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Restoring of Interhemispheric Symmetry in
Patients With Stroke Following Bilateral or
Unilateral Robot-Assisted Upper-Limb
Rehabilitation: A Pilot Randomized
Controlled Trial
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A. Comanducci™, E. Guglielmelli™, Senior Member, IEEE, and I|. G. Aprile

Abstract— Bilateral robotic rehabilitation has proven
helpful in the recovery of upper limb motor function in
patients with stroke, but its effects on the cortical reorga-
nization mechanisms underlying recovery are still unclear.
This pilot Randomized Controlled Trial (RCT) aimed to
evaluate the effects on the interhemispheric balance of
unilateral or bilateral robotic treatments in patients with
subacute stroke, using Quantitative Electroencephalogra-
phy (QEEG). 19 patients with ischemic stroke underwent
a 30-session upper limb neurorehabilitation intervention
using a bilateral upper limb exoskeleton. Each patient was
randomly assigned to the bilateral (BG, n=10) or unilateral
treatment group (UG, n=9). EEG evaluations were per-
formed before (T0) and right after (T0+) the first treatment
session, after 30 treatment sessions (T1), and at 1-week
follow-up (T2), in both eyes open and eyes closed condi-
tions. From the acquired EEG data, the pairwise-derived
Brain Symmetry Index (pdBSl) was computed. In addi-
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tion, clinical evaluation was performed at TO and T1 with
validated clinical scales. After the treatment, a significant
improvement in clinical and EEG evaluations was observed
for both groups, but only the BG showed reduced pdBSlI in
delta and theta bands. In the cluster of sensorimotor chan-
nels, there was no significant difference between groups.
The observed changes were not maintained at follow-up.
No significant changes were observed in the pdBSI after
a single rehabilitation session. Results suggest that bal-
ancing of interhemispheric symmetry comes along with
a clinical improvement in the upper extremity and that
the pdBSI can be used to investigate the mechanisms of
neuronal plasticity involved in robotic rehabilitation after
stroke.

Index Terms— Stroke, quantitative electroencephalog-
raphy (qEEG), robotics, rehabilitation, interhemispheric
balance, brain symmetry index (BSI).

[. INTRODUCTION

TROKE is the world’s second leading cause of death and

the leading cause of disability in adults, responsible for
approximately 11% of total deaths in 2019, as reported by the
World Health Organization (WHO) [1]. It has been estimated
that 15% to 30% of all stroke survivors are significantly
disabled due to a neurological impairment involving force,
motion, sensory perception, and sensory-motor integration [2].
Stroke causes severe motor deficits particularly in the upper
limb (UL), resulting in the loss of independence and causing
major deteriorations in the quality of life [3].

Many therapeutic interventions have been proposed in reha-
bilitation settings to promote functional recovery after stroke.
Traditional treatment, such as voluntary exercises performed
by the therapist, has been demonstrated to promote functional
recovery by reorganizing the motor cortex [4].

Several studies have shown that the quantity, duration, and
intensity of training sessions are key variables in relearning
motor skills and modifying the underlying neural architec-
ture [5]. In this view, the use of robot-mediated therapies is
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becoming increasingly popular since robotic systems allow
to increase the amount and intensity of the therapy and to
standardize the treatment [6]. Furthermore, the presence of
sensory feedback, such as visual and auditory stimuli, and the
repetition of movement stimulate processes of brain plasticity
and improve the rehabilitation outcome [7].

Interestingly, post-stroke brain alterations affect the balance
between the two cerebral hemispheres [8], whose interactions
are crucial in the execution of unilateral and bilateral move-
ments [9], [10]. After a stroke, patients show abnormally high,
and severity-dependent, activation in the contralesional senso-
rimotor network during movement of the affected hand [11].
Motor recovery from stroke would involve a reversal trend
toward the ipsilesional motor area through an increased corti-
cal activation in the affected primary sensorimotor cortex and
a decrement in the unaffected one [8]. This shift restores the
correct balance in activations between the brain hemispheres.

Recent studies have shown promising results on the effec-
tiveness of treatment involving both ULs (bilateral practice)
in patients with stroke [12], allowing activation in both hemi-
spheres and inducing reorganization of neural networks [12],
[13], [14]. In particular, Cauraugh et al. [15] and Stinear et al.
[16] suggested that bilateral practice with the paretic and non-
paretic limbs facilitates activation of the damaged hemisphere
through improved control of interhemispheric inhibition,
which is associated with the control of bimanual task
performances.

In this context, robotic therapy by means of devices such
as bilateral exoskeletons or end-effectors (e.g., Bi-Manu-Track
[17] and Driver SEAT [18]) provides the possibility of move-
ments of both the paretic and non-paretic limbs with multiple
motion patterns. Preliminary clinical results indicate that bilat-
eral robotic rehabilitation in patients with stroke can improve
the range of motion, strength, or physical function of the UL,
but clinical evidence remains inconclusive [19].

Few studies have investigated the effects of bilateral robotic
therapy on cortical reorganization in patients with stroke.
Recently, Tang et al. [20] evaluated the effect of bilateral
robot-assisted training on functional recovery in patients with
stroke in terms of cortical activity and connectivity, comparing
the bilateral robotic treatment with the conventional one. They
showed that post-stroke bilateral robotic treatment increases
functional connectivity in motor related cortical areas. How-
ever, to the best of our knowledge, there are no studies in the
literature comparing the effects, in terms of brain reorganiza-
tion, induced by the unilateral and bilateral UL treatments by
employing the same robotic device for both approaches.

