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Background: Repetitive peripheral nerve sensory stimulation (RPSS) is a potential

add-on intervention to motor training for rehabilitation of upper limb paresis after stroke.

Benefits of RPSS were reported in subjects in the chronic phase after stroke, but there is

limited information about the effects of this intervention within the 1st weeks or months.

The primary goal of this study is to compare, in a head-to-head proof-of-principle study,

the impact of a single session of suprasensory vs. subsensory RPSS on the upper limb

motor performance and learning in subjects at different phases after stroke subacute

and chronic phases and mild upper limb motor impairments after stroke. In addition,

we examine the effects of RPSS on brain perfusion, functional imaging activation, and

γ-aminobutyric acid (GABA) levels. Subjects with mild upper limb motor impairments

will be tested with MRI and clinical assessment either at an early (7 days to 3 months

post-stroke) or at a chronic (>6 months) stage after stroke.

Methods: In this multicenter, randomized, parallel-group, proof-of-principle clinical

trial with blinded assessment of outcomes, we compare the effects of one session

of suprasensory or subsensory RPSS in patients with ischemic or hemorrhagic stroke

and upper limb paresis. Clinical assessment and MRI will be performed only once in

each subject (either at an early or at a chronic stage). The primary outcome is the

change in performance in the Jebsen–Taylor test. Secondary outcomes: hand strength,

cerebral blood flow assessed with arterial spin labeling, changes in the blood oxygenation

level-dependent (BOLD) effect in ipsilesional and contralesional primary motor cortex

(M1) on the left and the right hemispheres assessed with functional MRI (fMRI) during

a finger-tapping task performed with the paretic hand, and changes in GABA levels

in ipsilesional and contralesional M1 evaluated with spectroscopy. The changes in

outcomes will be compared in four groups: suprasensory, early; subsensory, early;

suprasensory, chronic; and subsensory, chronic.
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Discussion: The results of this study are relevant to inform future clinical trials to tailor

RPSS to patients more likely to benefit from this intervention.

Trial Registration: NCT03956407.

Keywords: sensory stimulation, stroke, rehabilitation, upper limb, nerve stimulation

INTRODUCTION

Upper limb paresis is very common after stroke, a leading cause
of disability worldwide (1, 2). Interventions based on intensive,
repetitive tasks training can improve motor performance (3).
Over the past two decades, neuromodulation interventions,
such as repetitive transcranial magnetic stimulation (TMS)
(4), transcranial direct current stimulation (5), and repetitive
peripheral sensory stimulation (RPSS) (6), have been investigated
as potential add-on therapies to boost the effects of training in
subjects with stroke.

Repetitive peripheral sensory stimulation, in particular, is a
straightforward intervention designed to enhance somatosensory
input. In RPSS, trains of electric pulses are delivered to
peripheral nerves by surface electrodes with parameters of
stimulation aimed to predominantly activate proprioceptive and
large cutaneous sensory fibers (6). The intensity of stimulation is
set to elicit paresthesia but minimal or absent motor responses.
RPSS targets a brain sensorimotor network known to be
physiologically relevant for motor performance and learning
(7). Sensory information is relayed from peripheral nerves to
the spinal cord, then, via the dorsal medial lemniscus in the
brainstem, reaches the thalamus and finally, the sensorimotor
cortex. Increased excitability, activity, or use-dependent plasticity
of the motor cortex have been reported in healthy subjects (8–10)
or subjects with stroke (11–13) after 2 h of RPSS. The connections
between neurons that represent the motor area of the stimulated
body segment may be strengthened, leading to enhancement of
motor performance or learning (9, 14–16). Disinhibition of silent
synapses by alterations in glutamatergic receptors or reduction
of GABAergic inhibition, as well-activation of silent synapses
and modulation of neuronal interactions (17) may mediate these
effects. The presence of functional and structural connections
between areas that are responsible for motor control (16) and its
relationship with somatosensory afferents underlies the rationale
for the use of RPSS in individuals with motor impairment, such
as stroke (18).

In subjects in the chronic phase after stroke, the effect size
of RPSS to improve upper limb motor function is similar
to or greater than the effect sizes of other neuromodulation
interventions (6). On the other hand, information about the
effects of RPSS in the subacute phase after stroke is limited.While
all studies in chronic subjects with mild-to-moderate upper limb
motor impairments showed benefits of this intervention, only
two addressed effects in the subacute stage: one reported an
increase in thumb strength after one session of RPSS compared
to stimulation to the level of perception (19), whereas another
described more significant improvement after subsensory RPSS
compared to suprasensory RPSS (20). In patients in the chronic

phase after stroke, suprasensory stimulation led to greater
improvements than subsensory stimulation, and the latter was
used as a control intervention in patients in the chronic phase
after stroke (21, 22). Therefore, the finding of greater effects of
subsensory stimulation, compared to suprasensory stimulation
in patients in the subacute phase (20), was surprising and raised
the hypothesis that optimal intensities/doses of stimulation may
be different early, compared to at a later stage after stroke. Until
now, patients in the subacute and chronic stages have not been
included in a single study, in order to perform head-to-head
comparisons between the effects of subsensory and suprasensory
stimulation at these two phases after stroke.

Neuronal excitability, activity, or connectivity undergo
changes over time after stroke. For instance, motor and sensory
representations near the lesion may be remapped after cortical
infarcts (23). Connectivity between primary sensorimotor and
secondary motor areas changes over several weeks (24).
Intracortical inhibition assessed with TMS may decrease in the
contralateral motor cortex early after a cerebellar stroke and
increase in the chronic phase, more than 6 months later (25).

Since excitability changes over time after lesion onset, and
effects of neuromodulation interventions are known to be state-
dependent (19), it is expected that results of these interventions
vary at different stages after stroke. It is possible that, early after
lesion onset, the variability in activity or excitability during the
dynamic process of spontaneous recovery contributes to a less
consistent effect of neuromodulation interventions. A systematic
review and meta-analysis indicated that the potential benefits
of transcranial direct current stimulation might be greater in
patients in the chronic than in the subacute stage after stroke
(26, 27). Furthermore, constraint-induced movement therapy
(CIMT), a rehabilitation intervention that increases afferent
input and provides training to decrease learned non-use of the
upper limb, seems to be more beneficial in the chronic than
in the subacute phase after stroke considering that the EXCITE
trial (28) showed significant benefits of CIMT in patients treated
between 3 and 9 months post-stroke, whereas the VECTORS
(29) study showed no differences in effects of this intervention,
compared to usual care, on average within the first 10 days
after stroke.

Data from TMS studies suggest that RPSS enhances cortical
excitability in animals (30), healthy subjects (31, 32), and patients
in the chronic phase after stroke affecting the corticospinal tract
(24). RPSS, compared to no stimulation (sham), leads to an
increase in signal intensity and in the number of voxels activated
in the primary motor cortex (M1) during thumb movements,
in a paradigm of functional MRI (fMRI) based on the blood
oxygen level-dependent (BOLD) effect. Perfusion in M1 assessed
with arterial spin labeling at rest in healthy subjects increases
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after RPSS (7). This finding may be explained by increased blood
flow driven by enhanced neuronal activity in M1. Whether RPSS
can increase BOLD activation or global/regional cerebral blood
flow (CBF) in subjects with stroke at different stages remains to
be determined.

Likewise, the effects of RPSS on synaptic activity or
concentration of neurotransmitters are unknown. γ-
Aminobutyric acid in the sensorimotor cortex has been
implicated in the processing of afferent input. For instance, in
healthy subjects, GABA concentrations evaluated with magnetic
resonance spectroscopy predict changes in perceptual outcome
after afferent, tactile stimulation of fingertips (33). In rats,
GABAergic inhibition modulates responsiveness to afferent
stimulation of the forepaw (34). The GABA concentration
or activity in M1 may influence responsiveness to RPSS.
Furthermore, RPSS may also increase or decrease GABA levels in
the cortex. Until now, these hypotheses have not yet been tested.

