
 

 
 
 
 
Dawson, J. and Abdul-Rahim, A. H. (2022) Paired vagus nerve stimulation for treatment 

of upper extremity impairment after stroke. International Journal of Stroke, (doi: 

10.1177/17474930221094684). 

 

   

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 
 
 
 

https://eprints.gla.ac.uk/268297/                 
      

 
 
 
 
 

 
Deposited on: 11 April 2022 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 

https://eprints.gla.ac.uk  

  

https://eprints.gla.ac.uk/268297/
https://eprints.gla.ac.uk/


Peer Review Version

International Journal of Stroke

DOI: 10.1177/17474930221094684

Author Accepted Manuscript 

http://crossmark.crossref.org/dialog/?doi=10.1177%2F17474930221094684&domain=pdf&date_stamp=2022-04-04


Peer Review Version

Paired vagus nerve stimulation for treatment of upper 
extremity impairment after stroke

Journal: International Journal of Stroke

Manuscript ID IJS-10-21-9541.R2

Manuscript Type: Opinion

Date Submitted by the 
Author: 28-Feb-2022

Complete List of Authors: Dawson, Jesse; University of Glasgow Institute of Cardiovascular and 
Medical Sciences
Abdul-Rahim, Azmil; University of Glasgow, Institute of Cardiovascular 
and Medical Sciences

Keywords: Rehabilitation, neuromodulation, vagus nerve, Stroke, upper limb 
weakness, recovery

 

Page 1 of 16

International Journal of Stroke

DOI: 10.1177/17474930221094684

Author Accepted Manuscript 



Peer Review Version

Paired vagus nerve stimulation for treatment of upper extremity impairment after 
stroke

Authors

Prof. Jesse Dawson MD, Institute of Cardiovascular and Medical Sciences, College of 

Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, G12 9QQ, UK.

Dr Azmil H. Abdul-Rahim MD, Institute of Neuroscience and Psychology, College of 
Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, G12 9QQ, UK.

Corresponding author

Prof. Jesse Dawson MD, Institute of Cardiovascular and Medical Sciences, College of 

Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, G12 9QQ, UK.

Key words - Stroke, rehabilitation, upper-limb

Word count – 4115 including references, abstract and title page

Page 2 of 16

International Journal of Stroke

DOI: 10.1177/17474930221094684

Author Accepted Manuscript 



Peer Review Version

Abstract

The use of a paired vagus nerve stimulation (VNS) system for the treatment of moderate to 

severe upper extremity motor deficits associated with chronic ischaemic stroke has recently 

been approved by the U.S Food and Drug Administration. This treatment aims to increase 

task specific neuroplasticity through activation of cholinergic and noradrenergic networks 

during rehabilitation therapy. 

A recent pivotal phase III trial showed that VNS paired with rehabilitation led to 

improvements in upper extremity impairment and function in people with moderate to severe 

arm weakness an average of three years after ischaemic stroke. The between group difference 

following six weeks of in-clinic therapy and 90 days of home exercise therapy was three 

points on the upper extremity Fugl Meyer score. A clinically meaningful response defined as 

a greater than or equal to six point improvement was seen in approximately half of people 

treated with VNS compared to approximately a quarter of people treated with rehabilitation 

alone. Further post-marketing research should aim to establish whether the treatment is also 

of use for people with intracerebral haemorrhage, in people with more severe arm weakness, 

and for other post stroke impairments. In addition, high quality randomised studies of non-

invasive VNS are required.
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Introduction

The use of a paired vagus nerve stimulation system for the treatment of moderate to severe 

upper extremity motor deficits associated with chronic ischaemic stroke has recently been 

approved by the U.S Food and Drug Administration [1]. This is a potentially important 

advance for many stroke survivors. Upper extremity impairment is one of the commonest 

stroke symptoms, occuring in approximately 75% of people with stroke [2] and while many 

exhibit substantial spontaneous recovery, long-term problems persist in approximately half 

[3]. This has a considerable impact on quality of life and therefore, improving upper 

extremity impairment is a priority for stroke survivors [4].

In recent years, several advances have been made in methods used to predict recovery [5] and 

in our understanding of the benefits and limitations of current rehabilitation techniques [6]. 

