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Abstract
Purpose. The aim of this review was to systematically summarize the current literature on corticospinal excitation and 
muscle activity in restless legs syndrome (RLS) patients during daytime and diurnal activities. Three models of muscle 
activation in RLS directed this review: (i) evoked neuromuscular activation; (ii) sensory reflex responsiveness; (iii) voluntary 
muscle activation.
Methods. A literature search was conducted in PubMed and Google Scholar, and 51 articles met the primary inclusion 
criteria. After a quality analysis, a total 13 articles were deemed of sufficient quality for data extraction.
Results. Three studies on evoked neuromuscular activation demonstrated increased motor excitability associated with 
RLS. Sensory reflex responsiveness studies in RLS patients revealed increased reflex responsiveness, indicating increased 
spinal excitability and a possible dysfunction in afferent inhibition. Voluntary muscle activation studies showed both diurnal 
muscle electromyography abnormalities and an increased circadian variation in the musculature of the lower leg in RLS 
patients.
Conclusions. Although a number of mechanisms have been evaluated increasing the understanding of RLS, few studies 
have evaluated RLS during daytime and diurnal muscle activity in patients with RLS. Furthermore, potential associations 
with the circadian rhythm have not been thoroughly investigated, nor have methodologies been combined. Future research 
should aim to establish differences in muscle activity of RLS patients and associate these differences with the duration and 
severity of symptoms. Suggestions for further studies are provided.
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Introduction

Restless legs syndrome (RLS) was described as early 
as in the 17th century by Willis (1672), and the picture 
of the disease as a neuropathological condition was 
further extended by Ekbom (1945). RLS is a commonly 
occurring disorder affecting up to 10% of the adult 
population [1, 2]. It causes an uncontrollable urge to 
move the legs owing to uncomfortable sensory symp-
toms. This typically happens in the evening or night-
time hours, when sitting or lying down. RLS can mani-
fest itself with both sensory and motor symptoms, such 

as movement disorders that make it hard to stay still 
(akathisia) and/or periodic limb movement, i.e., invol-
untary muscle contractions [3–6].

The pathological model of RLS, as suggested by 
Trenkwalder and Paulus [7], is multifactorial. A com-
bination of cortical iron deficiency, dopaminergic dys-
function, and, possibly, a global disinhibition phenom-
enon of the cerebral cortex and spinal cord [8–13] are 
the potential pathophysiological mechanisms. Previ-
ous animal studies have demonstrated that inducing 
iron deficiency in primates caused a disruption in do-
pamine neurotransmission by generating a centrally 
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controlled state of hypoxia, which further activates 
the hypoxia-induced factor (HIF) pathway. Moreover, 
HIF activation has been shown to increase tyrosine 
hydroxylase gene expression, causing an increase of 
cerebral dopamine concentration and activation of 
dopaminergic pathways [14–16]. Dopaminergic path-
ways have been suggested to be involved in the circa-
dian nature of RLS symptoms, with dopamine con-
centration peaking during the night [17]. An increase 
in dopamine concentration has been reported to have 
opposite effects on excitatory dopamine 1 receptor (D1R) 
affinity and the inhibitory counterpart of dopamine 
2 receptor (D2R). Increased dopamine concentration 
is suggested to raise the excitatory D1R activity and, 
conversely, to exert a desensitizing effect on the inhibi-
tory D2R [18, 19]. Such downregulation of the inhib-
itory D2R has been found in autopsies performed in 
RLS patients [20].

However, the conclusive pathophysiological mech-
anisms behind RLS are still unclear. Further contrib-
uting factors have been suggested to be brainstem 
disinhibition combined with impaired supraspinal do-
paminergic control. The latter combination may acti-
vate spinal generator processes leading to symptoms 
[10–13], although other possible mechanisms have also 
been proposed. Tergau et al. [21] pointed at a disinhi-
bition of the entire motor cortex in patients with idi-
opathic RLS.

Czesnik et al. [22] provided evidence of increased 
hyperexcitability of peripheral motoneurons through 
raised inward rectification, facilitated through hyper-
polarization-activated cyclic nucleotides. Their con-
clusion was that the peripheral hyperexcitability of 
motoneurons constituted further evidence of a corti-
cospinal pathophysiological mechanism along the de-
scending pathways of the neuroaxis of the brain, spine, 
peripheral nerves, and muscles. Hence, assuming that 
both corticomotor and subcortical disinhibition con-
tribute to the RLS pathophysiology, daily voluntary 
muscle activity may promote the hyperexcitability of 
the motor cortex. Consequently, it could be suggested 
that the diurnal corticomotor activation may affect the 
severity of the disorder, and further the excitability of 
leg muscles.

