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Abstract: Unilateral spatial neglect (USN) rehabilitation requires the development of new methods
that can be easily integrated into conventional practice. The aim of the HEMISTIM protocol is to
assess immediate and long-term recovery induced by an innovative association of left-side neck-
muscle vibration (NMV) and anodal transcranial Direct Current Stimulation (tDCS) on the ipsilesional
posterior parietal cortex during occupational therapy sessions in patients with left USN. Participants
will be randomly assigned to four groups: control, Left-NMV, Left-NMV + sham-tDCS or Left-NMV
+ anodal-tDCS. NMV and tDCS will be applied during the first 15 min of occupational therapy
sessions, three days a week for three weeks. USN will be assessed at baseline, just at the end of the
first experimental session, after the first and third weeks of the protocol and three weeks after its
ending. Our primary outcome will be the evolution of the functional Catherine Bergego Scale score.
Secondary outcome measures include five tests that investigate different neuropsychological aspects
of USN. Left NMV, by activating multisensory integration neuronal networks, might enhance effects
obtained by conventional therapy since post-effects were shown when it was combined with upper
limb movements. We expect to reinforce lasting intermodal recalibration through LTP-like plasticity
induced by anodal tDCS.

Keywords: neglect; spatial perception; neck muscle vibration; transcranial direct current stimulation;
occupational therapy sessions

1. Introduction

Unilateral spatial neglect (USN) is a perplexing neuropsychological syndrome that
affects approximately 30% of stroke-affected individuals worldwide [1]. This syndrome
results from hemispheric lesions in cortical structures (posterior parietal cortex, superior
temporal gyrus, temporo-parietal junction, and less frequently frontal cortices), subcortical
structures (thalamus, basal ganglia) or white matter fiber tracts (fronto-parietal path-
ways) [2,3], with a greater prevalence after right brain lesions rather than left ones (38% and
18%, respectively [1]). These brain networks are known to be involved in the construction of
the spatial coordinate system of egocentric and allocentric references frames [4]. Therefore,
damage to these networks can lead to USN in all space sectors: extra-personal, peri-personal
and personal spaces. In concrete terms, this syndrome affects spatial awareness and is
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characterized by the inability to detect or respond to stimuli from the contralesional side of
space without any dysfunction in the capture or transmission of sensory information to the
central nervous system. These spatial disorders have disabling functional consequences
that can be observed during activities of daily living such as reading, dressing, shaving,
eating or getting from one place to another [5].

It is well established that USN is an independent factor associated with poor prog-
nosis and functional outcome after stroke [6], and consequently, the rehabilitation of this
syndrome is a challenging issue. Conventional rehabilitation of USN is mostly based on
visual scanning training, the first developed method, which aims at better visual explo-
ration toward the contralesional side [7]. The effectiveness of this “top–down” approach
is based on the stimulation of attentional resources and requires patients to be aware of
their impairment in order to actively correct it. However, since attentional capacities are
often altered after stroke and especially in patients affected by USN [8], other rehabilitation
methods, called “bottom–up” approaches, favor sensory manipulations either by deceiv-
ing the patient’s body perception (vestibular stimulation, optokinetic stimulation, neck
muscle vibration), which is costless in terms of attentional resources, or through cognitive
adaptation induced by visuo-haptic distortion (visual prisms) [9]. Both showed interesting
results in early-phase rehabilitation [10,11]. Among these “bottom–up” techniques, neck
muscle vibration (NMV) consists in applying a 80–100 Hz vibration on the skin over the
upper fibers of one of the trapezius muscles, creating a proprioceptive illusion such that the
body midline and surrounding space are perceived to be shifted to the stimulated side [12].
Some studies have shown a persistent reduction in USN symptoms thanks to left-side
NVM [13,14]. For instance, Kamada et al. [15] showed that applying this illusory technique
for 5 min right before an occupational therapy session optimized its beneficial effects as
quantified by the conventional Behavioral Inattention Test (c-BIT) [16], a neglect-specific test
battery, and the Functional Independence Measure (FIM) [17]. In addition, several studies
suggest that combining different therapeutic approaches with converging effects may lead
to the best benefits on USN [18,19]. Left-side NMV appears to be ideal for combination
with other rehabilitation techniques, given its safety, simplicity of use, passive nature and
particular therapeutic effects. USN reduction was shown to persist when NMV was cou-
pled with visual scanning training [20] or applied in a visuo-haptic feedback context [21].
This feedback context was achieved through repeated reaching movements similar to the
motor activities usually performed during patients’ conventional rehabilitation sessions.
These results therefore support the interest of associating the left-side NMV technique
simultaneously to rehabilitation sessions for left USN patients.

