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A meta-analysis
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Abstract N\
Background: Upper limb motor impairment is a common complication following stroke. Although few treatments are used to |
enhance motor function, still approximately 60% of survivors are left with upper limb motor impairment. Several studies have
investigated vagus nerve stimulation (VNS) as a potential technique for upper limb function. However, the efficacy and safety of VNS
on upper limb motor function after ischemic stroke have not been systematically evaluated. Therefore, a meta-analysis based on
randomized controlled trial will be conducted to determine the efficacy and safety of VNS on upper limb motor function after ischemic
stroke.

Method: We searched PUBMED, MEDLINE, EMBASE, Cochrane Library, Web of Science, China National Knowledge
Infrastructure Library (CNKI), and Wan Fang Database until April 1, 2021.

Results: Six studies consisting of 234 patients were included in the analysis. Compared with control group, VNS improved upper
limb function via Fugl-Meyer Assessment-Upper Extremity (mean difference=3.26, 95% confidence interval [Cl] [2.79, 3.74],
P < .00001) and Functional Independence Measurement (mean difference =6.59, 95%Cl [5.77, 7.41], P<.00001), but showed no
significant change on Wolf motor function test (standardized mean difference=0.31, 95%CI [-0.15, 0.77], P=.19). The number of
adverse events were not significantly different between the studied groups (risk ratio=1.05, 95%ClI [0.85, 1.31], P=.64).

Conclusion: VNS resulted in improvement of motor function in patients after ischemic stroke, especially in the sub-chronic stage.
Moreover, compared with implanted VNS, transcutaneous VNS exhibited greater efficacy in poststroke patients. Based on this meta-
analysis, VNS could be a feasible and safe therapy for upper limb motor impairment.

Abbreviations: Cl = confidence interval, FIM = Functional Independence Measurement, FMA-UE = Fugl-Meyer Assessment-
Upper Extremity, MD = mean difference, RCT = randomized controlled trial, SMD = standardized mean difference, VNS = vagus
nerve stimulation, WMFT = Wolf motor function test.
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1. Introduction

Stroke is a primary cause of mortality and associated morbidity
worldwide.'! Approximately 60% of survivors after stroke
suffer from upper limb motor impairment, which consecutively
lead to loss of independence with poor quality of life.*!
Therefore, it is essential to identify novel treatments for stroke
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survivors. Vagus nerve stimulation (VNS) either implanted or
transcutaneous, is a neuromodulation therapy, which sends
impulses into the neural center to generate corresponding
nervous activity by stimulating the cervical vagus nerve.**!
VNS has been widely applied to the clinical treatment of many
diseases such as epilepsy, drug-refractory depression, pain,
chronic tinnitus, and so on.!*'"! Furthermore, VNS gradually
shows a positive effect for the treatment of motor impairment
after the stroke.!'!~"3!

Although the specific mechanism of VNS is not fully
understood, studies have shown that VNS may activate the
nucleus basalis neuron and locus coeruleus neuron, resulting in
the widespread release of acetylcholine and norepinephrine in the
cerebral cortex, respectively. The release of neurotransmitters
eventually enhances the synaptic plasticity and the reorganization
of cortical networks which ultimately improves motor func-
tion."*13! Several randomized controlled trials (RCTs) both on
animals and human have shown that VNS paired with
rehabilitation training can be a potential option in terms of
efficacy and safety on upper limb motor impairment after
ischemic stroke.***! However, Dawson et al’*®! reported no
significant change in motor function after VNS in the intention to
treat analysis. Besides, a meta-analysis!*!! investigated the
efficacy of VNS as the rehabilitation following stroke, which
revealed a significant effect of VNS on Fugl-Meyer Assessment-
Upper Extremity (FMA-UE). However, the conclusion was based
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on 3 RCTs with a small sample size with mixed models of
ischemic and hemorrhagic stroke. Recently, some new researches
evaluating the effect and safety of VNS on the motor function of
ischemic stroke has emerged.

This meta-analysis aims to evaluate the efficacy and tolerability
of VNS for upper limb motor impairment after ischemic stroke
based on RCTs and attempted to provide clinical evidence for the
VNS in the treatment of upper limb motor impairment after
ischemic stroke.

