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ARTICLE INFO ABSTRACT
Keywords: Introduction: Tonic motor activation (TOMAC) is a non-pharmacological treatment for moderate-to-severe
Meta-analysis medication-refractory Restless Legs Syndrome (RLS). This bilateral wearable device applies high-frequency

Restless legs syndrome
Tonic motor activation
Neurostimulation

electrical stimulation to the peroneal nerve, engaging the therapeutic mechanism while minimizing sleep
discomfort. A recent meta-analysis evaluated TOMAC in RLS using aggregate data, which precluded subgroup
analyses. The aim of our systematic review and meta-analysis was to extract individual participant data to enable
the evaluation of TOMAC as adjunctive treatment and monotherapy in RLS.

Methods: This study was registered on PROSPERO (CRD420251005571). Web of Science, Scopus, and PubMed
were searched, from inception to March 31, 2025, to identify studies evaluating TOMAC for RLS. Risk of bias
(Cochrane Risk of Bias Tool and Downs and Black checklist) and quality of evidence (Oxford Centre for Evidence-
Based Medicine 2011 guidelines) of eligible studies were assessed. Primary outcomes were changes in Interna-
tional RLS Study Group Rating Scale (IRLS) score for efficacy and in Medical Outcomes Study Sleep Problem
Index I (MOS-II) score for sleep improvement. Main safety outcome was the incidence of device-related adverse
events. Subgroup analyses evaluated TOMAC as adjunctive therapy and as monotherapy, as well as by age, RLS
age-of-onset, sex, RLS severity, and stimulation amplitude.

Results: Five studies from the United States were extracted including three randomized-controlled-trials with 252
participants for analyses (69 monotherapy/183 adjunctive TOMAC therapy). Relative to sham, TOMAC signif-
icantly reduced IRLS score both as adjunctive therapy (MD: 3.39, p = 0.0001) and monotherapy (mean difference
[MD]: 3.80, p = 0.0047), and significantly reduced MOS-II score both as adjunctive therapy (MD: 8.23, p =
0.0006) and monotherapy (MD: 9.65, p = 0.0236). There were no significant differences in IRLS MD based on
age, age of RLS onset, sex, RLS severity, and stimulation amplitude. Mild discomfort was the only adverse event
with higher prevalence for TOMAC than sham.

Conclusion: These results suggest that TOMAC is a tolerable non-pharmacological treatment that reduces RLS
symptoms and improves sleep, both as adjunctive therapy and as monotherapy.

Neuromodulation

1. Introduction during periods of rest or inactivity, primarily in the evening and night,
and is relieved at least partially by movement and walking [1]. RLS

Restless legs syndrome (RLS) is a neurological disorder characterized symptoms can cause significant sleep disturbances with trouble falling

by a well-defined set of diagnostic clinical criteria, consisting of four asleep, staying asleep, and sleep deprivation often resulting in excessive
core components: an irresistible urge to move the legs, usually associ- daytime sleepiness and decreased daytime functioning [2]. RLS is a
ated with uncomfortable and unpleasant sensations, which occurs common disorder in the general adult population, and has a higher
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prevalence in females, in elders, and in developed countries. One recent
meta-analysis study estimated a worldwide RLS prevalence at 11 % with
a corrected overall pooled prevalence of RLS at 3 % [3]. Patients with
RLS symptoms experience a reduced quality of life, with significant
negative impact on their physical and mental health [4]. Moreover, RLS
patients are at an increased risk for depression and anxiety, and im-
pairments of memory, concentration, and productivity [5,6].

The most prescribed RLS treatments are dopaminergic agents (DAs)
and alpha-2-delta ligands. Unfortunately, in long-term use of DAs, up to
70 % of RLS patients can develop augmentation [7], defined as a para-
doxical aggravation in RLS symptoms while on DAs and relative to
natural progression of the disorder [8,9]. In clinical trials evaluating
alpha-2-delta ligands in RLS, frequent occurrence of adverse events
(AEs) can lead to discontinuation of these treatments [10,11]. Com-
pounding these pharmacological limitations, recent patient-focused
qualitative research has highlighted the profound real-world barriers
RLS patients face in effective self-care and sleep management,
describing persistent sleep problems, subsequent daytime fatigue, and
the need for guidance and consistent routines for symptom relief
[12-14]. Therefore, there is a significant unmet need for effective and
safe treatments for patients who suffer from moderate-to-severe RLS
symptoms.

Tonic motor activation (TOMAC) is a non-pharmacological alterna-
tive treatment for RLS that has received de novo authorization from the
US Food and Drug Administration for treatment of primary moderate-to-
severe medication-refractory RLS [15]. The TOMAC system involves
bilateral wearable therapeutic devices positioned over the head of the
fibula bone that deliver high-frequency electrical stimulation to the
peroneal nerve. The high-frequency waveform selectively activates
afferent proprioceptive nerve fibers to evoke tonic, sustained muscle
activation in the legs that is compatible with sleep [16]. The mechanism
of TOMAC may be similar to the relief from walking and other voluntary
leg movements, which also lead to leg muscle activation. TOMAC can be
administered by the patient whenever symptoms present —during
waking hours, at bedtime, and during sleep. Based on published evi-
dence from randomized controlled trials (RCTs), the 2025 American
Academy of Sleep Medicine (AASM) clinical practice guidelines condi-
tionally recommended TOMAC, meaning that most adults with RLS
should be offered the option of TOMAC therapy [17,18].

Various other forms of neuromodulation have been studied for the
treatment of RLS, but these differ mechanistically from TOMAC and thus
were not included in this systematic review [19]. These other forms of
neuromodulation include implanted epidural spinal cord stimulation for
patients with chronic pain and RLS [20-23], implanted deep brain
stimulation for patients with essential tremor or Parkinson's disease and
RLS [24-28], and other forms of non-implanted stimulation, including
low-frequency (<100 Hz) or direct current stimulation [29-32]. None of
these technologies had sufficient evidence to receive a recommendation
in the 2025 AASM guidelines for treatment of RLS [17,18].