To fill this gap, our study aimed to analyze the clinical
and neurophysiological outcomes, in terms of interhemispheric
balance measured using quantitative electroencephalography
(qEEG) metrics, of unilateral and bilateral robotic treat-
ments in patients with stroke. Our main hypothesis was that
robotic upper limb treatment, whether unilateral or bilateral,
would lead to significant improvement in the interhemispheric
symmetry, as measured by the Brain Symmetry Index. Our
exploratory hypothesis was that different robotic treatments
(unilateral and bilateral) would lead to different effects in

terms of interhemispheric balancing, along with different clin-
ical improvements.

Il. MATERIALS AND METHODS
A. Study Design and Participants

The study is a pilot randomized controlled trial (RCT),
aimed to compare bilateral and unilateral upper limb robotic
rehabilitation in patients with stroke. Patients were enrolled at
the Santa Maria Della Provvidenza Centre of Fondazione Don
Carlo Gnocchi ONLUS, in Rome between January 2022 and
November 2022.

We recruited consecutive subjects with stroke (verified by
MRI or CT). Eligibility criteria included: (1) age between
18 and 85 years; (2) ischemic type lesion; (3) first corti-
cal and supratentorial event; (4) moderate upper extremity
motor deficit (evaluated by Fugl-Meyer Assessment for Upper
Extremity score between 29 and 42) [22]; (5) time since the
acute events between 1 month and 6 months; (6) Trunk Control
Test score greater than or equal to 48. Exclusion criteria
were: (1) significant medical comorbidity (severe neurological
disease, cardiovascular disease, diabetes/unstable hyperten-
sion); (2) cognitive impairment that prevents comprehension
of administered exercises; (3) inability or unwillingness to
provide informed consent.

The trial was approved by the Ethics Committee of Lazio 1
(609/CE Lazio 1) and registered at ClinicalTrials.gov with
identifier number NCT05176600. All participants gave their
written informed consent according to the Declaration of
Helsinki.

B. Intervention

Eligible subjects underwent a 30-session upper-limb neu-
rorehabilitation program, using the Arm Light Exoskeleton
Rehab Station (ALEx RS, Wearable Robotics Srl). Each
rehabilitation session lasted 45 minutes, with a frequency of
5 times a week. Each patient was randomly assigned to either
the unilateral treatment group (UG) or the bilateral treatment
group (BG).

For all patients, the schedule of the treatment session
included: the first 5 minutes and the last 5 minutes of the train-
ing dedicated to exercises of shoulder abduction-adduction,
shoulder intra-rotation and extra-rotation, shoulder flexion-
extension, and elbow flexion-extension (60 repetitions in the
first 5 minutes and 60 repetitions in the final 5 minutes of
each session); 30 minutes during which the patient engaged in
goal-oriented tasks through the system’s exergames, with task
duration dependent on the functional aim of the exergame and
on the patient’s performance; a total of 5 minutes allocated
for the set-up and closure of the system. Regarding the initial
and final mobilization exercises, in the UG, the sequence
of movements was performed passively by the patient under
the full guidance of the physical therapist. In the BG, the
patient used the unaffected limb to perform the movements,
replicating the movements of the therapist that was in front
of him/her. These movements were detected by the machine’s
built-in sensors and reproduced in real time on the affected
limb.
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Fig. 1. Arm Light Exoskeleton Rehab Station (ALEx RS). Lateral (top)
and frontal view (bottom).

In addition to the UL robotic rehabilitation session accord-
ing to the allocated group, all subjects underwent conventional
rehabilitation sessions (6 times/week), lasting 45 minutes,
focused on lower limbs, sitting and standing training, balance,
and walking. Subjects underwent occupational and speech
therapy, if needed.

The randomization sequence was generated by using the
R (version 3.3.0, R Core Team, Vienna, Austria) package
blockrand, with random block sizes ranging from 2 to 8.
Randomization was stratified according to age (younger, <
65 years; older, > 65 years), to ensure that the subjects’ num-
bers and characteristics in each group were closely matched.
The randomization list was prepared by an investigator with no
clinical role in the study. Due to the nature of the interventions,
it was not possible to blind participants or treating therapists
to treatment allocation.

C. Robotic Treatment

The robotic sessions were performed with the UL exoskele-
ton ALEx RS (Fig. 1), consisting of two independent and
symmetrical exoskeletons, one for the right UL and the other
for the left UL. The two exoskeletons can be used simul-
taneously (bilateral configuration) or individually (unilateral
configuration), depending on the treatment to be administered
to the specific patient. The device provides several exergames
in Virtual Reality (VR) that can be selected by the operator
according to the needs of the patient. The exercises are
of various types and are intended to stimulate the patient’s

concentration, thus helping the patient carry out cognitive
as well as motor rehabilitation. Exercises include reaching,
moving objects, coordination, reflex speed, association, con-
centration and attention, and trajectory tracking.

The therapist can select, through the machine’s graphical
interface, different parameters to customize each rehabilita-
tive session according to the patient’s characteristics. Among
these, the “arm weight compensation” is the level of weight
relief (total or partial) of the patient’s arm attached to the
exoskeleton. When activated by the operator on the graphical
interface, the exoskeleton applies additional constant vertical
forces on the patient’s arm suitable for supporting the patient.
Arm weight compensation allows for a greater range of active
movements that the patient can achieve during treatment, and
a reduction of pain during movements. Moreover, the device
is a robotic system provided with an automatic support that
assists the patient in reaching the target in case he/she is
unable to perform or complete the movement in a given
time. The parameter of “assistance level” (minimum, medium,
maximum) was adjusted by the therapist via the graphical
interface whenever the patient had limited mobility in the
initial sessions of the training. The level of arm compensation
and movement assistance were modulated, for both treatment
groups, on the severity of the patient’s motor deficit and
progressively reduced based on the progress made.

