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Abstract
Background  Chronic stroke survivors are often left with residual arm muscle weakness impeding arm function, daily 
life activities and quality of life. Exercise is one of the main post-stroke interventions to improve arm function, with 
cranial nerve non-invasive neuromodulation (CN-NINM) emerging as a potentially interesting complementary therapy 
to enhance its benefits. Only one study has evaluated the impact of CN-NINM combined with a lower-limb training 
program on improved balance in subacute stroke survivors. The aim of this study was to assess the feasibility and 
explore the effects on motor function of an arm strengthening program combined with CN-NINM in chronic stroke 
survivors (> 6 months).

Methods  Twelve (12) participants (69 ± 11 years) took part in this feasibility study. Recruitment and drop-out rates, 
number of people who elected not to participate, adherence and adverse events were collected to assess feasibility. 
The effects of CN-NINM + exercise on motor function were evaluated by changes in arm motor function, measured 
using the Fugl-Meyer Assessment (FMA), and functional performance, evaluated through the Wolf Motor Function 
Test (WMFT), following a 4-week arm strengthening program (60 min, 3 sessions/week) combined with CN-NINM 
(tongue stimulation, 20 min at a comfortable intensity). Descriptive and non-parametric statistics (Wilcoxon signed-
ranks test) were used to describe feasibility data and explore CN-NINM effects.

Results  Feasibility was confirmed with a recruitment rate of 1.3 person/month, no dropout, a 100% adherence 
rate, and no serious adverse events. A significant gain in FMA (p = 0.003) with a trend for WMFT (P = 0.11) were noted 
post-intervention.

Conclusion  This study suggests that CN-NINM combined with an arm strengthening program is feasible and may 
improve arm function in chronic stroke survivors. Further research is needed to validate the results.

Trial registration  This clinical trial was registered on ClinicalTrials.gov (NCT05370274) on April 27, 2022.
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Background
Stroke is the third most common cause of disability and 
the second most common cause of death, worldwide 
[1, 2]. More than 100  million survivors are coping with 
a variety of stroke-related impairments, such as residual 
upper limb (UL) weakness [2]. Indeed, over 65% of stroke 
survivors do experience residual UL muscle weakness, 
once discharged from rehabilitation, that greatly impacts 
their daily activities, social participation and quality of 
life [3–6].

North-American and European Stroke Organisations 
agree that exercise is one of the best ways to reduce the 
negative impact of post-stroke residual UL weakness and 
promote motor recovery [7, 8]. These recommendations 
are supported by the evidence that exercise increases 
UL motor function, muscle strength, and motor cortex 
excitability [9–12], all translating in an increased use of 
UL in daily tasks. In post-stroke rehabilitation, clinicians 
usually favour functional training over strength training 
programs [13–15], based on the premise that strength 
training programs overexcite muscle pathways, thereby 
increasing spasticity [16]. In recent years, more and more 
studies have challenged this idea, and strength train-
ing programs are gaining increased popularity in stroke 
rehabilitation, demonstrating ample benefits over other 
types of exercise [17, 18]. These benefits can be seen, 
not only in the development of power, hypertrophy and 
muscular strength, where a relationship between muscle 
strength and function in stroke survivors has been dem-
onstrated [18, 19], but also in the generation of neural 
and structural adaptations [16, 20]. These results align 
with a recent study, demonstrating that an individual-
ized upper limb (UL) strength training program, tailored 
to the recovery capacity of each chronic stroke survivor, 
enhances both motor and functional capabilities across 
all individuals, irrespective of stroke severity [21–23]. 
Moreover, recognizing the importance of intensity in 
achieving treatment benefits and promoting recovery 
post-stroke [5], strength training programs are generally 
easier to monitor in this aspect compared to functional 
training, as there are guidelines available for prescribing 
intensity in strength training programs [24].

Non-invasive brain neurostimulation (NIBS) tech-
niques are increasingly used as a complementary therapy 
to optimize the benefits of exercise, and to support motor 
recovery and neuroplasticity [25–28]. Among NIBS, 
transcranial direct current stimulation (tDCS) has gar-
nered the most research to date and is crucial for post-
stroke functional rehabilitation [26]. Despite the benefits 
of tDCS on neuroplasticity and motor recovery [29–35], 
a wide range in response to tDCS is observed, with over 
50% of people not responding as expected [25]. The rea-
sons may be the absence of optimal tDCS application 
parameters, the presence of inter-individual anatomical 

variability, as well as electrical current shunting through 
the skull bones [25, 36].

To get over these constraints, a novel NIBS in stroke, 
called cranial nerve non-invasive neuromodulation 
(CN-NINM), is making its debut as an adjunct therapy 
[37]. CN-NINM is based on the principle of facilitating 
mechanisms of structural and functional neuroplasticity 
[37–42]. The CN-NINM device can thus bypass the dis-
advantage of tDCS since it is directly applied to a person’s 
tongue. The tongue is an interesting and promising tar-
get for stimulation, as it possesses many advantageous 
features that promote the transmission of electrical sig-
nals to the brain, such as its high density of nerve fibres, 
a controlled environment with constant pH, and a low 
excitability threshold [37, 43]. These signals are delivered 
by electrical sequences targeting sensory fibres located 
around 300–400  μm below the surface of the tongue, 
with the electrical impulses crossing multiple synaptic 
connections and creating a continuous neuronal flow 
[43]. Thus, CN-NINM generates a flow of impulses that 
depolarizes cranial nerves, namely the lingual branch 
of the trigeminal nerve (CN Vc), responsible for tactile 
sensations, and the facial nerve (CN VII) [37, 44–47] 
as well as glossopharyngeal (CN IX), vagus (CN X) and 
hypoglossal (CN XII) nerves [41, 47]. The resulting neu-
ral impulses are transmitted to the corresponding nuclei 
in the brainstem [37] and then travel to the motor cortex 
to induce targeted neuroplastic changes when combined 
with rehabilitation treatments [46]. It is also hypoth-
esized that the stimulation may interact with adjacent 
vestibular nuclei, activating circuits involved in move-
ment coordination, balance, breathing and consciousness 
[37]. When CN-NINM is combined with various thera-
pies, it leads to increased motor cortex activity [48, 49] 
and enhanced functional performance – such as walk-
ing [43, 44, 50] and balance [43, 44, 48, 50], in several 
types of neurological diseases [43, 48]. In stroke, studies 
on the evaluation of the effects of CN-NINM on motor 
recovery are scarce. One study has evaluated the effects 
of CN-NINM when combined with a 2-week lower-limb 
training program on balance and gait in stroke survivors 
in the subacute stage [50]. In this study, participants were 
divided in two groups: a control group receiving a 2-week 
intensive gait and balance training program (2 × 90-min-
ute sessions per day) and a usual rehabilitation program, 
and an experimental group receiving the same train-
ing programs in combination with CN-NINM (20  min 
of stimulation at level 5–8 on the controller, no speci-
fications for stimulation frequency). The results dem-
onstrated a significant improvement in balance in the 
experimental group, as compared to the control group, as 
assessed by the Mini-Best test score (p = 0,032) [50], but 
no change in gait performance was noted. Similarly, in a 
13-month training combined to CN-NINM, a case study 
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by Danilov et al. has shown a reduced fall risk as well 
as a 48% and 30% improvement in gait (Dynamic Gait 
Index) and mobility (Timed-up-and-go), respectively, in 
a 80-year-old woman, 4 years post-stroke [51]. Although 
promising, CN-NINM has not been studied to improve 
UL function, despite the negative impact of UL impair-
ment on post-stroke functional performance in chronic 
stroke survivors.