2. Methods

This systematic review protocol was performed in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-analysis Protocol (PRISMA-P). This is a literature based
study, so ethical approval is not necessary.

2.1. Study search strategy

The methodology of this meta-analysis was done as recom-
mended by the Cochrane Collaboration.*?! The databases such
as PUBMED, MEDLINE, EMBASE, Cochrane Library, Web of
Science, China National Knowledge Infrastructure Library
(CNKI), and Wan Fang Database were searched from inception
until April 1, 2021, with the following keywords: vagus nerve
stimulation and stroke. There were no restrictions on the
language, region, race, or publication types.

2.2. Selection criteria

Patients diagnosed with ischemic stroke; Only RCTs comparing
VNS paired with rehabilitation training and with only rehabili-
tation training; Studies having available completed valid data.

2.3. Data extraction and outcome measures

All of data were extracted independently by the 2 examiners, any
disputes were settled by the consensus. In case of incomplete data,
authors were contacted for details. For crossover trials, we only
took the data for the first period (before crossover) into
consideration.

The primary outcome included FMA-UE and the adverse events
related to the therapy or devices, evaluating the efficacy and safety
of VNS for upper limb impairment, respectively. The secondary
outcomes included the Wolf motor function test (WMFT) and
Functional Independence Measurement (FIM).

2.4. Quantitative and statistical analysis

All statistical analysis was performed by Review Manager 5.3
(The Cochrane Collaboration, Copenhagen, Denmark). Two
independent examiners evaluated the quality of each RCT to
estimate the risk of bias with the Cochrane risk of bias tool
including sequence generation, allocation concealment, masking,
incomplete outcome data, selective reporting, and other
issues.[*3! We also utilized risk ratio to assess dichotomous
outcomes and calculated 95% confidence intervals (Cls). Besides,
mean difference (MD) and standardized mean difference (SMD)
with 95%CI were assessed for continuous variables.
Heterogeneity in data of the selected study was assessed using
the x? test and the I statistics. When I* was less than 50% with a
P value more than .1, there was no heterogeneity and therefore a
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fixed-effect model was used. On the contrary, if there was
heterogeneity, we used a random-effect model to test the
robustness of the results for the possible explanations. Further-
more, sensitivity and subgroup analysis was performed to find
out the source of heterogeneity. However, due to the small
number of included studies (n=6), the publication biases could
not be assessed.

3. Results

3.1. Study inclusion

Figure 1 shows the flow chart of PRISMA. For the total of 502
studies identified by the predefined search strategy, 216 studies
were selected after excluding the 286 duplications. Failing to meet
the inclusion criteria, 193 studies were excluded through
screening the abstracts and titles. Of the remaining 23 studies,
10 were sorted out after reading through the full text. One RCT
was excluded for participants with both ischemic and hemor-

rhagic stroke,"®! eventually, 6 studies were included in the
analysis.“7’20’24_27]

3.2. Study characteristics

The characteristics of included studies are described in Table 1. A
total of 234 patients were included in this meta-analysis. The
sample size in the included studies, varied from 17 to 108. In each
study, patients were randomly assigned to 2 groups: VNS paired
with upper limb rehabilitation and upper limb rehabilitation
alone. For 3 studies of implanted VNS, only 1 did not perform
VNS device implantation in rehabilitation-only participants.”!
For 3 studies of transcutaneous VNS, electrodes were fitted to the
cymba conchae of the left ear, the sham group without electrical
stimulation. While the stroke durations ranged from 1 month to
years, the intervention lasted from 15 days to 6 weeks. Although
more males than females were enrolled in the included studies,
groups seemed balanced from sex. There was a 5-point significant
difference (VNS group 40.10 +£9.70 versus control group 45.30
+8.40) in the baseline of FMA-UE in the study of Dawson
et al.?% Three studies®2"! employed transcutancous VNS
whereas 3 studies!'”*%**! adopted implanted VNS as interven-
tion. The stimulation parameters of VNS were different each
study, such as stimulation intensity (mA), frequency (Hz), pulse
width (ws), and duration (ms). Three studies!!”*%**! employed
the same stimulation settings of 0.8 mA, 30 Hz frequency, 100 ps
pulse width with pulse train of 0.5 seconds. The measurements of
effect mainly included FMA-UE, with other parameters such as
WMFT, FIM, Brunnstrom stage, Ashworth, Box and Block Test,
Nine-Hole Peg Test, and so on. The number of adverse events
related to devices or therapy was chosen to evaluate safety of the
employed VINS.