Accordingly, Paci et al. [10], with the use of electro-
myography (EMG), have shown a decreased EMG signal 
(silence periods) during gait analysis among controls 
compared with RLS patients. This EMG discrepancy, 
however, did not affect kinematics in any of the groups. 
Furthermore, Lin et al. [23] reported an increase in 
evoked reflex in comparison with controls, coupled with 
a decrease of sensory nerves in respect to long-latency 

afferent inhibition. The summation of the latter fac-
tors indicates raised motor cortical excitability of the 
legs and a disrupted sensorimotor integration in RLS 
patients. It is not clear, however, how the above patho-
physiological mechanisms are influenced by the time 
of the day and by daily activities or how they impact on 
the severity of night-time symptoms. According to the 
International Restless Legs Syndrome Study Group, 
neurological and muscular features are objectively 
measured and evaluated as an indicator of pathologic 
processes in RLS and to determine therapeutical inter-
ventions. Daytime studies targeting the possible patho-
physiological mechanisms of RLS may shed light into 
determining RLS pathophysiology and the involvement 
of a single cause or a combination of mechanisms. 
Thus, the aim of the present review is to present the 
current state of the literature on corticospinal excita-
tion and muscle activity pattern in RLS patients dur-
ing daytime and diurnal activities.

Material and methods

Search strategy

The initial step was to define the principal concepts 
for the review and our research questions. Thereafter, 
a dynamic search strategy was formulated. Subse-
quently, a literature search was performed by using 
the search engines of PubMed and Google Scholar. 
Articles were preselected to be screened by reading the 
titles and abstracts. Thereafter, each article was read 
and selected by applying a predetermined quality as-
sessment criterion. A critical approach was used for 
result synthesis of the 3 overarching questions of the 
review. Tables of summary were created from the pa-
pers that were deemed of acceptable quality.

Inclusion and exclusion criteria

The scope of this review is limited to daytime studies 
with subjects diagnosed with idiopathic RLS. Animal 
studies were excluded, as were studies concerning pe-
riodic limb movements in non-RLS patients and other 
neurological pathologies that could affect spinal ex-
citability.

Included studies with RLS patients were found rel-
evant if they met the criteria of referring to the follow-
ing issues: evoked reflex, sensory reflex, and voluntary 
muscle activation. Overnight sleep studies are out of 
the scope of this review.
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Literature search

The literature search was initially made in PubMed 
and Google Scholar. A summary of the search can be 
seen in Figure 1. Search keywords were used alone or 
in combination to generate results that met the crite-
ria for the present review. Only studies in the English 
language and published within the previous 50 years 
were accepted. A total of 13 articles were deemed ac-
ceptable for data extraction and to produce tables pre-
sented in this review.

PubMed search terms that were used during this re-
view included both Medical Subject Headings (MeSH) 
terms and keywords that contributed to more than 2 
papers in the search. The following MeSH terms and 
keywords were applied, in no particular order: restless 
legs syndrome, muscle activity, RLS electromyography, 
RLS EMG, corticospinal excitability RLS, cortical excit-
ability RLS, spinal excitability RLS, pathology RLS, 
iron deficiency RLS, gait analysis RLS, dopamine cir-
cadian rhythm RLS, circadian variation RLS, muscle 
activity in RLS, involuntary muscle activation RLS, 
Meis-1, HIF-1 dopamine, RLS reflex responsiveness, 
autogenic inhibition, recurrent inhibition, reciprocal 
inhibition.