TOMAC delivers high frequency (4000 Hz) stimulation, which en-
gages the therapeutic mechanism of action while minimizing uncom-
fortable paresthesia that could interfere with sleep. First, due to the
capacitive nature of the outer layers of skin, higher frequencies result in
less charge accumulation in the skin — the location of nociceptive nerve
endings that signal painful sensations — and greater electric fields
delivered to deeper structures including the peroneal nerve target [33,
34]. As a result, higher frequencies should improve both comfort and
potency, allowing delivery during sleep. Second, there is evidence that
frequencies of 1000-10,000 Hz are optimal for preferentially activating
afferent nerve fibers associated with TOMAC, whereas lower frequencies
results in indiscriminate activation of nerve fibers, leading to irritating
or uncomfortable sensations [35,36].

A recently published systematic literature review and meta-analysis
evaluated the efficacy and safety of TOMAC for the treatment of RLS
[371. This report found that TOMAC was effective at improving RLS
symptoms and sleep relative to sham. This prior review analyzed
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aggregate published data as opposed to individual participant data (IPD)
and thus was unable to conduct subgroup analyses of interest, such as
the response to TOMAC as monotherapy versus as adjunctive therapy to
RLS medication. Additionally, the lack of IPD precluded any adjustment
for relevant covariates (e.g., baseline values) or comparative subgroup
analyses.

In the present systematic literature review and meta-analysis, our
aim was to analyze IPD from all published studies of TOMAC to evaluate
the efficacy and safety of TOMAC overall and in subgroups of interest,
including adjunctive treatment versus monotherapy, medication re-
fractory versus naive, as well as to investigate whether there were dif-
ferential treatment effects based on covariates, such as age, age of RLS
onset, sex, baseline RLS severity, and stimulation amplitude.

2. Methods & materials
2.1. Protocol

The meta-analysis was conducted in accordance with the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
updated 2020 guidelines [38]. The protocol and meta-analysis plan were
prespecified and registered on PROSPERO (CRD420251005571) and is
available from https://www.crd.york.ac.uk/PROSPERO/view/CRD420
251005571.

2.2. Role of study sponsor

The study sponsor provided access to IPD from TOMAC studies but
otherwise had no role in designing, conducting statistical analysis, or
writing the manuscript. All work on this systematic literature review and
meta-analysis was performed independently by the study authors.

2.3. Search strategy and data sources

The systematic literature search was conducted using Covidence
software. Three databases were searched — Web of Science, Scopus, and
PubMed — to identify studies that evaluated TOMAC (i.e., high-
frequency bilateral peroneal nerve stimulation) for treatment of RLS
through March 31, 2025. The search strategy consisted of “All Fields”
terms related to RLS and TOMAC. The following search algorithm was
employed: (“tonic motor activation” OR “TOMAC” OR “peroneal nerve
stimulation” OR “noninvasive peripheral nerve stimulation” OR “nerve
stimulation”) AND (“restless legs syndrome”). The time limit for
retrieval was from the establishment of the database to March 31, 2025.
No database filters were used to restrict studies from the search aside
from the publication date. We reviewed the reference lists for articles
that received a full-text review to identify additional potentially relevant
studies that may have been missed. Two independent reviewers (EGK
and CGB) performed title and abstract screening and full-text reviews
with discrepancies adjudicated by a third reviewer (AB).

2.4. Study selection and data extraction

Studies included were based on the following eligibility criteria in
hierarchical order (i.e., the first inclusion criterion not met by a study
was counted as the reason for excluding that study): 1) written in En-
glish; 2) original study designed as a RCT, prospective non-RCT, cohort
study, observational study, or case series; 3) adult (aged >18) patients
treated for RLS; 4) TOMAC was an interventional treatment; 5) confer-
ence proceedings not reported in a peer-reviewed publication; 6) source
RCTs with the International Restless Legs Study Group Severity Rating
Scale (IRLS) as an endpoint and in which TOMAC was the only inter-
ventional treatment for assessment of efficacy; 7) source RCTs
comparing the incidence of AEs between TOMAC and sham for assess-
ment of safety; and 8) all types of studies (RCTs and non-RCTs) that
assessed the incidence of device-related AEs associated with TOMAC
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treatment. Studies were excluded if they were reviews, retrospective
studies, opinion articles, editorials, or case reports as well as if they
consisted of not original study data, and if they were conference pro-
ceedings for which a peer-reviewed publication was available.

Covidence software was used to perform data extraction which was
conducted by two independent reviewers (EGK and CGB) with dis-
crepancies resolved by a third reviewer (AB). Extracted data included
study details (authors, publication year, study design, sample size,
country, number of centers, patient population, medication status,
duration), participant demographics (age, age of RLS onset, sex), risk of
bias, quality of evidence, and baseline outcome measures. Details
regarding assessment of risk of bias and quality of evidence are provided
in the next section.

2.5. Quality assessment

Risk of bias for all eligible RCTs was assessed using the Cochrane Risk
of Bias Tool for Randomized Controlled Trials (ROB-2) [39]. For the
eligible observational studies, risk of bias was assessed using the original
27-item Downs and Black checklist [40] with a total possible score be-
tween 0 and 28 (methodological quality of the study: excellent: 26-28,
good: 20-25, fair: 15-19, and poor: <14 [41]) and with a 17-item
modified Downs and Black checklist that evaluates items relevant to
observational studies with a total possible score between 0 and 18 (low
chance of bias: 12-18, average chance of bias: 6-11, high chance of bias:
0-5) [42] One item (the same one in both the full and the modified
Downs and Black checklists) is scored from 0 to 2 points while all other
items are scored either 0 or 1 point. Two independent reviewers (EGK
and CGB) scored risk of bias, and any disagreements were resolved
through discussion with a third reviewer (AB). Quality of evidence was
rated using the Oxford Centre for Evidence-Based Medicine (OCEBM)
Levels of Evidence Working Group's 2011 guidelines [43]. The OCEBM
levels range from Level 1 (highest) to Level 4 (lowest). According to the
2011 OCEBM guidelines, only systematic reviews qualify as Level 1
evidence. RCTs and observational studies were initially graded as Level
2 and Level 3, respectively, but could be upgraded or downgraded based
on bias, effect size, and/or sample size.

