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Summary

Severe pharmacoresistant restless legs syndrome (RLS) is difficult to manage and a

source of suffering to patients. We studied the effectiveness at 6 months of an inno-

vative treatment: transauricular vagus nerve stimulation (taVNS) in the left cymba

concha in a case series of 15 patients, 53% male, mean (SD) age 62.7 (12.3) years

with severe pharmacoresistant RLS (mean [SD] International Restless Legs Rating

Scale [IRLS] score of 31.9 [2.9]) at baseline. Following an 8-week non-randomised

hospital-based study with eight 1-h sessions of taVNS, patients were trained to

administer taVNS at home and were followed up for 6 months. The primary outcome

measure was the IRLS score, secondary outcome measures were quality of life, mood

disorders using the Hospital Anxiety and Depression scale (HAD) subscales for

depression (HADD) and anxiety (HADA). At the 6-month follow-up 13/15 patients

continued to use weekly taVNS. Symptom severity decreased (mean [SD] IRLS

score 22.2 [9.32] at 6 months, p = 0.0005). Four of the 15 patients had an IRLS

score of <20 at 6 months and two an IRLS score of 5. Quality of life significantly

improved compared to baseline (mean [SD] score at baseline 49.3 [18.1] versus

65.66 [22.58] at 6 months, p = 0.0005) as did anxiety and depression symptoms

(mean [SD] HADA score at baseline 8.9 [5.4] versus 7.53 [4.42] at 6 months,

p = 0.029; and HADD score at baseline 5.2 [4.5] versus 4.73 [4.44] at 6 months,

p = 0.03). Treatment was well tolerated, and no adverse events were reported. Our

case series shows a potential role for self-administered taVNS in patients with

severe pharmacoresistant RLS. Randomised controlled trials are needed to confirm

the utility of taVNS.
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1 | INTRODUCTION

Restless legs syndrome (RLS) is a common pathology affecting approx-

imately 3.9%–14.3% of the general population. In 2%–3% of the pop-

ulation, treatment is indicated to control symptoms (Allen

et al., 2005). Typical RLS presents with limb discomfort in the evening,

which is increased by immobility and reduced by movement (Allen

et al., 2014). About 80% of patients also have periodic leg movements

during sleep, which can fragment sleep (Montplaisir et al., 1997). RLS

can lead to a reduced quality of life (QoL), and mood disorders with an

increased risk of self-harm (Zhuang et al., 2019). Current treatments

for severe idiopathic RLS include dopamine agonists, alpha 2 delta

(α2δ) ligands and opioids (Allen et al., 2018). Patients treated by dopa-

mine agonists are at risk of developing augmentation with the need to

modify treatment. In some patients, despite optimal management

including frequent changes of treatment, symptoms may remain diffi-

cult to control leading to considerable suffering (Chenini et al., 2018;

Mitterling et al., 2015). New approaches for treating pharmaco-

resistant RLS are urgently needed.

Vagus nerve stimulation (VNS) was initially developed for refrac-

tory epilepsy (Lulic et al., 2009). Studies show that VNS modulates

activity in the nucleus tractus solitarius that projects onto the locus

coeruleus, amygdala, hypothalamus, nucleus accumbens, prefrontal

cortex, periaqueductal grey, postcentral gyrus and insula among

others (Frangos et al., 2015). The development of non-invasive tech-

niques of stimulation has expanded use and non-invasive VNS has

been shown to be effective for epilepsy, chronic pain, and depression

(Kong et al., 2018; Lulic et al., 2009; Napadow et al., 2012). The first

report of potential efficacy in RLS was a case report by Merkl et al.

(2007) in a patient with depression treated with duloxetine and VNS.

A marked decrease in the patient's RLS symptoms was noted: and this

was demonstrated using the International Restless Legs Rating Scale

(IRLS), which measures symptom severity with a decrease from 19 at

baseline to 8 after VNS (Merkl et al. 2007). We recently published a

case series using outpatient transauricular VNS (taVNS) for pharma-

coresistant RLS (Hartley et al., 2023). In this non randomised study we

showed symptom improvement in around two thirds of patients at

8 weeks and a significant mean reduction in the IRLS score of 7.3.

