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Abstract 60 

Background: Long-term loss of arm function after ischaemic stroke is common and may be 61 

improved by Vagus Nerve Stimulation (VNS) paired with rehabilitation.  62 

Methods: In this pivotal, randomised, triple-blind, sham-controlled trial, we assigned 63 

participants with moderate to severe arm weakness, at least nine months after ischaemic 64 

stroke, to receive rehabilitation paired with active VNS or rehabilitation paired with sham 65 

stimulation (Control). All participants were implanted with a VNS device and received six 66 

weeks of in-clinic therapy followed by a home exercise program. The primary outcome was 67 

the change in impairment measured by the Fugl-Meyer Assessment Upper Extremity (FMA-68 

UE) score on the first day after completion of in-clinic therapy. All analyses were by 69 

intention to treat. The trial was registered on ClinicalTrials.gov (NCT03131960). 70 

Findings: We randomised 108 participants between Oct 2, 2017 and Sept 12, 2019 (53 to 71 

VNS and 55 to Control). A total of 106 completed the study. On the first day after completion 72 

of in-clinic therapy, the mean (±SD) FMA-UE score increased by 5.0 points (SD 4.4) in the 73 

VNS group and by 2.4 points (SD 3.8) in the Control group (p=0.001, between group 74 

difference 2.6, 95% CI 1.03 to 4.2). Ninety days later, a clinically meaningful response on the 75 

FMA-UE score was achieved in 47% with VNS versus 24% in controls (p=0.01; between 76 

group difference 24%, 95% CI 6 to 41%). The Wolf Motor Function Test (WMFT) 77 

functional score increased by 0.46 (±0.40) points in the VNS group compared to 0.16 (±0.30) 78 

points in the Control group (p<0.0001, between group difference 0.30, 95% CI 0.16 to 0.43). 79 

The FMA-UE score increased by 5.8 points (±6.0) from baseline with VNS and by 2.8 points 80 

(±5.2) in controls (p=0.008, between group difference 2.96, 95% CI 0.83 to 5.08).  There was 81 

one serious adverse event related to surgery (vocal cord paresis). 82 
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Interpretation: Participants with moderate to severe arm impairment after ischaemic stroke 83 

showed clinically meaningful improvements in motor impairment and function with paired 84 

VNS compared to rehabilitation with sham VNS.  85 

Funding: The trial was funded by MicroTransponder Inc.  86 

87 
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Introduction 88 

Approximately 80% of people with acute stroke have upper limb motor impairment and as 89 

many as 50%-60% of these survivors still have persistent problems six months later. 1,2 90 

Persistent arm impairment is linked with poorer quality of life and reduced well-being.3 91 

Identifying new treatments to improve upper limb function after stroke is a research priority 92 

for both stroke survivors and caregivers.4  93 

There are few effective treatments to enhance upper limb recovery after stroke. Trials of 94 

increased therapy dose and of adjuvant drug or brain stimulation therapies have not been 95 

effective5–8.    Constraint induced movement therapy has been shown to improve measures of 96 

upper limb impairment and function in selected people with stroke, possibly through helping 97 

them re-learn how to use intact motor pathways9.  98 

One potential method to enhance the reorganisation potential of the brain following stroke is 99 

via cholinergic and monoaminergic modulation of motor cortex neurons10,11. This may be 100 

achieved by Vagus Nerve Stimulation (VNS). VNS paired with sensory input or motor 101 

training has been shown to result in input-specific reorganization of rat cortical neurons12,13. 102 

In rodent models of ischemic stroke, VNS combined with movement training significantly 103 

improved forelimb motor recovery and tripled the synaptic connectivity of motor cortex 104 

neurons compared to movement training alone14. Two pilot studies of VNS paired with 105 

intensive upper limb rehabilitation have been conducted in people with long-term moderate 106 

to severe arm weakness after stroke. VNS-treated participants had greater improvement in 107 