The primary goal of this study is to compare the effects
of a single session of RPSS on motor performance and motor
learning in subjects with stroke in the subacute (EARLYgroup)
and chronic (CHRONICgroup) phases with mild upper limb
motor impairments. We hypothesize that enhancement of motor
performance and motor learning by RPSS will be significantly
greater in subjects in the CHRONICgroup than in subjects
in the EARLYgroup, when exposed to the same experimental
paradigm. In addition, we compare the effects of a single session
of RPSS on cerebral perfusion, changes in the BOLD effect,
and on GABA levels changes in ipsilesional and contralesional
M1. Our hypothesis is that changes in these outcomes will be
significantly greater after RPSS in subjects in the chronic, than
in the early stage.

METHODS AND ANALYSIS

Study Design
This is a multicenter, randomized, parallel-group, proof-of-
principle clinical trial with blinded assessment of outcomes.
Figure 1 summarizes the study protocol.

Location and Setting
This ongoing study is conducted in three hospitals in Brazil:
Hospital Israelita Albert Einstein (HIAE, coordinating center),
Hospital das Clínicas da Faculdade de Medicina da Universidade
de São Paulo (HCFMUSP) both in São Paulo, and Hospital
São Rafael (HSR) in Salvador. Initially, the study would involve
two centers (HIAE and HSR). HCFMUSP was included as an
additional center due to difficulties in patient recruitment. The
coordinating center (HIAE) was responsible for the design of
the protocol, submission of the project to the HIAE Ethics
Committee and to the funding agency (Fundação de Amparo
à Pesquisa do Estado de São Paulo, FAPESP), creation of the
research forms, and management of the project. It is also
responsible for the submission of amendments, for providing and
assessing the training of researchers involved in the protocol,
and for communication with all centers. Weekly meetings were
performed between researchers from the three centers.

The first patient was included in December 2019. The study
was interrupted in March 2020 due to the COVID-19 pandemic.
Recruitment was restarted in São Paulo in May 2021 and in
Salvador in July 2021.

The protocol is reported according to the Standard Protocol
Items: Recommendations for Intervention Trials (SPIRIT)
statement (Supplementary Materials).

Participants
The inclusion and exclusion criteria are shown in Table 1.
Subjects able to perform at least four of the tasks of the Jebsen–
Taylor test (JTT) are included. The JTT scores the time (in
seconds) required to perform activities often used in daily living:
copying a sentence; turning over cards; picking up small common
objects such as coins, bottle-cap, and paper clips; simulated
feeding using a spoon; stacking checkers; and moving large light
and heavy objects (32, 35).

Recruitment
Subjects are recruited in the community through advertisements
on websites or social media, and from admissions to HSR, HIAE,
and HCFMUSP. In the three hospitals, preliminary eligibility
is assessed according to information from medical records.
Information about the protocol is also sent to physicians or
therapists from these three institutions and from other hospitals
or clinics, to be disseminated to patients who may be interested
in participating in the study.

Subjects’ Characteristics
The following characteristics are evaluated at baseline
in the first experimental session (Figure 1): age, gender,
ethnicity, years of education, time from stroke, type of stroke
(ischemic/hemorrhagic), medications, lesion side/location,
etiology of ischemic strokes according to the Causative
Classification System (36) and scores in the following scales: the
Modified Rankin Scale, National Institutes of Health Stroke Scale
(NIHSS) (37), Modified Ashworth Scale (MAS—elbow, wrist,
and finger joints) (38), Oldfield Inventory (prior to stroke) (39),
Fugl-Meyer Assessment of Sensorimotor recovery (upper limb—
FMA) (40), Mini-Mental State Examination (37), Patient Health
Questionnaire-9 (PHQ-9) (41), and Edinburgh Handedness
Inventory (39). Assessments are performed by researchers
(therapists or medical students). Prior to the onset of patient
recruitment, all researchers had to be certified in performance of
the NIHSS (https://www.nihstrokescale.org/). After availability
of a certification of the Portuguese version of the MRS
(https://docs.google.com/forms/d/e/1FAIpQLSfJIzi6G9SH8VaP
xqe7txcK55ApfFRVvReWV37FRaARG6PbYQ/viewform), all
researchers involved in the MRS assessment were certified. A
video with demonstrations of how to administer and rate each
item of the FMA was produced, watched, and discussed in
meetings with all researchers, prior to realistic simulations in
which the researchers played roles of assessors and “patients.”
Data collection only started in each center after the local
principal investigator considered that characteristics of the
patients and outcomes had been consistently evaluated in the
realistic simulations. After the beginning of the COVID-19
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FIGURE 1 | Experimental paradigm. NIH, national institutes of health; PHQ-9, patient health questionnaire-9; MMSE, mini-mental state exam; MRI, magnetic

resonance imaging; RPSS, repetitive peripheral nerve sensory stimulation; JTT, jebsen–taylor test.

TABLE 1 | Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

• Age ≥ 18 years

• Ischemic or hemorrhagic

stroke confirmed by computed

tomography or magnetic

resonance imaging, between 7

days and 3 months before

enrollment (subacute phase),

and at least 6 months (chronic

phase)

• Ability to perform at least 4 of

7 tasks performed in daily life

that is part of the

Jebsen–Taylor test;

• Upper limb paresis

contralateral to the lesion

• Inability to provide consent

• Anesthesia of the paretic hand

• Severe spasticity at the paretic elbow,

fist or fingers, defined with a score larger

than 3 on the Modified Ashworth Scale

• Shoulder pain or join deformity in the

paretic limb

• Lesions affecting cerebellum, or

cerebellar pathways in the brainstem

• Uncontrolled psychiatric disease

• Neurological diseases such as Parkinson

disease or chronic uncontrolled chronic

disease such as cancer or cardiac

insufficiency

• Aphasia or severe cognitive deficit

pandemic, data were not collected for several months. All
researchers involved in the assessment of characteristics of
patients or outcomes were trained again before data collection
was restarted.

An experienced radiologist defines lesion locations
by the evaluation of MRI (FLAIR, T2, and T1-
weighted images—see “Imaging protocol”) as: right/left;
frontal/temporal/occipital/parietal/insular; corticosubcortical,
cortical, or subcortical; involving or not the precentral gyrus,

postcentral gyrus, centrum semiovale, corpus callosum,
posterior limb of the internal capsule, thalamus, basal ganglia,
mesencephalon, pons, or medulla.

At HIAE, the presence of motor-evoked potentials (MEPs)
to TMS is assessed by the principal investigator, who has been
trained and performed the procedure for the past 20 years,
in the absence of contraindications (42). A safety screening
questionnaire is filled before the procedure (43). TMS is delivered
to the affected hemisphere through a figure-of-eight-shaped
coil (MC B-70, outer diameter 100mm, max dB/dt31 kT/s
near the coil surface) held by an investigator, connected to
a biphasic MagPro X100 (Alpine Biomed). Electromyography
(EMG) activity is recorded at rest from the surface electrodes
placed over the abductor pollicis brevismuscle in the paretic hand.
EMG responses are amplified (× 1,000), filtered (2 Hz−2 kHz)
and sampled at 5 kHz with a computerized data acquisition
system built with the LabVIEW graphical programming language
(44). The intervals between TMS pulses are randomized between
5 and 7 s. If no MEPs are registered at 100% of the stimulator’s
output, they are considered “absent.”

Randomization, Allocation Concealment,
and Blinding
Patients are randomized to one of four groups: suprasensory or
subsensory in the EARLYgroup, suprasensory or subsensory in
the CHRONICgroup. The randomization sequence was created
by a statistician in an Excel spreadsheet in 12 blocks of 4
patients at HIAE or HCFMUSP and in 6 blocks of 4 patients
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at HSR, weighted 1:1 toward the suprasensory treatment group.
Randomization was stratified by phase after stroke (subacute
or chronic), gender, age (18–50, 51–79, ≥80 years), side of
upper limb paresis and baseline upper limb FMA scores (≤47/66
or >47/66). Randomization tables are kept in locked cabinets
accessed only by the principal investigator and the researcher
responsible for RPSS in each center, and password-protected files.