3.3. Study quality

All included studies were RCTs. All of the included studies
described the sequence generation method. Three studies
illustrated the allocation concealment covering via email, phone
call and/or an interactive voice response system. One study'?”! did
not report the completeness of outcome data. The study of
Weil?®! did not describe the blinding and also had a high risk of
bias on allocation concealment. Figure 2 describes the risk of bias
in detail.
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From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): €1000097. doi:10.1371/journal.pmed1000097

For more information, visit www.prisma-statement.org.

Figure 1. The PRISMA flow chart of the study selection process.
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Figure 2. Risk of bias summary of included studies in this meta-analysis.

3.4. The primary outcomes
3.4.1. Fugl-Meyer Assessment-Upper Extremity. FMA-UE

primarily reflects the change of upper limb function. FMA-UE
scores at the endpoint were available for all the selected studies.
The simulated results were comparable with the control group,
where VNS group has shown the higher change on FMA-UE
scores (MD=3.26, 95%CI [2.79, 3.74], P<.00001) with
acceptable heterogeneity (x*=7.97, P=.16, I>’=37%) (Fig. 3A).

3.4.2. The adverse events related to therapy or devices. The
adverse events associated with the therapy were reported in 5
studies!”2%2472¢1 a5 shown in Table 1. The simulated result
revealed that the VNS was feasible and safe (risk ratio=1.05,
95%CI[0.85,1.31], P=.64) with no obvious heterogeneity in the
obtained data (x*=2.9, P=.57, >=0%) (Fig. 4).

3.5. The secondary outcomes

Four studies”***5?”! reported WMFT, including 188 patients,

however, significant heterogeneity was detected among the
studies (x*=48.10, P<.00001, *=94%). Heterogeneity

www.md-journal.com

remained even after transferring the data into the random-
effect model (Fig. 5) (x*=48.10, P<.00001, I*=94%). More-
over, the simulated result revealed significant heterogeneity with
no statistical difference among the groups (SMD=1.32, 95%CI
[-0.27, 2.91], P=.10). Each study was excluded orderly
following the sensitivity analysis. After removing the study of
Zhang et al, although the heterogeneity changed but no
significant difference in simulated result (x*=2.76, P=.25,
*=28%) (SMD=0.31, 95%CI [-0.15, 0.77], P=.19) (Fig. 6).

Two studies”*”! including 63 patients reported FIM. The
simulated results were comparable with control group, however
VNS significantly improved limb motor function via FIM with
no obvious heterogeneity (MD 6.59, 95%CI [5.77, 7.41],
P <.00001) (x*=0.01, P=.92, I*’=0%) (Fig. 7).

3.6. Subgroup analysis

Subsequently, subgroup analysis was performed based on the
intervention and duration of stroke to identify possible factors
that might affect the efficacy of VNS on ischemic stroke.

In the subgroup of intervention, the group of transcutaneous
VNS included 89 patients whereas the group of implanted VNS
included 145 patients. It was observed that transcutaneous VNS
(MD=4.14, 95%CI [1.51, 6.77], P=.002) showed greater effect
on patients after ischemic stroke than the implanted VNS (MD =
0.55, 95%CI [-2.59, 3.69], P=.73) (Fig. 8).

The stroke durations of all the included patients were longer
than 2weeks. Hence, the value of 6 months was taken as the
cutoff point, while dividing the durations into recovery and
sequelae stages. The recovery stage group included 89 patients
and the sequelae stage group included a total of 145 patients. The
subgroup analysis of stroke duration indicated that the patients
within recovery stage (MD =4.14, 95%CI [1.51, 6.77], P=.002)
demonstrated better enhancement in motor function in compari-
son with the sequelae stage (MD=0.55, 95%CI [-2.59, 3.69],
P=.73) (Fig. 9).