Initially, 393 articles were found in the primary 
PubMed and Google Scholar search. A total of 51 ar-
ticles met the primary inclusion criteria as verified by 
scrutinizing title and abstract and were selected for 
a follow-up quality assessment. Of these, 11 papers 
were excluded when the articles were read in their en-
tirety. Subsequently, 13 of the remaining 40 articles 
met the predetermined quality assessment score of 
 11. The questions used for the quality assessment 

were derived and adapted from guidelines for research 
studies and checklists assessing study quality in 
health-related research, previously explained by Gold 
et al. [24]. The scoring system contained 17 items; each 
item could be scored as ‘yes’ (1 point), ‘unknown’ (0), 
or ‘no’ (0). Scores for each paper were added and the 
totals ranged 0–17. On the basis of our judgment of 
quality, as previously suggested [24], articles scoring 
 65% of the maximum (i.e., at least 11 out of 17) were 

included in the present review. These articles were 
labelled as ‘adequate quality’. Articles scoring ‘no’ or 
‘unknown’ in questions 8 or 15, referring to clear RLS 
diagnosis and appropriate statistical analysis, were 
excluded from the analysis.

Ethical approval
The conducted research is not related to either hu-

man or animal use.

Figure 1. Flow-chart illustration of the literature search

RLS – restless legs syndrome
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Results

Overall, 51 articles met the inclusion criteria as veri-
fied by reading the title and abstract. Next, 11 articles 
were excluded because they presented comorbidities 
besides RLS and also animal studies. After the primary 
screening process, a secondary screening process was 
implemented by reading the remaining 40 articles in 
their entirety. When a standardized quality analysis 
was applied, a total 13 of the remaining articles were 
deemed to be included in 3 separate summary tables, 
referring to (i) evoked neuromuscular activation stud-
ies, (ii) sensory reflex responsiveness studies, and 
(iii) voluntary muscle activation studies. A flowchart 
model of the literature search is shown in Figure 1.

Evoked reflex activation studies

Since the symptomatic characteristics of RLS are 
both motor and sensory in nature, the spinal cord has 
been suggested to be part of the pathological origin, 
owing to its role in both afferent sensory input and 
efferent motor output. Hence, a reduction in spinal in-
hibition might be centrally influenced by cortical hy-
perexcitability [8, 16, 22].

Two electrophysiological parameters for measur-
ing the above motor and nerve functionality are cu-
taneous silent periods (CSP) and the F-wave duration 
(FWD), evaluated by EMG. CSP represents a brief 
inhibitory interruption in voluntary contractions that 
follows an electrical stimulation of a cutaneous mo-
tor nerve. In essence, CSP plays a protective role and 
is regulated by spinal inhibitory pathways and supe-
riorly partially modulated by the motor cortex. Hence, 
by determining the time from CSP to regained resting 
membrane potential, spinal excitation can be evalu-
ated [25].

Moreover, spinal excitability has also been hitherto 
investigated by the EMG assessment of FWD; F-wave 
is produced when a supramaximal current is applied 
against the normal direction of nerve electrical con-
duction during nerve excitation [25]. Prolonged FWD 
is influenced by inhibitory Renshaw cells. These cells 
inhibit the slow-conducting motor neurons, and this 
inhibition is termed recurrent inhibition [26, 27]. Isak 
et al. [28] proposed that a decrease in the activation of 
inhibitory Renshaw cells might prolong FWD, with 
the additional activation of slow-conducting motor 
neurons, thereby being an indicator of decreased spi-
nal inhibition.

Currently, there have been 4 studies that evaluated 
CSP and FWD in patients suffering from RLS [23, 

28–30]. The results of these studies showed an in-
creased excitability of motor neurons in RLS patients 
and thus a shorter CSP and altered ratio between upper 
body and lower body CSP [30]. Isak et al. [28] and 
Özsimsek and Koyuncuoglu [30] also reported a shorter 
CSP in patients with RLS, although the latter authors 
found no difference between controls and subjects in 
FWD. The authors suggested that CSP differences 
might be due to altered interneuron function or in-
creased excitability of motor neurons influencing CSP. 
Two of the studies [28, 30] demonstrated a decreased 
duration of CSP, while Congiu et al. [29] revealed no 
difference in CSP parameters between groups. How-
ever, Congiu et al. [29] found increased FWD and con-
cluded that it was an indicator of raised motor neuron 
excitability in RLS patients. Conversely, Isak et al. [28] 
suggested that the decrease in CSP might be due to al-
tered spinal interneuron functioning, such as a dys-
function of inhibitory Renshaw cells. A summary of 
the studies is presented in Table 1.