High intensity rehabilitation therapy may improve upper extremity outcomes but may be 

challenging to deliver at scale [7,8]. However, numerous new approaches to rehabilitation are 

being studied and incorporated into clinical practice. 

Many of these novel approaches attempt to target the pathophysiology that underpins motor 

weakness after stroke and the processes of recovery. These processes are likely to differ with 

stroke subtypes and with time after stroke. For example, interventions that are effective in the 

chronic phase of stroke recovery may not be effective in the acute or subacute phase, and the 

mechanism of tissue damage and repair differ in ischaemic and haemorrhagic stroke. 

Following an ischaemic stroke, there is cell death in the affected area, leading to loss of brain 

tissue and atrophy. However, there are also changes both proximal and distal to the lesion and 

in connected areas. For example, secondary axonal degeneration occurs in white matter tracts 

and loss of grey matter volume can occur both ipsilateral and contralateral to the stroke lesion 

[9]. The extent and type of this damage is related to stroke severity and may explain some of 

the variance in outcomes following rehabilitation. The ability of the brain to re-organise 
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neural networks after the stroke injury is critical but is often insufficient to lead to meaningful 

recovery. These plastic changes involve both peri-lesional tissue as well as the contralateral 

hemisphere, subcortical and spinal regions. Studies have reported a role for the cholinergic 

[10], noradrenergic and serotonergic systems in remapping after stroke. Thus, outcomes after 

stroe could be improved by both reducing initial stroke severity through reperfusion and 

some of the mechanisms of secondary injury, or by improving the ability of the brain to re-

organise. The extent of re-organisation of neural networks can be enhanced by rehabilitation 

and task specific training. In experimental models, task specific rehabilitation has been 

shown to increase ‘cortical re-wiring’, increase synaptogenesis and increase dendritic cell 

branching and growth [11]. This plasticity can be specific to the applied stimulus and 

augmenting task specific plasticity is a key therapeutic target.

Why Vagus Nerve Stimulation?

Activation of cholinergic and noradrenergic neuro-modulatory networks may augment 

plasticity. Release of acetylcholine from nucleus basalis neurones and noradrenaline from 

locus coeruleus neurones has been shown to influence motor learning. This has been 

confirmed by studies of cholinergic and noradrenergic antagonists and of induced lesions in 

these nuclei, where reduced cortical plasticity and impaired learning was demonstrated in 

response to a number of stimuli [12,13]. The potential for neuromodulation to affect these 

networks and facilitate task specific neuroplasticity was shown in studies of auditory cortex 

mapping. Direct electrical stimulation of the cholinergic nucleus basalis paired with auditory 

stimuli caused progressive reorganisation of the primary auditory cortex specific to the 

stimulus [14].

Direct electrical stimulation of brainstem structures is unlikely to be translatable to routine 

clinical practice during stroke recovery. However, the vagus nerve has afferent projections to 

Page 5 of 16

International Journal of Stroke

DOI: 10.1177/17474930221094684

Author Accepted Manuscript 



Peer Review Version

the nucleus tractus solitarius, which then projects to the nucleus basalis and the locus 

coeruleus, providing a means to activate these cholinergic and noradrenergic networks. 

Similar experiments to those described above with direct nucleus basalis stimulation, where 

auditory tones were paired with vagus nerve stimulation (VNS), demonstrated increased 

plasticity with VNS [15]. Cortical representation of the areas representing the paired tones 

was increased. Importantly, this was also found in an experimental model of noise induced 

tinnitus suggesting that task specific plasticity can be augmented in areas of brain affected by 

pathological changes. The central hypothesis for paired VNS therapy for upper extremity 

recovery after stroke is that pairing VNS with a motor training stimulus will enhance task 

specific plasticity by providing rapid cholinergic and noradrenergic activation during the 

training stimulus.

Pre-clinical data

Several studies in a range of rodent models of ischaemic stroke have assessed whether VNS 

paired with rehabilitation improves forelimb recovery of strength [16]. Typically, these 

studies involved training the animal in a task before an induced ischaemic or haemorrhagic 

stroke. Animals were then given further motor training, with or without paired VNS. Animals 

treated with paired VNS had greater recovery of impairment and in a functional task than 

those who had either motor training or VNS alone. Similar results have been seen in animal 

studies using models of chronic ischaemic stroke [17], young and aged rats [18], intracerebral 

haemorrhage [19], and models of cortical and subcortical damage. One limitation of these 

data is the absence of studies in non-rodent models.