Researchers responsible for the evaluation of outcomes are
blinded to treatment allocation. All researchers received training
before the onset of data collection. Videos with instructions
for administration of the JTT were produced, and realistic
simulations were performed. Patients are not informed about the
type of stimulation they receive (suprasensory or subsensory) and
are naive to the experimental hypothesis. They are instructed not
to share their perceptions about the experimental sessions with
other participants and researchers.

Interventions
Suprasensory or subsensory RPSS was initially administered
in the second experimental session (Figure 1) at HSR and at
HIAE, and also in the third experimental session at HIAE. After
approval of an amendment in August 2021, RPSS started to
be administered in the first visit, after the assessment of the
patient characteristics. This protocol corresponds to version 5
of the project and includes all the amendments approved until
August 2021.

Subjects are comfortably seated during RPSS. Trains of
electrical pulses (1ms of duration for each) at a frequency of
10Hz are delivered at 1Hz (500ms on and 500ms off) to the
median nerve on the wrist by one pair of surface electrodes
(Kendall; cathode, proximal) connected to a customized
stimulator (Alfamedic Ltda, São Paulo, Brazil; maximum output,
130V). The median nerve is stimulated between the tendons of
the flexor carpi radialis and palmaris longus with the cathode
positioned 2–3 cm proximal to the wrist. Three measurements of
the minimum stimulation intensity required to elicit paresthesia
(sensory threshold) are performed.

For suprasensory stimulation, intensities are set at the
highest intensity able to induce paresthesia without overt muscle
contraction or pain and adjusted if required (21, 39, 45).
In subsensory, the intensity of stimulation is below sensory
threshold, not sufficient to elicit paresthesia (20).

Every 5min, participants are asked about the sensations
elicited by stimulation in order to avoid fluctuations in
wakefulness and in attention to the stimulated body part (46).
The intensity of stimulation is increased if paresthesia becomes
weaker, and lowered if they become uncomfortable or during
the 2-h period. Usually, it is necessary to adjust the intensity
of stimulation due to changes in the intensity of paresthesia
during the 2-h period. There may be changes in skin impedance
and subjects in the RPSS group may report increase or decrease
in paresthesia. The intensity of stimulation is then adjusted to
elicit strong paresthesia in the absence of pain or movement.
In the subsensory group, the initial intensity defined so that no
sensations are elicited may lead to paresthesia during the 2-h
period. When this occurs, the intensity of stimulation is lowered

below the sensory threshold. During RPSS, subjects watch videos
of their choice.

A single session of RPSS has been shown to improve motor
performance in the absence of training (19–22, 47) and to
enhance effects of training (11, 16, 18, 22). In session 3 (Figure 1),
patients are initially familiarized with the JTT by performing each
task once in two blocks of practice. Then, baseline assessments
are performed. After suprasensory RPSS or subsensory for 2 h,
the JTT scores and strength are reassessed. Then, the subjects
undergo two blocks of training of tasks of the JTT under the
supervision of a rehabilitation professional blinded to the type
of stimulation received (22). During motor training, subjects are
instructed to perform the JTT tasks that they can complete as
fast as possible. Two blocks of training are administered. In each
block, each task is performed once. JTT performance is reassessed
after training.

Adverse events are monitored during and immediately after
the stimulation. Studies included in a systematic review did not
report any serious adverse events (6). Two studies described
contact dermatitis on the skin under the electrode. If hyperemia
is identified after stimulation, this will be reported as an adverse
event. If it resolves spontaneously in 30min, no further action
is taken. If there is itching or persistent hyperemia, a topical
corticoid cream may be used. In all three centers, the visits and
experiments take place inside hospitals with medical resources. A
specific insurance policy for clinical trials was taken for financial
protection of the sponsor and researchers.

The visual analog scale (VAS) assessed before and after
stimulation and after training, to grade sleepiness, fatigue, and
anxiety (42).

Outcome Measures
Primary Outcome: Change in Motor Performance

After Stimulation
The primary outcome is change in the JTT performance
after stimulation, compared to baseline (Figure 1): (JTT pre-
stimulation – JTT post-stimulation/JTT pre stimulation) × 100.
The task of copying a sentence is not performed. Previous studies
showed that RPSS can enhance JTT performance and motor
learning in subjects in the chronic phase after stroke (20, 29).

Secondary Outcomes
Change in motor performance after training JTT is also assessed
after two blocks of training (Figure 1). Changes in JTT after
stimulation + training are calculated as: [(JTT post-stimulation
+ training – JTT pre-stimulation)/(JTT pre-stimulation)]× 100.

Hand Strength
Lateral pinch and grasp strength are measured with a
dynamometer (Saehan grip) according to a protocol with
established validity (44). In Session 3 (Figure 1), patients are
initially familiarized by performing lateral pinch and grisp
strength once, using the dynamometer. Then, for outcome
assessments, five trials of pinch and handgrip are performed
before and after stimulation (Figure 1). During each trial, the
patient is instructed to perform the movement for 5 s. The
average of five trials is calculated. Improvement in pinch strength
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after RPSS was previously described in separate studies that
included patients in the subacute (8) and chronic (39) post-stroke
phases (44).

Imaging Outcomes
Before and after RPSS, GABA+ (GABA plus coedited
macromolecules) levels, CBF assessed with arterial spin
labeling, and task-related BOLD fMRI activation are assessed at
HIAE. MRI is performed before and after suprasensory RPSS
or subsensory on a 3T Magnetom PRISMA scanner (Siemens
Medical Solutions, Erlangen, Germany) using a 64-channel 1H
receive-only head coil, without contraindications.

A standard questionnaire is used to assess potential exclusion
criteria for MRI (Supplementary Materials). The following
sequences are acquired: MEGA-PRESS (48), BOLD fMRI (TR:
2,000ms, TE: 25ms, matrix 84 × 84, FOV 210mm, number of
slices: 42, slice thickness: 2.5mm, voxel: 2.5mm) and perfusion
(3D GRASE Pseudo-Continuous Arterial Spin Labeling, pCASL;
TR: 4,300ms, TE: 36.76ms, bandwidth: 2,604 Hz/Px, label time
1,500ms, post-labeling delay: 2,000ms). In addition, before RPSS
a high resolution T1 volumetric (voxel size: 0.5 × 0.5 × 1
mm3, matrix size: 256 × 256, field of view: 256 × 256 mm2,
TR: 2,500ms, TE: 3.47ms, TI: 1,100ms, flip angle: 7 degrees)
and after, DWI (voxel size: 2mm, isotropic; TR:10,200ms;
TE:103ms) and GRE (voxel size: 0.9mm × 0.9mm × 5mm,
matrix size: 256 × 192, field of view: 240mm, TR: 250ms,
TE:15ms) are acquired.

The GABA spectroscopy data are collected with MEGA-
PRESS (30 × 30 × 30 mm3 voxel, TR 2,000ms, TE 68ms; water
suppression band set to 4.7 ppm, and an editing band alternated
between 1.9 ppm and 7.5 ppm in even and odd acquisitions; 192
averages-−96 “edit off” and 96 “edit on”) and a water reference
scan using the MEGA-PRESS sequence without MEGA water
suppression. Data are collected first from the right and then
from the left cerebral hemispheres. Therefore, the ipsilesional and
contralesional hemispheres are assessed. In each hemisphere, the
region of interest is centered on the “hand knob” in the primary
motor cortex (49). Patients are instructed to keep their eyes closed
during imaging acquisition.