Sensory reflex responsiveness studies

An additional model for investigating the possible 
hyperexcitability of the spinal cord, as a possible patho-
physiological mechanism of RLS, is by assessing sen-
sory reflex responsiveness. Reflex responsiveness can 
be influenced by changes in spinal excitability, hence 
motor responsiveness to sensory stimulation [16]. 
Flexor withdrawal reflex occurs when nociceptive re-
ceptors are stimulated and initiate an often-monosyn-
aptic reflex arc with the intent of self-preservation from 
noxious stimulus [31]. On the other hand, crossed 
extension refers to a polysynaptic reflex that induces 
contralateral muscle activation: as one leg withdraws 
from a nociceptive stimulus, the contralateral leg ex-
tends in order to maintain stability [31–33]. The Hoff-
mann reflex (H-reflex) is a reflex response to electrical 
stimulation of a nerve and is similar to the patellar 
reflex, as it acts on the same pathway as a mechani-
cally induced myostatic stretch reflex [34]. The main 
difference between the H-reflex and the stretch re-
flex is the absence of mechanical stimulus on the 
muscle spindle. It can be understood to represent an 
estimation of -motor neuron excitability when pre-
synaptic inhibition and intrinsic excitability of the 
-motor neurons remain constant [34].

Four studies demonstrated a circadian variation in 
reflex responsiveness as an indicator of spinal excit-
ability in patients with RLS. Dafkin et al. [16, 31] in-
vestigated plantar ref lex and f lexor ref lex/crossed 
extensor reflex in patients with RLS compared with 
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Table 1. Summary of evoked reflex activation studies (RLS subjects compared with healthy controls)

Study
Patients (n)  

and age (years)
Controls (n)  

and age (years)
Time of day

Aspect 
investigated

Results

Congiu et al., 
2017 [29]

15 females
57.5 ± 7.2

17 females
52.5 ± 8.7

Not disclosed FWD and CSP No significant differences were 
found in either CSP parameters 
(p > 0.05) or F-wave amplitude 
(p > 0.05) between patients and 
controls, although a significant 
increase of FWD was detected in 
subjects (p = 0.039 and p < 0.01)

Lin et al.,  
2018 [23]

14
8 males
6 females
56.6 ± 7.65

12
7 males
5 females
49.8 ± 4.0

Not disclosed H-reflex latency 
and amplitude

No significant differences were 
found in either H-reflex latency 
or amplitude between subjects 
and controls (p > 0.05)

Isak et al.,  
2011 [28]

24
7 males
17 females
53.3 ± 7.4

31
9 males
22 females
49.2 ± 8.6

Not disclosed CSP and FWD CSP significantly shorter in 
patients than in controls  
(p < 0.0001), FWD significantly 
longer in patients compared  
with controls (p < 0.0001)

Özsimsek and 
Koyuncuoglu, 
2017 [30]

30
Non-disclosed 
age and gender 
distribution

30
Non-disclosed 
age and gender 
distribution

Not disclosed FWL and  
CSP/PSP

No significant differences were 
found in FWL between groups 
(p > 0.05). However, PSP was 
shorter in the tibialis anterior as 
compared with abductor pollicis 
brevis in subjects (p = 0.04)

CSP – cutaneous silent period, FWD – F-wave duration, FWL – F-wave latency, PSP – peripheral silent period,  
RLS – restless legs syndrome

control subjects. They showed an expected increase in 
reflex responsiveness when comparing day and even-
ing in both the plantar reflex and the crossed extensor 
reflex in 2 separate studies, as previously did Aksu and 
Bara-Jimenez [35] during the symptomatic period. 
The results obtained by Gunduz et al. [36] are of note 
since they also demonstrated an increased excitability 
compared with controls in diurnal tests of the flexor 
reflex; however, they did not evaluate night-time excit-
ability. It is important to point out that in their study, 
akathisia was drug-induced in the control group. In 
this line, other investigators [13, 37, 38] did not find 
any differences in the H-reflex through electrostimu-
lation of the soleus muscle in patients with RLS and 
controls. Scaglione et al. [37] and Marconi et al. [38], 
though, reported a decrease in 1b-afferent inhibitory 
pathways that act on mechanoreceptors in the muscle. 
The latter (GTO, Golgi tendon organ) are responsible 
for protecting the muscle from overexertion through 
a mechanical feedback loop. GTO is stimulated through 
tension on the muscle, which sends an efferent signal 
towards the spinal cord. Correspondingly, an afferent 
inhibitory signal is directed back to the muscle, which 
results in a decrease in force production [39]. A sum-

mary of the reviewed sensory reflex responsiveness 
studies is presented in Table 2.