4. Discussion

Following the stroke, the recovery of upper limb impairment is
relatively slower than that of the lower limb. Although a series
of therapies have been applied to the clinical treatment, there is
still a large number of patients suffering from upper limb
impairment.'*$3% Several RCTs are reporting VNS, as a
promising tool for a feasible and effective gain of motor function
after stroke, although there are only a few meta-analysis that have
been done on this subject. There is a growing need for the
simulated analysis underlying RCTs to ascertain the effect of
VNS on poststroke motor impairment.

In the current meta-analysis, 6 studies including 234 patients
were analyzed. We used FMA-UE, WMFT, FIM, and the number
of adverse events to evaluate our simulated results. There was
only a significant difference in the FMA-UE score between the
groups, which further validates the use of VNS. Based on the
pooled results, subgroup analysis on the intervention and
duration of stroke were performed. The efficacies of both
implanted and transcutaneous VNS on ischemic stroke have been
proven in the pre-clinical and clinical trials, with emphasis on the
importance on pairing VNS with rehabilitative exer-
cises. 21831321 1t js speculated that transcutaneous VNS shares
a similar pathway or mechanism with that of implanted VNS.
The VNS causes stimulation mediated activation of brainstem
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Figure 3. Forest plot of efficacy of VNS on motor function with FMA-UE. FMA-UE = Fugl-Meyer Assessment-Upper Extremity, VNS = vagus nerve stimulation.
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Figure 4. Forest plot for meta-analysis of safety of VNS on motor function. VNS = vagus nerve stimulation.
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Figure 5. Forest plot for meta-analysis of efficacy of VNS on motor function with WMFT. VNS = vagus nerve stimulation, WMFT = Wolf motor function test.

implanted VNS did not affect the motor function after ischemic
stroke. Notably, the FMA-UE scores of reports by Dawson et al
and Kimberley et al at baseline had a 5-point and 6-point
difference between the studied groups, respectively. Therefore,
this meta-analysis indicated that the transcutaneous VNS has

vagi nuclei via afferent fibers of the vagus nerve, though there was
no evidence to show whether the intensity of activated vagus
nerve was maintained consistently between both the VNS, 12233
However, there is scarcity of studies which compares the efficacy
of both VNS. The result of subgroup analysis revealed that the
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Figure 6. Forest plot for sensitivity analysis of efficacy of VNS on motor function with WMFT. VNS = vagus nerve stimulation, WMFT = Wolf motor function test.
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Figure 7. Forest plot for meta-analysis of efficacy of VNS on motor function with FIM. FIM = Functional Independence Measurement, VNS = vagus nerve
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Figure 8. Forest plot for within intervention subgroup analysis of efficacy of VNS on motor function. VNS = vagus nerve stimulation.

superior benefits in improving the motor function in patients after
ischemic stroke, whereas the implanted VNS might also be
effective.

For implanted VNS groups, 1 study did not implant the
device related VNS as the control group.?”! Although the
population weight of this one in included studies was small, to
eliminate the effect of placebo, the other 5 studies were analyzed.
The simulated result still showed the significant change on FMA-
UE scores (MD=3.27, 95%CI [2.80, 3.75], P<.00001) with
acceptable heterogeneity (x>*=7.57, P=.11, >=47%) (Fig. 3B)

among groups, which seemed to identify the effectiveness of
VNS.

Within-subgroup analysis of stroke duration suggested that
compared with patients in the sequelae stage, those in the
recovery stage had a significant change in motor function. A
series of trials have identified that enhancement of neuroplasticity
mediated by VNS paired with rehabilitation training, for the basis
of motor function recovery poststroke.'>!7-2%-3! Interestingly, in
comparison with chronic stroke, patients with sub-chronic stroke
often demonstrate greater improvement in motor function.!>"!
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Similarly, taking the difference of FMA-UE at baseline in the
study of Dawson et al and Kimberley et al into consideration,
VNS can improve motor function in patients with sub-chronic
stroke, and might also be effective for those with chronic stroke.