2.6. Outcome measures

The primary endpoint for reducing RLS symptoms was change from
baseline (CFB) in IRLS total score and the primary endpoint for
improving sleep was CFB in Medical Outcomes Study Sleep Problem
Index II (MOS-II) score. Each of the 10 questions on the IRLS is rated
from O to 4, and the total score (range, 0-40) provides an overall
assessment of RLS severity with higher scores indicating greater severity
[44]. The minimal clinically important difference (MCID) for the IRLS is
3.0 points [17,45]. The MOS Sleep Scale-R consists of 12 items
measuring subjective experiences of sleep across six domains [46].
MOS-II is calculated using 9 of the 12 MOS Sleep Scale-R items and
provides an overall summary of sleep problems [46]. Medical Outcomes
Study Sleep Problem Index I (MOS-I), calculated from 6 of the 12 items
of the MOS Sleep Scale-R, is a global summary of sleep quality [46]. Both
indices are scored on a 0-100 scale, with higher scores indicating more
severe sleep problems [46] with a standardized mean difference
exceeding —0.2 indicating a clinically significant improvement in sleep
quality [17]. The Patient Global Impression of Improvement (PGI-I) is a
7-point, single-item scale used to assess the patient's perception of RLS
improvement or worsening where 1 = very much improved, 2 = much
improved, 3 = a little improved, 4 = no change, 5 = a little worse, 6 =
much worse, and 7 = very much worse [47]. The secondary endpoint for
reducing RLS symptoms was PGI-I responder rate, defined as percentage
of participants with PGI-I score of 1 or 2; the MCID is 15 % [17]. The
secondary endpoint for improving sleep was CFB in the MOS-I score. For
safety analysis, adverse events (AEs) were categorized by system organ
class and preferred terms based on Medical Dictionary for Regulatory
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Activities (MedDRA) version 3.0 definitions, then categorized by
severity.

2.7. Subgroups analyses and covariates

Based on IPD and using the same definitions applied across source
studies, participants were categorized as adjunctive or non-adjunctive/
monotherapy and refractory or naive. Participants were categorized as
refractory if they were taking or had discontinued RLS medication at
study entry or naive if they had not taken RLS medication before study
entry. Participants were defined as adjunctive if they were taking pre-
scription medication for RLS at study entry and as monotherapy if not.
Monotherapy (non-adjunctive) included a mix of both patients who had
never taken RLS medication (naive) and patients who had stopped
taking RLS medication (refractory). Efficacy of TOMAC versus sham was
also examined by patient characteristics (age, age of RLS onset, sex, and
baseline IRLS score) and maximum programmed stimulation intensity
(TOMAC can be programmed within a range of 15-40 mA [mA]).

2.8. Data synthesis and statistical analyses

Data analyses were performed using SAS® version 9.4 (SAS Institute,
Cary, NC). Study authors provided IPD for each of the included studies
and IPD was used for all statistical meta-analysis. The pooled intent-to-
treat (ITT) analysis set included all participants who enrolled and were
randomized across any of the source RCTs; this population was utilized
for all analyses comparing efficacy, sleep quality, and AEs between
TOMAC and sham. The pooled safety analysis set for assessing device-
related AEs included all participants who received TOMAC in any of
the studies eligible for analysis of safety.

Data were generally complete, and thus the primary analyses
excluded the small number of participants with missing data. All p-
values less than 0.05 were considered statistically significant.

The approaches to all analyses for all participants (as well as sub-
groups) were pre-specified. All efficacy analyses were conducted using a
two-step approach. First, a generalized linear model (GLM) was imple-
mented to analyze each study independently and heterogeneity of re-
sults across studies was assessed with Cochrane's Q and the I? statistic. A
Chi-square test based on Cochrane's Q was also conducted, and hetero-
geneity of results was pre-specified to be observed if the Chi-square p-
value was <0.05 or if the I? statistic was >50 %. In the presence of
heterogeneity, a generalized linear mixed model (GLMM) was imple-
mented to analyze pooled results that adjusted for the baseline score as a
covariate and for source RCT and participant nested within source RCT
as random effects. Otherwise, a GLM that adjusted for the baseline score
was used to analyze the pooled results as a single study.

Efficacy and sleep quality endpoints were also analyzed among the
following subgroups: 1) TOMAC monotherapy (no adjunctive prescrip-
tion medication for RLS), 2) TOMAC as adjunctive therapy, 3) medica-
tion-naive patients (TOMAC monotherapy and no prior history of
prescription medication for RLS), and 4) medication-refractory patients
as defined in each of the studies. Multiplicity was accounted for with
respect to the TOMAC monotherapy subgroup by using a fixed sequence
testing strategy, in which the efficacy and sleep endpoints were tested
hierarchically in the following order: 1) CFB in IRLS, 2) CFB in MOS-II,
3) PGI-I responder rate, and 4) and CFB in MOS-I. Analyses for each of
the above subgroups paralleled the primary analysis approach for each
of the efficacy endpoints.

Comparative subgroup analyses were also performed for continuous
covariates (age, age of RLS onset, baseline IRLS score, maximum pro-
grammed stimulation intensity [mA, applied to either leg]) and for one
additional categorical covariate (sex). These subgroups were analyzed
using similar models to the overall analyses with additional independent
variables for the subgroup and its interaction (treatment*subgroup).
Estimates and 95 % confidence intervals (CIs) for the treatment effect
were prepared for all patients, and for each subgroup level including
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TOMAC monotherapy, and TOMAC as adjunctive therapy and will be
presented in forest plots, along with the p-value for the interaction term
which tests for a differential treatment effect between levels of the
relevant subgroup.

3. Results

The PRISMA flow diagram of the study selection process is shown in
Fig. 1. The literature search identified 699 studies, of which 75 dupli-
cates were removed. The remaining 624 studies were eligible for title
and abstract screening, of which 608 were excluded. Sixteen studies
were deemed suitable for full-text evaluation. Five of the 16 studies that
received a full-text evaluation were selected for the final analyses in this
study including three RCTs [48-50] (all included in the subsequent
meta-analysis), one prospective, open-label, single-arm clinical trial
[51], and one extension study [52]. No additional articles were identi-
fied by manual screening of the references of the studies included.

3.1. Summary of included studies

Table 1 summarizes the characteristics of the five included studies.
All studies were multicenter and conducted in the US. Due to the
crossover design of Buchfuhrer et al. (2021) [37,50] participants
contributed data for both TOMAC and sham; these were treated as
separate samples, yielding total sample size of 252 for efficacy and for
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safety comparisons between TOMAC and sham (all participants across
all three RCTs), and 155 for device-related adverse events (all TOMAC
treated participants across all five studies).