Voluntary muscle activation studies

There is only a handful of studies that have evalu-
ated voluntary muscle activity in RLS patients. Inter-
estingly, all of them have assessed voluntary muscle 
contraction during walking by using gait analysis and 
EMG [10, 40]. It may be argued, however, that since 
one of the primary symptoms of RLS is the uncontrol-
lable urge to move the legs, the use of a test with pre-
dictable activation patterns may be desirable. In this 
line, EMG gait analysis of the working musculature 
may be suitable [10, 40].

Paci et al. [10] performed a gait assessment study 
with the use of EMG, examining the gastrocnemius 
lateralis (GL) and tibialis anterior (TA) muscles of RLS 
patients. Their results showed a subtle GL EMG abnor-
mality (silent period) in the swing phase of the gait 
movement [10]. They noted that the EMG abnormality 
during gait in RLS patients occurred when the exten-
sion of the knee was initiated and the ankle reached 
a maximum degree of dorsiflexion. This is interesting, 
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Table 2. Summary of sensory reflex responsiveness studies (RLS subjects compared with healthy controls)

Study
Patients (n)  

and age (years)
Controls (n)  

and age (years)
Time of day Reflex investigated Results

Aksu  
and Bara-
Jimenez, 
2002 [35]

20
Non-disclosed 
age and gender 
distribution

20
Non-disclosed 
age and gender 
distribution

21:30–22:30 Flexor reflex Increased excitability in patients 
compared with controls (p < 0.01)

Dafkin  
et al., 2017 
[31]

13
4 males
9 females
45.5 ± 14.5

13
4 males
9 females
42.1 ± 14.5

06:00–08:00 Plantar reflex Decreased diurnal and nocturnal 
EMG amplitude in patients 
compared with controls (p < 0.05)

20:00–22:00 Nocturnal increase of plantar 
reflex responsivity in patients 
compared with controls (p = 0.04)

Dafkin  
et al., 2018 
[16]

12
4 males
8 females
45.8 ± 13.8

12
4 males
8 females
43.0 ± 14.7

06:30-08:00
20:00–22:00

Flexor reflex Nocturnal excitability increased 
compared with diurnal in RLS 
patients (p = 0.042).  
No differences in controls

06:30–08:00
20:00–22:00

Crossed extensor 
reflex

Nocturnal excitability increased 
compared with diurnal in RLS 
patients (p = 0.001).  
No differences in controls

Gunduz  
et al., 2017 
[36]

12
Non-disclosed 
age and gender 
distribution

17
Non-disclosed 
age and gender 
distribution

13:30–15:30 Flexor reflex Daytime excitability increased in 
patients compared with controls  
(p = 0.01)

Marconi  
et al., 2011 
[38]

9
5 males
4 females
58 ± 14

11
5 males
6 females
62 ± 7.0

Afternoon  
(non-disclosed 

time)

Soleus H-reflex 
through electro
stimulation

No differences (p > 0.05)

Autogenic  
inhibition (GTO)

Decreased 1b-inhibition  
(p = 0.007)

Scaglione 
et al., 2008 
[37]

7
Non-disclosed 
age and gender 
distribution

10
Non-disclosed 
age and gender 
distribution

Morning (non-
disclosed time)

Soleus H-reflex 
through 
electrostimulation

No differences (p > 0.05)

Autogenic  
inhibition (GTO)

Decreased 1b-inhibition  
(p = 0.043)

Bucher  
et al., 1996 
[13]

25
14 males
11 females
58.1 ± 10.2

15
9 males
6 females
55.9 ± 8.4

Asymptomatic 
period

Soleus H-reflex 
through electro
stimulation

No differences (p > 0.05)

EMG – electromyography, GTO – Golgi tendon organ, RLS – restless legs syndrome

as GL is an antagonistic muscle to the dorsiflexor TA 
and, as concluded by the authors, this phase of maxi-
mum dorsiflexion is usually characterized by a rela-
tive silent EMG period in GL in healthy subjects owing 
to reciprocal inhibition.