Use of paired VNS in human studies
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Studies have used both implantable VNS devices and non-invasive VNS devices. The use of 

non-invasive VNS remains experimental and has not been approved for use in stroke 

recovery.

Studies of invasive VNS

Two pilot clinical studies [20,21] and one pivotal phase III study designed to assess clinical 

efficacy have been performed using implantable VNS [22]. These have all used the 

MicroTransponder Inc’s Vivistim® system. The implant is performed under general 

anaesthesia and involves the placement of stimulation probes on the vagus nerve and 

tunnelling a wire through to a pulse generator device, contained in a subcutaneous pocket in 

the pectoral region. The stimulation parameters used are a 0.5 second burst of VNS (0.8mA, 

100second, 30Hz) on device activation. During a therapy session, VNS is delivered by a 

therapist using a push button, which communicates wirelessly with the VNS device. The 

stimulation is timed with a task-specific movement. In a typical two-hour session, 

approximately 400 movement repetitions are performed. Participants rotate through seven 

groups of functional tasks, including a reach and grasp, gross movement, object flipping, 

eating, open and closing and insertion task and one additional task selected by the participant. 

In addition, home-based VNS therapy has been used in two trials. Here, participants use a 

magnet to activate the device by swiping it over the overlying skin. A 0.5 second burst of 

VNS (0.8mA, 100second, 30Hz) is then delivered every 10 seconds for 30 minutes. During 

this period, participants perform daily unsupervised home exercises, which were prescribed 

by a therapist.

The first published study of implantable VNS was performed in the UK. This was a pilot 

feasibility trial and utilised a PROBE design, where both participants and therapists were 

blinded to treatment allocation. Participants were enrolled >6 months after stroke and had 

Page 7 of 16

International Journal of Stroke

DOI: 10.1177/17474930221094684

Author Accepted Manuscript 



Peer Review Version

moderate to severe upper-extremity impairment (defined as an Action Research Arm Test 

(ARAT) score of 15 to 50) [20]. Twenty participants were enrolled and randomised to VNS 

paired with rehabilitation (n = 9) or rehabilitation alone (n = 11; not implanted).  Participants 

received 6 weeks of in-clinic rehabilitation therapy with a trained therapist comprised of two-

hour sessions, three times per week for six weeks as described above. The main pre-specified 

efficacy outcome measure was change in upper extremity Fugl-Meyer Assessment (FMA-

UE) score. A clinically important difference, or response, was defined as an FMA-UE change 

of ≥6 points. There were no serious adverse device events but there was one case of vocal 

cord palsy after implantation. The mean change in FMA-UE scores in the VNS group was 

+8.7 (5.8) versus +3.0 (6.1) in the rehabilitation-only group (between-group difference, 5.7 

points; 95% confidence interval (CI), −0.4 to 11.8; p=0.064 in the intention-to-treat analysis). 

Six (66.7%) achieved a clinically meaningful response in the VNS group compared with 4 

(36.4%) in the rehabilitation-only group (p=0.17). This study was limited by lack of long 

term follow up and lack of blinding to participants and treating therapists. 

The second reported study was a randomised, blinded, controlled study with sham 

stimulation performed in the UK and USA [21]. Eligibility criteria were similar to the 

previous study, although moderate to severe upper extremity impairment was defined as 

FMA-UE score between 20 to 50, and participants were required to be between 4 months to 5 

years after ischaemic stroke. The in-clinic therapy and stimulation parameters were the same 

as in the first study. Key differences with the first study were the fact that all participants 

were implanted with a VNS device and home-based VNS (or control stimulation) was 

continued for 90-days after completion of the 6-weeks in clinic therapy. After this period, 

participants who received sham stimulation received a course of rehabilitation with active 

VNS. The study included 17 participants, 8 of whom were randomised to VNS. 
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After 6 weeks of in-clinic therapy, the FMA-UE score increased by 7.6 points for the VNS 

group and 5.3 points for controls (between group difference 2.3, 95% CI -1.9 to 6.5, 

p=0.260). After the three months of home exercise therapy, the FMA-UE score increased by 