The efficacy analysis included three RCTs: Bogan et al. [48], Singh
et al. [49], and Buchfuhrer et al. (2021) [50]. Of the 252 participants in
the efficacy population, 69 were medication free at study entry (non--
adjunctive) and 183 had taken RLS medication at study entry (adjunc-
tive); no changes to medication were permitted during any of the
studies. As shown in Table 1, across the RCTs, baseline characteristics
and demographics were similar; mean age ranged from 55.7 to 57.5
years, percent female ranged from 54 % to 67 %, mean baseline IRLS
score ranged from 23.4 to 25.9 points (across all study arms), and mean
baseline MOS-II score ranged from 43.2 to 52.4 points (across all study
arms).

Non-pooled efficacy results for each study are summarized in Sup-
plementary Table S1. Whereas Roy et al. [52] previously reported
changes from RESTFUL study [48] entry, we reported changes from the
extension study entry — at which time participants who had been pre-
viously on TOMAC treatment (n = 103) were instructed to either
continue TOMAC (“TOMAC”, n = 44) or cease TOMAC (“Control”, n =
59). Analyzed in this manner, mean difference (MD) in IRLS change was
—7.3 points (TOMAC: 4.0, Control: +3.4), difference in PGI-I responder
rate was +51 % (TOMAC: +7 %, Control: 44 %), MD in MOS-II change
was —12.1 points (TOMAC: 1.6, Control: +10.5) and MD in MOS-I
change was —11.0 points (TOMAC: 1.6, Control: +9.4).

Studies from databases/registers (n = 699)
Scopus (n = 613)
Web of Science (n = 54)
PubMed (n = 32)

References from other sources (n = 0)
Citation searching (n = 0)
Grey literature (n = 0)

=
=)
=
=
<
3}
=
=
=
)
=
—

References removed (n = 75)
Duplicates identified manually (n = 0)

Duplicates identified by Covidence (n = 75)
Marked as ineligible by automation tools (n = 0)
Other reasons (n = 0)

A\ 4
Studies screened (n = 624)

—>| Studies excluded (n = 608)

v

Screening

Studies sought for retrieval (n = 16)

>| Studies not retrieved (n=0)

v

Studies assessed for eligibility (n = 16)

Studies excluded (n =11)
Wrong study design (n = 4)

Studies included in review (n = 5)

Included

Not original study data (n= 1)
Conference proceeding redundant to published data (n = 6)

Fig. 1. Flowchart of studies included in the meta-analysis.
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Table 1
Summary of characteristics for all included studies.
Source Study ITT Sample Quality of Risk of Bias Patient Population Medication Age Sex (% Duration (weeks) Baseline Baseline Baseline
Design Size (n) Evidence Status: n (years)® female) IRLS8 MOS-II8 MOS-I8
Buchfuhrer etal.  RCT Total: 37 3 Some Moderate-severe RLS Refractory: 23 55.7 +12.4 54 % 2 241 +4.0 Not Not
(2021) [50] Crossover TOMAC: 37 concerns” (46" applicable applicable
SB Sham: 37 Naive: 14 (28"
Adjunctive: 22
(44"
Non-
adjunctive’: 15
(30"
Bogan et al. RCT Total: 133 2 Low" Moderate-severe RLS & Refractory: 133 57.5+11.4 60 % 4 T: 25.2 £ T: 52.4 £ T: 48.1 £
(2023) [48] Parallel TOMAC: 68 refractory Naive: 0 Endpoints assessed at 5.3 17.6 17.2
DB Sham: 65 Adjunctive 119 4-wks, C:25.4 + C:48.1 + C:44.4 £
Non-adjunctive 8-wk total duration 5.3 18.3 17.7
14 including extension
Singh et al. RCT Total: 45 2 Some Moderate-severe RLS Refractory: 25 56.1 +£12.2 67 % 2 T: 259 + T:52.1 + T: 48.8 +
(2024) [49] Parallel TOMAC: 22 concerns” Naive: 20 4.5 16.6 17.3
SB Sham: 23 Adjunctive 20 C: 234+ C:43.2 £ C:41.7 £
Non-adjunctive 4.6 11.3 12.7
25
Roy et al. (2023)  Prospective Total: 103 2 Low chance of Moderate-severe RLS and Refractory: 103 57.6 £11.7 56 % 24 T:17.1 £ T:29.1 £ T: 27.0 £
[52] Parallel TOMAC: 44 bias (16/18)" refractory (upon entry to Naive: 0 Endpoints assessed at 6.8 14.1F 13.9f
OL Standard of Good quality parent study) Adjunctive 87 24-wks, C:17.0 £ C: 359 + C:33.7 £
extension care: 59 (21/28)° Non-adjunctive 32-wk total duration 7.6 18.0° 17.9f
16 including cessation
period
Buchfuhrer et al. Prospective Total: 20 4 Low chance of Opioid-treated RLS Adjunctive: 20 629 +10.2 40% <9 T:9.8 + Not Not
(2023) [51] Single-arm TOMAC: 20 bias (12/18)" 8.5 applicable applicable
OL Fair quality

(18/28)°

‘D 32 WNoLDY "D

Abbreviations: C, control; DB, double blind, IRLS, International RLS Study Group Rating Scale; Intent to treat, ITT; MOS-II, Medical Outcomes Study Sleep Problem Index II; Medical Outcomes Study Sleep Problem Index
I; OL, open label; OLE, open label extension; RCT, randomized controlled trial; RLS, restless legs syndrome; SB, single blind; SD, standard deviation; SOC, standard of care; TOMAC, tonic motor activation; T, TOMAC; Wk,
week. Note. See Methods for definitions of refractory, naive, adjunctive, and non-adjunctive subgroups.

fBaseline for Roy et al. refers to the end of the RESTFUL study (after at least 4-weeks of TOMAC treatment) and beginning of the 24-week extension.

8Value is mean + standard deviation.

MThere are two data points per participant in Buchfuhrer et al. (2021) due to crossover design. The number of data points is listed in parentheses, for example 23 (46) means 23 participants and 46 data points.