Both groups performed rehabilitation treatments in the pres-
ence of a physical therapist and an engineer.

D. Unilateral Treatment

With reference to the unilateral treatment group, the
exergames used in the different sessions involved:

o Exergames with 3D-reaching tasks on the frontal and
sagittal plane. The exercise consists of reaching the
targets appearing on the screen randomly or in a pre-
determined order.

o Exergames involving both reaching and pick-and-lift
tasks on the frontal and horizontal plane. During the task,
the patient receives visual feedback on the movement per-
formed, represented by a marker on the screen following
the patient’s movements.

« Exergames involving tracking tasks on the frontal plane.
During the task, the patient is required to perform a
coordinated and precise movement to follow trajectories
with different shapes appearing on the screen.

The goal of these exergames was to focus treatment
on the affected limb, improving proprioception and visual-
motor abilities, specifically targeting visual-spatial exploration,
oculo-manual coordination and memory. Several options were
used to customize the treatment: (i) difficulty levels, i.e.,
number of objects to be moved or the available time to
complete the required task; (ii) arm weight compensation,
as defined above; (iii) movement amplification scale, i.e., the
ability of the system to amplify the movement excursion
of the patient in the virtual environment; (iv) object grip
level, i.e., the force required to grab the object and hold it;
(v) interaction force, i.e., the weight of each object being
moved; (vi) movement assistance level, as defined above. More
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details about the exergames and treatment protocol in the
UG can be found in the supplementary material (Appendix
“Treatment Protocol”).

E. Bilateral Treatment

The bilateral treatment consisted of bimanual tasks where
both limbs perform the same movements (symmetrical
exergames) or different movements (asymmetrical exergames).
The bilateral exercises included:

« Exergames of 3D-reaching tasks with visual feedback on
the frontal and sagittal plane that are asymmetrical and
asynchronous and do not involve the simultaneous use
of both limbs (e.g., reach a glowing circle when it lights
up, by moving the limb whose associated marker’s color
corresponds to the color of the target circle).

« Exergames requiring synchronous movements of both
limbs of symmetrical type (e.g., move and position a
virtual tray) or asymmetrical type (e.g., navigation in a
labyrinth).

o Complex tasks with asymmetrical and asynchronous
movement sequences (e.g., cooking or archery) adminis-
tered at the end of treatment. These exercises are the most
complex in terms of both motor and cognitive aspects.

The goal of these exergames, beyond the proprioception,
visual-motor abilities, visual-spatial exploration, oculo-manual
coordination and memory, was to focus on enhancing upper
limbs cooperation ability, thereby improving coordination and
procedural memory in performing bimanual tasks. As in
the UG, to customize these exercises, the difficulty level,
movement amplification scale, assistance level and arm weight
compensation parameters were modulated by therapists. More
details about the exergames and treatment protocol in the
BG can be found in the supplementary material (Appendix
“Treatment Protocol”).

F. EEG Assessment

Both groups of patients underwent a high-density EEG
(HD-EEG) recording. The EEG data were collected using a
64-channel HD-EEG system (HD TruScan EEG; DEYMED
Diagnostic) with a sampling frequency of 3 kHz. The signals
were acquired using a cap with 64 Ag/AgCl scalp monopolar
electrodes placed according to the International 10/20 mon-
tage. Contact impedance was kept below 5K. Data was
exported in EDF format for further analysis.

Recordings were executed at the following time points:
before (TO) and right after (TO+) the beginning of the first
rehabilitation session, the day after the end of 30 treatment
sessions (T1), and 1-week follow-up (T2). The neurophys-
iological assessment right after the beginning of the first
rehabilitation session (TO+) was conducted to evaluate the
short-term effects of treatment, i.e., to investigate possi-
ble immediate brain changes underlying the motor recovery
processes. The neurophysiological assessment at 1-week
follow-up (T2) was conducted to investigate whether the
neurophysiological changes remained stable over a short-term
period of one week.

Resting state EEG recordings were performed for
10 minutes with eyes open and 10 minutes with eyes closed,
with the subject relaxed and in a comfortable supine position.

1) EEG Signal Processing: Signal processing and analyses
were performed offline using MATLAB (Mathworks, Natick,
MA, USA) with custom scripts based on the EEGLAB tool-
box [23]. Sampled EEG data were imported into the software
from EDF format with acquisition reference and additional
information regarding the channel location was added to the
EEG structure. Single bad channels were removed by visual
inspection and successively interpolated (nearest neighbor).
Data were resampled at 1 kHz and filtered with an IIR high-
pass (5th order Butterworth filter with a 0.5 Hz cut-off) and
a notch filter centered at 50 Hz. Data were then re-referenced
to average reference. Independent Component Analysis (ICA)
[24] was performed using the logistic infomax ICA algorithm,
implemented in EEGLAB, to discriminate non-cerebral signal
sources. The ICA decomposition was guided by automated
rejection methods and supervised by an expert user via visual
inspection. Indeed, only components with clear ocular and
muscle artifacts were rejected by visual inspection of the com-
ponent’s topography, time-frequency, and time series. Spectral
power for each channel’s signal was calculated by Fast Fourier
Transform (FFT) over the 1-25 Hz frequency range. Power
Spectral Density (PSD) was computed using Welch’s method
(2 s window, 50% overlap).

