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A B S T R A C T

Objective: The objectives of this study were, ﬁrst, to explore differences in brain activity between normal
people and idiopathic restless legs syndrome (RLS) patients during asymptomatic periods; and, second,
to determine whether administering repetitive transcranial magnetic stimulation (rTMS) to speciﬁc cortical regions would reverse any observed differences in brain activity and alleviate patient symptoms.
Methods: Fifteen idiopathic RLS patients (nine drug-naive patients) and 14 gender- and age-matched healthy
controls were enrolled. Resting-state functional magnetic resonance imaging was used to measure the
amplitude of low-frequency ﬂuctuations (ALFF) in spontaneous brain activity during asymptomatic periods.
Seven patients received high-frequency (5 Hz) rTMS directed toward the leg area of the primary motor
cortex. Scores on the International Restless Legs Syndrome Study Group (IRLSSG) Rating Scale and ALFF
values were measured before and after treatment.
Results: Compared with healthy controls, RLS patients showed lower ALFF in the sensorimotor and visual
processing regions, and higher ALFF in the insula, parahippocampal and hippocampal gyri, left posterior parietal areas, and brainstem. These results were largely conserved when only drug-naive patients
were considered. After rTMS treatment, ALFF in several sensorimotor and visual regions were signiﬁcantly elevated and IRLSSG Rating Scale scores decreased, indicating improved RLS symptoms.
Conclusions: High-frequency rTMS delivered to the leg area of the primary motor cortex may raise functional activity in the sensorimotor and occipital regions, leading to improve symptoms in RLS patients.
These results provide novel insight into RLS pathophysiology and suggest a potential mechanism for rTMS
therapy in idiopathic RLS patients.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Restless legs syndrome (RLS) is a sensorimotor disorder that consists of idiopathic RLS (without known cause) and secondary RLS,
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which is associated with iron deﬁciency, uremia, and peripheral
neuropathy. Key features include an unpleasant sensation in the
lower limbs that appears or worsens during the night and disappears or improves with movement [1]. Although the pathophysiology
of idiopathic RLS remains incompletely understood, several studies
suggest that it is related to central nervous system abnormalities
[2–5]. Three self-evoked, event-related functional magnetic resonance imaging (fMRI) studies reported activation in the cerebellum,
thalamus, brainstem, precentral gyrus, and primary somatosensory cortex during symptomatic periods [3–5]. The question arises
as to whether or not patterns of functional activity change during
asymptomatic periods. Resting-state fMRI, a promising neuroimaging
technique that noninvasively measures spontaneous/intrinsic brain
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activity [6], has been widely used to study healthy and diseased brain
function. Zang et al. [7] proposed using the amplitude of lowfrequency ﬂuctuations (ALFF; calculated as the square root of the
power spectrum in a frequency range, usually 0.01–0.08 Hz) to assess
the amplitude of resting-state spontaneous brain activity. By measuring the ALFF, researchers have found altered baseline brain activity
in patients with attention-deﬁcit/hyperactivity disorder [7] and posttraumatic stress disorder [8]. These recent studies indicate that the
ALFF is physiologically meaningful and reﬂects intrinsic or spontaneous neuronal activity in the brain. Thus, measuring the ALFF
during asymptomatic periods and comparing it to that of control
subjects might reveal regions of altered functional activity in RLS
that may be the basis for the development of symptoms.
Due to the augmentation of RLS symptoms during long-term
treatment with dopaminergic medications, we urgently need new
therapeutic methods. Repetitive transcranial magnetic stimulation (rTMS) is a newly developed noninvasive technique that can
modulate brain function by improving cortical plasticity and can
be used to treat some neurological disorders [9–11]. Currently, the
consensus is that high-frequency rTMS is excitatory, whereas lowfrequency rTMS is inhibitory [12]. Here, we investigated whether
or not excitatory rTMS could be used to therapeutically alter brain
function in RLS patients. First, we used resting-state fMRI to search
for brain regions for which the ALFF values differed between RLS
patients and normal controls. Then we used rTMS to modulate one

of the cortical regions with altered ALFF values, and we assessed
the effect on RLS symptoms.