However, outpatient taVNS is time consuming for patients and for

practitioners. We developed a method for self-administration of

taVNS at home to enable patients to continue their treatment long

term. However, the long-term efficacy of taVNS for RLS is not known.

We hypothesised that like pharmacotherapy, taVNS would also

gradually lose efficacy over a period of follow-up. The aim of this

study was to evaluate the efficacy of taVNS at 6 months on RLS

severity measured by the IRLS in patients self-administering taVNS

at home.

2 | METHODS

The study followed on from an initial 8-week observational study of

taVNS in the hospital setting (Hartley et al., 2023). All patients from

the initial phase were offered taVNS at home at the end of the initial

8-week study with portable stimulators, individualised electrodes and

training in self-administration of taVNS.

The study was approved by our local ethics committee N� IRB:

IORG0009855 and conducted in compliance with good clinical

practice guidelines and the Declaration of Helsinki. All participants

provided written informed consent. The study is part of the SMART-

VNS™ Project: a Structured Multidisciplinary programme for

Advanced Research in Therapy of VNS. The SMART-VNS project is

dedicated to the development of research, teaching, and clinical care

in the field of VNS therapy. The project has both hospital and aca-

demic affiliation: it is based within the Neurophysiology and Neuro-

modulation Unit of the Raymond Poincaré Hospital in Garches

(AP-HP) and is attached to the Institut National de la Santé et de la

Recherche Médicale (INSERM) 1173 research team of the University

of Versailles Saint-Quentin-en-Yvelines (UVSQ) and Paris—University

of Saclay. It is not industry funded.

2.1 | Patients

A total of 15 patients with RLS were included in the initial study

between June 2020 and May 2021 in a tertiary care sleep centre. Ini-

tial inclusion criteria were: severe RLS according to the international

diagnostic criteria (Allen et al., 2014) with an IRLS score of >20

despite optimal pharmacotherapy, absence of augmentation syn-

drome as defined by international agreed criteria (García-Borreguero

et al., 2007) and a ferritin level of >50 μg/L. Patients with augmenta-

tion syndrome were excluded as the recommended treatment

depending on the severity of augmentation is either modulation of

the dosing regimen (i.e., dividing the dose in two), combining a dopa-

mine agonist with another treatment or withdrawal of dopamine

agonists (Garcia-Borreguero et al., 2018). Optimal pharmacotherapy

was individually defined as the treatment that had been the most

successful at reducing symptoms over the past year (dopamine ago-

nists, α2δ ligands, and opiate analgesics either as monotherapy or

combined therapy). Maximum doses of dopamine agonists to reduce

the risk or augmentation syndrome were defined as follows (prami-

pexole >0.36 mg, ropinirole ≥2 mg, rotigotine ≥2 mg). Exclusion cri-

teria were pregnancy and breastfeeding, treatment by a molecule

known to exacerbate RLS including neuroleptics, antihistamines and

antidepressants, psychiatric disorders, and lack of health insurance.

Patients were asked to maintain their medication during the study.

All patients were reviewed by a senior sleep physician before

inclusion.

2.2 | Study design and procedures

Following the 8-week non-randomised hospital-based study with

eight 1-h sessions of taVNS, all patients were offered the option of

continuing weekly taVNS at home using previously determined effec-

tive stimulation settings (Figure 1).
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2.3 | Intervention