Based on subgroup analysis, the Chinese cohorts were given
transcutaneous VNS during the recovery stage while the White
cohorts treated by implanted VNS during the sequelae stage. In
view of different religious beliefs, economics, sociology, and
cultures, the acceptance of VNS varied among each race. Previous
study showed the racial disparities in access to VNS devices.!>*!
Therefore, ethnicity might be an influence factor for these
outcome measures.

VNS also showed positive effects on WMFT and FIM. Based
on the sensitivity analysis of WMFT, the study of Zhang et al was
considered as the source of heterogeneity, due to the different
stimulation parameters, unclear allocation concealment, and
sample size.

There was no significant difference in safety between the
studied groups. According to the data from 6 studies, only a few
patients reported the occasional slight discomfort, whereas none
of the severe events were reported associated with the device.
Hence, VNS was deemed significantly safe for upper limb
impairment after ischemic stroke.

In the current analysis, there was a great difference in the
proportion of male and female although no significant differences
among groups. Failing to obtain valid data, the different effects of
VNS on sexuality could not be analyzed. Fortunately, there were
studies reporting the sex differences in hemodynamic and
autonomic regulation of cardiovascular systems both on animal
and human trials.*®3”! In terms of adverse effects of VNS, female
subjects were more likely to express side effects than that of
males, and this difference may originate from discrepancy in the
sensitivity of certain nuclei following the cardiac branch pathway
in female and male subjects.*®3”! On the difference of the
curative effects of VNS, female subjects also performed less
effectiveness./*?! These findings might be the basic evidence for
future researches exploring the response of sexuality to VNS.

While the mechanisms of VNS are still unclear, it is speculated
that it may be associated with the neuroprotection within the
acute stagel*'™** and enhancement of neuroplasticity during
poststroke."*! The neuroprotection included: induction of
neoangiogenesis to reduce infarct volume, alleviate neuron
damage and enhance neurofunction.**! Suppression of inflam-
mation via activating the cholinergic anti-inflammatory path-
way."*”! Adjustment in the level of malondialdehyde, glutathione,
and superoxide dismutase in brain regions for suppressing the
cellular responses to oxidative stress.[*8! As discussed earlier,
VNS could also enhance synaptic plasticity via release of
neurotransmitters..'>! Furthermore, studies have reported that
the VNS promoted the level of brain-derived neurotrophic factor,
which in turn triggered nerve regeneration and enhances synaptic
plasticity.*"!

The optimal parameters of VNS are explored to increase the
degree of VNS-dependent neuroplasticity. Pruitt et al*® reported
an inverted-U relationship between stimulation intensity with the
motor function recovery, therefore suggesting the moderate-
intensity VNS (0.8 mA) paired with rehabilitation for a significant
yield of greater functional recovery than lower (0.4mA) and
higher stimulation intensity (1.6 mA), although the mechanism
underlying this relationship was not defined. The same relation-
ship was detected for the stimulation frequency, where the
moderate-frequency (30 Hz) enhanced the cortical plasticity than
the slower (7.5 Hz) and faster (120 Hz) pulse rate.*'! Overall, the
above studies elucidated the influence of different stimulation
parameters on motor function recovery. Although, more studies
are required to explore and validate the most optimal program.

There were some limitations in this meta-analysis. First,
considering the number of included studies, the sample size of
each study, the quality of studies, and simulated synthesis, the
conclusions from simulated results must be interpreted with
caution. Second, the dose parameters were varying for the
included studies such as stimulation intensity, frequency, and
training duration of VNS. At present, there is no standard
recommendation for the parameters for using VNS, therefore,
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the efficacy of VNS may vary with the change in parameters.
Lastly, it is worth noting that the patients enrolled in the included
studies might not be the true representation of patients with
upper limb impairment after ischemic stroke worldwide.

5. Conclusion

Overall, this meta-analysis demonstrated that the VNS is feasible
and safe for patients with upper limb impairment after ischemic
stroke. Poststroke, use of VNS showed an improvement in motor
function in patients, and especially for those in the sub-chronic
stage. Moreover, compared with the implanted VNS, transcuta-
neous VNS was more effective for patients after ischemic stroke.
However, due to the above-mentioned limitations, future
multicentric studies with larger sample RCTs are required to
optimize the stimulation parameters and to identify the efficacy of
VNS on motor function after stroke.