2. Methods
2.1. Subjects
Fifteen right-handed idiopathic RLS patients (12 females and three
males; age range: 35–72 years; mean age: 56.53 ± 9.75 years; nine
drug-naive patients) (Table 1) participated in the study. RLS was diagnosed through clinical interview by a neurologist with sleep
medicine expertise (Y.H.) and according to the International Restless Legs Syndrome Study Group (IRLSSG) criteria [1]. Severity was
scored on the IRLSSG Rating Scale and the Johns Hopkins Restless
Legs Severity Scale. We also used the Pittsburgh Sleep Quality Index
(PSQI) to assess sleep quality. We scored patients on the Hamilton
Anxiety Rating Scale (HAM-A) and Hamilton Depression Rating Scale
(HAM-D, respectively) to exclude patients with serious anxiety
(score > 21) or depression (score > 20). In addition, we excluded patients with a history of alcohol or drug abuse, anemia, renal disease,
spinal cord or nerve root injury, or other neuropathies or sleep disorders. All patients had normal results on general medical and
neurological examinations. Routine laboratory test results (including serum levels of hemoglobin, iron/ferritin, urea, creatinine, vitamin

Table 1
Demographic and clinical data in idiopathic RLS patients and healthy controls.
Group

Sex

Age (y)

Disease
course

Family
history

Patients
1
2
3
4
5
6
7
8
9
10
11

F
F
M
F
F
F
F
F
F
M
F

51
55
72
44
67
35
52
63
52
65
67

6
27
5
10
4
7
34
35
4
31
41

No
No
Yes
No
Yes
No
Yes
Yes
No
Yes
No

F
F
F

54
61
51

15
39
21

Yes
Yes
No

M
12 F /3M

59
56.53 ± 9.75

4
18.87 ± 14.29

No

M
F
M
F
F
F
M
M
M
F
F
F
F
M
8 F/6 M
0.18a

62
54
71
50
65
35
71
63
65
69
53
61
52
61
59.43 ± 9.83
0.43b

12
13
14
15
Mean + SD
Controls
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Mean ± SD
p Value

Medication

Agree rTMS

Yes
Yes
Yes
Yes
Yes
Trastal 50 mg
Madopar 187.5 mg
Pramipexole 0.25 mg
Pramipexole 0.25 mg
Pramipexole 0.5 mg
Pramipexole 0.25 mg
Clonazepam 1 mg
Estazolam 1 mg