A third category of treatment, that can neither be classified as “top–down” nor
“bottom–up”, based on non-invasive brain stimulation such as repetitive transcranial
magnetic stimulation (rTMS) or transcranial direct current stimulation (tDCS), is used to
modulate neuroplasticity by increasing (low-frequency rTMS or anodal tDCS) or decreasing
(high-frequency rTMS or cathodal tDCS) cortical excitability [22]. Recent meta-analyses
on USN showed a significant benefit of non-invasive brain stimulations when cortical ex-
citability is increased in the ipsilesional hemisphere and/or decreased in the contralesional
hemisphere [23,24]. Many studies using different modes and cortical localizations of tDCS,
based on a low-amplitude electrical current, have shown its effectiveness in reducing motor
and cognitive disorders after a stroke [25]. Conventionally, the two main modes of tDCS
(anodal and cathodal) imply that the stimulation electrode (anode for anodal tDCS and
cathode for cathodal tDCS, respectively, a-tDCS and c-tDCS) is positioned on the cortical
area to be modulated, the reference electrode being placed remotely (for example on the
supra-orbital area) [22]. For instance, a single a-tDCS session on the ipsilesional poste-
rior parietal cortex (i-PPC) [26] or c-tDCS on the contralesional posterior parietal cortex
(c-PPC) [27] was sufficient to induce a significant improvement on neuropsychological
performances in left USN patients. Beneficial effects on USN lasting up to one week were
obtained after applying a-tDCS or c-tDCS (respectively, on the i-PPC or the c-PPC) for three
weeks during daily occupational therapy sessions [28]. A third mode of tDCS, referred
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to as dual or bi-hemispheric, involves placing the two electrodes on the cortex on either
side of the midline, aiming at modulating simultaneously and oppositely the excitability
of the two hemispheres [29]. This dual mode in a bi-parietal configuration has also been
successful in reducing USN symptoms [30,31]. Other studies recently evaluated the efficacy
of tDCS in association with “bottom–up” rehabilitation techniques (visual prisms [32] and
optokinetic drift [33]). Làdavas et al. [32] showed that the well-established efficacy of
prism adaptation for reducing USN symptoms [11], applied in this study by daily 30-min
sessions for two weeks, was significantly magnified by a 20-min application of a-tDCS
on the i-PPC before (10 min) and partially while wearing visual prisms (10 first minutes).
Similarly, Turgut et al. [33] showed significant benefits lasting up to 6 days after applying a
therapeutic protocol combining dual-tDCS (anode on the i-PPC and cathode on the c-PPC)
and optokinetic drift for 20 min eight times over two weeks.

USN rehabilitation remains a public health issue in terms of patients’ independence
and healthcare costs. One of its main challenges lies in offering therapeutic innovations
that can be easily integrated into conventional practice [34]. NMV and tDCS appear to be
easy-to-use techniques that could meet this core condition for the rehabilitation of USN.
The aim of the present protocol study is to assess beneficial effects on USN, specifically on
immediate and long-term functional outcomes and neuropsychological aspects of spatial
recovery, induced by a combined treatment associating the left-side NMV technique and
a-tDCS on the i-PPC during occupational therapy sessions in patients with left USN. Our
hypothesis is that the increase in excitability of the lesioned hemisphere induced by a-tDCS
will amplify the lasting beneficial effects of left-side NMV during conventional occupational
therapy sessions.

2. Materials and Methods

This multicentric prospective randomized controlled superiority trial will focus on
assessing the benefits of our therapeutic protocol on independence in daily life activi-
ties, neuropsychological aspects of different spatial components of USN (personal, extra-
personal and representational neglect) and egocentric spatial perception assessments, using
a mixed measurement design. The HEMISTIM protocol will take place in three neurological
rehabilitation centers in Grand-Est and Provence-Alpes Côte d’Azur regions, France.

2.1. Ethical Consideration and Trial Registration
2.1.1. Informed Consent

Our clinical trial will be conducted in accordance with the Declaration of Helsinki.
Oral and signed informed consent will be requested by an investigator after patients have
received oral and written information related to the study. Participants can revoke their
consent at any time.

2.1.2. Data Management

The data will be recorded in an observation book by the evaluator in charge of the
patient, written in a case report form and stored according to French legislation. A data
monitoring committee will not be necessary in this context of intervention with minimal risk
and constraints and without major modification of patients’ usual care. The confidentiality
of collected data will be ensured by pseudonymization. The final dataset will be owned by
the trial sponsor and accessible to all investigators, according to French legislation.

2.1.3. Trial Registration

This study protocol was registered on the clinicaltrial.gov registry: NCT05281302. The
manuscript is in accordance with the SPIRIT guidelines (http://www.spirit-statement.org/)
for reporting study protocols. It has already been validated by the scientific and ethics
committee of Institut Régional de Médecine Physique et de Réadaptation of Nancy, and an
application is currently underway with an independent national ethics committee under
the number 2022-A01673-40.

http://www.spirit-statement.org/
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2.2. Eligibility Criteria

Patients aged at least 18 years old and admitted in a post-stroke rehabilitation unit in
the sub-acute phase (15 days to 6 months after the onset of stroke symptoms) will be eligible
for the study. Patients with left USN subsequent to a first unilateral right hemispheric
stroke will be included. The diagnosis of stroke will have to be confirmed by computed
tomography or magnetic resonance imaging. Screening for USN will be performed by the
c-BIT [16], a score ≤ 129 defining USN. Patients unable to give informed consent, pregnant
women, patients with skin lesions on the areas for electrode placement or having history of
metal-in-cranium injury, epilepsy, vestibulo-cochlear illness or cardiac pacemaker will not
be included.

2.3. Materials

Vibratory stimulators (VibramoovPhysio®, Techno Concept, Manosque, France) will
be fixed bilaterally on the skin over the belly of the trapezius muscles and fastened with
straps. Only the left-side NMV vibrator will be activated at a frequency of 100 Hz and an
amplitude of 300 µm for 15 min, alternating 150 s of stimulation and 30 s of pause five
times, as in previous studies [21,35].

tDCS will be applied using an electrical stimulator (DC-STIMULATOR®, NeuroCare,
Illmenau, Germany) through large saline-soaked sponge surface electrodes placed as
follows: anode over the (right) i-PPC (P4 according to the International 10–20 EEG electrode
placement system) and cathode over the left supraorbital region. Stimulation parameters
were chosen according to Làdavas et al.’s study [32] (anodal, 2 mA amplitude for 20 min).