Data analysis was performed by an investigator with no
clinical role in the study and blinded to the randomization
groups.

2) Brain Symmetry Index: Subsequently, the pairwise-
derived Brain Symmetry Index (pdBSI) was estimated for each
processed EEG channel. This index estimates the asymmetry
along homologous channel pairs (right and left), ranging from
zero (perfect symmetry for all channels) to one (maximal
asymmetry) [25]. Previous studies have shown that its value is
closer to zero in healthy people and higher in people affected
by stroke [26]. The pdBSI was defined as the absolute value
of the relative difference of the average spectral density of the
right and left hemispheres in the frequency range from 1 to
25 Hz [21], [27]:
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With R;; and L;; being the FFT-based PSD obtained from a
right and, respectively, left channel of a homologous channel
pair (withi=1, 2, ..., M, with M the number of channel pairs,
i.e., M=32) at frequency j (with j = 1, 2, ..., N, with N the
number of FFT coefficients). pdBSI was calculated for all the
timepoints of evaluation (TO, TO+, T1, T2) in the frequency
ranges (N): 1-4 Hz (delta), 4-8 Hz (theta), 8-12.5 Hz (alpha),
12.5-25 Hz (beta), 1-25 Hz.

An additional analysis was conducted to investigate the
effect of the robotic treatments in the sensorimotor area. The
pdBSI was computed in the sensorimotor cluster of channels:
(1) C4, CP4, P4, C2, CP2, P2 (for the right hemisphere);
(i) C3, CP3, P3, Cl1, CPl1, P1 (for the left hemisphere).
In particular, this analysis was performed computing the pdBSI
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in the range 1-25 Hz as well as in the individual frequency
bands.

G. Clinical Assessment

Clinical evaluations were performed by a physical therapist
at baseline (T0) and after 30 sessions of treatment (T1) using
the following scales: (i) the Fugl-Meyer Assessment for upper
extremity (FMA-UE) [22]; (ii) the Action Research Arm Test
(ARAT) [28]; (iii) the Motricity Index (MI) [29]; (iv) the Mod-
ified Ashworth Scale (MAS) [30]; (v) the Wolf Motor Function
Test (WMFT) [31]. The evaluators who performed the clinical
assessment were blinded to the treatment assignment.

The FMA is a stroke-specific, performance-based impair-
ment scale, belonging to the body function domain of the ICF
model. In this study, the motor and the sensation domains of
the upper extremity subsection were administered (FMA-UE
motor, range: 0-66, 66 = no motor deficits; FMA-UE sensa-
tion, range: 0-12, 12 = no light touch and position deficits).
The ARAT assesses UL function using observational methods
and consists of 19 items organized in 4 sections: Grasp, Grip,
Pinch, and Gross movements. The performance of each task
is scored on a 4-point ordinal scale (0 = unable to complete
any part of the task, 1 = the task is only partially completed,
2 = the task is completed but with great difficulty and/or in
an abnormally long time, and 3 = the movement is performed
normally). The maximum ARAT score is 57 points, which
means a normal UL function. The MI of the upper extremity
was performed in order to provide information on the upper
limb strength. The test includes shoulder abduction, elbow
flexion, pinch grip and the final score ranges from 0 (no
movement) to 100 (normal strength). The MAS is an ordinal
scale used for grading the resistance encountered during pas-
sive muscle stretching, ranging from 0 (normal muscle tone)
up to 4 (limb rigid in flexion or extension). In this study,
shoulder (abduction and intrarotation), elbow, and wrist joints
were assessed. The WMFT quantifies the upper extremity
motor ability through timed and functional tasks. It uses a 6-
point ordinal scale (“0” = “does not attempt with the involved
arm”, to “5” = “arm does participate; movement appears to
be normal”). The maximum score is 75; lower scores are
indicative of lower functioning levels.

H. Subjective Evaluations

The subjective evaluation of device usability was assessed
by administering at the end of the 30-session upper-limb
neurorehabilitation program the System Usability Scale [32],
which is a questionnaire consisting of 10 questions whose
answers are structured on a Likert scale with five response
options (from strongly agree to strongly disagree), and a total
score ranging from O to 100. Satisfaction with the treatment
was assessed by asking patients to score on a 0-10 Likert scale
the question: “Overall, how satisfied are you with the robotic
treatment performed?”.

I. Statistical Analysis

The statistical analysis was performed to evaluate the
changes in motor performance and brain interhemispheric
symmetry induced by the rehabilitation treatment.

Normal data distribution was confirmed by means of Q-Q
plot visual inspection.

To compare pdBSI values at TO between treatment groups,
independent samples Student’s t-test was performed in eyes
open and eyes closed conditions, separately.

To compare neurophysiological data, a mixed Analysis
of Variance (ANOVA) test was conducted, considering time
(3 levels: TO vs. T1 vs. T2) as a within-group factor (with
Bonferroni correction for multiple comparisons), and group
(2 levels: unilateral vs. bilateral) as a between-group factor.
This analysis was conducted to compare pdBSI values: (i) in
the 1-25 Hz frequency range, for all channel pairs; (ii) in each
frequency band separately, for all channel pairs; (iii) in the
1-25 Hz frequency range, for the sensorimotor clusters; (iv) in
each frequency band separately, for the sensorimotor clusters.