The aim of this study was to assess the feasibility and 
explore the effect of CN-NINM combined with a UL 
strength training program, on affected UL motor func-
tion and functional performance, in individuals at the 
chronic stage of a stroke.

Materials and methods
Design and participants
Before describing the participants and the study design, 
it should be noted that stroke participants in this study 
took part in another nested study, exploring the immedi-
ate effect of a single application of CN-NINM on experi-
mental pain, before starting the current protocol. The 
results of the effect of CN-NINM on pain will be pre-
sented in a companion paper. The pain protocol, which 
induced pain of short duration using a thermode on par-
ticipants’ forearm, was conducted on the week before the 
UL strength training program. To ensure that the pain 
protocol did not impact the UL motor function proto-
col, pain scores were measured on a 0–10 visual analogue 
scale (VAS) both after the removal of the thermode and 
before the initiation of the UL motor function protocol. 
The pain scores taken at both time points confirmed that 
none of the participants experienced residual pain (mean 
VAS = 0 for all participants).

This study took place at the Research Centre on Aging 
in Sherbrooke (Québec, Canada). Because CN-NINM 
studies are scarce, especially following a stroke, sample 
size was determined based on Julious’ recommenda-
tions on pilot studies [52]. Twelve (12) individuals were 
included in the study and followed these inclusion crite-
ria: (1) be aged ≥ 18 years; (2) have had a single supraten-
torial stroke; (3) be in the chronic stage of a stroke (> 6 
months); (4) presenting at least minimal motor recovery 
in the affected UL (Fugl-Meyer Stroke Assessment [FMA] 
score at least 20/66) [53] and (5) having completed all 
rehabilitation treatments. Participants were excluded 
if they had: (1) significant spasticity at the affected UL 
(score > 3 on the modified Ashworth scale) [54]; (2) a 
major sensory deficit at the affected UL (a score < 6 on 
the vibration threshold assessment) [55]; (3) presence of 
hemineglect (Line Cancellation test score ≥ ± 0.083) [56]; 
(4) apraxia (Alexander test score > 2.5) [57]; (5) presence 
of a neurological disorder other than stroke-related; (6) 
orthopaedic problems in the affected UL (e.g., fracture, 
sprain); (7) cognitive impairment (Mini-Cog score < 2/5); 

and (8) any contraindication to CN-NINM (e.g., metal 
implants, active cancer, epilepsy, pacemaker, mouth 
problems, mouth piercings, pregnancy) [43]. These inclu-
sion and exclusion criteria ensured that the participants 
understood the instructions and were able to take part in 
the training program. Prior to study enrolment, all par-
ticipants signed a written informed consent form and 
the experimental protocol for this study was approved 
by the CIUSSS de l’Estrie-CHUS ethics committee. This 
study was conducted in accordance with the Declara-
tion of Helsinki and the Tri-Council Policy Statement: 
Ethical Conduct for Research Involving Humans (TCPS 
2). This clinical trial was registered on ClinicalTrials.gov 
(NCT05370274).

Feasibility outcomes
Following Thabane et al.’s recommendations on key 
aspects of pilot studies [58], the feasibility of this study 
was measured by the recruitment rate (number of indi-
viduals who were recruited out of the number of indi-
viduals who agreed to participate), adherence to the 
intervention (number of training sessions completed 
out of the total number expected), drop-outs and num-
ber of people who elected not to participate, as well as 
their reasons for not participating. Finally, at the end of 
each CN-NINM session, participants completed a home-
developed questionnaire to collect information on symp-
toms that may be related to CN-NINM to record adverse 
events (see Supplementary file 1). Participants were also 
asked to indicate whether they had noticed any adverse 
effects in-between CN-NINM sessions.

Clinical assessment
UL pain was evaluated at baseline to ensure that no par-
ticipant had pain that could affect the UL training pro-
tocol. Stroke participants rated their pain at rest using a 
visual analogue scale (VAS) ranging from 0 (no pain) to 
10 (worst pain imaginable).

Before and after the intervention, participants under-
went a clinical assessment of their affected UL, per-
formed by a trained assessor. The main clinical outcomes 
related to UL function and functional performance 
were FMA and Wolf Motor Function Test (WMFT), 
respectively. The UL FMA portion assessed movement, 
coordination, and reflexes with a maximum score of 
66 reflecting normal motor recovery [53]. The WMFT 
assessed functional performance of the UL via 15 func-
tional tasks and 2 strength-based tasks. Each task of the 
WMFT was assessed by a timed score with a maximum 
time of 120 s. Performance on each task was also scored 
on a 6-point scale (0 = does not attempt to perform the 
task with the UL to 5 = the UL participates; his movement 
appears normal). These tools have good validity and reli-
ability with people with a stroke [59, 60].
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Other secondary clinical outcomes included (1) 
the Motor Activity Log (MAL) assessing participant-
reported quantity and quality of use of the UL for 14 
daily activities (5 = normal) [61]; (2) grip strength of the 
affected hand, measured with the JAMAR® dynamom-
eter (average of three trials in kg) and (3) manual dexter-
ity, assessed by the Box and Block test (number of blocks 
that can be moved in 60  s) [62]. These tools have good 
validity and reliability in people with a stroke [61, 62].

Strength training program and CN-NINM
The strength training program parameters followed 
the American Stroke Association’s recommendations 
for post-stroke exercise prescription [24]. This training 
program was chosen over functional training to ensure, 
as mentioned above, an adequate monitoring of train-
ing intensity, a crucial training characteristic following 
a stroke [18, 19, 23]. Participants were trained 3 times 
a week for 4 weeks. Each training session consisted of 3 
series of 10 repetitions for each movement with a 2-min-
ute rest between series. Each training session lasted 
60 min. The targeted muscle groups were wrist extensors, 
elbow and shoulder flexors and grip muscles, as they are 
all involved in the functional performance of the UL [63, 

64]. Participants trained the different muscle groups by 
lifting free weights. The maximum load that a person 
could lift 10 times (10RM) for each muscle group was 
used to estimate the 1RM, using the Brzycki protocol 
[65]. Training started at 50% of 1RM and progressed by 
10% each week, i.e., 60% of 1RM at week 2, 70% of 1RM 
at week 3 and 80% of 1RM at week 4. The grip muscles 
underwent the same gradation of intensity application, 
but with the JAMAR® dynamometer (Lafayette, IN, USA).

CN-NINM was applied to the participants’ tongue 
during the first 20 min of each training session (12 ses-
sions), using a portable stimulator (Cthulhu Shield, USA) 
equipped with 18 electrodes. The CN-NINM produced 
high-frequency pulses (50 µsec to 150 Hz) [37, 50]. Our 
choice of this frequency was based on studies having 
used this stimulation parameter in participants showing 
similar neurological impairments as stroke individuals 
[37, 43, 66]. Participants held the CN-NINM in place by 
pressing their tongue upwards and regulated the intensity 
of the stimulus to a comfortable level of sensation [43], 
comparable to the sensation in the mouth of a soft drink 
[46]. These stimulation characteristics are known to be 
safe for people with a neurological impairment [43].