Yes

Yes

IRLSSG

PSQI

HAM-A

HAM-D

22
12
18
28
24
13
24
27
19
37
29

7
4
11
13
13
4
13
15
7
17
11

2
5
7
6
5
3
7
5
5
14
5

5
6
6
5
8
5
9
7
6
13
8

20
28
28

5
10
13

8
8
4

5
7
7

22
23.40 ± 6.52

12
10.33 ± 4.05

6
6.00 ± 2.78

13
7.33 ± 2.61

F, female; IRLSSG, International Restless Leg Study Group Severity Scale; HAM-D, Hamilton Depression Rating Scale; HAM-A, Hamilton Anxiety Rating Scale; M, male; PSQI,
Pittsburgh Sleep Quality Index; RLS, restless legs syndrome; rTMS, repetitive transcranial magnetic stimulation; SD, standard deviation.
a
p Value obtained by two-tailed Pearson χ2 test, which was used for gender comparison between the idiopathic RLS patients and controls.
b p Value obtained by a two-sample, two-tailed t-test, which was used for age comparison between the idiopathic RLS patients and controls.
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B12, folic acid, thyroid hormone, and HbA1c) were normal, and no
patients were on psychotropic medications.
We also recruited 14 age- and gender-matched right-handed
healthy controls (eight females; age range: 35–71 years; mean age:
59.43 ± 9.83 years) (Table 1). The controls had no history of neurological problems such as cognitive disorder, psychiatric illness, or
a family history of RLS. Controls were recruited from the community and were evaluated with cognitive and psychiatric scales. All
controls had a Mini-Mental State Examination (MMSE) score > 28,
a Montreal Cognitive Assessment (MoCA) score ≥ 27, and a Neuropsychiatric Inventory (NPI) score of 0. This study was approved by
the Medical Research Ethics Committee at Xuan Wu Hospital of
Capital Medical University. Written informed consent was obtained from all subjects.
2.2. Data acquisition
Imaging was performed during the daytime, starting from 12:00
when patients were asymptomatic and with empty stomachs. If a
patient experienced leg discomfort during scanning, he or she was
excluded (two patients were excluded for this reason). MRI data acquisition was performed on a Siemens Trio 3-Tesla scanner (Siemens,
Erlangen, Germany). Foam padding and headphones were used to
limit head motion and to reduce scanner noise. Subjects were instructed to move as little as possible, to relax their minds, and to
keep their eyes closed without falling asleep. Functional images were
collected axially using an echo-planar imaging (EPI) sequence with
the following settings: repetition time (TR) = 2000 ms, echo time
(TE) = 40 ms, ﬂip angle (FA) = 90°, ﬁeld of view (FOV) = 24 cm, resolution = 64 × 64 matrix, slices = 28, thickness = 4 mm, voxel
size = 3.75 × 3.75 × 4 mm, gap = 1 mm, and band-width = 2232 Hz.
The scan lasted for 478 s and thus included 239 functional volumes
for each subject. A post-scan questionnaire showed that no subjects fell asleep during the scan. Three-dimensional T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) sagittal
images were collected using the following parameters: TR = 1900
ms, TE = 2.2 ms, inversion time (TI) = 900 ms, FA = 9°, resolution = 256 × 256 matrix, slices = 176, thickness =1.0 mm, and voxel
size = 1 × 1 × 1 mm. For patients who received rTMS, a second MRI
scan with the same parameters was performed after completing 14
rTMS sessions. The time interval between the last rTMS and the
second MR scan was more than 24 hours. In principle, the RLS patients received rTMS treatment in the morning from 08:00 to 10:00
on 14 consecutive days. On the 15th day, they received the second
MR scan starting from 12:00, which was the same time of day as
the ﬁrst MR scan.
2.3. Data preprocessing
Image preprocessing was carried out using Statistical Parametric Mapping (SPM8, http://www.ﬁl.ion.ucl.ac.uk/spm) and Data
Processing Assistant for Resting-State fMRI (DPARSF) [13]. The ﬁrst
10 volumes were discarded to allow for scanner stabilization and
participant adaptation to scanning. The remaining scans were ﬁrst
corrected for within-scan acquisition time differences between slices
and further realigned to the ﬁrst volume to correct for head motions.
No participant was excluded for excessive head movements (more
than 3 mm of translation or 3 degrees of rotation in any direction). Subsequently, each individual structural image (T1-weighted
MPRAGE images) was co-registered to the mean functional image
after motion correction using a linear transformation [14]. The transformed structural images were then segmented into gray matter
(GM), white matter, and cerebrospinal ﬂuid using a uniﬁed segmentation algorithm [15]. The motion-corrected functional volumes
were spatially normalized to Montreal Neurological Institute (MNI)
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space and re-sampled to 3-mm isotropic voxels using the normalization parameters estimated during uniﬁed segmentation. The
resultant normalized functional images were spatially smoothed with
a 4-mm full-width-at-half-maximum (FWHM) Gaussian kernel, and
linear trends were removed. Finally, all images were temporally ﬁltered (0.01–0.08 Hz) to reduce the effects of low-frequency drift and
high-frequency physiological noise.
2.4. Functional ALFF analyses
We used the Resting-State fMRI Data Analysis Toolkit (REST,
http://rest.restfmri.net) to calculate the ALFF [7,16]. Brieﬂy, for a given
voxel, the time series was ﬁrst converted to the frequency domain
using a fast Fourier transform. The square root of the power spectrum was computed and then averaged across 0.01–0.08 Hz. This
averaged square root was termed the ALFF. It was then divided by
the global mean ALFF value for each subject to reduce global effects
of variability.
2.5. Intervention: rTMS paradigm
Of the 15 idiopathic RLS patients, seven gave their informed
consent to receive rTMS therapy (see Table 1). Focal rTMS was administered through a wind-cooled ﬁgure-eight coil (9-cm external
diameter at each wing) connected to a magnetic stimulator, which
gave a 2.0-Tesla pulse at maximal output (Magstim Super-Rapid;
Magstim Co., Whitland, UK). The stimulation was directed to the
leg area of primary motor cortex (M1) with the coil centered at the
hot spot for the tibialis anterior (TA) muscle [17,18] (typically from
0 to 2 cm lateral to the vertex and from −1 to 2 cm posterior to the
vertex). The stimulus intensity was ﬁxed at 120% of active motor
threshold (AMT) for the contralateral TA muscle. The AMT was
deﬁned as the minimum stimulation intensity that produced at least
ﬁve motor-evoked potentials with amplitudes ≥ 100 μV over the
course of 10 consecutive trials during voluntary contraction. For this
measurement, the coil was centered over the leg motor area with
the handle pointing laterally to induce a lateral-to-medial current
ﬂow in the cortex. Patients wore earplugs during the treatment and
were seated in a comfortable chair in a reclined position. A head
restraint was used to prevent movement. A coil holder kept the coil
in a ﬁxed position, and the coil was applied parallel to the vertex
and tangentially to a participant’s head surface. A daily session consisted of 20 rTMS trains, half delivered to the left leg area of M1
and half to the right. A single train consisted of 50 stimulations delivered at 5 Hz, and the intertrain interval was 50 seconds. All patients
were treated daily for 14 consecutive days. A well-trained and qualiﬁed physical therapist delivered the rTMS to all patients. Patients
who had already been taking dopamine agonists or benzodiazepines for at least one month continued to take their medication
at the same dosage throughout the 2-week treatment. The IRLSSG,
PSQI, HAM-A, and HAM-D scores were assessed before the ﬁrst
session and after the 14th session (Table 2). Any adverse effects
related to the rTMS procedure were documented for each patient.
2.6. Statistical analyses
2.6.1. Between-group differences
To examine between-group differences in ALFF, voxelwise general
linear model (GLM) analysis was performed with age and gender
as covariates. Statistical signiﬁcance threshold was set at p < 0.05
(i.e., height threshold) and cluster size > 2214 mm3 (i.e., extent
threshold), which corresponded to a corrected p < 0.05. Correction for multiple comparisons was conﬁned to a GM mask (size:
1,826,064 mm3) that was generated by thresholding (a threshold
of 0.2) an a priori gray matter probability map in SPM8 and performed by Monte Carlo simulations [19] using the AFNI Alpha
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Table 2
Assessment of IRLSSG, PSQI, HAM-A, and HAM-D scores in idiopathic RLS patients (baseline and after 14 sessions of rTMS).
Patient