2.4. Design of the HEMISTIM Protocol

This study will take place during 7 weeks of a conventional 5-day rehabilitation
(Monday to Friday) for each patient included in this study, as illustrated in Figure 1.
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2.4.1. Inclusion in Groups

The first week will allow us to include patients with left USN and to randomly as-
sign them to four independent parallel groups (centralized randomization in a 1:1 ratio
performed using a custom made algorithm on Matlab (MathWorks, Inc., Natick, MA, USA)
by a blinded investigator: a control group receiving no additional treatment to conven-
tional occupational therapy sessions and three experimental groups receiving in addition
to the usual treatment either left-NMV, left-NMV + sham-tDCS or left-NMV + a-tDCS
experimental treatments, administered by trained occupational therapists.

In these three experimental groups, each patient will be equipped with vibratory
stimulators during conventional occupational therapy sessions taking place on Monday,
Wednesday and Friday for three weeks from the second week on. The left-side NMV
vibrator will be activated during the first 15 min of the occupational therapy session
(lasting 45 min), as previously described [21,35]. In the two experimental groups receiving
sham or a-tDCS, electrodes will be placed as described above. A continuous 2 mA current
will be delivered for 20 min in the left-NMV + a-tDCS group, 5 min before (patients will
be seated in a quiet room) and during the first 15 min of the occupational therapy session,
simultaneously to the NMV stimulation. The current will be automatically turned off after
20 s in the left-NMV + sham-tDCS group, allowing the reproduction of the initial mild
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itching sensation at the beginning of active tDCS, thus ensuring that the patient stays blind
to the activation status of the device. In the case of adverse events or unintended effects of
trial interventions, the investigator who enrolled the patient will report its occurrence to
the trial sponsor through a report form provided in the case report form.

2.4.2. Setting of Interventions

During the first 15 min of the occupational therapy sessions, without modifying the
classically performed exercises, the therapist will be invited to solicit voluntary upper limb
movements in patients’ peri-personal space, without looking for performance or speed, but
rather for a qualitative execution. The patients’ position will be verified to ensure that they
are sitting in front of the table. In the initial experimental phase (during the first sessions),
in order to maintain a maximum level of motivation, patients will have the option of
mobilizing their ipsilesional upper limb instead of the contralesional one to perform these
different exercises. The use of the latter will be gradually increased, avoiding as much as
possible the patients performing bimanual activities in their neglected hemi-space [36,37].

No modification of the conventional rehabilitation will occur such as daily physio-
therapy, speech therapy, adapted physical activities, Tuesday and Thursday occupational
therapy sessions, and the second part of experimental occupational therapy sessions.

2.4.3. Setting of Assessments

In this study, the primary outcome will be the evolution of the global USN behavior
evaluated by the Catherine Bergego Scale (CBS) [38], a functional scale assessing USN
severity in daily life situations.

In addition, various USN spatial cognitive-motor skills will be assessed as secondary
outcomes by the following five tests.

The Fluff test [39] aims at investigating personal neglect with targets attached to
patients’ clothes, as illustrated in Figure 2a. The number of removed targets will be counted
in order to calculate a score of personal neglect expressed as the difference of percentages
of targets found on each side of the body (left–right), this value becoming more negative
with the severity of personal neglect.

Gainotti’s drawing copying test [40], illustrated in Figure 2b, informs us on two
kinds of peri-personal neglect referring to distinct disturbances of mental representations
involved: space-centered neglect (egocentric) and object-centered neglect (allocentric).
Therapists will verify throughout the test that the patient remains centered in relation to
the paper. The quality of the drawing will be evaluated with respect to allocentric and
egocentric reference frames.

The Map of France test [41] is designed to investigate representational neglect. The
number of cities mentioned by the patient will be counted on either side of a median line
drawn vertically through the center of France (Lille–Perpignan axis; see Figure 2c). A
mental evocation score will be calculated as the ratio of the number of cities on each side of
this axis (left/right). In addition, the strategy and order of mention will be recorded for
qualitative analysis.

The Subjective Straight-Ahead test (SSA) [21] investigates the accuracy of egocentric
perception, using the experimental device pictured in Figure 2d. The centered position of
the patient will be verified throughout the test. Egocentric perception will be expressed as
the mean error of 20 successive trials, after measuring for each trial the angular difference
between the measured angles of the hand pointed toward the SSA direction and the
objective straight-ahead direction of the patient’s body. A higher score indicates a less
accurate egocentric perception; leftward errors will be assigned as negative values and
rightward errors as positive values.

The Wheelchair navigation test [21], illustrated in Figure 3, aims at investigating
spatial navigation skills and extra-personal neglect. The ride will be carried out once in
each direction (A-B and B-A) to balance the number of obstacles and turns to the left and
right. The time taken to finish the course will be measured and the number of bumps



Brain Sci. 2023, 13, 678 6 of 11

counted. Navigation quality will also be observed qualitatively (obstacle avoidance, goal
strategy, perseverations).
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Each test will be carried out several times over the study by a trained occupational
therapist:

Baseline assessment (Pre): During the first week, each test (except for the CBS realized
only once) will be repeated three times in order to obtain a reliable estimation of the partici-
pants’ performance level (mean values) before starting the experimental interventions.
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Follow-up assessments: These will take place just at the end of the first experimental
session (Postsession1), after the first and third weeks of the protocol (Postweek1 and
Postweek3, respectively) and there will be a final evaluation three weeks after its ending
(Postweek6). In addition, all patients will be asked about their expectations and satisfaction
regarding the treatment at the end of each week of intervention.

2.4.4. Monitoring and Blinding

The trial sponsor will assign a supervisor to monitor 10% of the experimental occupa-
tional therapy sessions to ensure that they are conducted in accordance with the protocol.
In addition, 10% of the evaluations will be monitored. The researcher who will generate
the patients’ allocation sequence will not perform the neuropsychological evaluation, nor
apply therapeutic stimulations. The therapist who will perform USN evaluations before
and after the treatment will be blind to the patients’ group assignment.