During fMRI scans, six blocks of finger tapping followed by
rest are performed. Before being scanned, subjects practice a self-
paced rhythmic finger tapping task consisting of 6 epochs of 30 s
of finger tapping alternated with epochs of 30 s rest. Patients are
instructed to keep their eyes open. Performance of finger tapping
is not one of the inclusion criteria but because patients must be
able to perform the JTT in order to be included, only patients
with mild upper limb impairments participate in the study. All
patients are encouraged to try to perform the task as accurately
as possible. It is possible that some patients, despite mild motor
impairments, are not able to accurately perform finger tapping.
In order to check task performance, finger tapping during fMRI
is videotaped. Two researchers review all the videos. Data from
patients unable to perform finger tapping are excluded from
the analysis.

Sleepiness can potentially influence task performance and
GABA levels. Subjects are instructed not to drink alcohol 48 h
before the tests, sleep the night before, drink the usual amount

of coffee, and do not perform vigorous physical activity on the
day of the test. Before MRI (Figure 1), the Epworth Sleepiness
Scale is evaluated (50). VAS scores for sleepiness, fatigue, and
anxiety (51), blood pressure, and heart rate are assessed before
and after MRI.

Imaging Data Analysis
GABA Spectroscopy
Data processing for the GABA quantification is carried out using
Gannet v. 3.1.5, an open-source software coded with MatLab
(52). Ratios of GABA levels between the affected and unaffected
hemispheres, before and after suprasensory or subsensory RPSS,
will be compared (53) in the EARLY and the CHRONIC groups.
The pipeline for analysis is shown in Supplementary Materials.

pCASL Data
Post-processing of pCASL data is performed offline using a
Java-based software package called CereFlow (TranslationalMRI,
LLC, Los Angeles, CA, USA). First, label and control paired
ASL images are corrected for motion and physiological noise
using principal component analysis (54). Subsequently, pairwise
subtraction between label and control images is performed,
averaging to generate the mean difference dataset. CBF is then
calculated using the standard pCASL model recommended by
ASL white paper (55). The computed CBF maps are then
normalized into a canonical space of the Montreal Neurological
Institute template. Once normalized, an additional template of
cerebral vascular territories is applied to extract the average CBF
values in the following regions: leptomeningeal and perforating
anterior cerebral artery, leptomeningeal and perforating middle
cerebral artery, posterior cerebral artery, anterior choroidal
artery, and posterior communicating artery on both (56).
Furthermore, the Alberta Stroke Program Early CT Score system
is applied to extract average CBF and arterial transit time (ATT)
values in M1—M6 perfusion territories, the caudate nucleus, the
lentiform nucleus, and the internal capsule (57, 58).

FMRI Pre-processing
The FMRI data processing is performed using FMRI Expert
Analysis Tool (FEAT) Version 6.00 in FSL1 High-resolution
registration to the MNI152 standard space image is carried
out using FLIRT (59, 60). To properly register patient’s brain
images into standard space, we use spatial normalization using
cost function masking (61), first registering functional images
into patients’ T1 images, and then to MNI 152 standard space
using a lesion mask to down-weight affected tissue during the
registration process. Lesion masks will be hand-drawn by a
researcher who received extensive training in how to perform
this procedure. The following pre-statistics processing is applied:
motion correction using MCFLIRT (60), slice-timing correction
using Fourier-space time-series phase-shifting, non-brain tissue
removal using BET (62), spatial smoothing using a Gaussian
kernel of FWHM 5mm, grand-mean intensity normalization
of the entire 4D dataset by a single multiplicative factor, and
high-pass temporal filtering (Gaussian-weighted least-squares

1FMRIB’s Software Library, https://www.fmrib.ox.ac.uk/fsl
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straight line fitting, with sigma = 120 s). Time-series statistical
analysis is carried out using FILM with local autocorrelation
correction (62).

Sample Size
Considering the SD of the data from Conforto et al. (22), it was
estimated that to assess the primary outcome with a power of
80%, 68 patients should be included in the protocol. Considering
an expected 5% dropout rate, the sample size was increased to 72.
Half of the patients will have <6 months post-stroke and half, at
least 6 months. Forty-eight patients will be included at HIAE or
HCFMUSP and 24 at HSR.

Data Monitoring
The assessments of behavioral outcomes are videotaped. Since
May 2021, all the data have been entered in electronic case report
forms built in the REDCap platform (redcap.einstein.br). The
data registered in paper forms before the onset of the COVID-19
pandemic were also entered in the platform. The forms detail all
the procedures and definitions used in the protocol. The principal
investigator oversees the conduct of the study, has meetings with
the researchers at least once a week, and reviews the data at
least once a month. All data are stored in secure servers in the
research centers, with password and computer access restricted
to researchers involved in the project.

Quality of imaging data is checked after each MRI by the
author BH. Quality of ASL data is also checked by the author
DJJW before analysis.

All the procedures in the protocol must follow Good Clinical
Practice guidelines. Every 6 months, an independent Research
Integrity Committee audits all the documents from the protocol,
including consent forms, case report forms, standard operating
procedures, and reports submitted to the Ethics Committee.

The local principal investigators from the three centers are
given access to the data sets available on the password-protected
REDCap platform. To ensure confidentiality, data shared with
all the project team members are blinded from any identifying
participant information.

Statistical Analysis
Mean (±SD) or median (ranges) is presented according to the
data distribution. Normality is tested with the Shapiro–Wilk
test. Changes in JTT scores, strength, GABA levels, and CBF
are compared between the four groups with general linear
models or generalized estimating equation models with factors
INTERVENTION (suprasensory/subsensory) and GROUP
(subacute/chronic) according to the distribution of the data. The
p-values below 0.05 are considered statistically significant.

For perfusion analyses, ratios between CBF in the
affected/unaffected hemisphere and ratios between CBF in
each region of interest in the affected/unaffected hemisphere
are assessed. Due to the exploratory nature of these analyses,
corrections for multiple comparisons are not performed.

For fMRI, a statistical analysis is implemented using a general
linear model approach. Activity in ipsilesional and contralesional
M1 during finger tapping is modeled by 30 s boxcar convolved
with a double gamma function regressor. We also include a

regressor with the first temporal derivative of the main regressor
and nuisance regressors derived from the extended motion
parameters. Two first-level analyses per participant are run,
one pre-stimulation and one post-stimulation. Second level of
analysis is carried to estimate the within-subject contrast between
pre- and post-stimulation using a fixed-effects model, by forcing
the random effects to zero in FLAME (FMRIB’s Local Analysis
of Mixed Effects) (63–65). At the third level of analysis, we
estimate contrasts for each group of participants using one-
sample t-tests to verify if there were effects of stimulation and
independent t-tests to see changes between groups using a mixed
effects model in FLAME (FMRIB’s Local Analysis of Mixed
Effects) stage 1 (63–65). Z (Gaussianized T/F) statistic images
are thresholded using clusters determined by Z > 3.1 and a
corrected cluster significance threshold of p = 0.05 (66). If
there is a significant difference in change in motor performance
(JTT or strength) between suprasensory and subsensory groups
in either the chronic or subacute stage after stroke, bivariate
analyses are performed (regressions or chi-square tests) to assess
the relationship between each of these variables at baseline, and
the magnitude of the improvement in behavior: baseline JTT
or strength, age, sex, the intensity of RPSS (relative to sensory
threshold), extent of BOLD activation (number of voxels and
signal intensity) in M1, CBF (global and regional), or GABA
concentration inM1 at baseline.Multiple regression is performed
to assess the effects of variables if p-values are below 0.1 in
bivariate analyses 0.05 (66).