Statistical analyses
Feasibility outcome measures were compiled and sum-
marised in terms of the number of participants who 
completed the intervention, dropped out and reported 
CN-NINM-related adverse events, as well as the average 
percentages of training sessions completed by all par-
ticipants. Sociodemographic data were analysed using 
means, standard deviations, medians, and ranges. Wil-
coxon signed ranks tests were also used to explore the 
effect of CN-NINM combined to UL training on changes 
in clinical outcome measures. The significance level was 
0.05 and the statistical analyses were performed using 
IBM SPSS 25.

Results
Baseline sociodemographic and clinical characteristics of 
participants
The final sample consisted of 12 participants; see Table 1 
for baseline characteristics. With a mean FMA score 
of 47 ± 18, all participants showed sufficient UL motor 
recovery to undergo the intervention.

Feasibility
Out of the 40 people who were contacted over a 9-month 
period, 14 were excluded for the following reasons: not 
fulfilling the inclusion criteria (n = 9), unable to meet the 
study schedule (n = 3), not showing up at the eligibility 
screening visit (n = 1), and death (n = 1). For the 14 people 
who elected not to take part in the project, their reasons 
were lack of interest in the project (n = 8), inability to 

Table 1  Baseline clinical and demographic characteristics of the 
participants

Num-
ber 
(%)

Mean 
(SD)

Me-
dian 
(IQR)

Range

Age (years) 69 (11) 72 
(15)

49–82

Sex
  Female 2 (17)
  Male 10 (83)
Hand dominance
  Right 11 (92)
  Left 1 (8)
Time since stroke (months) 80 (73) 56 

(82)
6–248

Stroke type
  Ischemic 9 (75)
  Haemorrhagic 3 (25)
Side of stroke
  Right 5 (42)
  Left 7 (58)
Modified Ashworth Scale (/4)
  Shoulder extensors (normal = 0) 0.4 (0.5)
  Elbow flexors (normal = 0) 0.5 (0.8)
  Wrist flexors (normal = 0) 0.3 (0.5)
  Finger flexors (normal = 0) 0.3 (0.5)
Pain intensity on the VAS (/10) 0 (0) 0 (0) 0–0
Fugl-Meyer Stroke Assessment 
score (/66)

47 (18) 57 
(38)

21–65

SD, Standard deviation; %, Frequence; IQR, Interquartile range, VAS; visual 
analogue scale
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commute to the study site (n = 5), and a scheduled sur-
gery (n = 1). Twelve (12) people were thus eligible and 
willing to participate in the study (see Fig. 1). The recruit-
ment rate was 1.3 people per month, and the 12 partici-
pants recruited fully completed all 12 training sessions, 
following the prescribed protocol (100% adherence). No 
serious adverse effects were reported by participants, 
only 7 out of 12 participants reported slight tingling as 
an CN-NINM related adverse effect, which disappeared 
quickly (about 10  min post-stimulation). Moreover, 
none of the participants reported any problems related 
to the strength training program (e.g., inability to lift the 
weights or perform the planned repetitions).

Clinical changes
Primary outcome measures
For the FMA, a statistically significant change (P = 0.003) 
between pre- and post-intervention was observed. For 
the WMFT, a trend towards an improvement in the score 
and the time to completion was noted (Score, P = 0.07; 

Time to completion, P = 0.09; Weight, P = 0.11; see 
Table 2).

Secondary outcome measures
A statistically significant change was noted in the quality 
and the quantity of use of the affected UL with the MAL 
test, as reported by the participants (P = 0.05 for amount 
of use and P = 0.01 for quality of use). Both the Box and 
Block test and the grip strength test showed no change 
between pre- and post-intervention (see Table 2).

Discussion
This pioneered study investigated the feasibility of using 
CN-NINM combined with a 4-week strength training 
program of the affected UL in adults in the chronic phase 
(≥ 6 months) of a stroke, as well as explored the effect of 
CN-NINM on UL function and performance. The results 
showed that it was feasible to use the proposed protocol 
(CN-NINM + UL training program) in chronic stroke 

Fig. 1  Study recruitment flow diagram
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survivors. Significant changes in the FMA and MAL 
scores were observed following the intervention.

By looking at our flowchart, we can note that equal 
numbers of people elected not to take part in the project 
as those who chose to do so. For people who could not 
participate, reasons were mainly related to commuting, 
especially for those living in more remote areas, and not 
related to the protocol per se. Thus, we believe that the 
proposed protocol (CN-NINM combined with a 4-week 
UL training program) is feasible in adults with chronic 
stroke, supporting our first hypothesis. Our recruitment 
rate was 1.3 person/month. Since the study by Galea et al. 
[50] does not report any recruitment rate, it is difficult to 
compare our results. A study by Wildenberg et al. evalu-
ated CN-NINM in 9 participants presenting chronic 
balance problems secondary to various diagnoses and 9 
controls, who were recruited over 16 months [67]. Their 
recruitment rate was 1.1 person/month, relatively close 
to that of our study. Also, CN-NINM was positively used 
by all our participants during the 12 training sessions, 
supporting the intervention’s acceptability in our sample.

No training-related adverse effect was reported by 
participants that were trained at intensity levels recom-
mended by the American Stroke Association guidelines 
for post-stroke exercise prescription [24]. Also, no seri-
ous CN-NINM-related adverse effects were reported by 
participants, reinforcing the safety of using this device 
in stroke, and for the 7 participants that reported minor 
CN-NINM-related adverse effects, the tingling sensa-
tion was transient and did not interfere with the con-
tinuation of the intervention sessions. In all, our results 
corroborate previous studies showcasing the safety and 
applicability of CN-NINM across diverse neurological 
conditions, including stroke [37, 46, 50, 66, 68].

Our second hypothesis stated that CN-NINM com-
bined with a 4-week UL strength training program, as 

proposed in our protocol, would improve motor func-
tion in the affected UL of participants. We are aware 
that we cannot directly attribute the observed improve-
ment in FMA and MAL to CN-NINM alone, but our 
results support the findings of the study by Galea et al. 
[50] in stroke, as well as other studies in other neurologi-
cal populations [43, 48]. Our results also suggest that the 
combination of our training protocol with CN-NINM 
stimulation parameters appears suitable and sufficient 
to enable greater motor recovery. The changes observed 
in the clinical variables FMA and MAL seem to suggest 
that our intervention (CN-NINM + UL strength training 
program) might have modulated structures in the brain-
stem, corroborating previous studies that have demon-
strated the effect of CN-NINM on several brain regions 
and consequently on brain function [41]. Using a new 
fMRI signal processing method to yield high-resolution 
images, Danilov et al. demonstrated that the impulses 
generated by the CN-NINM stimulated cranial nerves. 
The impulse then travelled to targeted areas in the brain-
stem and cerebellum to induce plastic changes [47]. We 
could hypothesize that a similar mechanism of action 
might have occurred with our sample following the inter-
vention, but the lack of a control group and brain evalua-
tion assessment do not allow us to draw any conclusions 
at this time. As CN-NINM is an innovative approach, the 
precise nature and extent of CN-NINM-induced neu-
roplastic changes still need further evaluation and must 
therefore be the subject of future research.