Fugl-Meyer Assessment-Upper Extremity (FMA-UE) score compared to participants that 108 

received intense rehabilitation alone15,16.  109 

We performed a pivotal, randomised, blinded, controlled trial comparing active VNS paired 110 

with rehabilitation versus sham stimulation paired with rehabilitation in people with moderate 111 

to severe arm impairment after ischaemic stroke. The purpose of this trial was to determine 112 
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whether VNS paired with rehabilitation is a safe and effective treatment for improving arm 113 

function after stroke. 114 

Methods  115 

Further details regarding the design of the trial have been published previously. 17 The study 116 

was approved by the review boards at each institution and subject to appropriate regulatory 117 

approvals (FDA Investigational Device Exemption (IDE, #G170031) and UK MHRA No 118 

#CI/2015/0011). The study was registered on clinicaltrials.gov (NCT03131960).  Written 119 

informed consent was obtained from all participants. The study was conducted according to 120 

the Declaration of Helsinki and was undertaken in 19 sites in the UK and USA.  121 

Participants 122 

Study participants were male and female adults aged  22 years and  80 years old with a 123 

history of unilateral supratentorial ischaemic stroke that occurred between nine months to ten 124 

years prior to enrollment. People with moderate to severe arm impairment defined as a FMA-125 

UE score between 20-50 were eligible for inclusion. Full inclusion and exclusion criteria are 126 

provided in the supplement.  127 

Randomisation and Masking 128 

We randomised participants at the time of VNS implant surgery to either rehabilitation paired 129 

with active VNS (VNS group) or rehabilitation paired with sham stimulation (Control group) 130 

on a 1:1 basis. Randomisation was done by ResearchPoint Global (USA) using SAS PROC 131 

PLAN, with stratification by region (US/UK), age (≤30, >30), and baseline FMA-UE score 132 

(20-35, 36-50). The randomisation allocation was sent via email to an unblinded clinical 133 

engineer at each site who tested and programmed the device with the appropriate stimulation 134 

settings for group assignment during implantation. Participants, outcomes assessors, and 135 

treating therapists were blinded to group assignment. In an effort to maximize masking of 136 

treatment allocation, all participants were implanted with the VNS device. In addition, both 137 
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treatment groups participants received 5 stimulations in reducing strengths (0.8 mA and then 138 

lower) at the beginning of each therapy session followed by stimulation according to 139 

randomised allocation. This was designed to minimize risk of participants being able to guess 140 

treatment allocation by exposing all participants to the same stimulation parameters at the 141 

start of each session. After the primary endpoint assessment, participants were asked to rate 142 

their certainty regarding group allocation by picking one of five options; knew they received 143 

VNS; thought they received VNS; knew they were in the sham stimulation group; thought 144 

they were in the sham stimulation group; or had ‘no idea.’ 145 

Study Procedures 146 

A pre-surgery assessment was performed. Device implantation was done under general 147 

anaesthesia. A horizontal neck crease incision was created left of the midline at the level of 148 

the cricoid cartilage. After the vagus nerve was identified, the stimulation lead was wrapped 149 

around the vagus nerve. The lead was then tunnelled subcutaneously to the pulse generator 150 

device which was contained in a subcutaneous pocket in the pectoral region.18   151 

Baseline assessments were performed one week after device implantation. Stimulation was 152 

tested in increments of 0.1 mA to assess if participants felt and tolerated stimulation. If 153 

stimulation at 0.8 mA was uncomfortable, stimulation settings were lowered to a comfortable 154 

level, and this level was used in the study. This process was performed in both groups 155 

regardless of treatment allocation. In two participants, stimulation settings were lowered to 156 