*'SOPBAIISAI SOYDAIAP SO SOPO T, *ou] JAIASS[H ‘97070 S1Ado)) "ugroeziione uis sosn sono usjiuad oS ON "9JUIWEBAISN[OXA [euosiod osn ered
‘9702 ‘€1 11qe ud 11A2s]H Jod so°Aa3[eorur]) ap AJLINdaS [B100S pue YiedH Jo Areiqr [euoneN uo (wod rewd@)ggniewr ny) oinduy eron eied opediessaq

®Duration of endpoint measurement.

@ Based on RoB2 [39].

b Based on modified Downs & Black [42].
¢ Based on original Downs & Black [40].
4 Monotherapy (non-adjunctive) includes a mix of both patients who had never taken RLS medication (naive) and patients who had stopped taking RLS medication.

018801 (9202) 0% 2uIpIN doa]S
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3.2. Quality assessment

Among the three RCTs evaluated with the RoB 2 tool (Supplementary
Fig. S1), Bogan et al. [48] had low risk of bias in all domains and low risk
of overall bias, Singh et al. [49] had some concerns of bias in the
randomization domain and thus some concerns of overall bias, and
Buchfuhrer et al., 2021 [50] had some concerns of bias in both the
randomization and missing outcomes domains and thus some concerns
of overall bias. In OCEBM quality of evidence grading, Buchfuhrer et al.,
2021 [50] was downgraded to Level 3 due to some concerns of bias in
multiple domains and the other two RCTs [48,49] were graded as Level
2. As shown in Table 1, among the two observational studies evaluated
with the Downs & Black (and modified Downs & Black), Roy et al. [52]
had low chance of bias (and good quality) and Buchfuhrer et al., 2023
[51] had low chance of bias (and fair quality). In OCEBM quality of
evidence grading, Roy et al. [52] was upgraded to level 2 primarily due
to the large effect size of a 7.3 point improvement in the IRLS score for
TOMALC relative to control (supplemetary Table S1) and secondarily due
to the fairly large sample size and low risk of bias. Buchfuhrer et al.,
2023 [51] was downgraded to level 4 based on the fair quality and small
sample size.

3.3. Efficacy of TOMAC

All efficacy results were based on pooling IPD from the selected three
RCTs [48-50] (Table 2) as there was no evidence of heterogeneity for
any endpoint either overall or within-subgroup (p > 0.30 and 12<50 %
for all).

3.3.1. Primary outcomes

The pooled mean difference (MD) in IRLS change from baseline for
TOMALC relative to sham was —3.50 points (n = 242), indicating a sta-
tistically significant improvement in RLS severity (95 % CL: 4.91 to
—2.09; p < 0.001). The pooled MD in MOS-II change from baseline was
—8.50 points (n = 171), indicating statistically significant improvement
in sleep quality (95 % CI: 12.51 to —4.49; p < 0.001). Forest plots for
primary endpoints (IRLS and MOS-II) are shown in Fig. 2.

3.3.2. Secondary outcomes

For the secondary endpoint for RLS improvement — PGI-I responder
rate — the pooled difference in responder rate (“risk difference”) between
TOMAC and sham was 36 % (n = 229), which was statistically signifi-
cant (95 % CI: 25 %-48 %; p < 0.001). For the secondary endpoint for
sleep improvement (MOS-I), the pooled MD was —7.91 (n = 171), which
was also statistically significant (95 % CI: 11.89 to —3.92; p < 0.001).
Forest plots for secondary endpoints (PGI-I and MOS-I) are shown in
supplemetary Fig. S2.

3.3.3. Sensitivity analyses

Next, we tested if the primary outcomes remained similar if we only
included the higher-quality RCTs in the analysis. As noted previously,
two of the included RCTs were graded Level 2 evidence and one was
Level 3 evidence. When including only the Level 2 studies (n = 171) [48,
49], the MD in IRLS CFB was —3.51 points (95 % CI: 5.18 to —1.83; p =
0.0001) compared to —3.50 points with all three studies included. The
Level 3 study did not assess MOS, so the results for MOS-II were the same
as described above. In summary, the results were robust both when
including or excluding the Level 3 RCT [50].

3.3.4. Medication status subgroups analyses

The primary and secondary analyses above were repeated indepen-
dently for the subgroups of patients with no adjunctive medication
(monotherapy, n = 69) and patients with adjunctive medication
(adjunctive, n = 183). All endpoints were statistically significant for
both of these subgroups (Table 2). MD in IRLS was —3.80 points for
monotherapy subgroup (95 % CI: 6.39 to —1.21, p = 0.0047) and —3.39
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Table 2
Meta-analysis of efficacy overall and for subgroups defined by medication status
based on included randomized controlled trials.