The analysis was performed considering eyes open (EO)
and eyes closed (EC) conditions, separately. Mauchly’s test
was used to confirm sphericity, while homoscedasticity was
assessed through the Levene’s test.

With respect to clinical data, a mixed ANOVA test was
conducted, considering the time (2 levels: TO vs. T1) as
a within-group factor, and group (2 levels: unilateral vs.
bilateral) as a between-group factor. Moreover, an explorative
analysis was conducted to evaluate the short-term effects of
treatment, i.e., after one 45 minutes-session, by means of a
mixed ANOVA test performed on the pdBSI in the range
1-25 Hz, considering the time (2 levels: TO vs. TO+4) as a
within-group factor, and group (2 levels: unilateral vs. bilat-
eral) as a between-group factor. Finally, subjective evaluation
of usability and satisfaction were compared between the two
groups, by means of the Mann-Whitney U test.

For all the analyses, a p-value lower than 0.05 was consid-
ered as significant. Statistical analysis was performed using
the SPSS Statistics software (version 28, IBM Corp., Armonk,
NY, USA). Statistical analysis was performed by an investi-
gator with no clinical role in the study and blinded to the
randomization groups.

[1l. RESULT

A. Sample

87 patients were assessed for eligibility. Of them, 64 were
excluded because of the inclusion criteria, 1 declined to
participate and 3 for other reasons not related to the study.
19 patients, who matched the inclusion criteria and signed
informed consent, were then randomized to the UG (n=10)
or BG (n=9) treatment groups. Of those, one patient of the
UG performed less than 30 treatment sessions for reasons
unrelated to the study and did not undergo the T1 and T2
evaluations. Therefore, 18 patients (UG, n=9; BG, n=9) were
evaluated at T1 and T2 and considered for the analysis. Fig. 2
shows the flowchart of the trial (CONSORT diagram). The
baseline characteristics of the two treatment groups (UG vs.
BG) are summarized in TABLE 1. The baseline values were
compared between groups by means of Mann-Whitney U test
and Chi-squared test, respectively for numeric and categorical
variables. The two groups were comparable in terms of age,
sex, time from onset to randomization, index stroke location,
affected side, dominant side and clinical scores.
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Fig. 3.

Pairwise-derived Brain Symmetry Index (pdBSl) in the two conditions (eyes open and eyes closed), at enrolment (T0), at the end of

30 treatment sessions (T1) and follow-up (T2) for the two groups, separately, along with the results of statistical analysis (*: P<0.05).

Mauchly’s tests indicated that the assumption of sphericity
has been confirmed for all the data samples, except for the
pdBSI computed in the sensorimotor cluster for the 1-25 Hz
range, in the eyes closed condition, for which the correction
of Greenhouse-Geisser has been considered. Levene’s tests
indicated that the assumption of homogeneity of variances has
been met for all the data samples.

B. Neurophysiological Evaluation

The independent samples Student’s t-test showed that the
pdBSI at baseline (TO) was not significantly different between
UG and BG (EO: P =0.303; EC: P = 0.879).

1) pdBSlin 1-25 Hz for All Channel Pairs: With respect to the
pdBSI computed in the 1-25 Hz range for all channel pairs, the
results of the mixed ANOVA test showed that the interaction
factor timeXgroup was always not significant. The main effect
time was statistically significant in both EC (P = 0.014) and
EO (P = 0.018) conditions. The post-hoc tests showed that
in both conditions the pdBSI at T1 was statistically different
from the pdBSI at TO (EC: P = 0.010, EO: P = 0.006),

also after Bonferroni correction for multiple comparisons (EC:
P = 0.030, EO: P =0.017). On the contrary, no differences
between the T2 evaluation and the other time points were
detected. Data are also depicted in Fig. 3.

In the explorative analysis (TABLE II), performed to inves-
tigate the short-term effect of the robotic treatment on brain
activity, i.e., right after the first rehabilitation session, we found
that neither the interaction factor nor the main effect time
were statistically significant in the two analyzed conditions,
EC (P =0.08) and EO (P = 0.167).

2) pdBSI in Frequency Bands for All Channel Pairs: With
respect to the pdBSI evaluated in the delta frequency band
for all channel pairs, the results of the mixed ANOVA test
showed that the interaction factor fimeXgroup was significant
in EC condition (P = 0.003), but not in EO condition. The
main effect time was statistically significant, in EC condition
(P = 0.001), but not in EO condition. The post-hoc tests
showed that in EC condition, the pdBSI at T1 was statistically
different from the pdBSI at TO in the BG (P = 0.023, after
Bonferroni correction for multiple comparisons), the pdBSI
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TABLE |
BASELINE CHARACTERISTIC OF THE SAMPLE. DATA ARE MEAN (SD)
OR N (%). P-VALUES REFER TO MANN-WHITNEY
U TEST AND CHI-SQUARED