0.7 mA and 0.6 mA.  157 

In-clinic rehabilitation therapy began the next day and was provided three times per week for 158 

six weeks (total of 18 sessions).  Details about the upper limb rehabilitation delivered in the 159 

trial have been reported previously.16 Briefly, in-clinic rehabilitation consisted of high 160 

repetition, task-based, functional, individualised, and progressive upper limb exercises. All 161 

participants received the same goal-oriented and intense upper limb rehabilitation following 162 
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specific guidelines16. Therapy tasks were divided into six categories: reach and grasp, gross 163 

movement, object flipping, simulated eating tasks, inserting objects, and opening/closing 164 

containers. For a given task, the object, movement direction and/or environment factors were 165 

adjusted to maintain difficulty level and subject motivation. Since participants had varying 166 

degrees of impairment and functional deficit, the exact number of repetitions and tasks per 167 

session varied. However, it was expected that six tasks would be performed in the same order 168 

at each session and that approximately 30-50 repetitions would be performed on each task 169 

giving >300 repetitions per session. The therapist timed the VNS pulse with each repetition of 170 

movement (Appendix Figure S1). The VNS group received 0.8 mA (or 0.7 and 0.6 mA in two 171 

participants as described above), 100 µs, 30 Hz stimulation pulses, lasting 0.5 seconds, during 172 

each movement repetition. The Control group received 0 mA pulses.  173 

Following the six weeks of in-clinic therapy, all participants began daily, therapist-prescribed 174 

home exercises. The home therapy session lasted 30 minutes and included tasks following the 175 

same principles as the in-clinic therapy. During home exercises, participants activated the 176 

VNS device via a single magnet swipe over the device and 30 minutes of either active or 177 

sham VNS was then delivered according to their randomised allocation. The stimulation 178 

output current was kept the same as during in-clinic therapy. Bi-monthly phone calls between 179 

the therapist and participant were conducted to ensure compliance and adequate exercise 180 

intensity.    181 

Study Outcome Measures 182 

Outcome assessments were performed on days one and 90 after the completion of the six 183 

weeks of in-clinic therapy. These included the FMA-UE, Wolf-Motor Function Test (WMFT 184 

function and time score), Motor Activity Log (MAL), Stroke Impact Scale (SIS) score, 185 

Stroke Specific Quality of Life (SS-QOL), EuroQol-5D (EQ-5D), and the Beck Depression 186 

Inventory (BDI). The WMFT and FMA-UE were also assessed at day 30 following 187 
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completion of in-clinic therapy. A description of each of the measures is provided in the 188 

supplement. Assessments were performed by the same assessor at baseline and at follow-up. 189 

The primary outcome was change in FMA-UE score from baseline to the first day following 190 

completion of in-clinic therapy19,20. The secondary outcomes measures were 1) clinically 191 

meaningful response on FMA-UE score at day 90, 2) change in day 90 WMFT-Functional 192 

score, and 3) change in day 90 FMA-UE score.  We defined a clinically meaningful response 193 

as a six 6 point or greater improvement in FMA-UE score based on previous research 194 

demonstrating that a 5.25-point change was associated with an excellent improvement 195 

(greater than 50% improvement) in arm function21.    196 

Tertiary outcome measures were the MAL, SIS score, SS-QOL score, EQ-5D score and the 197 

BDI score. We added WMFT response rate as a post-hoc outcome measure to assess response 198 

on a functional outcome measure. A clinically meaningful response was defined as a  ≥ 0.4-199 

point change in WMFT-Functional score at day 90. 22 200 

Safety reporting 201 

Data on all adverse events and serious adverse events were recorded prospectively. Events 202 

were coded with the use of the Medical Dictionary for Regulatory Activities (MedDRA, 203 

version 22). Severity and causality/relationship to study treatment (rehabilitation and VNS) 204 

or implant surgery was assigned by the site Principal Investigator. 205 

Sample Size  206 

The a priori sample size calculation was based on data from our pilot studies.15,16 A sample 207 

size of 100 participants (50 per group) was determined to provide 80% power (alpha = 0.05) 208 

to detect a FMA-UE difference of 2.3 (SD 4) points between the two treatment groups. We 209 

enrolled 108 participants to allow for drop-outs.  210 

Statistical Analysis 211 
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Statistical analyses were independently performed by ResearchPoint Global using SAS 212 