Population/ IRLS CFB PGI-I responder ~ MOS-II CFB MOS-I CFB
Subgroup rate
All participants MD: 3.50, RD: 36 %, p < MD: 8.50, p MD: 7.91, p
p < 0.001 0.001 < 0.001 < 0.001
95 % CI: 95 % CI: 25 %, 95 % CI: 95 % CI:
4.91, —-2.09 48 % n = 229 12.51, 11.89,
n =242 Q=1519(p = —4.49n = —-3.92n =
Q=0204  0.468)1*=0 171 171
(p = 0.903) Q =0.150 Q=0.129
?=0 (p=0.699) (p=0.720)
=0 =0
SMD: 0.726 SMD: 0.676
95 % CI: 95 % CI:
1.028, 0.978,
—0.424 —0.374
TOMAC MD: 3.80, RD: 42 %, p < MD: 9.65, p MD: 9.14, p
monotherapy p = 0.005 0.001 = 0.024 =0.043
95 % CI: 95 % CI: 21 %, 95 % CI: 95 % CI:
6.39, —1.21 63 % n =63 17.92, 17.98,
n =65 Q=0718(p= -1.38n= —-0.31n=
Q=0.163 0.698) 12 = 0 37 37
(p =0.922) Q=0.28 (p Q =0.013
=0 = 0.867) (p = 0.909)
=0 =0
SMD: 0.795 SMD: 0.707
95 % CI: 95 % CI:
1.463, 1.375,
-0.127 —0.040
TOMAC as MD: 3.39, RD: 34 %, p < MD: 8.23, p MD: 7.63, p
adjunctive p < 0.001 0.001 < 0.001 =0.001
therapy 95 % CI: 95 % CI: 20 %, 95 % CI: 95 % CI:
5.09, —-1.70 47 % n = 166 12.88, 12.15,
n=177 Q=3488(p= -3.59n= —-311n=
Q=0711 0.175) I* = 134 134
(p = 0.701) 42.7 % Q=0.183 Q=0.334
2=0 (p=0.669) (p=0.557)
=0 =0
SMD: 0.701 SMD: 0.662
95 % CI: 95 % CI:
1.043, 1.004,
—0.360 —0.320
Medication MD: 4.13, RD: 41 %, p = MD: 5.69, p MD: 4.11, p
naive p = 0.001 0.005 = 0.268 = 0.402
95 % CI: 95 % CI: 13 %, 95 % CI: 95 % CI:
7.21, -1.05 68 % n = 41 16.04, 4.66 14.24, 6.01
n=43 Q=0.845(p = n=19 n=19
Q =0.093 0.655) 12 = 0 Q =N/A, Q =N/A,
(p = 0.761) I>=N/A ’=N/A
=0 SMD: 0.558 SMD: 0.365
95 % CI: 95 % CI:
1.528, 1.335,
0.411 0.604
Medication MD: 3.40, RD: 35 %, p < MD: 8.87, p MD: 8.46, p
refractory p < 0.001 0.001 < 0.001 < 0.001
95 % CI: 95 % CI: 22 %, 95 % CI: 95 % CI:
5.00,-1.79, 48 %, n = 188 13.25,-4.49, 12.80,
n =198 Q=2387(p= n =152 —411n=
Q=0.614 3031) I = Q =0.425 152
(p =0.736) 16.2 % (p =0.514) Q =0.741
=0 ?=0 (p = 0.389)
SMD: 0.741  I*=0
95 % CI: SMD: 0.708
1.062,- 95 % CI:
0.421 1.029,
—0.388

Abbreviations: CFB, change from baseline; CI, confidence interval; IRLS, Inter-
national RLS Study Group Rating Scale; MD, mean difference; MOS-II, Medical
Outcomes Study Sleep Problem Index II; MOS-I, Medical Outcomes Study Sleep
Problem Index I; Patient Global Impression of Improvement, PGI-I; RD, risk
difference; SMD, standardized mean difference; TOMAC, tonic motor activation.
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Buchfuhrer 2021 —a— 343 (-5.60, -1.27) 0.0030
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Fig. 2. Forest plots for primary outcomes

Forest plots for (a) the International Restless Legs Study Group Severity Rating Scale (IRLS) mean difference, and (b) Medical Outcomes Study Sleep Problem Index IT
(MOS-1I) mean difference, For each, analysis was conducted separately for all patients, patients with TOMAC monotherapy, and patients with TOMAC as adjunctive
therapy. Each individual study is represented as a rectangle and overall pooled effects are represented by a diamond. Size of squares/diamonds are proportional to

sample size. Horizontal lines represent 95 % confidence intervals.

for the adjunctive subgroup (95 % CIL: 5.09 to —1.70, p = 0.0001),
indicating a statistically significant improvement favoring TOMAC for
both subgroups. MD in MOS-II was —9.65 (95 % CI: 17.92to —1.38; p =
0.024) for the monotherapy group and —8.23 (95 % CI: 12.88 to —3.59;
p = 0.0006) for the adjunctive group. The risk difference (RD) in PGI-I
responder rate was 42 % (95 % CL: 21 %-63 %; p < 0.001) for the
monotherapy group and 34 % (95 % CI: 20 %-47 %; p < 0.001) for the
adjunctive group. The analyses were also repeated for the subgroups of
medication-naive (n = 48) and medication-refractory (n = 204) par-
ticipants. The difference between this analysis and the adjunctive
analysis above was that 21 medication-refractory patients had no
adjunctive medication due to cessation of failed RLS medication. For
medication-refractory participants, TOMAC significantly improved all
outcome measures relative to sham (Table 2). For medication-naive
patients, TOMAC significantly improved both RLS outcome measures
(IRLS and PGI-I), but was underpowered to detect improvement in sleep
quality as only one RCT assessed MOS in 19 medication-naive patients.

Next, we compared the results above to the recommended MCID of 3
points on the IRLS [15,45]% on the PGI-I responder rate, and —0.2 for
the MOS-II and MOS-I employed in the 2025 AASM Clinical Practice
Guidelines [17]. For all subgroups above, IRLS MDs ranged from —3.39
to —4.13 points, all of which exceeded the MCID of —3.0 points. Across
subgroups, PGI-I responder rate RDs ranged from 35 % to 42 %, all of

which exceeded the MCID of 15 %. Across subgroups, the standardized
mean differences (SMDs) for MOS-II ranged from —0.558 to —0.795 and,
for MOS-I, ranged from —0.365 to —0.708 (Table 2), all of which
exceeded the MCID of —0.2.

3.3.5. Covariate analyses

Table 3 shows the meta-analysis results for comparative subgroups.
For the clinically relevant covariates of age, age of RLS onset, and
baseline RLS severity (as measured by the IRLS score at study entry),
which was analyzed both as a continuous variable (p = 0.796) and as a
categorical variable (p = 0.733; moderate, n = 48; severe, n = 162; very
severe, n = 32), there was no evidence of a differential treatment effect
(p > 0.10 for all comparisons, Table 3). Interestingly, higher baseline
IRLS score was associated with larger IRLS improvement across all
participants (p = 0.0061) and in both the TOMAC and sham groups.

There were no significant differences by sex on IRLS, PGI-I score,
MOS-II CFB, and MOS-I CFB (p > 0.10 for all). However, relative to
males, females had a statistically significant larger difference in PGI-I
responder rate (RD = 32 %; p = 0.0067) and a trend towards a larger
improvement in RLS severity (IRLS MD = —2.72; p = 0.0646) for
TOMAC compared to sham. To evaluate if this trend was meaningful, we
compared male and female TOMAC responses at the end of the open-
label extension phase of Bogan et al. [48] and found that there was no
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Table 3
Meta-analysis of efficacy by patient characteristics and stimulation intensity.