It should also be highlighted that CN-NINM stimula-
tion parameters (intensity, frequency, and pulse width) 
are highly variable across studies. CN-NINM application 
can vary from 1 to 3 times a week, with treatment dura-
tion ranging from 2 weeks to 7 months and sessions last-
ing between 20 and 90 min, using either high-frequency 
pulse (150 pulses/second) or low-frequency pulse (0.08 
pulses/second) [37, 43, 48, 68]. Future studies are needed 
to define the optimal stimulation parameters to maxi-
mize CN-NINM’s add-on effects.

Study limitations
Since this study is a feasibility study with a limited num-
ber of participants, results should be interpreted with 
great care. Thus, a larger sample is needed to confirm 
and strengthen our preliminary observations. Moreover, 
our non-probabilistic convenience sampling is subject 
to selection bias, since only people who wanted to take 
part in the project did so. Having precise inclusion cri-
teria allowed us to control and maximize the internal 
validity of our study, but it affected the generalizability 
of our results to a wider stroke population. The absence 
of a control group is also a main limitation, as we can-
not clearly establish that the results we observed are 
attributable to CN-NINM per se. For future research, 

Table 2  Changes in clinical outcomes between pre- and post-
CN-NINM paired with UL strength training
Clinical outcomes Pre Post P-valuea

FMA (normal = 66) 47 ± 18 51 ± 18 0.003
WMFT
  Score (normal = 5) 3.1 ± 1.5 3.3 ± 1.5 0.07
  Time to completion (s) 35.7 ± 43.1 30.1 ± 36.9 0.09
  Weight (maximum = 20 lbs) 13 ± 6 14 ± 6 0.11
MAL
  Amount of use (normal = 5) 2.9 ± 1.5 3.1 ± 1.6 0.05
  Quality of use (normal = 5) 2.9 ± 1.4 3.3 ± 1.6 0.01
Box and Block test
  Affected side 19 ± 17 20 ± 17 0.23
Grip strength (kg)
  Affected side 19 ± 12 20 ± 14 0.53
Note: aComparison Pre VS Post using Wilcoxon signed ranks test

Abbreviations: FMA, Fugl-Meyer Stroke Assessment; WMFT, Wolf Motor 
Function test; MAL, Motor Activity Log
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adding a control group would enable rigorous deter-
mination of the specific effect of CN-NINM on motor 
function. Given also that the search for effects was not 
the main objective of the current feasibility study, our 
results allow us to conclude only on effects after the four 
weeks of intervention. In future RCT studies, incorporat-
ing a long-term follow-up evaluation would allow to see 
whether the short-term effects persist over time. It is also 
important to mention that some of the variables studied 
– such as adverse effects and MAL – are self-reported 
measures, which may have generated a desirability bias.

Conclusion
The present study is the first one to document the fea-
sibility of using CN-NINM combined with a 4-week 
UL strength training program and to explore the effect 
of this intervention on motor function of the affected 
UL in adults in the chronic stage of a stroke. This study 
provided strong evidence for the feasibility and safety of 
using repetitive CN-NINM (12 sessions, 3 times a week), 
with a 100% adherence rate, and no serious CN-NINM-
related adverse effects. Thus, the protocol, as proposed 
in our study, is feasible for use in a future RCT. Also, the 
intervention translated into improvement in UL motor 
function and UL quantity/quality of use, suggesting that 
the protocol might be effective to promote greater recov-
ery in the affected UL of chronic stroke survivors. Further 
and larger-scale studies are still needed to determine the 
optimal CN-NINM stimulation parameters, and to better 
understand CN-NINM induced neuroplastic changes.

Abbreviations
CN	� Cranial nerve
CN-NINM	� Cranial nerve non-invasive neuromodulation
FMA	� Fugl-Meyer Assessment
MAL	� Motor activity log
NIBS	� Non-invasive brain stimulation
SD	� Standard deviation
tDCS	� Transcranial direct current stimulation
UL	� Upper limb
WMFT	� Wolf motor function test

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​8​3​-​0​2​5​-​0​4​2​1​3​-​5.

Supplementary Material 1

Acknowledgements
The research was carried out at the Laboratoire d’évaluation cérébrale et de la 
douleur at the Centre de recherche sur le vieillissement, Sherbrooke, Quebec, 
Canada. The authors would like to thank the medical archives of the CIUSSS 
de l’Estrie-CHUS for their help in recruiting participants. The authors offer 
their heartfelt thanks to all the participants who took part in the project. The 
authors also express their gratitude to A. Guillerand, S. Brière and M. Hamel for 
their valuable technical assistance.

Author contributions
MHM, GL and ER designed the study. MA participated in recruitment and 
data collection. MCG conducted the training program + CN-NINM sessions 
with the participants. MA performed the analysis, interpreted the results and 
drafted the manuscript. All authors revised the manuscript and approved the 
final version.

Funding
This study received a grant from the Initiatives Stratégiques of the Centre de 
recherche sur le vieillissement, Sherbrooke, Québec, Canada.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the CIUSSS de l’Estrie-CHUS Ethics Committee. 
All participants gave signed, written informed consent in accordance with 
the Declaration of Helsinki and the Tri-Council Policy Statement: Ethical 
Conduct for Research Involving Humans (TCPS 2) before participating in the 
experiment.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Research Centre on Aging, Centre intégré universitaire de santé et 
de services sociaux de l’Estrie – Centre hospitalier universitaire de 
Sherbrooke (CIUSSS de l’Estrie - CHUS), 1036 Rue Belvédère Sud, 
Sherbrooke, Québec J1H4C4, Canada
2Faculty of Medicine and Health Sciences, Université de Sherbrooke, 3001, 
12e Avenue Nord, Sherbrooke, Québec J1H5N4, Canada
3Faculty of Physical Activity Sciences, Université de Sherbrooke, 2500, 
boulevard de l’Université, Sherbrooke, Québec J1K2R1, Canada

Received: 25 April 2024 / Accepted: 29 April 2025

References
1.	 Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, Bennett 

DA, et al. Global and regional burden of stroke during 1990–2010: findings 
from the global burden of disease study 2010. Lancet. 2014;383(9913):245–
55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​4​0​-​6​7​3​6​(​1​3​)​6​1​9​5​3​-​4.

2.	 Feigin VL, Brainin M, Norrving B, Martins S, Sacco RL, Hacke W, et al. World 
stroke organization (WSO): global stroke fact sheet 2022. Int J Stroke. 
2022;17(1):18–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​7​4​7​4​9​3​0​2​1​1​0​6​5​9​1​7.

3.	 Bourbonnais D, Bilodeau S, Lepage Y, Beaudoin N, Gravel D, Forget R. Effect 
of Force-Feedback treatments in patients with chronic motor deficits after a 
stroke. Am J Phys Med Rehabil. 2002;81(12):890–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​0​​0​
0​0​​2​0​6​​0​-​2​0​​0​2​​1​2​0​0​0​-​0​0​0​0​2.