Version 9.4 or higher.  213 

A pre-defined futility analysis was performed by the Data Safety Monitoring Board (DSMB) 214 

based on data from the first 40 participants. The criteria for futility were not met and DSMB 215 

determined that the trial could continue. 216 

All efficacy and safety summaries were performed on the intent-to-treat (ITT) population, 217 

defined as all participants who have any surgical portion of the implant procedure attempted, 218 

regardless of the treatment to which they are assigned, and regardless of the amount of 219 

intervention completed. A Per Protocol (PP) population was a priori defined to include 220 

participants who completed at least 12 sessions without major protocol violations that could 221 

impact and/or compromise the safety or efficacy of the treatment.  222 

For the primary outcome measure, an analysis of covariance (ANCOVA) model was used, 223 

with the change from baseline to day one following completion of in-clinic therapy as the 224 

dependent variable, and treatment arm, region (UK or USA), treatment by region interaction 225 

as factors, and with age and baseline FMA-UE score as covariates. A significance level of 226 

0.05 was used. The region by treatment interaction was to be removed from the final model if 227 

it was not significant (p>0.1). For the responder analysis at day 90 post completion of 228 

therapy, we used a logistic regression model with treatment arm, region, age and baseline 229 

FMA-UE score as factors. An ANCOVA model, with the change from baseline as the 230 

dependent variable, and treatment / randomisation strata as factors was used for the analysis 231 

of the WMFT-functional change and the FMA-UE change at day 90 following completion of 232 

in-clinic therapy. The three secondary outcomes measures were tested for significance in a 233 

hierarchical manner in the order listed. Significance was declared for the first secondary 234 

outcome at 0.05, and each subsequent outcome only if all higher ranked endpoints were 235 

significant at 0.05. For the responder analyses, a number needed to treat to achieve an 236 
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additional clinically meaningful response was calculated. For the post-hoc outcome measure 237 

of WMFT response rate at day 90 we used a Fisher Exact test to assess the between-group 238 

difference. Summary statistics for tertiary measures were tabulated but formal statistical 239 

analysis was not performed. In additional post hoc analyses we compared response rates on 240 

the FMA-UE score at 3 additional levels (4 points, 5 points and 7 points). We also 241 

compared the proportion who guessed they received VNS and who correctly guessed their 242 

treatment allocation. 243 

A ‘last observation carried forward’ approach was used if an assessment was missing after 244 

baseline. We assessed the effect of missing data by first performing a Mixed Model Repeated 245 

Measures test (SAS PROC MIXED) on the full data set. We then performed multiple 246 

imputation with missing at random assumptions (SAS PROC MI). 247 

Trial management and role of the funding source 248 

An independent data safety monitoring board (DSMB) reviewed adverse events, safety 249 

information and the planned futility analysis. The funder, MicroTransponder Inc, supported 250 

the writing committee in the writing of the manuscript. MicroTransponder played no role in 251 

data collection, data interpretation or the decision to submit the manuscript. The decision to 252 

submit the manuscript was the responsibility of JD, TJK, and CL. The corresponding author 253 

had full access to all the data in the study.  254 

Results  255 

108 participants were randomised between Oct 2, 2017 and Sept 12, 2019. A total of 195 256 

participants consented and were screened for eligibility. 140 people met eligibility criteria 257 

and 32 withdrew prior to device implantation and randomisation. Of the 108 randomised 258 

participants, 53 were assigned to the active VNS group and 55 to the Control sham 259 

stimulation group. A total of 107 completed the study intervention and were included in the 260 

per-protocol population, and 106 attended for primary endpoint assessment (see trial profile, 261 
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Figure 1). There were no significant protocol deviations that affected the rights, safety, or 262 

well-being of participants or the scientific integrity of the study (Appendix text and Appendix 263 