Transcutaneous non-invasive stimulation of the auricular branch of

the vagal nerve was performed in the left anterior cymba conchae

using a transcutaneous electrical nerve stimulation (TENS) eco Plus

(Schwa-medico, Germany). The following stimulation parameters were

used: 2 Hz frequency, 200 μs symmetric square wave impulse width,

and an intensity range from 2 to 7 mA titrated to achieve effective

stimulation without side-effects (modifications of heart rate or blood

pressure, headache, or gastrointestinal discomfort) (Hartley

et al., 2023). Stimulation intensity was determined by titration in the

first stimulation session: intensity was gradually increased until

patients reported discomfort and then reduced below the discomfort

threshold. Once the titration threshold has been determined the treat-

ment is painless. Patients report a sensation of pricking or vibration in

the ear at the start of stimulation that gradually reduces over the

first few minutes but remains perceptible. During the initial hospital

stimulation sessions individually designed electrodes, comprising an

anode and cathode composition with a brass three-dimensionally

(3D)-printed flexible electrode made from thermodynamic polyure-

thane fibres, were 3D printed with a 3D Flash forge inventor

(Flashforge®, China). In hospital taVNS lasted 1 h with simultaneous

electroencephalography (EEG) monitoring to observe the stimulation

artefact and its diffusion. Towards the end of the hospital-based ses-

sions (sessions five to eight) patients were trained by the Smart-VNS

platform team to position the electrode and to use the stimulator

independently while stimulation quality was monitored by EEG. All

patients at the end of the 8-week initial phase were offered portable

taVNS to enable them to continue weekly stimulation sessions at

home. Stimulators were programmed with the patients’ individualised
stimulation parameters. Patients were asked to perform taVNS in the

home setting for 1 h once a week. For home taVNS patients were

provided with commercially available Schwa-Medico electrodes (refer-

ence 101.012—101.013/1), developed for ambulatory auricular stimu-

lation. Patients were trained to monitor the presence of the

sensations produced by stimulation: the disappearance of this sensa-

tion signal would probably indicate electrode displacement and

patients were trained to reposition the electrode.

Patients were advised to perform the sessions lying down or semi-

recumbent, and to relax during sessions. Sessions were timed to be

compatible with patients RLS symptoms: e.g., if symptoms were severe in

the early evening, patients were advised to perform sessions in the after-

noon when their symptoms permitted them to lie down and relax.

Stimulator equipment is relatively inexpensive. The Schwa-

Medico stimulator costs �200 euros and the electrode �30 euros.

The total cost of home stimulation is thus 230 euros. In the setting of

the hospital study treatment was offered at no cost to the patient. In

the ambulatory setting, while the stimulator was free, patients had to

pay for an electrode. The manufacturers recommend that an electrode

can be used 15–20 times before replacement.

Adherence was determined by patient self-report.

2.4 | Testing and outcome measures

2.4.1 | Primary outcome measure

Score on the IRLS, which evaluates the severity of RLS symptoms on a

scale of 0–40 where a score of >20 is considered severe. The IRLS was

initially validated as a clinician administered questionnaire (Walters

et al., 2003). We used it as a self-administered questionnaire, which has

shown to be reliable and valid compared to the clinician administered ver-

sion (Sharon et al., 2019). A score of >20 is considered severe.

2.4.2 | Secondary outcome measures

The QoL was measured with the Restless Legs Syndrome Quality of

Life questionnaire (RLSQoL) (Abetz et al., 2005), using a French trans-

lation developed using the standard technique of translation and

backtranslation. The RLSQoL shows good test–retest reliability and is

sensitive to small clinical changes (Abetz et al., 2005). Higher scores

on the RLSQoL indicate a higher QoL.

Mood disorders were assessed using the subscales of the Hospital

Anxiety and depression scale (HAD) for depression (HADD) and anxiety

(HADA), translated and validated in French (Bocéréan & Dupret, 2014). In

the adult population a score of <8 on each subscale is considered to indi-

cate the absence of anxiety or depression (Zigmond & Snaith, 1983).

Patents were asked to report side-effects directly to the VNS

team by email or telephone and were asked about adverse effects

n=15n = 15

IRLS > 20 despite op�mal 
pharmacotherapy

Absence of 
augmenta�on syndrome 

Ferri�n level >50 μg/L

IRLS > 20 despite op�mal 
pharmacotherapy

Absence of 
augmenta�on syndrome 

Ferri�n level >50 μg/L

Week 1
*

Week 1
*

Week 2
*

Week 2
*

Week 3
*

Week 3
*

Week 4
*

Week 4
*

Week 5
*

Week 5
*

Week 6
*

Week 6
*

Week 7
*

Week 7
*

Week 8
*

Week 8
*

Ac�graphyAc�graphy Ac�graphyAc�graphy

  in hospital taVNS session, ques�onnaire comple�on

n=14n = 14

Portable 
taVNS to 
con�nue 
weekly 

s�mula�on at 
home

End of studyEnd of study

*1-h

F IGURE 1 Flow chart of study protocol. IRLS, International Restless Legs Rating Scale; taVNS, transauricular vagus nerve stimulation.
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occurring during ambulatory sessions by questionnaire at the end of

the 6-month follow-up period.