DISCUSSION

Effective telerehabilitation options are deeply needed due to
the constraints that the COVID-19 pandemic have imposed on
face-to-face treatment. RPSS is a strong candidate as an add-
on therapy to the upper limb motor training in this context
because it provides neuromodulation utilizing a portable device.
Operation of the device is straightforward. If future clinical
trials can confirm the benefits of this intervention to subjects
with stroke, and if RPSS can be safely administered by patients,
relatives, or caregivers, in line with the results from Dos Santos-
Fontes et al. (67), a novel tool for home-based neurorehabilitation
may emerge for clinical practice. The results of this proof-
of-principle study in which a single session of stimulation is
delivered are relevant to plan clinical trials in which several
sessions of stimulation are administered, as performed in other
studies that assessed effects of RPSS in outpatient facilities (20,
68–71).

The first studies about interventions’ effects on motor
rehabilitation in stroke were published more than two
decades ago. Yet, the evidence of clinical benefit for these
interventions is scarce, and doubts have been shed about
their future as therapeutic strategies (72). Major reasons
for the gap between studies performed in neuromodulation
laboratories and evidence-based rehabilitation practice are
insufficient comprehension of mechanisms underlying different
interventions, and the inclusion of patients with heterogeneous
characteristics in proof-of-principle studies and clinical
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trials. Stroke is a heterogeneous condition and a “one-size-
fits-all” approach is unlikely to significantly impact motor
rehabilitation (73–75).

Examples of success of therapeutic approaches that target
particular types of patients can be found in studies that led
to novel reperfusion treatments in the hyperacute phase after
stroke. For instance, after several trials that failed to prove benefit
of mechanical thrombectomy (76), studies that included novel
devices and narrowed eligibility criteria according to specific
neurobiological hypotheses according to clinical and imaging
characteristics showed that, for patients more likely to benefit,
mechanical thrombectomy is a game-changing strategy (77).

This study aims to compare the effects of a single session
of RPSS on learning and motor performance of patients after
stroke in two different stages—chronic and subacute. The results
of this study will be critical to help close one of the gaps
about effects of RPSS on the performance and motor learning
in subjects with stroke. They will be relevant to inform future
clinical trials based on mechanisms to tailor RPSS to patients
more likely to benefit from this intervention. This goal is
achieved by comparing behavioral effects according to time
after stroke (primary outcome) and by providing preliminary
evidence of mechanisms underlying these effects (secondary
outcomes). If there is a relation between time after stroke,
GABA levels, BOLD activation or CBF measured with ASL,
and responsiveness to RPSS as an add-on treatment to motor
training, these factors should be considered to select patients for
clinical trials.

One limitation of this study is that only patients with
mild-to-moderate upper limb impairments are included.
This strategy was adopted because this is a proof-of-
principle study and eligibility criteria were narrowed to test
a specific hypothesis. More work will be necessary to test
whether the effects of RPSS differ according to the time
after stroke, in patients with moderate-to-severe upper limb
motor impairments.

Another potential limitation of this study is the choice of
the control stimulation. There is no consensus about the best
control or sham condition for RPSS. According to a standard
definition, “sham is an arm type in which a group of participants
receives a procedure or device that appears to be the same as the
actual procedure or device being studied but does not contain
active processes or components”2 We opted for subsensory
stimulation—the stimulator is on, but subjects do not have
paresthesia. Other possible controls are no stimulation (with or
without placement of electrodes on the skin) or leg stimulation
(11, 12, 14). A disadvantage of no stimulation is that subjects may
conclude that they are not receiving active treatment, to the lack
of paresthesia at any point during the experiment. A limitation of
subsensory stimulation is that, in the 1st weeks after stroke (44),
this intervention may have similar effects to stimulation above

2Glossary of Common Site Terms, https://clinicaltrials.gov/ct2/about-studies/
glossary.

sensory threshold in the chronic phase. A caveat of stimulation
of lower limb nerves is that subjects may deduct that this consists
of a control/sham intervention if the upper limb performance is
tested, or if the upper limb training is provided as part of the
experimental protocol. Further studies are necessary to compare
patients’ perceptions about different types of controls for RPSS.

In summary, the results of the protocol “Comparison
between the mechanisms underlying the effects of peripheral
repetitive stimulation on upper limb motor performance in
the subacute and chronic phases after stroke” will be relevant
to inform future clinical trials in order to tailor RPSS to
patients more likely to benefit from this intervention, in
early or chronic stages. In addition, this study will provide
preliminary data about mechanisms underlying effects of this
intervention on GABA levels in the primary motor cortex,
BOLD activation, and CBF perfusion in different stages
after stroke.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comitê de Ética em Pesquisa, Hospital Israelita
Albert Einstein. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AC, BH, EA, GS, and IS contributed to conception and design
of the study. AC wrote the first draft of the manuscript. DW,
FZ, GR, JK, MO, and RA wrote sections of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

FUNDING

This work was funded by Fundação de Amparo à Pesquisa
do Estado de São Paulo (FAPESP—grant 2018/03737-8).
MO received a grant from FAPESP (2019/27859-8). FZ
received a grant from MISTI (MIT International Science
and Technology Initiatives) through MIT-Brazil Remote
Internship—Experiential Learning Opportunities (ELO).
AC received a grant from Conselho de Desenvolvimento
Científico e Tecnológico (CNPQ, productivity grant
303070/2019-6). The funding source had no role in the
design of this research and will not have any role during its
execution, analyses, interpretation of the data, or decision to
submit results.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.779128/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org 8 February 2022 | Volume 13 | Article 779128

https://clinicaltrials.gov/ct2/about-studies/glossary
https://clinicaltrials.gov/ct2/about-studies/glossary
https://www.frontiersin.org/articles/10.3389/fneur.2022.779128/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kroth et al. Peripheral Stimulation in Stroke

REFERENCES

1. Krakauer JW. Motor learning: its relevance to stroke recovery
and neurorehabilitation. Curr Opin Neurol. (2006) 19:84–
90. doi: 10.1097/01.wco.0000200544.29915.cc

2. Feigin VL, Lawes, CM, Bennett, DA, Anderson, et al. Stroke epidemiology:
a review of population-based studies of incidence, prevalence, and
case-fatality in the late 20th century. Lancet Neurol. (2003) 1:43–
53. doi: 10.1016/S1474-4422(03)00266-7

3. Pollock A, Gray C, Culham E, Durward BR, Langhhorne P. Interventions for
improving sit-to-stand ability following stroke. Cochrane Database Syst Rev.
(2014) 5:1–77. doi: 10.1002/14651858.CD007232.pub4

4. Fisicaro F, Lanza G, Grasso AA, Pennisi G, Bella R, Paulus W, et al.
Repetitive transcranial magnetic stimulation in stroke rehabilitation: review
of the current evidence and pitfalls. Ther Adv Neurol Disord. (2019)
12:1756286419878317. doi: 10.1177/1756286419878317

5. Elsner B, Kugler J, PohlM,Mehrholz J. Transcranial direct current stimulation
(tDCS) for improving activities of daily living, and physical and cognitive
functioning, in people after stroke. Cochrane Database Syst Rev. (2016)
3:CD009645. doi: 10.1002/14651858.CD009645.pub3

6. Conforto AB, Dos anjos SM, BernardoWM, Silva AAD, Conti J, Machado AG,
et al. Repetitive peripheral sensory stimulation and upper limb performance
in stroke: a systematic review and meta-analysis. Neurorehabil Neural Repair.
(2018) 32:863–71. doi: 10.1177/1545968318798943

7. Wu CW, Van Gelderen P, Hanakawa T, Yaseen Z, Cohen LG. Enduring
representational plasticity after somatosensory stimulation. Neuroimage.