Table S1). Baseline demographics are shown in Table 1. Groups were well matched at 264 

baseline. Enrollment by site is shown in the supplement (Appendix Table S2).   265 

Participants in the VNS and Control groups received a similar number of stimulations per 266 

therapy session (VNS: 422 (SD 99) stimulations, Control: 419 (SD 86) sham stimulations). 267 

The mean duration of each in-clinic rehabilitation session was 90 (SD 16) minutes.  268 

103 participants (49 VNS and 54 Control) rated their certainty regarding treatment allocation 269 

(Appendix Table S3). Nine VNS (18%) and 9 Control participants (18%) in each group 270 

believed they received VNS (p>0.999). Nine VNS (18%) and 13 (24%) Controls participants 271 

guessed their treatment allocation correctly (p=0.631).  272 

The primary outcome (change in FMA-UE score from baseline to the first day after in-clinic 273 

therapy) was significantly higher in the VNS group than the Control group (VNS: 5.0, SD 274 

4.4, Control: 2.4, SD 3.8; p=0.001; between group difference 2.60, 95% CI 1.03 to 4.2) 275 

(Figure 2, Appendix Table S4). There was no significant interaction between treatment 276 

allocation and geographic region (p>0.1).    277 

A clinically meaningful response on the FMA-UE score occurred in more participants in the 278 

VNS group compared to the control group at day 90 following completion of in-clinic 279 

therapy (47% versus 24%, p=0.01; between group difference 24%, 95% CI 6 to 41%), 280 

resulting in a number needed to treat of 4.3 for VNS. Response rates defined as a 4 point, 5 281 

point and 7 point increase on the FMA-UE score were consistent higher with VNS and are 282 

shown in Appendix table S5. 283 

The WMFT-functional score was significantly increased in the VNS group compared to the 284 

Control group at 90 days after the end of in-clinic therapy (VNS: 0.46, SD 0.40, Control: 285 

0.16, SD 0.30; p<0.0001; between group difference 0.30, 95% CI 0.16 to 0.43). The FMA-286 
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UE score was also significantly increased in the VNS group compared to the Control group at 287 

90 days (VNS: 5.8, SD 6.0, Control: 2.8, SD 5.2; p=0.008; between group difference 2.96, 288 

95% CI 0.83 to 5.08). A clinically meaningful response on the WMFT-Functional test 289 

occurred in significantly more participants in the VNS group than the Control group (57% vs 290 

22%, p=0.01), resulting in a number needed to treat of 2.8 with VNS.  291 

A total of 334 adverse events (163 VNS, 171 Control) were reported in 85 (78%) 292 

participants. The majority of these (n=242) were mild. A total of 21 (40%) participants in the 293 

active VNS group and 24 (55%) controls reported an adverse event rated as either possibly, 294 

probably, or definitely related to device implantation. These were mostly due to post-295 

operative pain. A total of 13 participants in the active VNS group and 9 controls reported an 296 

adverse event rated as either possibly, probably or definitely related to device use. The 297 

number of events, the number of participants reporting at least one event, and the number of 298 

severe events were similar in both groups (Appendix Table S5 and Table S6). There were no 299 

unexpected adverse events or serious adverse device events reported. There was one case of 300 

vocal cord palsy in a control participant, which resolved after five weeks.  301 

For tertiary outcomes, there was a numerically greater difference between baseline and 302 

follow-up in the VNS group than in the Control group for the MAL, SIS, SS-QoL, EQ-5D 303 

and BDI scores (Appendix Table S7).  304 

Results for all outcomes were similar on the per-protocol analysis and sensitivity analyses 305 

revealed no significant effect of missing data (Appendix Table S8). 306 

Discussion 307 

In our trial involving participants with moderate to moderately-severe arm impairment after 308 

chronic ischaemic stroke, participants who were assigned to VNS paired with rehabilitation 309 

demonstrated clinically meaningful improvements in motor impairment and function 310 