Author contributions

Conceptualization: Yu-lei Xie, Shan Wang.
Data curation: Shan Wang.

Formal analysis: Xin Chen.
Methodology: Shan Wang.

Project administration: Qing Wu.
Software: Yu-lei Xie.

Supervision: Yu-lei Xie, Shan Wang.
Validation: Qing Wu.

Visualization: Yu-lei Xie.

Writing — original draft: Yu-lei Xie.
Writing — review & editing: Shan Wang.

References

[1] Xiong Y, Manwani B, Fisher M. Management of acute ischemic stroke.
Am ] Med 2019;132:286-91.

[2] van der Vliet R, Selles RW, Andrinopoulou E-R, et al. Predicting upper
limb motor impairment recovery after stroke: a mixture model. Ann
Neurol 2020;87:383-93.

[3] Stinear CM, Byblow WD, Ackerley SJ, Smith M-C, Borges VM, Barber
PA. Proportional motor recovery after stroke: implications for trial
design. Stroke 2017;48:795-8.

[4] Butt MF, Albusoda A, Farmer AD, Aziz Q. The anatomical basis
for transcutaneous auricular vagus nerve stimulation. J Anat 2020;
236:588-611.

[5] Ben-Menachem E, Revesz D, Simon BJ, Silberstein S. Surgically
implanted and non-invasive vagus nerve stimulation: a review of
efficacy, safety and tolerability. Eur J Neurol 2015;22:1260-8.

[6] Jain P, Arya R. Vagus nerve stimulation and seizure outcomes in
pediatric refractory epilepsy: systematic review and meta-analysis.
Neurology 2021;96:1041-51.

[7] Conway CR, Kumar A, Xiong W, Bunker M, Aaronson ST, Rush A]J.
Chronic vagus nerve stimulation significantly improves quality of life
in treatment-resistant major depression. J Clin Psychiatry 2018;79:
18m12178.

[8] Yuan H, Silberstein SD. Vagus nerve and vagus nerve stimulation, a
comprehensive review: part I. Headache 2016;56:71-8.

[9] Aranow C, Atish-Fregoso Y, Lesser M, et al. Transcutaneous auricular
vagus nerve stimulation reduces pain and fatigue in patients with
systemic lupus erythematosus: a randomised, double-blind, sham-
controlled pilot trial. Ann Rheum Dis 2021;80:203-8.

[10] Yakunina N, Kim SS, Nam E-C. BOLD fMRI effects of transcutaneous
vagus nerve stimulation in patients with chronic tinnitus. PLoS One
2018;13:e0207281.

Hays SA, Khodaparast N, Ruiz A, et al. The timing and amount of vagus
nerve stimulation during rehabilitative training affect poststroke
recovery of forelimb strength. Neuroreport 2014;25:676-82.

[11

www.md-journal.com

[12] Hays SA, Khodaparast N, Hulsey DR, et al. Vagus nerve stimulation
during rehabilitative training improves functional recovery after
intracerebral hemorrhage. Stroke 2014;45:3097-100.

[13] Redgrave JN, Moore L, Oyekunle T, et al. Transcutaneous auricular
vagus nerve stimulation with concurrent upper limb repetitive task
practice for poststroke motor recovery: a pilot study. J Stroke
Cerebrovasc Dis 2018;27:1998-2005.

[14] Meyers EC, Solorzano BR, James ], et al. Vagus nerve stimulation
enhances stable plasticity and generalization of stroke recovery. Stroke
2018;49:710-7.

[15] Engineer ND, Kimberley TJ, Prudente CN, Dawson ], Tarver WB, Hays
SA. Targeted vagus nerve stimulation for rehabilitation after stroke.
Front Neurosci 2019;13:280.

[16] Khodaparast N, Hays SA, Sloan AM, et al. Vagus nerve stimulation
delivered during motor rehabilitation improves recovery in a rat model of
stroke. Neurorehabil Neural Repair 2014;28:698-706.