2.5. Sample Size Calculation

To determine the number of left USN patients to include, we sought to perform an a
priori headcount calculation based on published work in the field. However, none of them
have combined NMV and tDCS or used the CBS score as the primary endpoint. No a priori
power calculation could therefore be performed, but we were inspired by the number of
patients included in the works of Làdavas et al. [32] and Turgut et al. [33], both of whom
used tDCS on USN patients, the former combined with visual prisms and the latter with
optokinetic drift. These two studies included 30 and 32 patients, respectively, which were
divided for the first in two groups of 11 patients and one group of 8, and for the second in
two groups of 16 patients. Thus, we estimated that 48 patients would be necessary for our
study, randomly and homogeneously distributed in each of the 4 groups. To ensure that the
target number of patients is recruited, three neurological rehabilitation centers admitting
each year a large number of patients meeting the inclusion criteria will be involved. We
will verify a posteriori that the groups do not differ in sex, mean age, education, duration
of illness, or baseline CBS scores, and that they have similar stroke locations.

2.6. Statistical Analysis

CBS scores, those of personal neglect, mean egocentric errors and mental evocation,
the time needed to finish the wheelchair course and the number of bumps in each direction
will be entered as quantitative data.

After having verified the required assumptions about data distributions (Shapiro–Wilk
test of normality, Levene’s test of homoscedasticity, Box’s M-test of covariance homogeneity
and Mauchly’s test of sphericity), a mixed analysis of variance (with repeated measures for
the SSA) will be performed on each quantitative variable with test periods (Pre, Postses-
sion1, Postweek1, Postweek3, Postweek6) as within-subject factors and treatment groups
(control, left-NMV, left-NMV + sham-tDCS, left-NMV + a-tDCS) as between-subject factors.
Post hoc tests will be conducted using Tukey’s honestly significant difference method when
needed, and p-values will be adjusted with the Bonferroni method. Size effects will be
reported using the η2 (Eta-square) for each ANOVA and Cohen’s d for each Tukey’s post
hoc test, along with confidence intervals.

If the conditions for using parametric tests are not met, then non-parametric statistical
analyses of comparisons between test periods and groups will be performed. For each
treatment group, we will perform a Friedman test to analyze the effect of the test period
on each quantitative variable independently. When a Friedman test is significant, post
hoc Wilcoxon signed rank tests with the Bonferroni adjustment method will be used to
perform pairwise comparisons between each of the five time points. Kruskal–Wallis tests
will be performed to compare the treatment groups. First, a Kruskal–Wallis test will be
performed on the sum of ranks of the scores in each group before the first session in order
to ensure that the initial mean scores (Pre) are equivalent between groups. Second, the
effect of treatment will be calculated for each participant at each post-session assessment
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(Postsession1, Postweek1, Postweek3, Postweek6) by subtracting the mean initial score (Pre)
from each quantitative data, independently. In order to analyze the effect of the treatment
received on the evolution of quantitative data, Kruskal–Wallis tests will be performed on
the sum of ranks of the Post–Pre score differences in each group. When the Kruskal–Wallis
test is significant, post hoc pairwise comparisons between groups will be calculated, and
the p-value will be adjusted by the Steel–Dwass–Critchlow–Fligner method.

Any participant with a missing score on any of the assessment sessions will be ex-
cluded from the statistical analysis for that specific test.

All statistical analyses will be performed using R software (version 2021.09.1 Build
372). The threshold for statistical significance will be set at α = 0.05.

2.7. Dissemination Policy

Patients will have the option of knowing their personal results and/or the results of
the study after publication. The anonymous results of this research will be disseminated in
internal communications, scientific conferences and published in scientific journal articles.

3. Discussion

The rehabilitation of spatial cognition disorders, such as the USN syndrome, is still
a real challenge, which is partly due to the associated anosognosia and attentional dis-
orders [8]. The HEMISTIM protocol may represent a partial solution by proposing an
innovative therapeutic approach based on well-identified tools accessible to therapeutic
teams. The aim of this protocol is to optimize conventional USN rehabilitation practices
through the contribution of new scientific knowledge in the fields of neuromodulation
and spatial cognition and more particularly the interest of augmented sensory feedback
in spatial perception. In this respect, our previous translational research studies have
addressed this question and identified the optimal sensori-motor context for the persistence
of left-side NMV effects [35] and its benefits in a USN case study [21].

The perceptual effects of NMV are attributed to a non-specific activation of the con-
tralateral hemisphere and the activation of vestibular neurons in the parieto-insular cor-
tex [42]. These neurons with bilateral receptive fields participate in multisensory integration
processes and internal representations of the position of the head and body in space [42].
Left-side NMV seems to counterbalance the egocentric representation deviation observed
in USN patients through these central mechanisms [43]. The key question of persistent
effects was addressed by Ceyte et al. [35], who showed that lasting post-effects were only
present when left-side NMV was associated with upper limb self-activation, and these
results were consistent with our previous case study on a USN patient [21]. Transferring
our protocol directly into conventional rehabilitation sessions could further increase their
benefits. Indeed, reaching toward a target, as it was performed in a visuo-haptic feedback
context in our previous studies [21,35], is very similar to the motor activities performed
during ecological upper limb rehabilitation sessions. Based on these findings, we assume
that using this technique during occupational therapy sessions might enhance beneficial
effects obtained by conventional rehabilitation without needing to add specific sessions as it
is sometimes suggested. In addition, the positive impact expected from this initial protocol
could be optimized by tDCS neuromodulation. Indeed, non-invasive brain stimulations are
known to modulate cortical excitability and therefore seem an ideal tool to promote long-
lasting neuroplasticity [44]. The duration, amplitude and polarity of excitability changes
vary accordingly to current flow direction, current intensity and stimulation duration [45].
Neuronal excitability changes induced by tDCS are supposed to be mediated by processes
which are similar to long-term potentiation (LTP) and depression (LTD), among others [45].
These neurobiological mechanisms could significantly favor the intermodal recalibration
induced by our initial protocol [35,46]. Interestingly, neurobiological post-effects can be
observed during minutes and up to several hours after the end of tDCS stimulation [47,48].
Lasting clinical benefits on USN were also shown [28,31] but not consistently, due in part
to substantial protocol differences (stimulation duration and repetition, concurrent activity,
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time since brain lesion). This technique has already been used simultaneously to occupa-
tional therapy sessions with positive and lasting results [28]. Moreover, its association with
“bottom–up” rehabilitation approaches is very promising in terms of potentiating their ben-
eficial impact on USN [32,33]. Associating tDCS with our initial protocol therefore seems
perfectly suited to attempt to induce or reinforce LTP-like activity-dependent plasticity and
consequently lasting intermodal recalibration to improve clinical aspects of USN.