1
2
3
4
5
6
7
Mean ± SD

Sex

F
M
F
M
F
F
F
5 F/2 M

Age (y)

61
72
67
59
52
63
52
60.86 ± 7.38

IRLSSG

PSQI

HAM-A

HAM-D

Pre

Post

Pre

Post

Pre

Post

Pre

Post

28
18
24
22
24
27
19
23.14 ± 3.76
p < 0.0001a

15
9
18
14
12
19
12
14.14 ± 3.53

10
11
13
12
13
15
7
11.57 ± 2.57
p = 0.0072a

6
11
11
8
8
12
6
8.86 ± 2.48

8
7
5
6
7
5
5
6.14 ± 1.22
p = 0.0472a

6
4
5
5
5
5
5
5 ± 0.58

7
6
8
13
9
7
6
8 ± 2.45
p = 0.0327a

5
5
6
7
7
6
6
6 ± 0.82

F, female; IRLSSG, International Restless Legs Syndrome Study Group Severity Scale; HAM-A, Hamilton Anxiety Scale; HAM-D, Hamilton Depression Scale; M, male; PSQI,
Pittsburgh Sleep Quality Index; RLS, restless legs syndrome; rTMS, repetitive transcranial magnetic stimulation; SD, standard deviation.
a p Value obtained by paired t-test.