4.	 Cauraugh JH, Kim SB. Chronic stroke motor recovery: duration of active 
neuromuscular stimulation. J Neurol Sci. 2003;215(1):13–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​0​1​6​​/​S​​0​0​2​2​-​5​1​0​X​(​0​3​)​0​0​1​6​9​-​2.

5.	 Patten C, Lexell J, Brown HE. Weakness and strength training in persons with 
poststroke hemiplegia: rationale, method, and efficacy. J Rehabilitation Res 
Dev. 2004;41(3A):293–312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​6​8​2​​/​J​​R​R​D​.​2​0​0​4​.​0​3​.​0​2​9​3.

6.	 Broeks JG, Lankhorst GJ, Rumping K, Prevo AJH. The long-term outcome 
of arm function after stroke: results of a follow-up study. Disabil Rehabil. 
1999;21(8):357–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​0​​9​6​3​8​2​8​9​9​2​9​7​4​5​9.

7.	 Kwakkel G, Stinear C, Essers B, Munoz-Novoa M, Branscheidt M, Cabanas-
Valdés R, et al. Motor rehabilitation after stroke: European stroke organisa-
tion (ESO) consensus-based definition and guiding framework. Eur Stroke J. 
2023;23969873231191304. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​2​​3​9​6​9​8​7​3​2​3​1​1​9​1​3​0​4.

https://doi.org/10.1186/s12883-025-04213-5
https://doi.org/10.1186/s12883-025-04213-5
https://doi.org/10.1016/S0140-6736(13)61953-4
https://doi.org/10.1177/17474930211065917
https://doi.org/10.1097/00002060-200212000-00002
https://doi.org/10.1097/00002060-200212000-00002
https://doi.org/10.1016/S0022-510X(03)00169-2
https://doi.org/10.1016/S0022-510X(03)00169-2
https://doi.org/10.1682/JRRD.2004.03.0293
https://doi.org/10.1080/096382899297459
https://doi.org/10.1177/23969873231191304


Page 8 of 9Ahiatsi et al. BMC Neurology          (2025) 25:208 

8.	 Teasell R, Salbach NM, Foley N, Mountain A, Cameron JI, de Jong A et al. 
Canadian Stroke Best Practice Recommendations: Rehabilitation, Recovery, 
and Community Participation following Stroke. Part One: Rehabilitation and 
Recovery Following Stroke; 6th Edition Update 2019. International Journal of 
Stroke. 2020;15(7):763–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​7​4​7​4​9​3​0​1​9​8​9​7​8​4​3

9.	 Beaulieu LD, Blanchette AK, Mercier C, Bernard-Larocque V, Milot MH. Efficacy, 
safety, and tolerability of bilateral transcranial direct current stimulation 
combined to a resistance training program in chronic stroke survivors: A 
double-blind, randomized, placebo-controlled pilot study. Restor Neurol 
Neurosci. 2019;37(4):333–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​2​3​3​​/​R​​N​N​-​1​9​0​9​0​8.

10.	 Milot MH, Palimeris S, Corriveau H, Tremblay F, Boudrias MH. Effects of 
a tailored strength training program of the upper limb combined with 
transcranial direct current stimulation (tDCS) in chronic stroke patients: study 
protocol for a randomised, double-blind, controlled trial. BMC Sports Sci Med 
Rehabilitation. 2019;11:8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​1​0​2​-​0​1​9​-​0​1​2​0​-​1.

11.	 Patten C, Condliffe EG, Dairaghi CA, Lum PS. Concurrent neuromechanical 
and functional gains following upper-extremity power training post-stroke. J 
Neuroeng Rehabil. 2013;10(1):1. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​7​4​3​-​0​0​0​3​-​1​0​-​1.

12.	 Harris JE, Eng JJ. Strength training improves Upper-Limb function in individu-
als with stroke. Stroke. 2010;41(1):136–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​K​E​A​​H​
A​.​1​​0​9​​.​5​6​7​4​3​8.

13.	 Hubbard IJ, Parsons MW, Neilson C, Carey LM. Task-specific training: evidence 
for and translation to clinical practice. Occup Therapy Int. 2009;16(3–4):175–
89. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​o​​t​i​.​2​7​5.

14.	 Rozevink SG, Hijmans JM, Horstink KA, van der Sluis CK. Effectiveness of task-
specific training using assistive devices and task-specific usual care on upper 
limb performance after stroke: a systematic review and meta-analysis. Disabil 
Rehabilitation: Assist Technol. 2023;18(7):1245–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​7​
4​8​​3​1​0​​7​.​2​0​​2​1​​.​2​0​0​1​0​6​1.

15.	 Jeon BJ, Kim WH, Park EY. Effect of task-oriented training for people with 
stroke: a meta-analysis focused on repetitive or circuit training. Top Stroke 
Rehabil. 2015;22(1):34–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​9​​/​1​​0​7​4​​9​3​5​​7​1​4​Z​​.​0​​0​0​0​0​0​0​0​3​5.

16.	 Chacon-Barba JC, Moral-Munoz JA, De Miguel-Rubio A, Lucena-Anton D. 
Effects of resistance training on spasticity in people with stroke: A systematic 
review. Brain Sci. 2024;14(1):57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​b​​r​a​i​n​s​c​i​1​4​0​1​0​0​5​7.

17.	 Veldema J, Jansen P. Resistance training in stroke rehabilitation: systematic 
review and meta-analysis. Clin Rehabil. 2020;34(9):1173–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​1​7​7​​/​0​​2​6​9​2​1​5​5​2​0​9​3​2​9​6​4.

18.	 Eng JJ. Strength training in individuals with stroke. Physiotherapy Can. 
2004;56(4):189–201.

19.	 Wist S, Clivaz J, Sattelmayer M. Muscle strengthening for hemiparesis after 
stroke: A meta-analysis. Annals Phys Rehabilitation Med. 2016;59(2):114–24. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​r​e​​h​a​b​​.​2​0​1​​6​.​​0​2​.​0​0​1.

20.	 Smith RA, Martin GJ, Szivak TK, Comstock BA, Dunn-Lewis C, Hooper DR, et 
al. The effects of resistance training prioritization in NCAA division I football 
summer training. J Strength Conditioning Res. 2014;28(1):14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​5​1​9​​/​J​​S​C​.​​0​b​0​​1​3​e​3​​1​8​​2​9​7​7​e​5​6.

21.	 Stinear CM, Barber PA, Smale PR, Coxon JP, Fleming MK, Byblow WD. Func-
tional potential in chronic stroke patients depends on corticospinal tract 
integrity. Brain. 2007;130(1):170–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​r​a​i​n​/​a​w​l​3​3​3.

22.	 Palimeris S, Ansari Y, Remaud A, Tremblay F, Corriveau H, Boudrias MH, et al. 
Effect of a tailored upper extremity strength training intervention combined 
with direct current stimulation in chronic stroke survivors: A randomized 
controlled trial. Front Rehabilitation Sci. 2022;3:978257. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​
9​​/​f​​r​e​s​c​.​2​0​2​2​.​9​7​8​2​5​7.