Data were collected by self-administered questionnaire at base-

line, at the end of the 8-week hospital-based taVNS session, and after

6 months of home-based taVNS.

2.5 | Statistical analysis

Data were collected in Excel and analysed with MATLAB. Quantita-

tive data were presented as means (± standard deviations [SDs]), qual-

itative data as percentage (%). The analysis was performed on an

intention-to-treat basis: all 15 patients were included. In all, 14/15

accepted taVNS at home and 13/15 correctly performed the treat-

ment. All 15 patients provided questionnaire follow-up at 6 months.

Patients were considered responders if their final IRLS score was <20

and partial responders if their IRLS score reduced by >5. Chi-square

tests were used to compare quantitative data and non-parametric

tests for paired data (Wilcoxon) for the IRLS, RLSQoL, HADD and

HADA. A supplementary analysis excluding the two outliers who had

marked benefit (patient number 8 [P8] and P11) was performed.

3 | RESULTS

3.1 | Patients’ characteristics

A total of 15 patients with RLS (53% male), with a mean (SD, range)

age of 62.7 (12.3, 27–74) years, were included. All patients had severe

RLS with a mean (SD) IRLS score of 31.9 (2.9), and restless legs symp-

toms had been present on average for a mean (SD) of 15.5 (8.6) years.

Patients reported that their restless legs had a negative impact on

their QoL (mean [SD] RLSQoL score of 49.3 [18.1]) and symptoms of

depression (mean [SD] HADD score of 5.2 [4.5]) and anxiety (mean

[SD] HADA score of 8.9 [5.4]) were present (Table 1).

One patient refused home stimulation as he felt that he had

received minimal benefit in the initial trial: as a result, 14/15 patients

were provided with a stimulator for taVNS sessions at home. Of

the patients provided with a stimulator one did not manage to fit the

1 h-long weekly stimulation session into their schedule. As a result,

13/15 performed weekly stimulation sessions.

Patients reported that compared to hospital sessions they had

some initial difficulties over the first 2 weeks with electrode place-

ment and electrode stability, probably related to the use of commer-

cially available electrodes, which could have potentially reduced the

efficacy of taVNS at home.

3.2 | Effect of taVNS on the severity of RLS

The mean severity of symptoms of RLS, measured by the IRLS, was

significantly reduced from baseline to session eight and from baseline

to 6 months (mean [SD] IRLS score 31.9 [2.9] versus 24.6 [5.9] versus

22.2 [9.32], p = 0.0005, respectively; Table 2 and Figure 2), with no

significant change in the whole group from session eight to 6 months. In

all, 10 of the 15 patients had an improvement of >5 points on the IRLS,

four had an IRLS score of <20 of whom two had an IRLS score of 5.

After the initial hospital sessions, three distinct profiles were

identified: 27% of participants were responders with a decrease

below an IRLS score of 20, 40% a partial response with an improve-

ment in the IRLS score by >5 points but an IRLS remaining above

20, and 33% were non-responders. Removing the two outliers with a

final IRLS score of <5 from the analysis (see Table S1) showed that

benefits on the IRLS were maintained with a significant improvement

from baseline to 6 months, with a mean (SD) score of 32.53 (2.9) ver-

sus 24.84 (6.68) (p = 0.001) and no significant change from Week

8 to 6 months, with a mean (SD) score of 26.15 (5.04) versus 24.84

(6.68) (p = 0.269).