(2005) 27:872–84. doi: 10.1016/j.neuroimage.2005.05.055
8. Ridding MC, McKay DR, Thompson PD, Miles TS. Changes in

corticomotor representations induced by prolonged peripheral
nerve stimulation in humans. Clin Neurophysiol. (2001) 112:1461–
9. doi: 10.1016/S1388-2457(01)00592-2

9. Ridding MC, Brouwer B, Miles TS, Pitcher JB, Thompson PD. Changes in
muscle responses to stimulation of the motor cortex induced by peripheral
nerve stimulation in human subjects. Exp Brain Res. (2000) 131:135–
43. doi: 10.1007/s002219900269

10. Kaelin-Lang A, Luft AR, Sawaki L, Burstein AH, Sohn YH, Cohen LG.
Modulation of human corticomotor excitability by somatosensory input. J
Physiol. (2002) 540:623–33. doi: 10.1113/jphysiol.2001.012801

11. Sawaki L, Wu CW, Kaelin-Lang A, Cohen LG. Effects of somatosensory
stimulation on use-dependent plasticity in chronic stroke. Stroke. (2006)
37:246–7. doi: 10.1161/01.STR.0000195130.16843.ac

12. Celnik P, Paik NJ, Vandermeeren Y, Dimyan M, Cohen LG. Effects
of combined peripheral nerve stimulation and brain polarization on
performance of a motor sequence task after chronic stroke. Stroke. (2009)
40:1764–71. doi: 10.1161/STROKEAHA.108.540500

13. Celnik P, Hummel F, Harris-Love M, Wolk R, Cohen LG. Somatosensory
stimulation enhances the effects of training functional hand tasks in
patients with chronic stroke. Arch Phys Med Rehabil. (2007) 88:1369–
76. doi: 10.1016/j.apmr.2007.08.001

14. Wu CW, Seo HJ, Cohen LG. Influence of electric somatosensory stimulation
on paretic-hand function in chronic stroke. Arch Phys Med Rehabil. (2006)
87:351–7. doi: 10.1016/j.apmr.2005.11.019

15. Hara Y. Brain plasticity and rehabilitation in stroke patients. J Nippon Med

Sch. (2015) 82:4–13. doi: 10.1272/jnms.82.4
16. Schabrun SM, Ridding MC, Galea MP, Hodges PW, Chipchase LS.

Primary sensory and motor cortex excitability are co-modulated in
response to peripheral electrical nerve stimulation. PLoS ONE. (2012)
7:e51298. doi: 10.1371/journal.pone.0051298

17. Chipchase LS, Schabrun SM, Hodges PW. Peripheral electrical stimulation
to induce cortical plasticity: a systematic review of stimulus parameters. Clin
Neurophysiol. (2011) 122:456–63. doi: 10.1016/j.clinph.2010.07.025

18. Bolognini N, Russo C, Edwards DJ. The sensory side of post-
stroke motor rehabilitation. Restor Neurol Neurosci. (2016)
34:571–86. doi: 10.3233/RNN-150606

19. Klaiput A, Kitisomprayoonkul W. Increased pinch strength in
acute and subacute stroke patients after simultaneous median
and ulnar sensory stimulation. Neurorehabil Neural Repair. (2009)
23:351–6. doi: 10.1177/1545968308324227

20. Conforto AB, Ferreiro KN, Tomasi C, Dos Santos RL, Moreira
VL,Marie SKN et al. Effects of somatosensory stimulation on motor
function after subacute stroke. Neurorehabil Neural Repair. (2010)
24:263–72. doi: 10.1177/1545968309349946

21. Conforto AB, Kaelin-lang A, Cohen LG. Increase in hand muscle strength of
stroke patients after somatosensory stimulation. Ann Neurol. (2002) 51:122–
5. doi: 10.1002/ana.10070

22. Conforto AB, Cohen LG, dos Santos RL, Scaff M, Marie SK. Effects of
somatosensory stimulation on motor function in chronic cortico-subcortical
strokes. J Neurol. (2007) 254:333–9. doi: 10.1007/s00415-006-0364-z

23. Carmichael LST. Brain excitability in stroke: the yin and yang of stroke
progression.ArchNeurol. (2012) 69:161–7. doi: 10.1001/archneurol.2011.1175

24. Grefkes C, Nowak DA, Eickhoff SB, Dafotakis M, Küst J, Karbe
H, et al. Cortical connectivity after subcortical stroke assessed with
functional magnetic resonance imaging. Ann Neurol. (2008) 63:236–
46. doi: 10.1002/ana.21228

25. Huynh W, Krishnan AV, Vucic S, Lin CS et al. Motor cortex
excitability in acute cerebellar infarct. Cerebellum. (2013)
12:826–34. doi: 10.1007/s12311-013-0493-8

26. Kang N, Weingart, A, Cauraugh JH. Transcranial direct current
stimulation and suppression of contralesional primary motor cortex
post-stroke: a systematic review and meta-analysis. Brain Inj. (2018)
32:1063–70. doi: 10.1080/02699052.2018.1481526

27. Bai X, Guo Z, He L, Ren L, McClure MA, Mu Q. Different therapeutic effects
of transcranial direct current stimulation on upper and lower limb recovery of
stroke patients with motor dysfunction: a meta-analysis. Neural Plast. (2019)
2019:1372138. doi: 10.1155/2019/1372138

28. Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, et al. Effect
of constraint-induced movement therapy on upper extremity function 3 to
9 months after stroke: the EXCITE randomized clinical trial. JAMA. (2006)
296:2095–104. doi: 10.1001/jama.296.17.2095

29. Dromerick AW, Lang CE, Birkenmeier RL, Wagner JM, Miller JP,
Videen TO, et al. Very Early Constraint-Induced Movement during Stroke
Rehabilitation (VECTORS): A single-center RCT. Neurology. (2009) 73:195–
201. doi: 10.1212/WNL.0b013e3181ab2b27

30. Luft AR, Kaelin-lang A, Hauser TK., Buitrago MM, Thakor NV, Hanley DF,
et al. Modulation of rodent cortical motor excitability by somatosensory
input. Exp Brain Res. (2002) 142:562–9. doi: 10.1007/s00221-001-
0952-1

31. Fraser C, Power M, Hamdy S, Rothwell, J, Hobday D, Hollander I,
et al. Driving plasticity in human adult motor cortex is associated with
improved motor function after brain injury. Neuron. (2002) 34:831–
40. doi: 10.1016/S0896-6273(02)00705-5

32. Hamdy S, Rothwell JC, Aziz Q, Singh KD, Thompson DG. Long-term
reorganization of human motor cortex driven by short-term sensory
stimulation. Nat Neurosci. (1998) 1:64–8. doi: 10.1038/264

33. Heba S, Puts NA, Kalisch T, Glaubitz B, Haag LM, Lenz M, et al.
Local GABA concentration predicts perceptual improvements after
repetitive sensory stimulation in humans. Cereb Cortex. (2016)
26:1295–301. doi: 10.1093/cercor/bhv296

34. Li CX, Callaway JC, Waters RS. Removal of GABAergic inhibition alters
subthreshold input in neurons in forepaw barrel subfield (FBS) in rat first
somatosensory cortex (SI) after digit stimulation. Exp Brain Res. (2002)
145:411–28. doi: 10.1007/s00221-002-1124-7

35. Jebsen RH, Taylor N, Trieschmann RB, Trotter MJ, Howard LA. An
objective and standardized test of hand function. Arch Phys Med Rehabil.