23.	 Milot MH, Léonard G, Corriveau H, Desrosiers J. Using the Borg rating of per-
ceived exertion scale to grade the intensity of a functional training program 
of the affected upper limb after a stroke: a feasibility study. Clin Intervention 
Aging. 2018;14:9–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​4​7​​/​C​​I​A​.​S​1​7​9​6​9​1.

24.	 Billinger SA, Arena R, Bernhardt J, Eng JJ, Franklin BA, Johnson CM, et al. 
Physical activity and exercise recommendations for stroke survivors. Stroke. 
2014;45(8):2532–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​0​2​2.

25.	 Hordacre B, McCambridge AB, Ridding MC, Bradnam LV. Can transcranial 
direct current stimulation enhance poststroke motor recovery?? Develop-
ment of a theoretical Patient-Tailored model. Neurology. 2021;97(4):170–80. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​2​​/​W​​N​L​.​​0​0​0​​0​0​0​0​​0​0​​0​0​1​2​1​8​7.

26.	 Kang N, Summers JJ, Cauraugh JH. Transcranial direct current stimulation 
facilitates motor learning post-stroke: a systematic review and meta-analysis. 
J Neurol Neurosurg Psychiatry. 2016;87(4):345–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​j​​n​
n​p​-​2​0​1​5​-​3​1​1​2​4​2.

27.	 Dionísio A, Duarte IC, Patrício M, Castelo-Branco M. The use of repetitive tran-
scranial magnetic stimulation for stroke rehabilitation: A systematic review. J 

Stroke Cerebrovasc Dis. 2018;27(1):1–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​s​​t​r​o​​k​e​c​e​​r​e​​
b​r​o​​v​a​s​​d​i​s​.​​2​0​​1​7​.​0​9​.​0​0​8.

28.	 Cramer SC, Sur M, Dobkin BH, O’Brien C, Sanger TD, Trojanowski JQ, et al. Har-
nessing neuroplasticity for clinical applications. Brain. 2011;134(6):1591–609. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​r​a​i​n​/​a​w​r​0​3​9.

29.	 Alisar DC, Ozen S, Sozay S. Effects of bihemispheric transcranial direct 
current stimulation on upper extremity function in stroke patients: A 
randomized Double-Blind Sham-Controlled study. J Stroke Cerebrovasc Dis. 
2020;29(1):104454. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​s​​t​r​o​​k​e​c​e​​r​e​​b​r​o​​v​a​s​​d​i​s​.​​2​0​​1​9​.​1​0​4​4​5​
4.

30.	 Bolognini N, Vallar G, Casati C, Latif LA, El-Nazer R, Williams J, et al. Neurophysi-
ological and behavioral effects of tDCS combined with Constraint-Induced 
movement therapy in poststroke patients. Neurorehabilit Neural Repair. 
2011;25(9):819–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​5​4​5​9​6​8​3​1​1​4​1​1​0​5​6.

31.	 Figlewski K, Blicher JU, Mortensen J, Severinsen KE, Nielsen JF, Andersen 
H. Transcranial direct current stimulation potentiates improvements in 
functional ability in patients with chronic stroke receiving Constraint-Induced 
movement therapy. Stroke. 2017;48(1):229–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​
K​E​A​​H​A​.​1​​1​6​​.​0​1​4​9​8​8.

32.	 Peters HT, Pisegna J, Faieta J, Page SJ. Functional brain stimulation in a 
chronic stroke survivor with moderate impairment. Am J Occup Therapy. 
2017;71(3):1–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​0​1​4​​/​a​​j​o​t​.​2​0​1​7​.​0​2​5​2​4​7.

33.	 Rocha S, Silva E, Foerster Á, Wiesiolek C, Chagas AP, Machado G, et al. The 
impact of transcranial direct current stimulation (tDCS) combined with modi-
fied constraint-induced movement therapy (mCIMT) on upper limb function 
in chronic stroke: a double-blind randomized controlled trial. Disabil Rehabil. 
2016;38(7):653–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​0​9​​/​0​​9​6​3​​8​2​8​​8​.​2​0​​1​5​​.​1​0​5​5​3​8​2.

34.	 O’Shea J, Boudrias MH, Stagg CJ, Bachtiar V, Kischka U, Blicher JU, et al. Pre-
dicting behavioural response to TDCS in chronic motor stroke. NeuroImage. 
2014;85:924–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​e​​u​r​o​​i​m​a​g​​e​.​​2​0​1​3​.​0​5​.​0​9​6.

35.	 Edwards DJ, Krebs HI, Rykman A, Zipse J, Thickbroom GW, Mastaglia FL, et al. 
Raised corticomotor excitability of M1 forearm area following anodal tDCS 
is sustained during robotic wrist therapy in chronic stroke. Restor Neurol 
Neurosci. 2009;27(3):199–207. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​2​3​3​​/​r​​n​n​-​2​0​0​9​-​0​4​7​0.

36.	 Thair H, Holloway AL, Newport R, Smith AD. Transcranial direct current 
stimulation (tDCS): A beginner’s guide for design and implementation. Front 
NeuroSci. 2017;11:641. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​i​n​s​.​2​0​1​7​.​0​0​6​4​1.

37.	 Diep D, Lam ACL, Ko G. A Review of the Evidence and Current Applications 
of Portable Translingual Neurostimulation Technology. Neuromodulation: 
Technology at the Neural Interface [Internet]. 2020 [cited 2021 Nov 18];24(8). 
Available from: bough ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​n​​e​r​.​1​3​2​6​0

38.	 Fickling SD, Greene T, Greene D, Frehlick Z, Campbell N, Etheridge T et al. 
Brain Vital Signs Detect Cognitive Improvements During Combined Physical 
Therapy and Neuromodulation in Rehabilitation From Severe Traumatic Brain 
Injury: A Case Report. Frontiers in Human Neuroscience [Internet]. 2020 [cited 
2023 Aug 28];14. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​r​o​n​​t​i​e​​r​s​i​n​​.​o​​r​g​/​​a​r​t​​i​c​l​e​​s​/​​​h​t​t​​p​s​:​/​​/​
d​​o​i​.​​o​r​g​​/​1​0​.​​3​3​​8​9​/​f​n​h​u​m​.​2​0​2​0​.​0​0​3​4​7

39.	 Frehlick Z, Lakhani B, Fickling SD, Livingstone AC, Danilov Y, Sackier JM, et al. 
Human translingual neurostimulation alters resting brain activity in high-
density EEG. J Neuroeng Rehabil. 2019;16(1):60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​
8​4​-​0​1​9​-​0​5​3​8​-​4.

40.	 Kaczmarek KA. The tongue display unit (TDU) for electrotactile Spatiotempo-
ral pattern presentation. Scientia Iranica transactions D, computer science & 
engineering. Electr Eng. 2011;18(6):1476–85. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​​i​e​n​​t​.​2​
0​​1​1​​.​0​8​.​0​2​0.

41.	 Papa L, LaMee A, Tan CN, Hill-Pryor C. Systematic review and Meta-Analysis 
of noninvasive cranial nerve neuromodulation for nervous system disorders. 
Arch Phys Med Rehabil. 2014;95(12):2435–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​p​m​r​.​
2​0​1​4​.​0​4​.​0​1​8.

