n.s.
Brainstem 0,83 0,03 0,85 0,05 n.s.
Cerebellum 0,79 0,03 0,80 0,04 n.s.

"Student T test (aP-value of <0.05 after correction for multiple comigans was

considered to be significant). MD= mean diffusivity Mean of the left and right values.
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Table 5. Clinical data of the RLS patients and controlstié *H-MRS

study.
) Therapy Positive
) Age at  Disease ]
Subjects Age Sex . IRLSSG (DA family
onset  duration )
(N) (years) (M/F) score drugs) history
(years)  (years)
(N) (N)
RLS
patients 52110 10/15 43+13 918 22+7 9 (36%) 9 (36%)
(25)
Healthy
controls  51+16 11/7 / / / / /
(18)

M, male; F, female; DA drugs = dopaminergic drudgd;SSGRS = International Restless
Legs Syndrome Study Group Rating Scale. All dagagaren as mean + SD.

Table 6.'H-MRS results in RLS patients and healthy controls.

Ratios
Controls RLS patients P’
Mean +SD Mean +SD
NAA/Cr 1.39 0.11 1.24 0.16 <0.01
Cho/Cr 0.31 0.04 0.29 0.03 <0.05
ml/Cr 0.83 0.17 0.78 0.13 n.s.

"Student T test (#-value of <0.05 was considered to be significaNAA = N-acetyl-

aspartate; Cr = creatine-phosphocreatine; Cho #nghoontaining compounds; ml = myo-

inositol.
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Figure 14. Examples of medial thalami spectraone RLS patient and one
control. NAA = N-acetyl-aspartate; Cr = creatineepphocreatine; Cho =

choline-containing compounds; ml = myo-inositol.

RLS Control

Figure 15. Box-plots of *H-MRS data of RLS patients and controls (A:
NAA/Cr; B: Cho/Cr).

- A FF | B

i E *

RLS Controli RLS Cantrols
~=P<0.01; *=P<0.05

NAA_Cr
-4
;
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Table 7. Clinical data of the RLS patients and control$hef phase imaging

study.
) Therapy Positive
) Age at  Disease )
Subjects Age Sex _ IRLSSG (DA family
onset  duration
(N) (years) (M/F) score drugs) history
(years) (years)
(N) (N)
RLS
patients 5411 2/9 48+11 6+3 219 3(27%) 5 (46%)
(11)
Healthy
controls 5118 6/5 / / / / /
(11)

M, male; F, female; DA drugs = dopaminergic dru@d;SSGRS = International Restless
Legs Syndrome Study Group Rating Scale. All dagagaren as mean = SD.

Table 8.Phase image analysis of RLS patients and controls.

Phase (radians)

Controls RLS patients P
Mean +SD Mean +SD
Dentate nucleus 25th -0,172 0,033 -0,165 0,024 n.s.
Dentate nucleus 50th -0,060 0,027 -0,062 0,022 n.s.
Red nucleus 25th -0,265 0,055 -0,234 0,056 n.s.
Red nucleus 50th -0,141 0,039 -0,132 0,043 n.s.
Substantia nigra 25th -0,287 0,046 -0,243 0,077 n.s.
Substantia nigra 50th ~ -0,138 0,042 -0,119 0,072 n.s.
Basal ganglia 25th -0,205 0,026 -0,203 0,028 n.s.
Basal ganglia 50th -0,075 0,015 -0,081 0,016 n.s.
Histogram of whole brain
10" percentile -0,220 0,007 -0,208 0,010 0.01
50" percentile 0,000 0,003 0,002 0,001 n.s.
90" percentile 0,214 0,009 0,200 0,009 0.02

*Mann—WhitneyU test (aP value of < 0.05 after correction for multiple compans was

considered to be significanf)= Mean of the left and right values.
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Figure 16. Box-plots of 18, 50" and 98 values from histograms of phase

in RLS patients and controls.

Radians
[} #
Radians
iR
Radians
i b
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* % ~

RELs 10th Controls RL& 50th Controls RL& 00th Controls

*»*=pP<0.05

Figure 17. Correlation between Y0Dvalues from histograms of phase in

RLS patients and disease duration (Spearman rat)k te
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