Four distinct profiles were identified by comparing the results in

the initial phase followed by the evolution from 8 weeks to 6 months:

(a) continual improvement: five of 15; (b) improvement followed by

stability: three of 15; (c) stability during the first 8 weeks followed

by improvement: two of 15; and (d) initial improvement followed by a

gradual return of symptoms: five of 15. We note that in the 8-week

initial protocol, positive results were typically observed towards the

end of the sessions.

The two patients who did not continue taVNS at home respec-

tively displayed a small improvement followed by stability (patient

who refused home stimulation) and improvement followed by a grad-

ual return of symptoms in the patient who received a home stimulator

but did not perform treatment.

3.3 | Effect of taVNS on QoL, anxiety and
depression

A significant increase in the RLSQoL score was observed between

baseline and session eight. The RLSQoL score then non-significantly

decreased from 8 weeks to 6 months follow-up but remained signifi-

cantly improved compared to the baseline (Table 2, Figure 2).

The mean (SD) baseline HADA score was 8.9 (5.4), indicating the

presence of anxiety and 60% of participants had a score of ≥8. This

was significantly reduced at 8 weeks and although non-significantly

increased at follow-up remained significantly below baseline with

47% having a score of ≥8 (Table 2, Figure 2). The mean baseline

HADD score was not in the pathological range and once again signifi-

cantly improved by session eight with a non-significant increase at

follow-up although this remained below baseline (Table 2, Figure 2).

3.4 | Side-effects of taVNS

The taVNS was safe and well tolerated. No significant differences

were noted in individual heart rate or blood pressure either within

individual sessions or across the eight sessions. No adverse effects

were by reported during the 6-month follow-up period.
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4 | DISCUSSION

In this study evaluating at home self-administrated taVNS following

eight sessions of in-hospital administered taVNS in patients with

severe pharmacoresistant RLS, we found that at 6 months symptom

severity was improved compared to baseline in 14/15 patients mea-

sured by the IRLS. In the majority of patients (73%), symptoms

although improved remained severe with a score on the IRLS of >20.

In two patients, symptoms effectively disappeared. No patient had

worsening of his or her symptom severity compared to baseline.

Patients were required to continue their baseline treatment during

the treatment period so changes in symptoms could be attributed to

taVNS. We also found an increase in QoL and a reduction in

symptoms of anxiety and depression at 6 months. taVNS treatment in

the ambulatory setting proved to be acceptable to patients and

remained safe and well tolerated.

This study adds to the findings of our initial study, which showed

that that eight sessions of in-hospital administered taVNS improved

the symptoms of RLS in �60% of participants with severe pharma-

coresistant RLS (Hartley et al., 2023). In some patients in whom

improvements were not evident at 8 weeks, symptoms continued to

improve with the use of ambulatory taVNS, implying that our initial

8-week treatment protocol was too short. In other patients their

symptoms stabilised. After an initial marked improvement at 8 weeks,

the mean QoL, mean anxiety and mean depression decreased at

follow-up but still remained improved compared to baseline.

F IGURE 2 Individual evolution of restless legs syndrome (RLS) severity, quality of life (QoL), anxiety and depression from baseline to
6 months with mean indicated in black: (a) symptom severity: International Restless Legs Rating Scale (IRLS); (b) QoL: Restless Legs Syndrome
Quality of Life questionnaire (RLSQoL); (c) anxiety mood disorders using the Hospital Anxiety and Depression scale (HAD) subscale for and
anxiety (HADA); and (d) depression using the HAD subscale for depression (HADD).

TABLE 2 Results of transauricular vagus nerve stimulation treatment: baseline to 6 months.

Variable, mean (SD) Baseline

After eighth

session of taVNS After 6 months

p* (baseline

to 6 months)

p* (8 weeks

to 6 months)

IRLS score 31.9 (2.9) 24.6 (5.9) 22.2 (9.32) 0.0005 0.111

RLSQoL score 49.3 (18.1) 80.0 (19.6) 65.66 (22.58) 0.0005 0.95

Anxiety HADA score 8.9 (5.4) 6.2 (5.0) 7.53 (4.42) 0.029 0.645

Depression HADD score 5.2 (4.5) 4.0 (4.0) 4.73 (4.44) 0.03 0.759

Abbreviations: HADA, mood disorders using the Hospital Anxiety and Depression scale subscale for anxiety; HADD, mood disorders using the Hospital

Anxiety and Depression scale subscale for depression; IRLS, International Restless Legs Rating Scale; RLSQoL, Restless Legs Syndrome Quality of Life

questionnaire; taVNS, transauricular vagus nerve stimulation.