42.	 Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME. Altered 
connectivity of the balance processing network after tongue stimulation in 
balance-Impaired individuals. Brain Connect. 2013;3(1):87–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​8​9​​/​b​​r​a​i​n​.​2​0​1​2​.​0​1​2​3.

43.	 Ptito A, Papa L, Gregory K, Folmer RL, Walker WC, Prabhakaran V, et al. A pro-
spective, multicenter study to assess the safety and efficacy of translingual 
neurostimulation plus physical therapy for the treatment of a chronic bal-
ance deficit due to Mild-to-Moderate traumatic brain injury. Neuromodula-
tion. 2021;24(8):1412–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​n​​e​r​.​1​3​1​5​9.

44.	 Bastani A, Cofré Lizama LE, Zoghi M, Blashki G, Davis S, Kaye AH, et al. The 
combined effect of cranial-nerve non-invasive neuromodulation with 
high-intensity physiotherapy on gait and balance in a patient with cerebellar 

https://doi.org/10.1177/1747493019897843
https://doi.org/10.3233/RNN-190908
https://doi.org/10.1186/s13102-019-0120-1
https://doi.org/10.1186/1743-0003-10-1
https://doi.org/10.1161/STROKEAHA.109.567438
https://doi.org/10.1161/STROKEAHA.109.567438
https://doi.org/10.1002/oti.275
https://doi.org/10.1080/17483107.2021.2001061
https://doi.org/10.1080/17483107.2021.2001061
https://doi.org/10.1179/1074935714Z.0000000035
https://doi.org/10.3390/brainsci14010057
https://doi.org/10.1177/0269215520932964
https://doi.org/10.1177/0269215520932964
https://doi.org/10.1016/j.rehab.2016.02.001
https://doi.org/10.1016/j.rehab.2016.02.001
https://doi.org/10.1519/JSC.0b013e3182977e56
https://doi.org/10.1519/JSC.0b013e3182977e56
https://doi.org/10.1093/brain/awl333
https://doi.org/10.3389/fresc.2022.978257
https://doi.org/10.3389/fresc.2022.978257
https://doi.org/10.2147/CIA.S179691
https://doi.org/10.1161/STR.0000000000000022
https://doi.org/10.1212/WNL.0000000000012187
https://doi.org/10.1212/WNL.0000000000012187
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.09.008
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.09.008
https://doi.org/10.1093/brain/awr039
https://doi.org/10.1093/brain/awr039
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104454
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104454
https://doi.org/10.1177/1545968311411056
https://doi.org/10.1161/STROKEAHA.116.014988
https://doi.org/10.1161/STROKEAHA.116.014988
https://doi.org/10.5014/ajot.2017.025247
https://doi.org/10.3109/09638288.2015.1055382
https://doi.org/10.1016/j.neuroimage.2013.05.096
https://doi.org/10.3233/rnn-2009-0470
https://doi.org/10.3389/fnins.2017.00641
https://doi.org/10.1111/ner.13260
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fnhum.2020.00347
https://doi.org/10.3389/fnhum.2020.00347
https://doi.org/10.1186/s12984-019-0538-4
https://doi.org/10.1186/s12984-019-0538-4
https://doi.org/10.1016/j.scient.2011.08.020
https://doi.org/10.1016/j.scient.2011.08.020
https://doi.org/10.1016/j.apmr.2014.04.018
https://doi.org/10.1016/j.apmr.2014.04.018
https://doi.org/10.1089/brain.2012.0123
https://doi.org/10.1089/brain.2012.0123
https://doi.org/10.1111/ner.13159


Page 9 of 9Ahiatsi et al. BMC Neurology          (2025) 25:208 

degeneration: a case report. Cerebellum Ataxias. 2018;5(1):6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​8​6​​/​s​​4​0​6​7​3​-​0​1​8​-​0​0​8​4​-​z.

45.	 Cofré Lizama LE, Bastani A, Panisset MG, Drummond K, Khan F, Galea MP. A 
novel neuromodulation technique for the rehabilitation of balance and gait: 
A case study. J Clin Neuroscience: Official J Neurosurgical Soc Australasia. 
2018;54:140–2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​n​.​2​0​1​8​.​0​4​.​0​7​7.

46.	 Danilov Y, Kaczmarek K, Skinner K, Tyler M. Cranial Nerve Noninvasive 
Neuromodulation: New Approach to Neurorehabilitation. In: Kobeissy FH, 
editor. Brain Neurotrauma: Molecular, Neuropsychological, and Rehabilitation 
Aspects [Internet]. Boca Raton (FL): CRC Press/Taylor & Francis; 2015 [cited 
2021 Sep 27]. (Frontiers in Neuroengineering). Available from: ward.

47.	 Danilov Y, Paltin D. Translingual Neurostimulation (TLNS): A Novel Approach 
to Neurorehabilitation. Physical Medicine and Rehabilitation International 
[Internet]. 2017 [cited 2023 Oct 6];4(2). Available from: ​h​t​t​p​​s​:​/​​/​a​u​s​​t​i​​n​p​u​​b​l​i​​s​h​i​n​​
g​g​​r​o​u​​p​.​c​​o​m​/​p​​h​y​​s​i​c​​a​l​-​​m​e​d​i​​c​i​​n​e​/​​f​u​l​​l​t​e​x​​t​/​​p​m​r​-​v​4​-​i​d​1​1​1​7​.​p​h​p

48.	 D’Arcy RCN, Greene T, Greene D, Frehlick Z, Fickling SD, Campbell N, et al. 
Portable neuromodulation induces neuroplasticity to re-activate motor func-
tion recovery from brain injury: a high-density MEG case study. J Neuroeng 
Rehabil. 2020;17(1):158. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​8​4​-​0​2​0​-​0​0​7​7​2​-​5.

49.	 Leonard G, Lapierre Y, Chen JK, Wardini R, Crane J, Ptito A. Noninvasive 
tongue stimulation combined with intensive cognitive and physical reha-
bilitation induces neuroplastic changes in patients with multiple sclerosis: A 
multimodal neuroimaging study. Multiple Scler J - Experimental Translational 
Clin. 2017;3(1):2055217317690561. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​2​​0​5​5​2​1​7​3​1​7​6​9​0​5​
6​1.

50.	 Galea MP, Cofré Lizama LE, Bastani A, Panisset MG, Khan F. Cranial nerve non-
invasive neuromodulation improves gait and balance in stroke survivors: A 
pilot randomised controlled trial. Brain Stimul. 2017;10(6):1133–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​r​s​.​2​0​1​7​.​0​8​.​0​1​1.

51.	 Danilov Y. Effects of CN-NINM intervention on chronic stroke rehabilitation: A 
case study. San Diego: Society for Neuroscience; 2013.

52.	 Julious SA. Sample size of 12 per group rule of thumb for a pilot study. Pharm 
Stat. 2005;4(4):287–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​p​​s​t​.​1​8​5.

53.	 Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S. The post-stroke 
hemiplegic patient. 1. a method for evaluation of physical performance. 
Scand J Rehabil Med. 1975;7(1):13–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​4​0​​/​1​​6​5​0​1​9​7​7​7​1​3​3​
1.

54.	 Katz RT, Rovai GP, Brait C, Rymer WZ. Objective quantification of spastic 
hypertonia: correlation with clinical findings. Arch Phys Med Rehabil. 
1992;73(4):339–47. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​0​​0​0​3​-​9​9​9​3​(​9​2​)​9​0​0​0​7​-​J.