There are some inherent features of our study protocol that deserve cautious consider-
ation. Particular attention will be directed to the phenomena of limb activation and motor
extinction [36,37], since our protocol is designed around the performance of voluntary
upper limb movements simultaneously to stimulation sessions in USN patients. Although
it has been shown in the literature that the use of the contralesional arm in the neglected
hemi-space significantly reduces the severity of USN [37], these patients generally have
great difficulty in mobilizing it in the early post-stroke stages. Moreover, the simultane-
ous use of both upper limbs in the neglected hemi-space limits or even suppresses the
previously observed beneficial effects [36,37] possibly by perceptual “overshadowing” of
the contralesional arm movements by the ipsilesional ones, according to Robertson and
North [37]. Therefore, the therapists will carefully avoid bimanual activities in the neglected
hemi-space, but exercises will be allowed with the right upper limb instead of the left one
if the latter is too impaired to effectively perform them in initial phases of rehabilitation.
This gradual increase in task complexity is also intended to maintain high motivation
levels. Other vigilance points will be taken into account. We will be watchful of population
homogeneity, hence the need to include a sufficient number of patients. We will compare
the evolution of each patient from baseline according to his affiliation group, given the
possibility of inter-subject variability in responsiveness. In addition, the long-term effects
of tDCS should be clarified, and its optimal targets for motor and spatial rehabilitation
have not been sufficiently studied yet. There is also a risk of misuse or overuse of non-
invasive stimulations. Finally, local rehabilitation teams will be coordinated for inter-site
standardization of inclusion, occupational therapy tasks, test performance and stimulation
tools use.

In conclusion, the originality of our study lies in this novel combination of non-
invasive stimulation techniques with low attentional demands and their application during
occupational therapy sessions, thus ideally complementing conventional rehabilitation.
The results of our multimodal approach should also provide interesting data to reconsider
hemi-spatial theories suggesting a dominant function of the right hemisphere or others
supporting an “interhemispheric competition” model [49].

Author Contributions: Conceptualization: J.-M.B., H.C., S.M., J.P. (Jean Paysant) and J.P. (Jonathan
Pierret); methodology: J.-M.B., H.C. and S.M.; writing—original draft preparation: J.-M.B., H.C. and
S.M.; writing—review and editing: J.-M.B., H.C., S.M. and J.P. (Jonathan Pierret); supervision: M.B.,
J.-M.B., H.C., S.M. and J.P. (Jonathan Pierret); project administration: L.B., J.P. (Jean Paysant), J.P.
(Jonathan Pierret) and V.S.; funding acquisition: H.C., J.P. (Jonathan Pierret), J.P. (Jean Paysant) and
S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by UGECAM Nord-Est and UGECAM PACA. The APC was
funded by SORNEST (Société de Réadaptation du Nord-Est), Pierquin-Isch grant 2021.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Institut Régional
de Réadaptation (Nancy, France) (protocol code IRR-LSC-2021-1, date of approval: 20 April 2021).

Informed Consent Statement: Informed consent will be obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors thank Luca Fantin (English native) and Nathaniel Norberg (Ameri-
can native) for their assistance in English editing.

Conflicts of Interest: The authors declare no conflict of interest.



Brain Sci. 2023, 13, 678 10 of 11

References
1. Esposito, E.; Shekhtman, G.; Chen, P. Prevalence of spatial neglect post-stroke: A systematic review. Ann. Phys. Rehabil. Med.

2021, 64, 101459. [CrossRef]
2. Vallar, G. Extrapersonal Visual Unilateral Spatial Neglect and Its Neuroanatomy. NeuroImage 2001, 14, S52–S58. [CrossRef]
3. Verdon, V.; Schwartz, S.; Lovblad, K.-O.; Hauert, C.-A.; Vuilleumier, P. Neuroanatomy of hemispatial neglect and its functional

components: A study using voxel-based lesion-symptom mapping. Brain J. Neurol. 2010, 133 Pt 3, 880–894. [CrossRef] [PubMed]
4. Richard, C.; Rousseaux, M.; Saj, A.; Honoré, J. Straight ahead in spatial neglect: Evidence that space is shifted, not rotated.