compared to participants assigned to rehabilitation and sham stimulation. The number of 311 
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participants achieving a clinically meaningful improvement in upper limb impairment in the 312 

active VNS group was approximately double that of the Control group, with nearly half of 313 

the participants in the active VNS group achieving a clinically meaningful response. Notably, 314 

the responder rate was also significantly higher in the VNS group for the WMFT, a measure 315 

of arm function and was consistent across different FMA-UE score thresholds. The greater 316 

improvement in the VNS group was consistent across the primary outcome measure and all 317 

secondary outcome measures.  318 

All participants were at least nine months post stroke, with a mean time from stroke of over 319 

three years. Treatment options for people with arm impairment at this stage typically focus on 320 

treatment of complications, rather than concerted efforts to improve function. Our data show 321 

it is possible to achieve meaningful improvements many years after stroke. Any 322 

improvements are unlikely to be attributable to spontaneous or expected recovery; indeed, 323 

many stroke survivors suffer functional decline at this time point.23 Many recent large clinical 324 

trials have not found additional clinically important improvements in arm impairment or 325 

function with intensive rehabilitation treatment, despite the use of rehabilitation devices, 326 

when compared to usual care.5,24 We saw a small improvement in the Control group, 327 

consistent with other trials. However, the amount of improvement was 2-3 times higher 328 

across multiple measures of arm function in participants who received active VNS paired 329 

with therapy. These findings are consistent with improvements seen in numerous 330 

experimental studies of motor recovery after stroke and in our clinical pilot studies 331 

(Appendix Figure S2). 10,15,16,25   332 

Nearly half of participants receiving VNS had a clinically meaningful improvement assessed 333 

by the FMA-UE score.26 We found a similar rate of clinically meaningful response rate for 334 

the WMFT.  22 In addition, tertiary outcome measures, including the MAL,27, SIS-ADL,28 335 

and SS-QoL,29 suggested greater improvement in the VNS group. The consistency of 336 
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findings across WHO outcome dimensions provides further evidence that the VNS-related 337 

improvements demonstrated are important to stroke survivors. Further, responses were 338 

maintained at 90 days after completion of in-clinic therapy. 339 

In preclinical models of ischaemic and hemorrhagic stroke, VNS paired with task-specific 340 

rehabilitation significantly enhanced post-stroke recovery compared to rehabilitation alone.10 341 

When VNS was dissociated from rehabilitation or when rehabilitation was delivered alone, 342 

rats showed relatively less motor improvement, suggesting that task-specific rehabilitation 343 

paired with VNS is key to driving plastic changes in the motor cortex.30 Pairing VNS with 344 

rehabilitation has been shown to triple the synaptic connectivity in the corticospinal tract 345 

networks controlling the impaired forelimb compared to rehabilitation alone.14 This task-346 

specific neuroplasticity is believed to result from molecular and neuronal mechanisms 347 

induced by VNS that include activation of noradrenergic, cholinergic and serotonergic 348 

systems. 31 It is possible that VNS-mediated heterosynaptic neuromodulation facilitates long-349 

term synaptic changes in motor neurons during a temporal learning window for spike-timing 350 

dependent plasticity.32,33 This pre-clinical evidence would suggest that VNS as used in this 351 

clinical human trial may exploit similar neuroplastic mechanisms34, although this remains to 352 

be verified. 353 

This intervention requires surgical device implantation. VNS devices are used for the 354 

treatment of epilepsy and depression, and over 100,000 devices have been implanted 355 

worldwide for such clinical indications. The risk of implantation and side effects of 356 

stimulation have been well described. 35,36 We found a similar low rate of vocal cord palsy, as 357 

has previously been documented, suggesting that the risk of vocal cord palsy is not 358 

substantially increased in well-selected people with a history of chronic ischaemic stroke. We 359 

saw no serious adverse device events. The stimulation parameters of 0.8 mA, 100 s, 30 Hz 360 

and 0.5 second duration were used in all our preclinical stroke studies and in our two pilot 361 
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studies of VNS for post-stroke rehabilitation10. These settings have been shown to cause 362 

desynchronization of the rat cortical EEG12 suggesting activation of cholinergic and 363 

noradrenergic neurons37,38 and to be associated with cortical plasticity and motor 364 

recovery39,40. Non-invasive methods of stimulating the vagus nerve are now available41. 365 