Dafkin et al. [40], however, addressed one limita-
tion of the research conducted by Paci et al. [10]. They 
pointed out that as testing was performed in the morn-
ing – i.e., asymptomatic period – circadian variations 

in gait EMG activity should have been taken into con-
sideration. Dafkin et al. [40] investigated the leg muscle 
activity in patients with RLS. In their study, RLS pa-
tients were compared with controls with EMG mo-
tion analysis during plantar flexion. Measurements 
were taken in the morning and in the evening, hence 
accounting for circadian variations. The authors re-
ported differences in plantar flexion responses be-
tween RLS patients and controls and attributed their 
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findings to circadian fluctuations in spinal excitabili-
ty. In their study, RLS patients exhibited an increased 
EMG activity in GL and TA during the loading phase, 
followed by a decrease in GL activation at the termi-
nal phase of the movement [40].

Interestingly, in line with the above, in a study by 
Spiegelhalder et al. [41], the correlation between rest-
ing muscle EMG and bilateral activation of the cere-
bellum was evaluated with functional magnetic reso-
nance imaging (fMRI). The authors hypothesized that 
periodic limb movement was associated with brain-
stem activation and leg discomfort – measured by visu-
al analogue scale – since the cerebellum is partially 
responsible for motor control [42]. In their study, the 
participants lay in bed in a supine position for 50 min-
utes during different hours of the day and were asked 
not to move voluntarily. They were monitored with 
surface EMG and fMRI and asked to estimate their 
leg discomfort on a 10-point visual analogue scale – 
Likert scale. The authors found a negative correlation 
of tonic EMG and leg discomfort, as well as an associa-
tion between fMRI imaging and tonic EMG, with ac-
tivation in motor and somatosensory pathways. Acti-
vation was also observed in some regions of the brain 

that are not primarily related to motor or somatosen-
sory functions. A summary of the studies is presented 
in Table 3.

Discussion

We conducted a comprehensive systematic review 
summarizing the current state of the literature on cor-
ticospinal excitation and muscle activity in RLS pa-
tients during daytime and diurnal activities. Our main 
findings were: (1) A few studies investigating evoked 
reflex activation demonstrated increased motor excit-
ability associated with RLS. (2) Sensory reflex respon-
siveness studies in RLS patients revealed increased 
reflex responsiveness and a decrease in 1b-afferent 
inhibition, indicating increased spinal excitability and 
a possible dysfunction of both the myostatic stretch 
reflex and GTO. (3) Voluntary muscle activation stud-
ies reported both diurnal EMG abnormalities of GL 
and an increased circadian variation in the GL and 
TA musculature of the lower leg.

There was an association between increased cor-
ticospinal excitation and muscle activity in 2 of the 
studies [10, 16]. Nonetheless, mixed consistency of 

Table 3. Summary of voluntary muscle activation studies and resting EMG studies (RLS subjects compared  
with healthy controls)

Study
Patients (n)  

and age (years)
Controls (n)  

and age (years)
Time of day

Muscles 
investigated 
during gait

Subject response

Paci et al., 
2009 [10]

13
3 males
10 females
57.9 ± 13.41

8
3 males
5 females
53.9 ± 16.52

Morning Tibialis anterior
Soleus

No significant difference in patients  
as compared with controls (p > 0.05)

Gastrocnemius 
lateralis
Gastrocnemius 
medialis

Significant difference, a mild EMG 
abnormality was detected (p = 0.003)

Dafkin  
et al., 2018 
[40]

16
5 males
11 females
43.4 ± 14.4

13
4 males
9 females
42.1 ± 14.5

19:30–20:30
06:30–07:30

Tibialis anterior No circadian variation in patients. 
Circadian variation when compared with 
controls, 10% decrease of tibialis anterior 
activation diurnally and 10% increase of 
tibialis anterior activation nocturnally  
(p < 0.01)

19:30–20:30
06:30–07:30

Gastrocnemius 
lateralis

No circadian variation in patients. 
Circadian variation when compared 
with controls, increase in gastrocnemius 
lateralis activity in the evening (p < 0.05)

19:30–20:30
06:30–07:30

Biceps femoris No differences (p > 0.05)

19:30–20:30
06:30–07:30

Rectus femoris No differences (p > 0.05)

EMG – electromyography, RLS – restless legs syndrome
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results was observed for FWD, H-reflex, and CSP as 
markers of nerve conduction and interneuron function 
[23, 28–30]. However, we were able to identify a few 
common traits of overall increased reflex excitability 
of various nociceptive and stretch reflexes. EMG gait 
analysis studies demonstrated significant circadian 
differences in EMG activity of the GL musculature 
during gait, although diurnal protocols should be ap-
plied and related to night-time symptoms.