55.	 Martina ISJ, van Koningsveld R, Schmitz PIM, van der Meché FGA, van Doorn 
PA. Measuring vibration threshold with a graduated tuning fork in normal 
aging and in patients with polyneuropathy. J Neurol Neurosurg Psychiatry. 
1998;65(5):743–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​j​​n​n​p​.​6​5​.​5​.​7​4​3.

56.	 Albert ML. A simple test of visual neglect. Neurology. 1973;23(6):658–658. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​2​​/​W​​N​L​.​2​3​.​6​.​6​5​8.

57.	 Alexander MP, Baker E, Naeser MA, Kaplan E, Palumbo C. Neuropsycho-
logical and neuroanatomical dimensions of ideomotor apraxia. Brain. 
1992;115(1):87–107. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​r​a​i​n​/​1​1​5​.​1​.​8​7.

58.	 Thabane L, Ma J, Chu R, Cheng J, Ismaila A, Rios LP, et al. A tutorial on pilot 
studies: the what, why and how. BMC Med Res Methodol. 2010;10(1):1. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​2​8​8​-​1​0​-​1.

59.	 Ansari E, Shah C. Relationship and responsiveness of three outcome mea-
sures of upper limb motor function after stroke rehabilitation. Int J Sci Res. 
2018;8(6):6.

60.	 Nijland R, van Wegen E, Verbunt J, van Wijk R, van Kordelaar J, Kwakkel G. A 
comparison of two validated tests for upper limb function after stroke: the 
Wolf motor function test and the action research arm test. J Rehabil Med. 
2010;42(7):694–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​4​0​​/​1​​6​5​0​1​9​7​7​-​0​5​6​0.

61.	 Uswatte G, Taub E, Morris D, Light K, Thompson PA. The motor activity 
Log-28: assessing daily use of the hemiparetic arm after stroke. Neurology. 
2006;67(7):1189–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​2​​/​0​​1​.​w​​n​l​.​​0​0​0​0​​2​3​​8​1​6​4​.​9​0​6​5​7​.​c​2.

62.	 Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the box and 
block test of manual dexterity. Am J Occup Therapy. 1985;39(6):386–91. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​0​1​4​​/​a​​j​o​t​.​3​9​.​6​.​3​8​6.

63.	 Boissy P, Bourbonnais D, Carlotti MM, Gravel D, Arsenault BA. Maximal grip 
force in chronic stroke subjects and its relationship to global upper extremity 
function. Clin Rehabil. 1999;13(4):354–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​9​1​​/​0​​2​6​9​2​1​5​9​9​
6​7​6​4​3​3​0​8​0.

64.	 Mercier C, Bourbonnais D. Relative shoulder flexor and handgrip strength is 
related to upper limb function after stroke. Clin Rehabil. 2004;18(2):215–21. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​9​1​​/​0​​2​6​9​2​1​5​5​0​4​c​r​7​2​4​o​a.

65.	 Brzycki M. Strength Testing—Predicting a One-Rep Max from Reps-to-
Fatigue. Journal of Physical Education, Recreation & Dance [Internet]. 1993 
Jan 1 [cited 2023 Oct 27]; Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​t​​a​n​d​​f​o​n​​l​i​n​e​​.​c​​o​m​/​​d​o​i​​/​a​
b​s​​/​​h​​t​t​p​​s​:​/​/​​d​o​​i​.​o​​r​g​/​​1​0​.​1​​0​8​​0​/​0​​7​3​0​​3​0​8​4​​.​1​​9​9​3​.​1​0​6​0​6​6​8​4

66.	 Tyler M, Skinner K, Prabhakaran V, Kaczmarek K, Danilov Y. Translingual 
neurostimulation for the treatment of chronic symptoms due to Mild-to-
Moderate traumatic brain injury. Archives Rehabilitation Res Clin Translation. 
2019;1(3–4):100026. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​r​​r​c​t​​.​2​0​1​​9​.​​1​0​0​0​2​6.

67.	 Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME. High-
resolution fMRI detects neuromodulation of individual brainstem nuclei by 
electrical tongue stimulation in balance-impaired individuals. NeuroImage. 
2011;56(4):2129–37. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​e​​u​r​o​​i​m​a​g​​e​.​​2​0​1​1​.​0​3​.​0​7​4.

68.	 Boughen K, Neil T, Dullemond S, Lutowicz K, Bilgasem A, Hastings T, et al. 
Cranial nerve noninvasive neuromodulation in adults with neurological 
conditions: protocol for a scoping review. J Med Internet Res Res Protocols. 
2021;10(7):e29965. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​2​1​​​9​6​​/​2​9​9​6​5.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1186/s40673-018-0084-z
https://doi.org/10.1186/s40673-018-0084-z
https://doi.org/10.1016/j.jocn.2018.04.077
https://austinpublishinggroup.com/physical-medicine/fulltext/pmr-v4-id1117.php
https://austinpublishinggroup.com/physical-medicine/fulltext/pmr-v4-id1117.php
https://doi.org/10.1186/s12984-020-00772-5
https://doi.org/10.1177/2055217317690561
https://doi.org/10.1177/2055217317690561
https://doi.org/10.1016/j.brs.2017.08.011
https://doi.org/10.1016/j.brs.2017.08.011
https://doi.org/10.1002/pst.185
https://doi.org/10.2340/1650197771331
https://doi.org/10.2340/1650197771331
https://doi.org/10.1016/0003-9993(92)90007-J
https://doi.org/10.1136/jnnp.65.5.743
https://doi.org/10.1212/WNL.23.6.658
https://doi.org/10.1212/WNL.23.6.658
https://doi.org/10.1093/brain/115.1.87
https://doi.org/10.1186/1471-2288-10-1
https://doi.org/10.1186/1471-2288-10-1
https://doi.org/10.2340/16501977-0560
https://doi.org/10.1212/01.wnl.0000238164.90657.c2
https://doi.org/10.5014/ajot.39.6.386
https://doi.org/10.5014/ajot.39.6.386
https://doi.org/10.1191/026921599676433080
https://doi.org/10.1191/026921599676433080
https://doi.org/10.1191/0269215504cr724oa
https://doi.org/10.1191/0269215504cr724oa
https://www.tandfonline.com/doi/abs/
https://www.tandfonline.com/doi/abs/
https://doi.org/10.1080/07303084.1993.10606684
https://doi.org/10.1016/j.arrct.2019.100026
https://doi.org/10.1016/j.neuroimage.2011.03.074
https://doi.org/10.2196/29965

	﻿A feasibility study on the use of cranial nerve non-invasive neuromodulation to improve affected arm function in people in the chronic stage of a stroke
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Design and participants
	﻿Feasibility outcomes
	﻿Clinical assessment
	﻿Strength training program and CN-NINM
	﻿Statistical analyses

	﻿Results
	﻿Baseline sociodemographic and clinical characteristics of participants
	﻿Feasibility
	﻿Clinical changes
	﻿Primary outcome measures
	﻿Secondary outcome measures


	﻿Discussion
	﻿Study limitations

	﻿Conclusion
	﻿References﻿