Sim program (http://afni.nimh.nih.gov/pub/dist/doc/manual/
AlphaSim.pdf).
2.6.2. Within-group differences for the effect of rTMS
A paired t-test was performed to examine changes in the ALFF
before and after rTMS treatment. Statistical signiﬁcance threshold
was set to p < 0.05 and cluster size > 2214 mm3, which corresponded to a corrected p < 0.05. Correction for multiple comparisons
was conﬁned to the GM mask.

3.2. Comparisons of ALFF between the drug-naive RLS patient and
control groups
Fig. 1B shows a similar pattern when comparing ALFF values
between the nine drug-naive RLS patient group and the healthy
control group. Lower ALFF values were again found in the paracentral lobule, precuneus, supplementary motor area, and occipital lobe.
The lower ALFF values in the right precentral gyrus and higher ALFF
values in the insula, hippocampus, and left posterior parietal area
also survived the height threshold but not the extent threshold
(1026 mm3).

3. Results
3.1. Comparisons of the ALFF between RLS patient and control
groups
Fig. 1A shows the differences in the ALFF between the group of
15 RLS patients and the group of healthy controls. RLS patients
showed signiﬁcantly lower ALFF values in the sensorimotor system,
including the paracentral lobule, precuneus, superior parietal gyrus,
supplementary motor area (SMA), right precentral gyrus, right postcentral gyrus, and visual processing system, including middle
occipital gyrus, calcarine sulcus, cuneus, fusiform gyrus, and right
inferior temporal gyrus. We also found that these patients had signiﬁcantly higher ALFF values in the insula, parahippocampal and
hippocampal gyri, inferior frontal gyrus, rectus, left inferior parietal gyrus, left superior parietal gyrus, left angular gyrus, and
brainstem.

3.3. Comparisons of ALFF between RLS patients before rTMS
treatment and healthy controls
Fig. 2A shows the differences in ALFF values between the healthy
controls and the seven RLS patients who subsequently received rTMS
therapy. We found lower ALFF values in the occipital lobe and higher
ALFF values in the hippocampus, rectus, left insula, superior frontal
gyrus, and left posterior parietal area. Lower ALFF in the SMA and
right precentral gyrus also survived the height threshold but not
the extent threshold (837 mm3).
3.4. Changes in ALFF values after rTMS treatment
Fig. 2B shows regions in which ALFF values changed after rTMS
treatment in the seven RLS patients. Increased ALFF values were

Fig. 1. Difference in amplitude of low-frequency ﬂuctuations (ALFF) between the idiopathic restless legs syndrome (RLS) patients and the healthy control (HC) group.
(A) Z-statistic difference map between the 15 RLS patients and the HC group. Statistical signiﬁcance threshold was set at p < 0.05 (ie, height threshold) and cluster size >2214 mm3
(ie, extent threshold), which corresponded to a corrected p value of <0.05. (B) Z-statistic difference map between the nine drug-naive RLS patients and the HC group. Lower
ALFF values were again found in the paracentral lobule, precuneus, supplementary motor area, and occipital lobe. Lower ALFF in the right precentral gyrus and higher ALFF
in the insula, hippocampus, and left posterior parietal area survived the height threshold (p < 0.05) but not the extent threshold (1026 mm3).
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Fig. 2. (A) Difference in amplitude of low-frequency ﬂuctuations (ALFF) between the seven restless legs syndrome (RLS) patients before repetitive transcranial magnetic
stimulation (rTMS) treatment and the healthy control (HC) group. We found lower ALFF values in the occipital lobe and higher ALFF values in the hippocampus, rectus, left
insula, superior frontal gyrus, and left posterior parietal area. Decreased ALFF in the SMA and right precentral gyrus survived the height threshold (p < 0.05) but not the
extent threshold (837 mm3). (B) Changes in ALFF after TMS treatment. Increased ALFF values were primarily in the sensorimotor cortex and the occipital lobe, and decreased values were primarily in the superior frontal gyrus, middle frontal gyrus, and right angular gyrus. (C) Difference in ALFF between the seven RLS patients after rTMS
treatment and the HC group. Regions with higher ALFF in RLS patients included the rectus, left parahippocampal gyrus, hippocampal gyrus, left inferior parietal gyrus, and
superior parietal gyrus. ALFF values in the sensorimotor cortex and occipital lobe did not differ between groups after rTMS treatment. Higher ALFF in the left insula and
lower ALFF in right fusiform gyrus and right cuneus survived the height threshold but not the extent threshold (567 mm3).

primarily in the sensorimotor cortex and the occipital lobe, and decreased values were primarily in the superior frontal gyrus, middle
frontal gyrus, and right angular gyrus.