[17] Kimberley T]J, Pierce D, Prudente CN, et al. Vagus nerve stimulation
paired with upper limb rehabilitation after chronic stroke. Stroke
2018;49:2789-92.

[18] Ay I, Nasser R, Simon B, Ay H. Transcutaneous cervical vagus nerve
stimulation ameliorates acute ischemic injury in rats. Brain Stimul
2016;9:166-73.

[19] Capone F, Miccinilli S, Pellegrino G, et al. Transcutaneous vagus nerve
stimulation combined with robotic rehabilitation improves upper limb
function after stroke. Neural Plast 2017;2017:7876507.

[20] Dawson J, Pierce D, Dixit A, et al. Safety, feasibility, and efficacy of vagus
nerve stimulation paired with upper-limb rehabilitation after ischemic
stroke. Stroke 2016;47:143-50.

[21] Wei J, Zhang C, Wang JX, et al. The effect of VNS on the rehabilitation
of stroke: a meta-analysis of randomized controlled studies. J Clin
Neurosci 2020;81:421-5.

[22] Furlan AD, Pennick V, Bombardier C, van Tulder M. 2009 updated
method guidelines for systematic reviews in the Cochrane Back Review
Group. Spine (Phila Pa 1976) 2009;34:1929-41.

[23] Higgins JPT, Altman DG, Getzsche PC, et al. The Cochrane
Collaboration’s tool for assessing risk of bias in randomised trials.
BM]J 2011;343:d5928.

[24] Dawson ], Liu CY, Francisco GE, et al. Vagus nerve stimulation paired
with rehabilitation for upper limb motor function after ischaemic stroke
(VNS-REHAB): a randomised, blinded, pivotal, device trial. Lancet
2021;397:1545-53.

[25] Wu D, Ma ], Zhang L, Wang S, Tan B, Jia G. Effect and safety of
transcutaneous auricular vagus nerve stimulation on recovery of upper
limb motor function in subacute ischemic stroke patients: a randomized
pilot study. Neural Plast 2020;2020:8841752.

[26] Wei X. Effect of TaVNS combined with upper limb training on upper
limb motor function and brain plasticity of ischemic stroke subjects.
2020;Tianjin University of Sport,

[27] Zhang LP, Yu ML, Wang SR, et al. Effect of transcutaneous vagus nerve
stimulation on the recovery of upper limb motor function in patients with
ischemic stroke. Chinese J Rehabil Med 2020;35:1316-20.

[28] Rodgers H, Bosomworth H, Krebs HI, et al. Robot-assisted training
compared with an enhanced upper limb therapy programme and with
usual care for upper limb functional limitation after stroke: the RATULS
three-group RCT. Health Technol Assess 2020;24:1-232.

[29] Schuster-Amft C, Eng K, Suica Z, et al. Effect of a four-week virtual
reality-based training versus conventional therapy on upper limb motor
function after stroke: a multicenter parallel group randomized trial. PLoS
One 2018;13:€0204455.

[30] Colomer C,Noé E, Llorens R. Mirror therapy in chronic stroke survivors
with severely impaired upper limb function: a randomized controlled
trial. Eur ] Phys Rehabil Med 2016;52:271-8.

[31] Khodaparast N, Kilgard MP, Casavant R, et al. Vagus nerve stimulation
during rehabilitative training improves forelimb recovery after chronic
ischemic stroke in rats. Neurorehabil Neural Repair 2016;30:676-84.

[32] Dawson ], Engineer ND, Prudente CN, et al. Vagus nerve stimulation
paired with upper-limb rehabilitation after stroke: one-year follow-up.
Neurorehabil Neural Repair 2020;34:609-15.

[33] Ay I, Napadow V, Ay H. Electrical stimulation of the vagus nerve
dermatome in the external ear is protective in rat cerebral ischemia. Brain
Stimul 2015;8:7-12.

[34] Arya KN, Verma R, Garg RK. Estimating the minimal clinically
important difference of an upper extremity recovery measure in subacute
stroke patients. Top Stroke Rehabil 2011;18(Suppl 1):599-610.


http://www.md-journal.com

Xie et al. Medicine (2021) 100:46

[35] Fox J, Lekoubou A, Bishu KG, Ovbiagele B. Recent patterns of vagal
nerve stimulator use in the United States: is there a racial disparity?
Epilepsia 2019;60:756-63.