9.5 in the paired VNS group and 3.8 points in controls (between group difference 5.7, 95% 

CI -0.2 to 11.6, p=0.055). The response rate was 88% in the VNS group and 33% in controls 

(p=0.03). After controls crossed-over to receive in-clinic Active VNS, FMA-UE improved by 

9.8 points from baseline (p<0.001) after 6 weeks [23]. After an additional 2 months of home-

based VNS, FMA-UE improvement was maintained at 9.7 points. In addition, after one year 

[20], the change in FMA-UE score was 9.2 ± 8.2 points and 73% of treated participants 

demonstrated a clinically meaningful improvement at 1 year.

In the first pilot study [20], an exploratory analysis showed infarct volume, corticospinal tract 

overlap volume, fractional anisotropy ratio, and mean diffusivity ratio were significantly 

worse at baseline in VNS responders compared with rehabilitation-only responders. It is 

unclear whether this was a chance finding or whether this means VNS allows recovery to 

occur in some people who would not respond to rehabilitation alone. A pooled analysis of 

both pilot trials explored predictors of response to treatment and did not find any clear 

relationship between baseline variables and change in FMA-UE score with VNS (except for 

baseline Fugl-Meyer score, which was associated with degree of improvement in both 

treatment groups) [24]. 

The pivotal clinical trial

This randomised, blinded, sham-controlled study included 108 participants (53 were assigned 

to active VNS and 55 to sham stimulation) [22]. The mean age of participants was 60 years 

of age, they were an average of three years post stroke and had a baseline FMA-UE score of 

35. This study included six weeks of in clinic therapy followed by home exercises, as 
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described above. The primary outcome was change in FMA-UE score from baseline to the 

first day following completion of the six-weeks in-clinic therapy. The secondary outcome 

measures were clinically meaningful response on FMA-UE score at day 90 (six point or 

greater improvement), change in day 90 Wolf Motor Function Test (WMFT)-Functional 

score, and change in day 90 FMA-UE score.  These were assessed in a hierarchical fashion.

The mean duration of each in-clinic rehabilitation session was 90 (SD 16) minutes, excluding 

time for stretching. Approximately 420 stimulations were given per session in both groups. 

To maintain blinding, participants received the same ramp up and down of stimulation at the 

start of each session, regardless of treatment group. Participants then received stimulation 

according to their randomisation group. At the end of the study, participants were asked 

concerning their certainty regarding treatment allocation and nine VNS participants (18%) 

and nine Control participants (18%) believed they received VNS.

The change in FMA-UE score from baseline to the first day after in-clinic therapy was 

significantly higher in the VNS group compared to the Control group (change with VNS 5.0 

points, SD 4.4, change with control 2.4 points, SD 3.8; p=0.001; between group difference 

2.60, 95% CI 1.0 to 4.2). A clinically meaningful response on the FMA-UE score at day 90 

after completion of in-clinic therapy occurred in 47% of participants in the VNS group 

compared to 24% in the control group (between group difference 24%, 95% CI 6-41%, 

p=0.0098). Similar was found for the WMFT-Functional score at 90 days after the end of in-

clinic therapy (VNS: 0.46, SD 0.40, Control: 0.16, SD 0.30; between group difference 0.30, 

95% CI 0.16 to 0.43, p<0.0001). A clinically meaningful response on the WMFT-Functional 

test occurred in 57% with VNS vs 22% with control (p=0.01, post-hoc analysis).

The between group difference was small so interpretation of these data requires careful 

consideration, not least because the treatment requires device implantation. The secondary 

endpoint of clinically important response rate was picked to help quantify the effect of 
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treatment in terms of whether any changes would be important to stroke survivors. The 

number of responders was higher, with a number needed to treat of four compared to 

intensive rehabilitation therapy.

There was one case of vocal cord palsy in the study and two cases were reported in the pilot 

studies. This is similar to the rate of vocal cord palsy seen with use of VNS for epilepsy [25]. 

No serious or important adverse events have been associated with stimulation itself in the 

stroke studies, suggesting safety concerns are limited to those of anaesthesia and device 

implantation.