3.6. Changes in IRLSSG score after rTMS treatment
Fig. 3 shows IRLSSG Rating Scale scores before and after delivering rTMS to the leg area of M1 daily for 14 days. Data analysis

3.5. Comparison of ALFF values between RLS patients after rTMS
treatment and healthy controls
Fig. 2C shows the differences in ALFF values between the group
of seven RLS patients after rTMS treatment and the group of healthy
controls. Regions with higher ALFF values in RLS patients compared with healthy controls included the rectus, left parahippocampal
gyrus, hippocampal gyrus, left inferior parietal gyrus, and superior parietal gyrus. ALFF values in the sensorimotor cortex and occipital
lobe did not differ between the RLS patient and control groups after
rTMS treatment. Higher ALFF in left insula and lower ALFF in right
fusiform gyrus and right cuneus survived the height threshold but
not the extent threshold (567 mm3).

Fig. 3. International Restless Legs Syndrome Study Group (IRLSSG) Rating Scale scores
before and after repetitive transcranial magnetic stimulation (rTMS). *p < 0.0001.
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revealed that scores signiﬁcantly decreased after treatment (before:
23.14 ± 3.76; after: 14.14 ± 3.53; p < 0.0001).
4. Discussion
By measuring the ALFF, we found brain regions in which activity differed between the idiopathic RLS patient and the normal
control groups, even when the patients were experiencing asymptomatic periods. The major ﬁndings included the following:
(1) Patients showed lower ALFF in the sensorimotor areas and the
occipital lobe, and higher ALFF values in the insula, parahippocampal
and hippocampal gyri, left posterior parietal areas, and brainstem; and (2) after delivering high-frequency rTMS to M1 leg cortex,
symptoms improved as assessed by the IRLSSG Rating Scale, and
the ALFF values in the sensorimotor regions and occipital lobe signiﬁcantly increased.
Clinical and pharmacological observations suggest that dopaminergic hypoactivity may play a role in the pathophysiology of RLS
[20]. In our study, we found hypoactivation in M1 and SMA in idiopathic RLS patients. We speculate that this results from
dopaminergic hypoactivity and cortical deafferentation of the basal
ganglia–thalamo-cortical circuit [21]. The low activity in sensorimotor and occipital cortices during asymptomatic periods may
contribute to abnormal somatosensory processing, leading to discomfort in the leg. Many studies regarding pain have found that
exciting the primary motor cortex can have an antinociceptive role
through the activation of a descending inhibitory pathway [22–25].
Because motor responses are closely linked to visual stimuli, visual
information processing in the occipital lobe is an important part of
the sensorimotor network. A positron emission tomography study
conducted in resting ﬁbromyalgic patients revealed regional cerebral blood ﬂow that was lower in the occipital cortex (OC) than in
that of controls [26]. Injection of glutamate into the OC also reduced
pain in the rat tail-ﬂick test [27]. Because glutamate excites neuronal cell bodies but not ﬁbers, this suggests that the increased
neuronal activity in the OC results in antinociception [26]. Thus, we
speculate the low activity in motor and occipital cortices of idiopathic RLS patients may weaken the inhibitory effects of descending
pathways, leading to the abnormal central somatosensory processing.
Regions with higher ALFF values were found in the insula,
parahippocampal gyrus, hippocampal gyrus, and left posterior parietal areas. In RLS patients, changes have been found in the binding
potential of dopamine D2-receptors (D2Rs) in the insula [19]. Increased activation in the left pars opercularis was observed through
fMRI during nighttime episodes of sensory leg discomfort and periodic limb movements [5]. Functionally, the insula has been
postulated to play a key role in maintaining homeostasis by monitoring and integrating interoceptive visceral and somatic feelings,
and translating these to conscious emotional perceptions [28,29].
Thus, it integrates sensory and visceral signals from peripheral receptors. The high activity of insular and posterior parietal areas may
be related to abnormal central somatosensory processing. To date,
most investigations of aversive conditioning have highlighted speciﬁc contributions from the amygdala and parahippocampal gyrus
[30]. Findings show that patients with parahippocampal gyrus lesions
do not habituate to mildly aversive somatosensory stimuli and are
impaired in their ability to modify neural responses to them [31].
Thus, we speculate that in RLS patients, higher ALFF in the
parahippocampal and hippocampal gyri may help habituation to unpleasant and aversive stimuli coming from the legs.
Results after comparing ALFF between drug-naive patients and
controls followed a similar pattern. Although signiﬁcant changes
were not seen in exactly the same regions, this was likely due to
the small sample size (nine RLS patients). Indeed, after reducing the
signiﬁcance threshold, we did ﬁnd the same pattern of changes in
the same brain regions. It appears that hypoactivity in the