Unilateral Bilateral
Characteristics group group p-value
(n=10) (n=9)
Age, years 68.9 (14.7) 70.2 (4.9) 0.447
Sex
Men 6 (60%) 4 (44.4%)
0.498
Women 4 (40%) 5 (55.5%)
Index stroke location
(ischemic stroke)
Lacunar stroke 0(0.0%) 1(11.1%)
Partial anterior 8 (80%) 5 (55.5%)
circulation stroke
0.449
Total anterior 2 (20%) 2(22.2%)
circulation stroke
Posterior circulation 0(0.0%) 1(11.1%)
stroke
Affected side
Right 6 (60%) 6 (66.6%)
Left 4 (40%) 3(33.3%) 0.764
Dominant side
Right 9 (90%) 9 (100%)
Left 1(10%) 0 (0%) 0:329
Days from index
stroke to enrolment 107.6 (49.3) 93.5 (42.6) 0.604
Body function
Fugl-Meyer Upper 35.2 (22.6) 36.3(13.9)
Extremity Motor Function
Score (0-66) 1.000
Fugl-Meyer Sensory 7.7 (3.9) 8.4 (3.9)
Function
Motricity Index Upper
Limb (0-100) 56.2(31.1) 64.6 (16.7) 0.604
Modified Ashworth
Scale (0-4)
Shoulder abduction 0.6 (1.0) 0.6 (0.7) 0.842
Shoulder intrarotation 0.8(1.0) 0.7 (0.7) 1.000
Elbow 1.2(0.9) 1.2(0.8) 0.968
Wrist 0.7 (0.8) 0.8 (0.6) 0.720
Action Research Arm
Test (0-45) 24 (24) 25(23) 0.905
WOLF Motor Function 37 (32) 41(22) 0.968
test

at T2 was statistically different from the pdBSI at Tl in
the UG (P = 0.008, after Bonferroni correction for multiple
comparisons), and the pdBSI at T2 was statistically different

from the pdBSI at TO in the UG (P = 0.022, after Bonferroni
correction for multiple comparisons).

With respect to the pdBSI evaluated in the theta frequency
band for all channel pairs, the results of the mixed ANOVA test
showed that the interaction factor timeXgroup was significant
in EC condition (P = 0.042), but not in EO condition. The
main effect time was not statistically significant in both EC
and EO conditions. The post-hoc tests showed that in EC
condition, the pdBSI at T1 was statistically different from the
pdBSI at TO in the BG (P = 0.022, after Bonferroni correction
for multiple comparisons).

With respect to the pdBSI evaluated in the alpha frequency
band for all channel pairs, the results of the mixed ANOVA
test showed that the interaction factor timeXgroup was not
significant. The main effect time was statistically significant
in EC condition (P = 0.018), but not in EO condition. The
post-hoc tests showed that in EC condition, the pdBSI at T1
was statistically different from the pdBSI at TO (P = 0.016,
after Bonferroni correction for multiple comparisons).

With respect to the pdBSI evaluated in the beta frequency
band for all channel pairs, the results of the mixed ANOVA test
showed that both the interaction factor timeXgroup and main
effect time were not significant in both EC and EO conditions.
Data referred to the pdBSI evaluated in the frequency bands
are depicted in Fig. 4.

3) pdBS! in 1-25 Hz for the Sensorimotor Clusters: With
respect to the pdBSI evaluated in the sensorimotor clusters, the
results of the mixed ANOVA test showed that the interaction
factor timeXgroup was not significant. The main effect time
was statistically significant in EC condition (P = 0.045), but
not in EO condition. The post-hoc tests showed that in EC
condition, the pdBSI at T1 was statistically different from
the pdBSI at TO (P = 0.047, after Bonferroni correction for
multiple comparisons). Data referred to the pdBSI (1-25 Hz)
evaluated in the sensorimotor clusters are depicted in Fig. 5.

4) pdBSl in Frequency Bands for the Sensorimotor Clusters:
With respect to the pdBSI evaluated in the frequency bands
for the sensorimotor clusters, the results of the mixed ANOVA
tests showed that the interaction factor timeXgroup was always
not significant, while the main effect time was not statistically
significant only in the delta band, in EC condition (P <0.001),
but not in the EO condition. The post-hoc test showed that,
in EC condition, the pdBSI in the delta band at T1 was
statistically different from the pdBSI in the delta band at
TO (P<0.001), and the pdBSI in the delta band at T2 was
statistically different from the pdBSI in the delta band at
T1 (P = 0.001), after Bonferroni correction for multiple
comparisons. Data referred to the pdBSI evaluated in the
frequency bands for the sensorimotor clusters are depicted in
Fig. 6.

C. Clinical Evaluation

The results of the mixed ANOVA test related to clin-
ical evaluation are shown in TABLE IIl. The interaction
factor (timeXgroup) was always found to be statistically non-
significant, thus indicating no different behavior in the two
treatment groups (UG vs. BG). With respect to the main
effect time, it was statistically significant in the following



MAURQO et al.: RESTORING OF INTERHEMISPHERIC SYMMETRY IN PATIENTS

3597

TABLE Il
PAIRWISE-DERIVED BRAIN SYMMETRY INDEX (PDBSI) IN THE TWO CONDITIONS EYES OPEN (EYES OPEN, EO) AND EYES CLOSED (EYES
CLOSED, EC) AT ENROLMENT (T0) AND AT THE END OF THE FIRST SESSION (T0+) FOR THE TWO GROUPS, SEPARATELY, ALONG

WITH THE RESULTS OF STATISTICAL ANALYSIS. Bl = BILATERAL; UNI = UNILATERAL

t group Mean SD SE timeXgroup time Group
bi 0.204 0.144 0.048
TO
uni 0.214 0.134 0.045 0.759 0.08 0.726
EC
bi 0.152  0.090 0.030
TO+
uni 0.177 0.089 0.030
pdBSI
bi 0.175 0.131 0.044
TO
uni 0.227 0.063 0.021
EO 0.132 0.167 0.592
bi 0.178 0.116  0.039
TO+
uni 0.172 0.058 0.019
delta theta
0.3 * * ® Bilateral 0.3 * @ Bilateral
! z 1 # Unilateral - ! = Unilateral
0.2 0.2
7] 7]
H H
0.1 0.1
0. r T T (X T
To T T2 To T T2
alpha beta
0.3 * ® Bilateral 0.3 @ Bilateral
— & = Unilateral & Unilateral
7] 7]
2 8
Q Q
0.1 0.1
0. r T T (X r T T
To ™ T2 To T T2

Fig. 4.