IRLS CFB PGI-I PGI-I MOS-II MOS-1
score responder CFB CFB
rate

Pooled analysis across all three RCTs

Age dSlope: dSlope: dSlope: dSlope: dSlope:
+0.05440 0.008672 0.00356 0.2276 0.2796
SE: SE: SE: SE: SE:
0.06038 0.01083 0.004882 0.1740 0.1732
p = 0.369 p = 0.424 p = 0.467 p= p=
0.193 0.109
Sex MD: MD: RD: 31.96 MD: MD:
2.7273 0.3729 % 5.2228 4.4629
SE: 1.4689  SE: SE: 11.68 SE: SE:
0.2618 % 4.0688 4.0733
p = 0.065 p = 0.156 p = 0.007 p= p=
0.201 0.275
Age of RLS dSlope: dSlope: dSlope: dSlope: dSlope:
onset 0.01099 0.004009 0.00200 0.04298 0.09176
SE: SE: SE: SE: SE:
0.04244 0.007556 0.003390 0.1214 0.1210
p = 0.796 p = 0.596 p = 0.557 p= p=
0.724 0.449
Stimulation dSlope: dSlope: dSlope: dSlope: dSlope:
intensity 0.02377 0.01423 0.00782 0.7565 0.8015
(mA) SE: 0.1133  SE: SE: SE: SE:
0.02048 0.009241 0.3179 0.3161
p=0.834 p = 0.488 p =0.398 p= p=
0.019 0.012
Baseline IRLS  dSlope: dSlope: dSlope: dSlope: dSlope:
score 0.05015 0.03722 0.01433 0.3409 0.3049
SE: 0.1469  SE: SE: SE: SE:
0.02623 0.01184 0.3915 0.3890
p=0.733 p =0.157 p=0.228 p= p=
0.385 0.434

Analysis of sex differences in the TOMAC-only extension phase of Bogan et al. (2023)

Female Mean: Mean: 61.3 % Mean: Mean:
7.79 2.28 15.45 13.04

Male Mean: Mean: 60.0 % Mean: Mean:
7.96 2.36 13.81 12.52

P value p= p= p=0.8808 p= p=
0.8865 0.6715 0.5513 0.8443

Note: Difference in slope (dSlope) estimates were calculated for continuous
variables, and the mean difference (MD) and risk difference (RD) estimates were
calculated for categorical variables. Stimulation intensity was assessed as the
maximum applied to either leg.

Abbreviations: CFB, change from baseline; IRLS, International RLS Study Group
Rating Scale; mA, milliampere; MD, mean difference; MOS-II, Medical Outcomes
Study Sleep Problem Index II; MOS-I, Medical Outcomes Study Sleep Problem
Index I; Patient Global Impression of Improvement, PGI-I; RCTs, randomized
controlled trials; RD, risk difference; SE, standard error; TOMAC, tonic motor
activation.

evidence of even a weak trend towards a sex difference in any of the
outcome measures (p > 0.50 for all, Table 3).

The TOMAC device can be programmed within a range of 15-40 mA;
patients programmed to higher maximum stimulation intensities had no
difference in RLS outcome measures (IRLS, PGI-I) but had less
improvement in sleep (MOS-II, MOS-I). Interestingly, this trend was due
to less improvement in the subgroup of participants with maximum
intensities between 35 and 40 mA (n = 62), there was no such effect for
patients with maximum intensities between 15 and 34 mA (n = 189) for
either MOS-II (p = 0.4539) or MOS-I (p = 0.3781).

3.4. Safety of TOMAC

The pooled results for adverse events (AEs) are summarized in
Supplementary Table S2. Only two MedDRA preferred terms, mild
discomfort and mild skin irritation, were reported by more than 5 % of
participants assigned to TOMAC. Mild discomfort (at the device appli-
cation site) was more prevalent with TOMAC than sham (25.8 % vs.
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12.8 %, p = 0.0089). In contrast, mild skin irritation (at the device
application site) was equally prevalent with TOMAC and sham (5.5 % vs.
7.2 %, p = 0.5734). No other preferred terms were significantly more
common during TOMAC compared to sham. AE-related dropout rates
were low for both TOMAC and sham groups, but the dropout rate was
higher for TOMAC than sham (3.9 % vs. 0 %, p = 0.0256). There was no
difference in the rate of moderate (p = 0.3280), severe (p = 0.3240), or
serious (p = 0.3240) AEs between TOMAC and sham. AEs were cate-
gorized in each study based on relationship to device usage as opposed
to other medical factors; pooling data on device-related AEs across all
five studies resulted in similar frequencies of discomfort (29.0 %) and
skin irritation (4.5 %).

4. Discussion

This systematic review and meta-analysis demonstrated the efficacy
and safety of TOMAC for reducing RLS severity and improving sleep
quality in patients with moderate-severe RLS. Improvement in RLS
severity (IRLS score) was significantly higher for TOMAC versus sham
and exceeded the MCID of 3.0 points [45]. Improvement in MOS-II,
MOS-1, and PGI-I responder rate were also statistically significant and
exceeded the clinically significant difference thresholds proposed by the
2025 AASM Clinical Practice Guidelines (SMD of 0.2 for MOS and 15 %
responder rate difference for PGI-I) [17]. The IRLS improvement of 3.5
points for TOMAC relative to sham exceeded the MCID (3.0 points) but
was lower than improvements reported in meta-analyses of dopamine
agonists [53] and alpha-2-delta ligands [54], which ranged from 4.6 to
5.3 points. Conversely, the tolerability of TOMAC was favorable relative
to these drugs [53-55].

Safety analysis indicated that TOMAC-related AEs were limited to a
higher rate of mild discomfort. Prior work has noted that this discomfort
is typically limited to the application site and resolves rapidly after
adjusting intensity or positioning [48]. These results replicate and
confirm many of the findings from a prior publication that used aggre-
gate data instead of IPD [37]. A small percentage of these mild AEs likely
contributed to treatment discontinuation, which was higher for TOMAC
than sham (3.9 % vs. 0 %, p = 0.0256). These may primarily occur early
in TOMAC treatment; in the 24-week extension study to the RESTFUL
RCT [52], there were no treatment discontinuations due to an AE.
Together, the findings from both meta-analyses provide strong evidence
that TOMAC is effective and safe in people with moderate-to-severe RLS.