However, it is unclear whether non-invasive VNS activates the nerve to the same degree as 366 

with cervical implantable VNS42. The optimum site to deliver non-invasive VNS and which, 367 

if any, stimulation parameters cause task specific plasticity is unclear.  368 

In this trial, the risk of bias was low and groups were well matched at enrolment. All 369 

participants were implanted with a VNS device; and blinding of therapists, participants, and 370 

outcome assessors was achieved. There was no evidence of expectation bias or unmasking of 371 

participants. The majority of participants were uncertain or incorrect regarding their 372 

treatment allocation and there was no difference between groups in the number who guessed 373 

they received VNS or who guessed correctly. This suggests that the study was well-blinded. 374 

Randomisation was performed by an independent service with allocation concealment. The 375 

outcome measures used here are common in stroke rehabilitation trials and are valid, reliable, 376 

and sensitive to change. There were low levels of missing data and all but two participants 377 

completed the study to day 90. While the long-term data from this study are not yet available, 378 

our earlier pilot study suggests that benefits of paired VNS therapy are maintained over time 379 

43.  380 

Our study has some limitations. We cannot generalise our findings to people who do not meet 381 

trial eligibility criteria or to people with other types of stroke or other neurological disorders. 382 

In particular it is unclear whether VNS paired with rehabilitation improves motor outcomes 383 

in people with a more severely affected upper limb, spasticity and severe sensory loss. 384 

Although improvements were maintained for at least 90 days, we cannot be certain that the 385 

benefits of VNS paired with rehabilitation will be maintained in the longer-term and this 386 
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should be investigated in future research. The sample size of our study limits our ability to 387 

assess the effect of VNS treatment in different sub-groups and two-thirds of participants in 388 

our study were male. 389 

Participants with arm impairment, an average of three years after ischaemic stroke, who 390 

received rehabilitation showed clinically meaningful improvements in impairment and 391 

function that were 2-3 times greater with VNS compared to sham VNS. Improvements with 392 

paired VNS therapy were also reflected in quality-of-life measures. VNS combined with 393 

rehabilitation is a novel strategy to help people achieve improvement in arm and hand 394 

function after stroke.  395 

  396 
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Evidence before this study 570 
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Intense task-specific rehabilitation has a limited effect on upper limb impairment in people 571 

with long-term problems after ischaemic stroke. Vagus nerve stimulation paired with 572 

rehabilitation has been shown to improve forelimb function after experimental stroke and 573 

showed promise in two clinical pilot studies. However, no large adequately powered clinical 574 

study has been performed. 575 

Added value of this study 576 

VNS-REHAB is the first multicenter trial with adequate statistical power to compare 577 

rehabilitation plus active VNS paired with rehabilitation and sham stimulation. Participants 578 

treated with VNS had clinically meaningful improvements in measures of upper limb 579 

function and impairment on the first day after completion of in-clinic therapy and similar 580 

improvements 90-days later after a period of home exercise. The clinical response rate with 581 

active VNS was double that of sham stimulation on both the FMA-UE and WMFT, and 582 

almost 50% of active VNS treated participants achieved a clinical response. Improvements 583 

were also reflected in quality of life measures. The rate of surgical complications due to VNS 584 

implantation was similar to that seen with use of VNS in epilepsy.  585 

Implications of the available evidence 586 

The results of this trial support the use of VNS paired with rehabilitation for the treatment of 587 

selected people with upper limb impairment at least 9 months after ischaemic stroke. Further 588 

research should explore how to implement this approach in clinical practice and whether 589 