Pairwise-derived Brain Symmetry Index (pdBSI) in frequency bands, in the eyes closed condition, at enrolment (T0), at the end of

30 treatment sessions (T1) and follow-up (T2) for the two groups, separately, along with the results of statistical analysis (*: P<0.05; **: P<0.01).

Eyes open
0.34

pdBs!

0.14

® Bilateral
# Unilateral

T T
TO T

T
T2

Eyes closed
0.3 * @ Bilateral
| ] A
# Unilateral
0.2
7}
@
°
Q
0.1
0. T T T
TO T T2

Fig. 5. Pairwise-derived Brain Symmetry Index (pdBSl) in the sensorimotor clusters, in the two conditions (eyes open and eyes closed), at enrolment
(TO), at the end of 30 treatment sessions (T1) and follow-up (T2) for the two groups, separately, along with the results of statistical analysis

(*: P<0.05).

clinical scales: FMA-UE motor function (P = 0.001), ARAT
(P = 0.015), WMFT (P = 0.007), and MI (P = 0.025).
In contrast, it was not statistically significant for the MAS
(shoulder P = 0.415; elbow P = 0.867; wrist P = 0.412)

and the FMA-UE sensation (P = 0.471).

D. Subjective Evaluation of Usability and Satisfaction
Patients in both groups rated positively the usability of
the device (bilateral group: 76.9£11.0; unilateral group:
74.41+7.6) and were satisfied with the rehabilitation treatment
(bilateral group: 8.31+2.2; unilateral group: 8.6+1.3). There
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Fig. 6. Pairwise-derived Brain Symmetry Index (pdBSI) in sensorimotor clusters and in frequency bands, in the eyes closed condition, at enrolment
(TO), at the end of 30 treatment sessions (T1) and follow-up (T2) for the two groups, separately, along with the results of statistical analysis

(**: P<0.01; ***: P<0.001).

were no statistically significant differences between the two
groups in the subjective assessment of the treatment (SUS:
P =0.248; Likert: P = 0.878).

IV. DISCUSSION

This pilot RCT aimed to evaluate the effects on the
interhemispheric balance of unilateral and bilateral robotic
treatments in patients with subacute stroke, using qEEG.

Results demonstrated improvement in both neurophysio-
logical and clinical outcomes in response to both robotic
interventions for the rehabilitation of the UL. In particular, the
primary finding from our research is the increase of the inter-
hemispheric balance observed in both treatment groups after
robot-assisted rehabilitation intervention. This phenomenon
refers to the functional balance between the brain hemisphere
affected by the stroke and the unaffected one, evaluated here
through the pdBSI derived from resting-state EEG signals.

We specifically observed a decrease in the pdBSI after
30 treatment sessions (T1) performed with an exoskeleton for
the UL, demonstrating the occurrence of neurophysiological
changes induced by this robotic rehabilitation protocol. Lower
pdBSI values reflect less power asymmetry over the cerebral
hemispheres, indicating an increase of the interhemispheric
balance in EEG activity [33] and thus a positive effect on
the brain plasticity post-stroke. The rebalancing was also con-
firmed when computing the pdBSI in the cluster of channels
covering sensorimotor areas, across the entire frequency range
(1-25 Hz). This confirmation of pdBSI improvement in the
sensorimotor cluster is particularly significant because it is
directly related to motor and sensory processing, which are
critical functions targeted by robotic rehabilitation.

The detailed analysis in individual frequency bands, for
all channels, showed two markedly different results. In the

higher frequency bands (alpha and beta), the trend was similar
to the one observed over the total frequency range, but a
significant rehabilitation effect on the symmetry index was
seen only in the alpha band, regardless of the treatment
group. In the lower frequency bands (theta and delta), the
two groups behaved differently in time. In the delta band,
only the bilateral group showed a significant decrease in inter-
hemispheric asymmetry following treatment (T1). Conversely,
the unilateral group did not show a significant improvement
post-treatment (T1), but exhibited a significant worsening
one week after the end of rehabilitation (T2). In the theta
band, the bilateral group showed a significant improvement
after treatment (T1), while the unilateral group displayed
minimal variation in pdBSI with rehabilitation in this band.
It is important to note, however, that in the delta and theta
bands the two groups seemed to differ in their baseline pdBSI
values (TO), although this difference was not statistically
significant.