As the pathological nature of RLS is multifactorial 
and seemingly affects several physiological systems 
along the descending neuroaxis, the effort of covering 
the pathological origins is inherently broad. Therefore, 
RLS symptoms may be varied, owing to several factors 
that manifest simultaneously, or to one physiological 
system higher up in the neuroaxis affecting its descend-
ing pathway. However, an increased cortical excita-
bility was demonstrated in patients with RLS [11, 12]. 
As mentioned above, in an animal model, a deficiency 
in brain iron was reported to induce a central state of 
hypoxia, which activated the HIF pathway, increasing 
the tyrosine hydroxylase gene expression, thus raising 
dopamine in the circadian rhythm [14–16]. The increase 
in dopamine concentrations was shown by Barlett et al. 
[18] to increase the excitatory D1R and decrease the 
inhibitory D2R. Further influences on descending path-
ways can be seen in the raised excitability of peripheral 
motoneurons through inward rectification potassium 
channels, which could increase electrical excitation 
in the affected cells [22].

Evoked muscle activation studies presented altered 
FWD and CSP in RLS patients when compared with 
controls [28, 29]. Interestingly, Isak et al. [28] observed 
both a shorter CSP and longer FWD in their study, but 
Congiu et al. [29], with a similar protocol, found only 
a longer FWD. Isak et al. [28] argued that the longer 
FWD could result from the inhibition of small-diame-
ter, slow-conducting motor neurons. In another study 
by a Turkish group [30], the authors reported no differ-
ence in FWD, but a shorter peripheral silent period in 
the TA muscle of RLS patients. These conflicting re-
sults may be influenced by the circadian nature of RLS, 
as none of the 4 papers listed the time of testing. The 
prolonged FWD has been explained as a consequence 
of Renshaw cell disinhibition, and corresponds to the 
results obtained by Paci et al. [10], who identified an 
abnormal EMG activation of GL during gait in RLS 
subjects. The authors suggested that this was due to 
a dysfunction in reciprocal inhibition, consistent with 
the inhibitory functioning of the Renshaw cells at the 
spinal level [10, 28].

Furthermore, sensory reflex responsiveness has 
been commonly used as a tool to estimate the descend-
ing neuroaxis component of spinal excitation. Several 
authors demonstrated an increase in both the plantar 
flexor and crossed extensor reflex responsiveness [13, 
16, 31, 35–38]. Two studies followed the circadian 
rhythm in their protocols and found increased excit-
ability nocturnally and decreased excitability diurnally 
[16, 31]. Also, Gunduz et al. [36], in an exclusively 
diurnal study, demonstrated increased excitability of 
the flexor reflex.

Scaglione et al. [37] and Marconi et al. [38] showed 
no difference in H-reflex responsiveness between RLS 
patients and controls, although a significant decrease 
in inhibitory 1b-afferent fibres was found. Inhibitory 
1b-afferents supply the mechanoreceptor in the GTO 
regulating muscle activation, protecting the muscle 
from injury and aiding reciprocal inhibition. The sum-
mation of prolonged FWD and a decrease in 1b-affer-
ents could indicate a dysfunction of inhibitory Ren-
shaw cells and GTO. This may be further supported by 
the poor reciprocal inhibition revealed in RLS patients 
during gait [10].

Paci et al. [10] suggested that EMG abnormalities in 
RLS patients might be due to poor control of antago-
nistic muscle activation and that RLS patients might 
initiate their crossed extensor reflex during the impact 
phase of the contralateral leg during gait, making GL 
increase its activation. This was later supported by 
Dafkin et al. [40], who identified a significant circa-
dian variation in the crossed extensor reflex, which 
increased nocturnally and decreased diurnally. Paci 
et al. [10] implemented the testing protocol diurnally, 
when RLS patients are usually asymptomatic; hence, 
more research is needed to elucidate EMG patterns 
in RLS patients during daily activities.