VNS can be used to improve other impairments after stroke, including more severe degrees 590 

of arm impairment. 591 

 592 

  593 
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Table 1. Baseline Characteristics  594 

 595 

 VNS  

(n=53) 

Control  

(n=55) 

Gender (N, %)   

Male    34 (64%) 36 (65.5%) 

Female   19 (37%) 19 (35%) 

Ethnicity (N, %)   

Caucasian 42 (79%) 43 (78%) 

African-American 9 (17%) 9 (16%) 

Asian, Indian, Other 1 (2%) 4 (7%) 

Not Reported 1 (2%) 1 (2%) 

Age (years, Mean ± SD) 59.1 + 10.2 61.1 + 9.2 

Time since stroke (years.) 3.1  2.3 3.3 + 2.6 

Handedness 

(Right/Left/Ambidextrous) 
48 (91%) / 4 (8%) 

/ 1 (2%) 

50 (91%) / 5 (9) 

/ 0 

Side of Paresis (Right/Left) 25 (47%) / 28 

(53%) 

26 (47%) / 29 

(53%) 

FMA-UE Baseline Score (Mean 

± SD) 
34.4  8.2 35.7  7.8 

WMFT Functional Score 2.71 + 0.70 2.83 + 0.65 

Baseline demographic and clinical characteristics by randomisation 

group in the intention to treat population. FMA-UE is Fugl-Meyer 

Assessment Upper Extremity. WMFT is Wolf Motor Function Test. 

Participants could select more than one option for ethnicity. 

 596 

 597 

 598 

 599 

 600 

  601 
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Figure 1: Trial profile 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 
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195 patients 

assessed for 

eligibility 

Discontinued prior to implant (n=87) 
55 did not meet eligibility criteria: 

31 [Outside FMA-UE range] 
13 [Insufficient finger/wrist 

movement] 
4 [Severe sensory loss] 
4 [Stroke Criterion] 
2 [Severe Spasticity] 
1 [High BDI score] 

32 decline to participate 
      9 [Surgical concern] 
      9 [Health concern] 
      6 [Time commitment concern] 
      8 [Subject decision] 
  

Implanted & 

Randomised 

(n=108) 

53 assigned  

Active VNS 
55 assigned 

Control 1 discontinued treatment 

due to adverse event and 

inability to tolerate 

rehabilitation 

 
 
 

 

Day one  
n=53 included 

in ITT (n=53 

per-protocol) 

Day 90  
n=53 included 

in ITT (n=53 

per-protocol)   

1 participant missed the day one visit 

but remained in the study and 

returned for the day 90 assessment. 

 

2 participants suffered falls and did 

not attend for day 90 visit.  

 

1 participant missed the visit due to 

sickness and work commitments 

and withdrew from the study.     

Day one  
n=55 included 

in ITT (n=54 

per-protocol)  

Day 90  
n=55 included 

in ITT (n=54 

per-protocol)  
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Figure 2. Change in Primary and Secondary Outcome Measures.  619 

 620 

A. Change in Fugl-Meyer Assessment-Upper Extremity (FMA-UE) score between baseline 621 

and day one post completion of in-clinic therapy. (Primary End-point). B. Change in FMA-UE 622 

score between baseline and day 90 post completion of in-clinic therapy. C. FMA-UE response 623 

rate (≥6 point change from baseline) at day 90 post completion of in-clinic therapy. D. Change 624 

in Wolf Motor Function Test-Functional (WMFT) score between baseline and day one post 625 

completion of in-clinic therapy. E. Change in WMFT score between baseline and day 90 post 626 

completion of in-clinic therapy. F. WMFT response rate (≥ 0.4 point change from baseline) at 627 

day 90 post completion of in-clinic therapy. The circle is the mean group value and the vertical 628 

lines denote 95% confidence intervals. * denotes p<0.05 for the between group difference. Red: 629 

VNS group; Blue: Control group.  630 
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