Neurology 2004, 63, 2136–2138. [CrossRef] [PubMed]
5. Rode, G.; Pagliari, C.; Huchon, L.; Rossetti, Y.; Pisella, L. Semiology of neglect: An update. Ann. Phys. Rehabil. Med. 2017, 60,

177–185. [CrossRef]
6. Monaco, M.D.; Schintu, S.; Dotta, M.; Barba, S.; Tappero, R.; Gindri, P. Severity of Unilateral Spatial Neglect Is an Independent

Predictor of Functional Outcome After Acute Inpatient Rehabilitation in Individuals with Right Hemispheric Stroke. Arch. Phys.
Med. Rehabil. 2011, 92, 1250–1256. [CrossRef]

7. Pizzamiglio, L.; Antonucci, G.; Judica, A.; Montenero, P.; Razzano, C.; Zoccolotti, P. Cognitive rehabilitation of the hemineglect
disorder in chronic patients with unilateral right brain damage. J. Clin. Exp. Neuropsychol. 1992, 14, 901–923. [CrossRef] [PubMed]

8. Spaccavento, S.; Marinelli, C.V.; Nardulli, R.; Macchitella, L.; Bivona, U.; Piccardi, L.; Zoccolotti, P.; Angelelli, P. Attention
Deficits in Stroke Patients: The Role of Lesion Characteristics, Time from Stroke, and Concomitant Neuropsychological Deficits.
Behav. Neurol. 2019, 2019, 7835710. [CrossRef]

9. Kerkhoff, G.; Schenk, T. Rehabilitation of neglect: An update. Neuropsychologia 2012, 50, 1072–1079. [CrossRef] [PubMed]
10. Kerkhoff, G. Modulation and rehabilitation of spatial neglect by sensory stimulation. Prog. Brain Res. 2003, 142, 257–271.

[PubMed]
11. Li, J.; Li, L.; Yang, Y.; Chen, S. Effects of Prism Adaptation for Unilateral Spatial Neglect After Stroke: A Systematic Review and

Meta-Analysis. Am. J. Phys. Med. Rehabil. 2021, 100, 584–591. [CrossRef] [PubMed]
12. Ceyte, H.; Cian, C.; Nougier, V.; Olivier, I.; Roux, A. Effects of neck muscles vibration on the perception of the head and trunk

midline position. Exp. Brain Res. 2006, 170, 136–140. [CrossRef]
13. Johannsen, L.; Ackermann, H.; Karnath, H.-O. Lasting amelioration of spatial neglect by treatment with neck muscle vibration

even without concurrent training. J. Rehabil. Med. 2003, 35, 249–253. [CrossRef] [PubMed]
14. Vallar, G.; Rusconi, M.; Barozzi, S.; Bernardini, B.; Ovadia, D.; Papagno, C.; Cesarani, A. Improvement of left visuo-spatial

hemineglect by left-sided transcutaneous electrical stimulation. Neuropsychologia 1995, 33, 73–82. [CrossRef]
15. Kamada, K.; Shimodozono, M.; Hamada, H.; Kawahira, K. Effects of 5 minutes of neck-muscle vibration immediately before

occupational therapy on unilateral spatial neglect. Disabil. Rehabil. 2011, 33, 2322–2328. [CrossRef]
16. Halligan, P.W.; Cockburn, J.; Wilson, B.A. The behavioural assessment of visual neglect. Neuropsychol. Rehabil. 1991, 1, 5–32.

[CrossRef]
17. Heinemann, A.W.; Michael Linacre, J.; Wright, B.D.; Hamilton, B.B.; Granger, C. Measurement characteristics of the Functional

Independence Measure. Top. Stroke Rehabil. 1994, 1, 1–15. [CrossRef]
18. Azouvi, P.; Jacquin-Courtois, S.; Luauté, J. Rehabilitation of unilateral neglect: Evidence-based medicine. Ann. Phys. Rehabil. Med.

2017, 60, 191–197. [CrossRef] [PubMed]
19. Saevarsson, S.; Halsband, U.; Kristjánsson, Á. Designing Rehabilitation Programs for Neglect: Could 2 Be More Than 1 + 1? Appl.

Neuropsychol. 2011, 18, 95–106. [CrossRef] [PubMed]
20. Schindler, I. Neck muscle vibration induces lasting recovery in spatial neglect. J. Neurol. Neurosurg. Psychiatry 2002, 73, 412–419.

[CrossRef] [PubMed]
21. Ceyte, H.; Beis, J.-M.; Simon, M.; Remy, A.; Anxionnat, R.; Paysant, J.; Caudron, S. Lasting improvements in left spatial neglect

following a protocol combining neck-muscle vibration and voluntary arm movements: A case-study. Disabil. Rehabil. 2019, 41,
1475–1483. [CrossRef] [PubMed]

22. He, W.; Fong, P.-Y.; Leung, T.W.H.; Huang, Y.-Z. Protocols of non-invasive brain stimulation for neuroplasticity induction.
Neurosci. Lett. 2020, 719, 133437. [CrossRef]

23. Kashiwagi, F.T.; El Dib, R.; Gomaa, H.; Gawish, N.; Suzumura, E.A.; da Silva, T.R.; Winckler, F.; de Souza, J.T.; Conforto, A.B.;
Luvizutto, G.J.; et al. Noninvasive Brain Stimulations for Unilateral Spatial Neglect after Stroke: A Systematic Review and
Meta-Analysis of Randomized and Nonrandomized Controlled Trials. Neural. Plast. 2018, 1638763. [CrossRef]

24. Salazar, A.P.S.; Vaz, P.G.; Marchese, R.R.; Stein, C.; Pinto, C.; Pagnussat, A.S. Noninvasive Brain Stimulation Improves Hemispatial
Neglect After Stroke: A Systematic Review and Meta-Analysis. Arch. Phys. Med. Rehabil. 2018, 99, 355–366.e1. [CrossRef]

25. Elsner, B.; Kugler, J.; Pohl, M.; 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. [CrossRef]
[PubMed]

26. Ko, M.-H.; Han, S.-H.; Park, S.-H.; Seo, J.-H.; Kim, Y.-H. Improvement of visual scanning after DC brain polarization of parietal
cortex in stroke patients with spatial neglect. Neurosci. Lett. 2008, 448, 171–174. [CrossRef] [PubMed]