(1969) 50:311–9.
36. Arsava EM, Ballabio E, Benner T, Cole JW, Delgado-Martinez MP,

Dichgans M, et al. The Causative Classification of Stroke system: an
international reliability and optimization study. Neurology. (2010) 75:1277–
84. doi: 10.1212/WNL.0b013e3181f612ce

37. Cincura C, Pontes-Neto OM, Neville IS, Mendes HF, Menezes DF, Mariano
DC, et al. Validation of the national institutes of health stroke scale,
modified rankin scale and barthel index in brazil: the role of cultural
adaptation and structured interviewing. Cerebrovasc Dis. (2009) 27:119–
22. doi: 10.1159/000177918

38. Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale
of muscle spasticity. Phys Ther. (1987) 67:206–7. doi: 10.1093/ptj/67.2.206

Frontiers in Neurology | www.frontiersin.org 9 February 2022 | Volume 13 | Article 779128

https://doi.org/10.1097/01.wco.0000200544.29915.cc
https://doi.org/10.1016/S1474-4422(03)00266-7
https://doi.org/10.1002/14651858.CD007232.pub4
https://doi.org/10.1177/1756286419878317
https://doi.org/10.1002/14651858.CD009645.pub3
https://doi.org/10.1177/1545968318798943
https://doi.org/10.1016/j.neuroimage.2005.05.055
https://doi.org/10.1016/S1388-2457(01)00592-2
https://doi.org/10.1007/s002219900269
https://doi.org/10.1113/jphysiol.2001.012801
https://doi.org/10.1161/01.STR.0000195130.16843.ac
https://doi.org/10.1161/STROKEAHA.108.540500
https://doi.org/10.1016/j.apmr.2007.08.001
https://doi.org/10.1016/j.apmr.2005.11.019
https://doi.org/10.1272/jnms.82.4
https://doi.org/10.1371/journal.pone.0051298
https://doi.org/10.1016/j.clinph.2010.07.025
https://doi.org/10.3233/RNN-150606
https://doi.org/10.1177/1545968308324227
https://doi.org/10.1177/1545968309349946
https://doi.org/10.1002/ana.10070
https://doi.org/10.1007/s00415-006-0364-z
https://doi.org/10.1001/archneurol.2011.1175
https://doi.org/10.1002/ana.21228
https://doi.org/10.1007/s12311-013-0493-8
https://doi.org/10.1080/02699052.2018.1481526
https://doi.org/10.1155/2019/1372138
https://doi.org/10.1001/jama.296.17.2095
https://doi.org/10.1212/WNL.0b013e3181ab2b27
https://doi.org/10.1007/s00221-001-0952-1
https://doi.org/10.1016/S0896-6273(02)00705-5
https://doi.org/10.1038/264
https://doi.org/10.1093/cercor/bhv296
https://doi.org/10.1007/s00221-002-1124-7
https://doi.org/10.1212/WNL.0b013e3181f612ce
https://doi.org/10.1159/000177918
https://doi.org/10.1093/ptj/67.2.206
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kroth et al. Peripheral Stimulation in Stroke

39. Oldfield RC. The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia. (1971) 9:97–
113. doi: 10.1016/0028-3932(71)90067-4

40. Sullivan KJ, Tilson JK, Cen SY, Rose DK, Hershberg J, Correa A, et al.
Fugl-Meyer assessment of sensorimotor function after stroke: standardized
training procedure for clinical practice and clinical trials. Stroke. (2011)
42:427–32. doi: 10.1161/STROKEAHA.110.592766

41. Dajpratham P, Pukrittayakamee P, Atsariyasing W, Wannarit K,
Boonhong J, Pongpirul K. The validity and reliability of the PHQ-
9 in screening for post-stroke depression. BMC Psychiatry. (2020)
20:291. doi: 10.1186/s12888-020-02699-6

42. Rossi S, Hallett M, Rossini PM, Pascual-leone A. Safety, ethical considerations,
and application guidelines for the use of transcranial magnetic stimulation
in clinical practice and research. Clin Neurophysiol. (2009) 120:2008–
39. doi: 10.1016/j.clinph.2009.08.016

43. Keel JC, Smith MJ, Wassermann EM. A safety screening questionnaire
for transcranial magnetic stimulation. Clin Neurophysiol. (2001)
112:720. doi: 10.1016/S1388-2457(00)00518-6

44. Kaelin-Lang A, Cohen LG. Enhancing the quality of studies using transcranial
magnetic and electrical stimulation with a new computer-controlled system. J
Neurosci Methods. (2000) 102:81–9. doi: 10.1016/S0165-0270(00)00284-3

45. Menezes IS, Cohen LG, Mello EA, Machado AG, Peckham PH, Anjos SM,
et al. Combined brain and peripheral nerve stimulation in chronic stroke
patients withmoderate to severemotor impairment.Neuromodulation. (2018)
21:176–83. doi: 10.1111/ner.12717

46. Rosenkranz K, Rothwell JC. Spatial attention affects sensorimotor
reorganisation in human motor cortex. Exp Brain Res. (2006)
170:97–108. doi: 10.1007/s00221-005-0173-0

47. Koesler IB, Dafotakis M, Ameli M, Fink GR, Nowak DA. Electrical
somatosensory stimulation modulates hand motor function in healthy
humans. J Neurol. (2008) 255:1567–7. doi: 10.1007/s00415-008-0990-8

48. MescherM,Merkle H, Kirsch J, GarwoodM, Gruetter R. Simultaneous in vivo
spectral editing and water suppression. NMR Biomed. (1998) 11:266.

49. Yousry TA, Schmid UD, Alkadhi H, Schmidt D, Peraud A, Buettner A, et al.
Localization of the motor hand area to a knob on the precentral gyrus. A new
landmark. Brain. (1997) 120:141–57. doi: 10.1093/brain/120.1.141

50. Bertolazi AN, Fagondes SC, Hoff LS, Pedro VD, Menna Barreto SS,
Johns MW. Portuguese-language version of the Epworth sleepiness
scale: validation for use in Brazil. J Bras Pneumol. (2009) 35:877–
83. doi: 10.1590/S1806-37132009000900009

51. Stern, RA. Visual analogue mood scales to measure internal mood state in
neurologically impaired patients: Description and initial validity evidence.
In: Arruda, JE HC, Wolfner GD, Morey CE., editors. Aphasiology. (1997)
1997:59–71. doi: 10.1080/02687039708248455

52. Edden RA, Puts NA, Harris AD, Barker PB, Evans CJ. Gannet: A batch-
processing tool for the quantitative analysis of gamma-aminobutyric acid–
edited MR spectroscopy spectra. J Magn Reson Imaging. (2014) 40:1445–
52. doi: 10.1002/jmri.24478

53. O’Shea J, Boudrias MH, Stagg CJ, Bachtiar V, Kischka U, Blicher JU,
et al. Predicting behavioural response to TDCS in chronic motor stroke.
Neuroimage. (2014) 85:924–33. doi: 10.1016/j.neuroimage.2013.05.096

54. Shao X, Tisdall MD, Wang DJ, van der Kouwe AJW. Prospective motion
correction for 3D GRASE pCASL with volumetric navigators. Proc Int Soc

Magn Reson Med Sci Meet Exhib Int Soc Magn Reson Med Sci Meet Exhibt.

(2017) 25:680. https://www.ncbi.nlm.nih.gov/pubmed/29643745
55. Alsop DC, Detre JA, Golay X, Günther M, Hendrikse J, Hernandez-Garcia L,

et al. Recommended implementation of arterial spin-labeled perfusion MRI
for clinical applications: A consensus of the ISMRM perfusion study group
and the European consortium for ASL in dementia.Magn Reson Med. (2015)
73:102–16. doi: 10.1002/mrm.25197

56. Wang DJ, Alger JR, Qiao JX, Gunther M, Pope WB, Saver JL, et al. Multi-
delay multi-parametric arterial spin-labeled perfusion MRI in acute ischemic
stroke - Comparison with dynamic susceptibility contrast enhanced perfusion
imaging. Neuroimage Clin. (2013) 3:1–7. doi: 10.1016/j.nicl.2013.06.017

57. Aviv RI, Mandelcorn J, Chakraborty S, Gladstone D, Malham S, Tomlinson
G, et al. Alberta stroke program early CT scoring of CT perfusion in early
stroke visualization and assessment. AJNR Am J Neuroradiol. (2007) 28:1975–
80. doi: 10.3174/ajnr.A0689