Our subgroup analyses demonstrate that TOMAC is similarly effec-
tive regardless of RLS medication status. Using pooled IPD, we were able
to show that TOMAC reduces RLS severity and improves sleep regardless
of whether it is administered as monotherapy or as adjunctive to
medication. Efficacy as monotherapy is relevant for patients seeking an
alternative to medication and could be relevant to special adult pop-
ulations with RLS, such as patients with end-stage renal disease or
during pregnancy as well as pediatric RLS. Efficacy as adjunctive is
relevant for patients who are unable to stop using adjunctive medication
due to augmentation or severe RLS. The IPD approach allowed sufficient
statistical power to determine — for the first time — that TOMAC mono-
therapy significantly improved MOS-II and MOS-I compared to sham,
thereby demonstrating sleep improvement.

The IPD approach enabled novel covariate analyses demonstrating
that TOMAC is similarly effective in reducing RLS severity across people
with different baseline characteristics, including age, age of RLS onset,
sex, baseline RLS severity, and TOMAC stimulation intensity. Most
notably, TOMAC was equally effective in participants with moderate,
severe, and very severe baseline RLS severity. Consistent with typical
RLS trial design, participants with mild RLS were not included in any of
the RCTs. Comparing TOMAC versus sham in RCTs, females had larger
PGI-I responder rate than males. However, comparison of male and fe-
male TOMAC responses at the end of the open-label extension phase of
Bogan et al. [48] revealed no evidence of even a weak trend towards a
sex difference in any of the outcome measures, suggesting that response
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to open-label TOMAC is similar regardless of sex. These results could be
explained by a stronger placebo effect among males, as has been pre-
viously reported as opposed to a difference in response to TOMAC [56,
57]. Alternatively, it might take slightly longer for men to experience
therapeutic benefits than women, since men tend to have higher elec-
trical stimulation thresholds for sensory and motor activation than
women, explaining why men ‘catch up’ to women during the extension
period [58]. Participants titrated to higher TOMAC intensities (35-40
mA) had less improvement in sleep than those using lower intensities
(15-34 mA), but no difference in RLS improvement (Table 3); this could
indicate that these participants may have been programmed to
higher-than-optimal intensities or that they should be instructed to use
lower intensities during sleep.

Results of our meta-analysis suggest that TOMAC reduces RLS
symptoms regardless of medication history, similar to the nearly uni-
versal relief from walking and other voluntary leg movements. It is not
yet fully understood why either modality of leg muscle activation —
TOMALC or walking — leads to reduction in RLS symptoms. One theory is
that primary RLS is caused by blockage of ascending pathological signals
at the spinal cord level [16,59]. Notably, spinal excitability is elevated in
RLS patients during the symptomatic phase and can be modulated by
neurostimulation. Previous studies showed increased Hoffmann Reflex
H2/H1 responses after double H-reflex stimulation, pointing to an
increased spinal excitability in RLS patients during their symptomatic
phase [30,60]. Application of anodal transcutaneous spinal direct cur-
rent stimulation led to a reduction of H2/H1 responses (interstimulus
intervals of 200 and 300 ms), indicating a decrease in spinal excitability.
It is possible that increased RLS spinal excitability could be advanta-
geous for TOMAC, by allowing muscle activation with lower stimulation
intensity levels that are more comfortable and thus compatible with
sleep. This would be consistent with the recommended usage of TOMAC
after symptoms start as opposed to prior to symptom onset.

The pooled safety IPD demonstrated the benign safety and tolera-
bility profile of TOMAC. Only mild discomfort and mild skin irritation
were reported by more than 5 % of participants assigned to TOMAC. A
higher prevalence of mild discomfort (at the device application site) was
seen with TOMAC versus sham, suggesting it may be due to electrical
stimulation. In contrast, mild skin irritation (at the device application
site) was equally prevalent with TOMAC and sham, suggesting it may be
due to device materials. There was no difference in the rate of moderate,
severe, or serious AEs between TOMAC and sham, and AE-related
dropout rates were low for both groups. Pooling data on device-
related AEs across all five studies resulted in similar frequencies of
discomfort (29.0 %) and skin irritation (4.5 %), further suggesting that
these AEs are likely related to TOMAC usage as opposed to other factors.

This meta-analysis had several limitations including limited gener-
alizability and lack of independent replication. The generalizability of
the meta-analysis results is limited by the patient population enrolled in
the TOMAC RCTs, which included only US adults with moderate-to-
severe RLS, thereby restricting the applicability of the findings to
regional, world, and diverse populations. Additionally, the reliance on
industry-sponsored studies potentially introduced bias. Future studies
should evaluate the safety and efficacy of TOMAC in additional RLS
populations, particularly those where a safer alternative to pharma-
ceuticals is especially needed, such as pediatrics and adolescents,
pregnant women, patients with end-stage renal disease on hemodialysis,
and individuals with mild or intermittent RLS. Real-world postmarket
surveillance studies will be helpful to explore the longer-term safety and
effectiveness of TOMAC. Another limitation is that patients on adjunc-
tive medication in the TOMAC RCTs were required to remain on a stable
dose, whereas most patients on dopaminergic medication would benefit
from dose reduction to reduce risk of augmentation. Additional research
is needed to determine if TOMAC could facilitate reduction in dopami-
nergic medication dose. Although heterogeneity was assessed and
determined not to be significant, there were also design differences
among the TOMAC RCTs, such as the inclusion of cross-over and non-
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cross-over trials, and study endpoints were evaluated at different time-
points (or not at all) across the relevant studies.

5. Conclusion

Currently, TOMAC is indicated for use for patients with moderate-
severe RLS who are refractory to at least one medication. Our meta-
analysis confirmed efficacy in this population and also demonstrated
that TOMAC is similarly efficacious in non-medicated RLS patients
(TOMAC monotherapy), patients with no previous exposure to RLS
medication (medication naive), and patients using TOMAC as adjunctive
therapy to medication. Moreover, TOMAC efficacy was similar regard-
less of age, age of RLS onset, sex, baseline RLS severity, and stimulation
frequency. Future research on TOMAC should include larger and longer-
term real-world studies.
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