27. Sparing, R.; Thimm, M.; Hesse, M.D.; Küst, J.; Karbe, H.; Fink, G.R. Bidirectional alterations of interhemispheric parietal balance
by non-invasive cortical stimulation. Brain 2009, 132, 3011–3020. [CrossRef]

https://doi.org/10.1016/j.rehab.2020.10.010
https://doi.org/10.1006/nimg.2001.0822
https://doi.org/10.1093/brain/awp305
https://www.ncbi.nlm.nih.gov/pubmed/20028714
https://doi.org/10.1212/01.WNL.0000145664.09078.83
https://www.ncbi.nlm.nih.gov/pubmed/15596763
https://doi.org/10.1016/j.rehab.2016.03.003
https://doi.org/10.1016/j.apmr.2011.03.018
https://doi.org/10.1080/01688639208402543
https://www.ncbi.nlm.nih.gov/pubmed/1452637
https://doi.org/10.1155/2019/7835710
https://doi.org/10.1016/j.neuropsychologia.2012.01.024
https://www.ncbi.nlm.nih.gov/pubmed/22306520
https://www.ncbi.nlm.nih.gov/pubmed/12693266
https://doi.org/10.1097/PHM.0000000000001598
https://www.ncbi.nlm.nih.gov/pubmed/32969965
https://doi.org/10.1007/s00221-006-0389-7
https://doi.org/10.1080/16501970310009972
https://www.ncbi.nlm.nih.gov/pubmed/14664313
https://doi.org/10.1016/0028-3932(94)00088-7
https://doi.org/10.3109/09638288.2011.570411
https://doi.org/10.1080/09602019108401377
https://doi.org/10.1080/10749357.1994.11754030
https://doi.org/10.1016/j.rehab.2016.10.006
https://www.ncbi.nlm.nih.gov/pubmed/27986428
https://doi.org/10.1080/09084282.2010.547774
https://www.ncbi.nlm.nih.gov/pubmed/21660761
https://doi.org/10.1136/jnnp.73.4.412
https://www.ncbi.nlm.nih.gov/pubmed/12235310
https://doi.org/10.1080/09638288.2018.1430178
https://www.ncbi.nlm.nih.gov/pubmed/29357710
https://doi.org/10.1016/j.neulet.2018.02.045
https://doi.org/10.1155/2018/1638763
https://doi.org/10.1016/j.apmr.2017.07.009
https://doi.org/10.1002/14651858.CD009645.pub3
https://www.ncbi.nlm.nih.gov/pubmed/26996760
https://doi.org/10.1016/j.neulet.2008.10.050
https://www.ncbi.nlm.nih.gov/pubmed/18952147
https://doi.org/10.1093/brain/awp154


Brain Sci. 2023, 13, 678 11 of 11

28. Yi, Y.G.; Chun, M.H.; Do, K.H.; Sung, E.J.; Kwon, Y.G.; Kim, D.Y. The Effect of Transcranial Direct Current Stimulation on Neglect
Syndrome in Stroke Patients. Ann. Rehabil. Med. 2016, 40, 223. [CrossRef]

29. Lindenberg, R.; Nachtigall, L.; Meinzer, M.; Sieg, M.M.; Floel, A. Differential Effects of Dual and Unihemispheric Motor Cortex
Stimulation in Older Adults. J. Neurosci. 2013, 33, 9176–9183. [CrossRef] [PubMed]

30. Sunwoo, H.; Kim, Y.-H.; Chang, W.H.; Noh, S.; Kim, E.-J.; Ko, M.-H. Effects of dual transcranial direct current stimulation on
post-stroke unilateral visuospatial neglect. Neurosci. Lett. 2013, 554, 94–98. [CrossRef] [PubMed]

31. Brem, A.-K.; Unterburger, E.; Speight, I.; Jäncke, L. Treatment of visuospatial neglect with biparietal tDCS and cognitive training:
A single-case study. Front. Syst. Neurosci. 2014, 8, 180. [CrossRef]

32. Làdavas, E.; Giulietti, S.; Avenanti, A.; Bertini, C.; Lorenzini, E.; Quinquinio, C.; Serino, A. a-tDCS on the ipsilesional parietal
cortex boosts the effects of prism adaptation treatment in neglect. Restor. Neurol. Neurosci. 2015, 33, 647–662. [CrossRef] [PubMed]

33. Turgut, N.; Miranda, M.; Kastrup, A.; Eling, P.; Hildebrandt, H. tDCS combined with optokinetic drift reduces egocentric neglect
in severely impaired post-acute patients. Neuropsychol. Rehabil. 2018, 28, 515–526. [CrossRef] [PubMed]

34. Petzold, A.; Korner-Bitensky, N.; Salbach, N.M.; Ahmed, S.; Menon, A.; Ogourtsova, T. Determining the barriers and facilitators
to adopting best practices in the management of poststroke unilateral spatial neglect: Results of a qualitative study. Top. Stroke
Rehabil. 2014, 21, 228–236. [CrossRef] [PubMed]

35. Ceyte, H.; Beis, J.-M.; Ceyte, G.; Caudron, S. Perceptual post-effects of left neck muscle vibration with visuo-haptic feedback in
healthy individuals: A potential approach for treating spatial neglect. Neurosci. Lett. 2021, 743, 135557. [CrossRef]

36. Robertson, I.H.; Hogg, K.; McMillan, T.M. Rehabilitation of unilateral neglect: Improving function by contralesional limb
activation. Neuropsychol. Rehabil. 1998, 8, 19–29. [CrossRef]