58. Yu S, Ma SJ, Liebeskind DS, Yu D, Li N, Qiao XJ, et al. ASPECTS-based
reperfusion status on arterial spin labeling is associated with clinical outcome
in acute ischemic stroke patients. J Cereb Blood Flow Metab. (2018) 38:382–
92. doi: 10.1177/0271678X17697339

59. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration andmotion correction of brain images.
Neuroimage. (2002) 17:825–41. doi: 10.1006/nimg.2002.1132

60. Jenkinson M, Smith S. A global optimisation method for robust
affine registration of brain images. Med Image Anal. (2001)
5:143–56. doi: 10.1016/S1361-8415(01)00036-6

61. Brett M, Leff AP, Rorden C, Ashburner J. Spatial normalization of brain
images with focal lesions using cost function masking. Neuroimage. (2001)
14:486–500. doi: 10.1006/nimg.2001.0845

62. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. (2002)
17:143–55. doi: 10.1002/hbm.10062

63. Beckmann CF, Jenkinson M, Smith SM. General multilevel
linear modeling for group analysis in FMRI. Neuroimage. (2003)
20:1052–63. doi: 10.1016/S1053-8119(03)00435-X

64. Woolrich M. Robust group analysis using outlier inference. Neuroimage.

(2008) 41:286–301. doi: 10.1016/j.neuroimage.2008.02.042
65. Woolrich MW, Behrens TE, Beckmann CF, Jenkinson M, Smith SM.

Multilevel linear modelling for FMRI group analysis using Bayesian inference.
Neuroimage. (2004) 21:1732–47. doi: 10.1016/j.neuroimage.2003.12.023

66. Worsley KJ. Statistical Analysis of Activation Images. Functional Magnetic

Resonance Imaging: An Introduction toMethods. Oxford: University of Oxford
(2001). doi: 10.1093/acprof:oso/9780192630711.003.0014

67. Dos Santos-Fonte RL, Ferreiro de Andrade KN, Sterr A, Conforto AB. Home-
based nerve stimulation to enhance effects of motor training in patients in
the chronic phase after stroke: a proof-of-principle study.Neurorehabil Neural
Repair. (2013) 27:483–90. doi: 10.1177/1545968313478488

68. Fleming MK, Sorinola IO, Roberts-Lewis SF, Wolfe CD, Wellwood I,
Newham DJ. The effect of combined somatosensory stimulation and task-
specific training on upper limb function in chronic stroke: a double-blind
randomized controlled trial. Neurorehabil Neural Repair. (2015) 29:143–
52. doi: 10.1177/1545968314533613

69. Carrico C, Chelette KC, Westgate PM, Powell E, Nichols L, Fleischer A,
et al. Nerve stimulation enhances task-oriented training in chronic, severe
motor deficit after stroke: a randomized trial. Stroke. (2016) 47:1879–
84. doi: 10.1161/STROKEAHA.116.012671

70. Carrico C, Chelette KC, Westgate PM, Salmon-Powell E, Nichols L, Sawaki
L. Randomized trial of peripheral nerve stimulation to enhance modified
constraint-induced therapy after stroke. Am J Phys Med Rehabil. (2016)
95:397–406. doi: 10.1097/PHM.0000000000000476

71. Carrico C, Westgate PM, Salmon Powell E, Chelette KC, Nichols L, Pettigrew
LC, et al. Nerve stimulation enhances task-oriented training for moderate-
to-severe hemiparesis 3-12 months after stroke: a randomized trial. Am
J Phys Med Rehabil. (2018) 97:808–15. doi: 10.1097/PHM.00000000000
00971

72. Terranova C, Rizzo V, Cacciola A, Chillemi G, Calamuneri A, Milardi D, et al.
Is there a future for non-invasive brain stimulation as a therapeutic tool? Front
Neurol. (2018) 9:1146. doi: 10.3389/fneur.2018.01146

73. Clark E, Bennett K, Ward N, Jones F. One size does not fit all -
Stroke survivor’s views on group self-management interventions.
Disabil Rehabil. (2018) 40:569–76. doi: 10.1080/09638288.2016.12
68653

74. Conforto A, Sterr A, Plow E, Cohen L. Interventions to enhance adaptive
plasticity after stroke: from mechanisms to therapeutic perspectives. Neural
Plast. (2016) 2016:9153501. doi: 10.1155/2016/9153501

75. Plow EB, Sankarasubramanian V, Cunningham DA, Potter-Baker K, Varnerin
N, Cohen LG, et al. Models to tailor brain stimulation therapies in stroke.
Neural Plast. (2016) 2016:4071620. doi: 10.1155/2016/4071620

76. Maingard J, Yan B. Future directions for intra-arterial therapy for acute
ischaemic stroke: is there life after three negative randomized controlled
studies? Interv Neurol. (2014) 2:97–104. doi: 10.1159/000356087

77. Goyal M,Menon BK, van ZwamWH, Dippel DW,Mitchell PJ, Demchuk AM,
et al. Endovascular thrombectomy after large-vessel ischaemic stroke: a meta-
analysis of individual patient data from five randomised trials. Lancet. (2016)
387:1723–31. doi: 10.1016/S0140-6736(16)00163-X

Frontiers in Neurology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 779128

https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1161/STROKEAHA.110.592766
https://doi.org/10.1186/s12888-020-02699-6
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/S1388-2457(00)00518-6
https://doi.org/10.1016/S0165-0270(00)00284-3
https://doi.org/10.1111/ner.12717
https://doi.org/10.1007/s00221-005-0173-0
https://doi.org/10.1007/s00415-008-0990-8
https://doi.org/10.1093/brain/120.1.141
https://doi.org/10.1590/S1806-37132009000900009
https://doi.org/10.1080/02687039708248455
https://doi.org/10.1002/jmri.24478
https://doi.org/10.1016/j.neuroimage.2013.05.096
https://www.ncbi.nlm.nih.gov/pubmed/29643745
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1016/j.nicl.2013.06.017
https://doi.org/10.3174/ajnr.A0689
https://doi.org/10.1177/0271678X17697339
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1006/nimg.2001.0845
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/S1053-8119(03)00435-X
https://doi.org/10.1016/j.neuroimage.2008.02.042
https://doi.org/10.1016/j.neuroimage.2003.12.023
https://doi.org/10.1093/acprof:oso/9780192630711.003.0014
https://doi.org/10.1177/1545968313478488
https://doi.org/10.1177/1545968314533613
https://doi.org/10.1161/STROKEAHA.116.012671
https://doi.org/10.1097/PHM.0000000000000476
https://doi.org/10.1097/PHM.0000000000000971
https://doi.org/10.3389/fneur.2018.01146
https://doi.org/10.1080/09638288.2016.1268653
https://doi.org/10.1155/2016/9153501
https://doi.org/10.1155/2016/4071620
https://doi.org/10.1159/000356087
https://doi.org/10.1016/S0140-6736(16)00163-X
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kroth et al. Peripheral Stimulation in Stroke

Conflict of Interest: DW was a shareholder of Translational MRI LLC, which
provided the software for post-processing of pCASL data.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Kroth, Handfas, Rodrigues, Zepeda, Oliveira, Wang, Azevedo

Neto, Silva, Amaro, Sorinola and Conforto. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 11 February 2022 | Volume 13 | Article 779128

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Effects of Repetitive Peripheral Sensory Stimulation in the Subacute and Chronic Phases After Stroke: Study Protocol for a Pilot Randomized Trial
	Introduction
	Methods and Analysis
	Study Design
	Location and Setting

	Participants
	Recruitment
	Subjects' Characteristics
	Randomization, Allocation Concealment, and Blinding
	Interventions
	Outcome Measures
	Primary Outcome: Change in Motor Performance After Stimulation
	Secondary Outcomes
	Hand Strength
	Imaging Outcomes


	Imaging Data Analysis
	GABA Spectroscopy
	pCASL Data
	FMRI Pre-processing

	Sample Size
	Data Monitoring


	Statistical Analysis

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