*Wilcoxon signed-rank test for paired samples.

6 of 11 HARTLEY ET AL.

 13652869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jsr.14066 by C

ochrane France, W
iley O

nline L
ibrary on [25/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The pathophysiology of RLS is being gradually elucidated. Onset

can be early or late with a clear genetic component, notably in

patients with early onset RLS (Trenkwalder et al., 2018). Environmen-

tal factors also play a role, notably iron deficiency (Gulyani

et al., 2009). RLS involves both sensory and motor systems, with pain

and discomfort in the legs leading to an uncontrollable urge to move.

These circuits are modulated by descending signals from the dorsal

raphe, the locus coeruleus and the A11 region in the dorsal-posterior

hypothalamus. Early studies underlined the importance of dopamine,

due to the dramatic success of L-DOPA and dopamine agonists in

relieving symptoms. RLS is thought to represent a hyperdopaminergic

state with subsequent downregulation of postsynaptic receptors,

which contributes to the circadian pattern of RLS. The complex

excitatory-inhibitory action of dopamine depends on concentration,

receptor affinity and receptor actions, explaining why dopamine ago-

nists are effective but also why they lead to the development of aug-

mentation syndrome (paradoxical worsening of symptoms)

(Trenkwalder et al., 2018).

The link between iron deficiency and RLS (especially in cases of

iron deficiency anaemia) and the response to iron treatment has been

known for some time, but more recent studies have shown that brain

iron deficiency, which can exist even in patients with normal serum

iron (Earley et al., 2000). Brain iron deficiency in animal models leads

to downregulation of adenosine A1 receptors (A1Rs), a reduction in

inhibitory D1-A1 heterodimers in the basal ganglia and the spinal cord

and an increased sensitivity of glutaminergic cortico-striatal receptors

(Ferré, Quiroz, et al., 2017). Adenosine A1R-A2AR heterodimers act as

an on–off switch, and high concentrations of adenosine lead to gluta-

mate release. The importance of glutamate is underlined by the effi-

cacy of α2δ ligands, which target glutaminergic neurones, but also by

the demonstration of increased glutamate in the basal ganglia on

magnetic resonance imaging (Allen et al., 2013). Dopamine affects the

glutaminergic system via modulation of the α amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA) receptor-evoked

responses and N-methyl-D-aspartate (NMDA) receptor-evoked-

responses. This action explains the effect of tramadol and methadone,

which act on NMDA receptors (Ferré, Earley, et al., 2017).

To date pharmacological treatments for RLS have targeted the

different neurotransmitters, often with good initial success but an

effect that can reduce over time. Loss of treatment efficacy is particu-

larly problematic in patients treated with dopamine agonists in whom

the development of augmentation syndrome can lead to dramatic

dose escalation and worsening of symptoms (Becker et al., 1993;

Högl et al., 2011). Studies of pharmacological treatments for RLS in

drug naïve or patients post-treatment wash out show that patients

with RLS, in common with many other pathologies, experience a pla-

cebo effect. In a recent well controlled trial of dipyridamole a short-

term reduction in the IRLS score of 5 was seen in patients treated

with placebo (Garcia-Borreguero et al., 2021). However, this popula-

tion is not comparable with our population of patients with pharma-

coresistant RLS, first because symptoms were less severe at baseline

with a mean IRLS score of 24 and second because in patients with

pharmacoresistant RLS, IRLS scores progressively increase over time:

the Course of RLS (COR) study by Fuhs et al. (2014) of patients with

RLS found that 12.5% of patients deteriorated over time and 8.5%

reported an increase in symptom severity of >5 points on the IRLS

despite treatment. In the Fuhs et al. (2014) study the initial mean IRLS

score in the group of patients with symptom aggravation was 16 at

inclusion; our patients were far more severe with a mean IRLS score

at inclusion of 31.9. We carefully excluded secondary causes of

pharmaco-resistance and augmentation syndrome (Leu-Semenescu

et al., 2018) but both study evidence and clinical experience in this

group of patients would lead us to anticipate that without changes in

treatment, symptoms would certainly worsen over 6 months with an

increase in the IRLS. This is not what we found: on an intention-

to-treat analysis, no patient had an IRLS above baseline and 67% had

an improvement of ≥5 points on the IRLS after 6 months of weekly

ambulatory taVNS treatment. We note that the two patients who did

not continue with taVNS treatment also remained stable. The demon-

stration of improvement and/or stability in our patients opens the

possibility that taVNS may have a role in patients with augmentation

syndrome. Thus, taVNS may have a role either in primary prevention

(in addition to dopamine agonists) in order to reduce the incidence of

augmentation syndrome over time, or as an adjuvant therapy to

reduce the symptoms of augmentation and thus enable the continua-

tion of dopamine agonists for a longer period or to enable withdrawal

of dopamine agonists in order to re-establish efficacy. Future studies

are needed to explore this potential role.

How taVNS can affect RLS is unknown. The vagus nerve is princi-

pally composed of afferent sensory fibres that project to the nucleus

of the solitary tract leading to the release of both inhibitory neuro-

transmitters (gamma-aminobutyric acid) and excitatory (glutamate and

aspartate), along with noradrenaline, acetylcholine, and other neuro-

peptides (Lulic et al., 2009). The nucleus of the solitary tract projects

to the locus coeruleus and dorsal raphe magnus, which in turn modu-

late serotonin and noradrenaline release (Frangos et al., 2015, 2017;

Henry, 2002; Komisaruk & Frangos, 2022; Spindler et al., 2019). The

vagus nerve modulates key physiological pathways including cerebral

blood flow, melanocortin, inflammation, glutamatergic excitotoxicity,

noradrenaline and neurotrophic processes (Berthoud et al., 2021;

Cai et al., 2014; Neuhuber & Berthoud, 2021). Early studies on VNS

used direct stimulation via implanted electrodes, but the development

of external stimulation, typically via the cymba concha (taVNS) has

extended its use. The efficacy of taVNS in epilepsy, depression, and

chronic pain is well known (Chen et al., 2009; Huston, 2012), and in

these cases the effect is considered to be due to the effects of taVNS

on glutaminergic and dopaminergic systems with modulation of corti-

cal excitability. Given the pathophysiology of RLS and the importance

of the dopaminergic and glutamatergic systems, it is probable that

VNS in RLS exerts its effects via modulation of these systems. In RLS

dysfunctions of the sympathovagal system (Thireau et al., 2017) have

been described but their cause and potential role are unclear.

Some patients responded positively during the first 8-week

period, but for others, improvements were noted later on. The reasons

why some patients are responders and others are non-responders,

early responders or late responders are all avenues that should be
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investigated in future studies. Available evidence suggests that in

animal models taVNS alters the hippocampal and cortical transcriptomes,

epigenetically modulating neuronal plasticity (Sanders et al., 2019).

Transauricular VNS induces long-term potentiation in vagus nerve-

controlled neural circuits and networks by promoting synaptic plastic-

ity (Alvarez-Dieppa et al., 2016). The intensity and repetitive character

of the stimulation are crucial criteria for the induction of synaptic

modifications necessary for functional switching (Zhang et al., 2004).

These modifications may take time and there is evidence from studies

on depression that the response rate increases with the duration of

treatment (Marangell et al., 2002). Use of the taVNS device in the

patients home allows long-term treatment and potentially maximises

benefit. In addition, it also increases the number of patients who can

be managed by the hospital VNS team. However, efficacy was poten-

tially reduced in patients performing home taVNS as initial difficulties

with electrode placement and stability were reported, possibly linked

to the use to commercial taVNS electrodes in the home setting. Initial

improvements in some patients during the 8-week hospital protocol

were followed by stability or deterioration: the lack of a significant

improvement in the mean IRLS score for the group from week 8 to

6 months may reflect reduced stimulation efficacy.