[36] Reckelhoff JF. Gender differences in the regulation of blood pressure.
Hypertension 2001;37:1199-208.

[37] Yaghouby F, Jang K, Hoang U, Asgari S, Vasudevan S. Sex differences in
vagus nerve stimulation effects on rat cardiovascular and immune
systems. Front Neurosci 2020;14:560668.

[38] Mulders DM, De Vos CC, Vosman I, van Putten MJAM. The effect of
vagus nerve stimulation on cardiorespiratory parameters during rest and
exercise. Seizure 2015;33:24-8.

[39] De Couck M, Cserjesi R, Caers R, et al. Effects of short and prolonged
transcutaneous vagus nerve stimulation on heart rate variability in
healthy subjects. Auton Neurosci 2017;203:88-96.

[40] Koopman FA, Chavan SS, Miljko S, et al. Vagus nerve stimulation
inhibits cytokine production and attenuates disease severity in rheuma-
toid arthritis. Proc Natl Acad Sci U S A 2016;113:8284-9.

[41] Carandina A, Lazzeri G, Villa D, et al. Targeting the autonomic nervous
system for risk stratification, outcome prediction and neuromodulation
in ischemic stroke. Int ] Mol Sci 2021;22:2357.

[42] Ma ], Zhang L, Niu T, et al. Growth differentiation factor 11 improves
neurobehavioral recovery and stimulates angiogenesis in rats subjected
to cerebral ischemia/reperfusion. Brain Res Bull 2018;139:38-47.

10

Medicine

[43] Hoover DB. Cholinergic modulation of the immune system presents new
approaches for treating inflammation. Pharmacol Ther 2017;179:1-16.

[44] Chamorro A, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute
stroke: targeting excitotoxicity, oxidative and nitrosative stress, and
inflammation. Lancet Neurol 2016;15:869-81.

[45] Morrison RA, Hulsey DR, Adcock KS, Rennaker RL, Kilgard MP, Hays
SA. Vagus nerve stimulation intensity influences motor cortex plasticity.
Brain Stimul 2019;12:256-62.

[46] Li J, Zhang K, Zhang Q, et al. PPAR-mediates Ta-VNS-induced
angiogenesis and subsequent functional recovery after experimental
stroke in rats. Biomed Res Int 2020;2020:8163789.

[47] Ma], QiaoP,LiQ,etal. Vagus nerve stimulation as a promising adjunctive
treatment for ischemic stroke. Neurochem Int 2019;131:104539.

[48] Ekici F, Karson A, Dillioglugil MO, Gurol G, Kir HM, Ates N. The
effects of vagal nerve stimulation in focal cerebral ischemia and
reperfusion model. Turk Neurosurg 2013;23:451-7.

[49] Furmaga H, Carreno FR, Frazer A. Vagal nerve stimulation rapidly
activates brain-derived neurotrophic factor receptor TrkB in rat brain.
PLoS One 2012;7:¢34844.

[50] Pruitt DT, Danaphongse TT, Lutchman M, et al. Optimizing dosing of vagus
nerve stimulation for stroke recovery. Transl Stroke Res 2021;12:65-71.

[51] Buell EP, Loerwald KW, Engineer CT, et al. Cortical map plasticity as a
function of vagus nerve stimulation rate. Brain Stimul 2018;11:1218-24.



	Vagus nerve stimulation for upper limb motor impairment after ischemic stroke
	1 Introduction
	2 Methods
	2.1 Study search strategy
	2.2 Selection criteria
	2.3 Data extraction and outcome measures
	2.4 Quantitative and statistical analysis

	3 Results
	3.1 Study inclusion
	3.2 Study characteristics
	3.3 Study quality
	3.4 The primary outcomes
	3.4.1 Fugl-Meyer Assessment-Upper Extremity
	3.4.2 The adverse events related to therapy or devices

	3.5 The secondary outcomes
	3.6 Subgroup analysis

	4 Discussion
	5 Conclusion
	Author contributions
	References