sensorimotor regions and the occipital lobe and hyperactivity in the
insula and posterior parietal areas both contribute to RLS
pathogenesis.
In our study, patient compliance was high; no adverse effects were
observed; and high-frequency rTMS stimulation over leg motorcortex relieved RLS symptoms. However, the mechanism underlying
the therapeutic effects is still unclear. This could be explained by
changes in the dopaminergic system. High-frequency rTMS over M1
was reported to induce a focal release of endogenous dopamine
within the ipsilateral dorsal striatum (putamen, caudate nucleus),
probably by activating cortico-striatal projections [32]. In addition, dopamine acting on D2Rs plays a role in descending inhibitory
control at several central sites, including dorsal striatum, hypothalamus A11-cell group, and spinal cord [33]. The increased release
of endogenous dopamine could act on these sites to enhance descending inhibition and to prevent abnormal somatosensory
processing. Furthermore, the antinociceptive effect induced by stimulation of the OC likely also results from the activation of a
descending inhibitory pathway [34]. In this way, normalizing M1
and occipital cortical activity could be a way to relieve unpleasant
sensation in the legs, whereas abnormal function in these brain
regions likely has a pathophysiological signiﬁcance in idiopathic RLS
patients.
The abnormally high ALFF values in the rectus, left parahippocampal and hippocampal gyri, and posterior parietal cortex
did not change signiﬁcantly after rTMS. This could have been because
the stimulation did not penetrate to deeper brain regions such as
the rectus and the parahippocampal and hippocampal gyri. Another
reason could be that the duration of stimulation was not long enough
for normalization of functional activities in these regions to occur.
Further studies that increase the number of rTMS sessions should
be conducted to further elevate activity in the motor cortex, and
thus increase descending inhibition and help prevent abnormal somatosensory processing.
Several limitations of our study should be addressed. First, only
seven patients received stimulation, and no sham stimulation control
was included. Although the improvement of IRLSSG Rating Scale
scores in RLS patients was between 25% and 50%, we cannot exclude
the possibility that this was a placebo effect. Moreover, several patients were medicated while receiving rTMS treatment, and thus
a potential cumulative effect of magnetic stimulation and medication cannot be excluded. Second, most patients had abnormal PSQI
scores, implying sleep deprivation [35,36]. Because PSQI scores were
not obtained from controls, we cannot rule out the possibility that
the lower ALFF in the visual processing system was in part related
to sleep deprivation in RLS patients. Third, the current dataset is
cross-sectional and does not allow us to examine ALFF-related
dynamic changes with RLS circadian variations; future follow-up
studies are warranted to examine RLS circadian variations. Finally,
the sample size was small, and further validation using a large sample
is therefore necessary. This project is still ongoing, and we are planning to make these adjustments and to observe the cumulative effect
of increasing the number of repetitive sessions.
In conclusion, abnormally low spontaneous activity in the sensorimotor cortex and the occipital lobe may be involved in the
pathogenesis of idiopathic RLS. High-frequency (5-Hz) rTMS directed toward M1 (leg area) can mitigate this problem and relieve
some symptoms of idiopathic RLS. rTMS may promote the release
of dopamine and, in turn, enhance the descending inhibitory
pathway and prevent abnormal central somatosensory processing.
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