Several parameters concerning the delivery of taVNS for RLS

remain to be defined. Although several studies have looked at param-

eters in other indications (for a review see Thompson et al., 2021), no

studies have looked at stimulus parameters or frequency of taVNS in

RLS, e.g., we do not know if weekly, biweekly or daily sessions would

be more effective. Equally, we do not know if the daytime timing of

taVNS sessions affects efficacy; performing taVNS requires the

patient to rest for 1 h and as immobility triggers RLS, it is clear that

patients with severe RLS cannot lie still for 1 h when their symptoms

are maximal (typically in the evening). Pragmatically, taVNS has to be

performed when symptoms are quiescent (typically in the morning or

early afternoon) but whether there is benefit in performing taVNS

close to the start of symptoms (e.g., 1–2 h before symptom onset) is

not known.

Poorly controlled RLS causes great distress to patients (Leu-

Semenescu et al., 2018) with a marked impact on QoL. Marked

improvements in QoL were found at 8 weeks, and although this

decreased at 6 months it still remained above baseline. We noted

improvement in mood. This could be related to reduced symptoms

but we note that taVNS is used to treat depression (for a review see

Kong et al., 2018) and anxiety in patients with chronic pain (Napadow

et al., 2012). After initial marked improvement during the hospital-

based protocol no significant change was noted in the results. We do

not know why this is; possible causes are reduced efficacy of stimula-

tion in the home setting, a lack of long-term efficacy of taVNS on

mood and QoL, or that in pharmacoresistant patients’ initial improve-

ments were linked to being offered a potentially useful treatment.

Study limitations: first, and as discussed in our initial paper, our

study follows up a small non-randomised pilot study. Without a ran-

domised controlled design, we cannot confirm that the improvements

in symptoms either at the end of the protocol or at follow-up are due

to taVNS. We did not perform polysomnography (PSG) prior to

inclusion and so cannot exclude underlying obstructive sleep apnea

(OSA) or provide objective data on potential improvements in sleep or

periodic limb movements of sleep. RLS is more common in patients

with OSA and can complicate management; pharmacotherapy used

for RLS can also worsen OSA. The effects of VNS on underlying

sleep-related breathing disorders is unknown, in the absence of a PSG

we cannot comment on potential modifications of respiratory parame-

ters (Romero-Peralta et al., 2019). Ambulatory stimulation was per-

formed by patients at home using a transauricular electrode and a

pre-programmed stimulator. In all, 14/15 patients requested ambula-

tory stimulation and 13/15 stated they used the treatment as recom-

mended. However, we have no data on patient adherence or on

whether treatment was correctly performed in the ambulatory setting.

Given the initial difficulties reported with electrode placement and

electrode stability, we cannot exclude potentially reduced stimulation

efficacy. There is no biomarker for RLS, but we measured changes in

symptoms on a validated self-administered questionnaire, the IRLS,

which is the reference standard for studies of treatment in RLS.

Finally, there is no agreement on a biomarker of taVNS effectiveness

(Farmer et al., 2021) as data on the evaluation of heart rate variability

parameters in left ear taVNS are conflicting (Antonino et al., 2017;

Bretherton et al., 2019; Clancy et al., 2014). We confirmed that stimu-

lation was occurring by monitoring the stimulation artefact during

each session via EEG recording during the hospital-based sessions. At

home, patients relied on self-monitoring of cutaneous sensation to

determine whether electrodes were still correctly placed, potentially

reducing stimulation efficacy.

5 | CONCLUSION

At the 6-month follow-up of 15 patients with severe pharmacoresis-

tant RLS, taVNS, in combination with optimal pharmacotherapy, was

shown to be effective in improving RLS symptoms measured by the

IRLS over the short and longer term. Initial highly positive effects on

mood and QoL show a tendency to reduced efficacy over the long

term. Randomised controlled trials of taVNS in RLS are necessary to

confirm a positive short- and long-term effect in RLS and to define

optimal treatment modalities.
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