37. Robertson, I.H.; North, N.T. One hand is better than two: Motor extinction of left hand advantage in unilateral neglect.
Neuropsychologia 1994, 32, 1–11. [CrossRef]

38. Azouvi, P.; Olivier, S.; de Montety, G.; Samuel, C.; Louis-Dreyfus, A.; Tesio, L. Behavioral assessment of unilateral neglect: Study
of the psychometric properties of the Catherine Bergego Scale. Arch. Phys. Med. Rehabil. 2003, 84, 51–57. [CrossRef]

39. Cocchini, G.; Beschin, N. The Fluff test: Improved scoring system to account for different degrees of contralesional and ipsilesional
personal neglect in brain damaged patients. Neuropsychol. Rehabil. 2020, 32, 69–83. [CrossRef] [PubMed]

40. Gainotti, G.; Messerli, P.; Tissot, R. Qualitative analysis of unilateral spatial neglect in relation to laterality of cerebral lesions.
J. Neurol. Neurosurg. Psychiatry 1972, 35, 545–550. [CrossRef] [PubMed]

41. Rode, G.; Perenin, M.T.; Boisson, D. Neglect of the representational space: Demonstration by mental evocation of the map of
France. Rev. Neurol. 1995, 151, 161–164. [PubMed]

42. Grüsser, O.J.; Pause, M.; Schreiter, U. Vestibular neurones in the parieto-insular cortex of monkeys (Macaca fascicularis): Visual
and neck receptor responses. J. Physiol. 1990, 430, 559–583. [CrossRef]

43. Fasold, O.; Heinau, J.; Trenner, M.U.; Villringer, A.; Wenzel, R. Proprioceptive head posture-related processing in human
polysensory cortical areas. NeuroImage 2008, 40, 1232–1242. [CrossRef] [PubMed]

44. Stagg, C.J.; Antal, A.; Nitsche, M.A. Physiology of Transcranial Direct Current Stimulation. J. ECT 2018, 34, 144–152. [CrossRef]
45. Cirillo, G.; Di Pino, G.; Capone, F.; Ranieri, F.; Florio, L.; Todisco, V.; Tedeschi, G.; Funke, K.; Di Lazzaro, V. Neurobiological

after-effects of non-invasive brain stimulation. Brain Stimulat. 2017, 10, 1–18. [CrossRef] [PubMed]
46. Emadi Andani, M.; Villa-Sánchez, B.; Raneri, F.; Dametto, S.; Tinazzi, M.; Fiorio, M. Cathodal Cerebellar tDCS Combined with

Visual Feedback Improves Balance Control. Cerebellum 2020, 19, 812–823. [CrossRef]
47. Monte-Silva, K.; Kuo, M.-F.; Hessenthaler, S.; Fresnoza, S.; Liebetanz, D.; Paulus, W.; Nitsche, M.A. Induction of late LTP-like

plasticity in the human motor cortex by repeated non-invasive brain stimulation. Brain Stimulat. 2013, 6, 424–432. [CrossRef]
48. Nitsche, M.A.; Paulus, W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans.

Neurology 2001, 57, 1899–1901. [CrossRef] [PubMed]
49. Kinsbourne, M. Mechanisms of Unilateral Neglect. In Advances in Psychology; Jeannerod, M., Ed.; Elsevier: Amsterdam,

The Netherlands, 1987; pp. 69–86.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.5535/arm.2016.40.2.223
https://doi.org/10.1523/JNEUROSCI.0055-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/23699528
https://doi.org/10.1016/j.neulet.2013.08.064
https://www.ncbi.nlm.nih.gov/pubmed/24021804
https://doi.org/10.3389/fnsys.2014.00180
https://doi.org/10.3233/RNN-140464
https://www.ncbi.nlm.nih.gov/pubmed/25855132
https://doi.org/10.1080/09602011.2016.1202120
https://www.ncbi.nlm.nih.gov/pubmed/27380545
https://doi.org/10.1310/tsr2103-228
https://www.ncbi.nlm.nih.gov/pubmed/24985390
https://doi.org/10.1016/j.neulet.2020.135557
https://doi.org/10.1080/713755556
https://doi.org/10.1016/0028-3932(94)90064-7
https://doi.org/10.1053/apmr.2003.50062
https://doi.org/10.1080/09602011.2020.1797828
https://www.ncbi.nlm.nih.gov/pubmed/32723030
https://doi.org/10.1136/jnnp.35.4.545
https://www.ncbi.nlm.nih.gov/pubmed/5049813
https://www.ncbi.nlm.nih.gov/pubmed/7676151
https://doi.org/10.1113/jphysiol.1990.sp018307
https://doi.org/10.1016/j.neuroimage.2007.12.060
https://www.ncbi.nlm.nih.gov/pubmed/18296073
https://doi.org/10.1097/YCT.0000000000000510
https://doi.org/10.1016/j.brs.2016.11.009
https://www.ncbi.nlm.nih.gov/pubmed/27931886
https://doi.org/10.1007/s12311-020-01172-0
https://doi.org/10.1016/j.brs.2012.04.011
https://doi.org/10.1212/WNL.57.10.1899
https://www.ncbi.nlm.nih.gov/pubmed/11723286

	Introduction 
	Materials and Methods 
	Ethical Consideration and Trial Registration 
	Informed Consent 
	Data Management 
	Trial Registration 

	Eligibility Criteria 
	Materials 
	Design of the HEMISTIM Protocol 
	Inclusion in Groups 
	Setting of Interventions 
	Setting of Assessments 
	Monitoring and Blinding 

	Sample Size Calculation 
	Statistical Analysis 
	Dissemination Policy 

	Discussion 
	References