Spectrum effect: additional links  
in the literature

In addition to the conclusions made by Paci et al. 
[10] and Dafkin et al. [40], we suggest that EMG dif-
ferences may not be exclusively limited to increased 
spinal reflex responsiveness and a decrease in 1b-af-
ferent inhibitory fibres. Renshaw cells play an impor-
tant role in the regulation of motor unit recruitment 
[43, 44]. Akazawa and Kato [43] showed that the re-
current inhibition caused by Renshaw cells had the 
effect of creating a linear gain between the motor output 
of the motor cortex and the corresponding force output. 
As suggested by Friedman et al. [45], Renshaw cells 
may reverse the order of recruitment as per the size 
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principle. Such a change of order has been demonstrated 
in strength athletes through selective recruitment, where 
higher threshold motor units activate first, and lower 
threshold motor units are inhibited [46, 47].

Furthermore, Oskarsson et al. [48] reported a cir-
cadian variation in microcirculation in the often-af-
fected TA musculature of the lower leg in RLS patients. 
The microcirculation was lower nocturnally than di-
urnally. In this line, Wåhlin-Larsson et al. [49] dem-
onstrated an increase in local angiogenesis in TA of 
RLS patients and attributed their findings to local hy-
poxia. Nocturnal hypoxia may cause an increase in bi-
lateral activation of the cerebellum, hence raising local 
oxygenation via higher muscle activity, as the cerebel-
lum is partially responsible for motor output, as reported 
by Spiegelhalder et al. [41].

Finally, Czesnik et al. [22] concluded that the pe-
ripheral variance in hyperexcitability of motoneurons 
constituted evidence of the influence of a cortical com-
ponent higher up in the neuroaxis hierarchy. Thus, it 
is not ungrounded to suggest that the increasing influ-
ence of motor cortex output, raised spinal excitability, 
and decreased 1b-afferent inhibition on the descend-
ing neuroaxis could have an impact on motor output 
and muscle activation. In fact, these could also affect 
other, uninvestigated voluntary movements, with no 
influence of the stretch shortening cycle seen in gait. 
We suggest, thus, that protocols which apply increasing 
force with sustained contractions should be used to 
evaluate muscle activation patterns in patients with 
RLS.

Strengths and limitations

This review makes a contribution by systematically 
synthesizing the literature on corticospinal excitation 
and muscle activity in RLS patients during daytime 
and diurnal activities. To our knowledge, this is the 
first comprehensive review of RLS and daytime muscle 
activation. Additionally, it is the only such review that 
we are aware of to address the question of muscle ac-
tivation and RLS at all. However, RLS may also affect 
multiple mechanisms, thus yielding different conse-
quences. We attempted to analyse the results on an RLS 
basis. Nevertheless, there was little consistency of study 
methodologies, measuring variables, and protocols. We 
thus suggest greater consensus on how to perform re-
search in RLS during daytime. In this line, a better un-
derstanding of muscle activation differences between 
RLS patients and healthy individuals could be achieved. 
Furthermore, studies evaluating the consequences of 
daytime muscle activation for night-time symptoms 

are inexistent. Since patients with RLS are predomi-
nantly active during the day, it is necessary to estab-
lish if daytime effort has an impact on the onset and/
or severity of night-time symptoms.

As in all reviews, there may be incurred a publica-
tion bias; as articles featuring statistically significant 
results may have a higher publishing rate, this cannot 
be put aside as a possible weakness. Also, in several 
articles, the number of patients enrolled was low. With-
out adequate participation rates, it is not possible to 
appropriately assess results from a robust statistical 
perspective. Finally, many of the studies did not report 
the time of testing.

Conclusions

This review used a methodological approach and 
demonstrated that various mechanisms behind RLS 
were evaluated during daytime and diurnal muscle 
activation. The studies presented in this review cer-
tainly expanded the understanding of RLS. Never-
theless, how these mechanisms affect or are affected 
by muscle activation is still unclear and needs further 
investigation. Moreover, evidence is lacking on the cir-
cadian nature of symptoms.

Future research should aim to establish differences 
in muscle activity in RLS patients and the impact on 
the onset and severity of symptoms. As there is still 
little knowledge of the muscle activity characteristics 
in the RLS population, protocols with increasing muscle 
force or using surrogates of daily life activities could 
be appropriate. Finally, testing should be done with 
regard to duration and severity of the RLS condition. 
Selection criteria and response rates of all analysis 
groups should be detailed, and confounding factors 
described.
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