There are important limitations to this study and gaps in the evidence base concerning use of 

implantable VNS. No participants with intracerebral haemorrhage have been studied and 

studies excluded people with the most severe arm weakness, including people with spasticity 

and severe sensory loss. In addition, the small number of participants studied to date 

precludes informative subgroup analysis. Participants were unblinded after the day-90 follow 

up and controls then received VNS. This mean that any long-term data will lack a control 

comparator.

Studies of non-invasive VNS

Non-invasive transcutaneous VNS can either be delivered via the auricular branch of the 

vagus nerve (by stimulating over the skin of the external ear on the tragus and cymba) or via 

the cervical vagus nerve by stimulating over the neck. It is unclear whether transcutaneous 

VNS delivers the same degree of nucleus tractus solitarius or locus coeruleus activation as 

implantable VNS [26]. Some studies in rat models have suggested a lesser effect of non-

invasive VNS, compared to invasive VNS, on outcomes such as infarct volume [27].

The use of transcutaneous VNS (tVNS) to support upper extremity recovery has been 

assessed in three small trials [28-30]. There were no strict criteria for the degree of upper 
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limb impairment that could be included in these studies but baseline FMA-UE score ranged 

between 17 and 22 in two of the studies [29-30].  In one observational study of 13 

participants, a median of 1.1 years after ischaemic stroke, the use of tVNS was found to be 

safe and feasible and FMA-UE score improved by 17.1 points. However, there was no 

control group [28]. A randomised, single blinded study of 21 participants [29] with ischaemic 

stroke with the past 0.5 to three months and upper limb impairment, found a 3.7 point greater 

change with tVNS compared to sham VNS (change with VNS 6.9, SD 1.9, change with tVNS 

3.2, SD 1.2, between group difference 3.2, 95% CI 2.3 to 5.1, p<0.001). VNS was delivered 

for 30 minutes prior to delivery of 30 minutes of rehabilitation therapy on 15 consecutive 

days. There was only one adverse event. In a further study, 14 participants with either 

ischaemic or haemorrhagic stroke at least one year prior with impaired hand function were 

randomised to tVNS or sham VNS with robotic rehabilitation therapy for 10 days [30]. Each 

therapy session consisted of 320 movements. There were some potentially important 

differences between groups at baseline, but FMA-UE score increased by 5.4 points with VNS 

vs. 2.8 points with control (p=0.048).  The use of tVNS is promising but well planned and 

adequately powered clinical trials are needed to demonstrate both efficacy and effectiveness.

Future directions and implementation

Although a VNS based rehabilitation system has been approved by the FDA, there remain 

important areas of future research to guide its use in clinical practice. In our opinion, these 

include research to assess whether paired VNS is effective in people with intracerebral 

haemorrhage, in people with more severe arm weakness after stroke, and for other deficits 

such as lower limb weakness and sensory impairment. Post marketing study should aim to 

identify those who respond and studies should explore whether patients should have a 

standardised course of therapy before device implantation to identify those in whom it is not 
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required. There are no published cost effectiveness data for VNS based rehabilitation, which 

will be crucial to guide implementation in many healthcare systems.  Adequately powered 

and blinded trials of tVNS are needed.

Implementation of this novel treatment will be challenging but feasible. Clinical services 

must be able to identify motivated and eligible participants and to identify people who are 

unlikely to respond to conventional approaches. A care pathway which involves clinical and 

allied specialists in rehabilitation, in device implantation, in anaesthesia, and in management 

of complications of device implantation is needed. Furthermore, patients require long-term 

follow up and need to be trained in self-management and in delivery of home VNS.  This is 

required at a time when clinical services, which often failed to deliver sufficient therapy 

before the COVID-19 pandemic, are under intense pressure to re-organise and adapt their 

care pathways.

 

Summary

The FDA approval of paired VNS for the treatment of moderate to severe upper extremity 

motor deficits associated with chronic ischaemic stroke represents important progress for a 

number of stroke survivors. Further research is needed to assess the effect in other conditions 

such as intracerebral haemorrhage and post-marketing research will be critical to grow our 

understanding of effectiveness in real-world clinical practice. 
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