These results suggest that efficacy of bilateral versus uni-
lateral robotic rehabilitation may be frequency-dependent and
influenced by the underlying neurophysiological processes
unique to each frequency band. Specifically, bilateral robotic
rehabilitation may be more effective in promoting interhemi-
spheric balance in lower frequency bands, delta and theta,
which is particularly noteworthy given the role of these
bands in brain injury and recovery mechanisms [34]. Indeed,
increase of slow-frequency activity and relative decrease of
fast-frequency activity are associated with reductions in brain
metabolism in ischemic events [35], while with physical reha-
bilitation the delta-to-alpha power ratio usually decreases [36].
Furthermore, Saes and colleagues [37] showed that the BSI in
delta and theta bands is a reliable predictor of the FMA-UE
score at 26 weeks post-stroke.
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TABLE IlI
CLINICAL EVALUATION BEFORE (T0) AND AFTER TREATMENT (T1)
AND RELATED STATISTICAL ANALYSIS (MIXED ANOVA TEST). BOLDED

ARE P-VALUES LESS THAN 0.05. FMA-UE MF/s = FUGL-MEYER

ASSESSMENT OF UPPER EXTREMITY — MOTOR FUNCTION/

SENSATION; ARAT = ACTION RESEARCH ARM TEST; WMFT =
WOLF MOTOR FUNCTION TEST; MI = MOTRICITY INDEX;
MAS = MODIFIED ASHWORTH SCALE (SH = SHOULDER,
EL= ELBOW, WR = WRIST); Bl = BILATERAL;
UNI = UNILATERAL

timeX .
t group Mean SD SE aroup time  group
bi 36.3 139 46
TO
FMA- uni 329 226 75
UE 0.212 0.001 0.481
m.f. bi 46.2 108 3.6
T
uni 379 210 7.0
bi 8.4 39 13
TO
FMA- uni 8.1 4.2 1.5
UE 0.951 0471 0.851
S. bi 8.9 40 13
™
uni 8.5 38 14
bi 250 230 77
To . . .
uni 208 234 738
ARAT 0.695 0.015 0.600
bi 350 220 73
T
uni 282 229 76
bi 412 220 73
TO
uni 33.3 31.6 10.5
WMFT 0.844 0.007 0.465
bi 532 218 73
™
uni 439 258 8.6
bi 64.7 16.7 5.6
TO
uni 53.9 321 10.7
Ml 0.986 0.025 0.365
bi 727 13.8 4.6
™
uni 61.8 334 111
To bi 0.6 07 0.2
MAS uni 0.7 1.0 03
sh. bi 0.4 05 02 0.784 0.415 0.849
T
uni 0.4 0.7 02
bi 1.2 08 03
TO
uni 1.2 09 03
MAS . 0867 0867 0937
’ bi 1.2 03 01
™
uni 1.2 1.0 03
bi 0.8 06 0.2
TO
uni 0.7 09 03
M;;S ) 0.582 0.412 >0.999
: bi 0.8 07 0.2
™
uni 0.9 10 03

When considering the sensorimotor channels’ cluster only,
the pdBSI maintained significance only in the delta band.
In this band, irrespective of the treatment type, the pdBSI
improved at T1 and worsened from the end of rehabilitation
to the follow-up (T2). Therefore, the pdBSI in sensorimotor
cortex appeared to be more sensitive to robotic rehabilitation

at very slow frequencies; on the other hand, our sample size
was likely not sufficient to observe a predominance of one
treatment over the other in the interhemispheric balance of
those areas.

Our findings add a valuable dimension to the existing body
of knowledge, especially considering the limited exploration
of the effects of robotic treatments on the interhemispheric
balance in patients with stroke. To the best of our knowledge,
no previous study investigated the changes in interhemispheric
balance induced by a robotic rehabilitation treatment. Only
the relationship between interhemispheric balance and motor
performance was investigated. Trujillo et al.’s study [21] pro-
vided insights into the relationship between qEEG measures
and motor recovery in patients with chronic stroke under-
going robot-assisted rehabilitation. In particular, the authors
analyzed the correlation between the pdBSI at TO and the
outcome measures of rehabilitation (FMA-UL), in order to
investigate the prognostic value of this index. Interestingly,
they found no significant correlation between the pdBSI and
the motor outcomes, contrary to Ang et al. [38], who employed
a slightly different version of the BSI. However, there are
notable differences in methodologies, patient populations, and
set of outcome measures between our work and the one of
Trujillo et al. that included ten patients with chronic stroke
(with a time since the stroke event ranging from 1 to 14 years).
The rehabilitation protocol consisted of fewer total amount of
sessions and lower weekly frequency concerning our protocol.
Importantly, Trujillo’s work focused on unilateral treatments.
In contrast, our study specifically delves into the compara-
tive effects of unilateral and bilateral robotic treatments on
interhemispheric balance in patients with stroke during the
subacute phase. An investigation on bilateral robotic treatment
in patients with subacute stroke was recently proposed by
Tang et al. [20], who compared the effects of bilateral upper
limb robot-assisted therapy with a conventional (i.e., non-
robotic) treatment on the EEG rhythms and brain functional
connectivity. The authors found that the functional connectiv-
ity of bilateral cerebral hemispheres increased in the bilateral
robotic group. However, since the authors did not focus on
the analysis of interhemispheric balance (BSI), their results
are not comparable to ours.

Furthermore, both Tang et al. and Trujillo et al. proposed a
robot-assisted rehabilitation program employing end-effector
upper extremity robots. Instead, the current study involves
robot-assisted rehabilitation with a different robotic system,
an exoskeleton offering a broad range of bilateral com-
plex movements, in goal-oriented tasks, exploring a wider
workspace on different planes of movement for all the target
joints, through a wider range of exergames.

Importantly, although the interhemispheric rebalancing after
rehabilitation was evident in both treatment groups, its per-
sistence was not maintained one week after the end of the
rehabilitation protocol (T2). This transience could be attributed
to several factors, primarily the limited sample and the indi-
vidual variability in patients’ recovery trajectories, but also
the need for additional treatment sessions to consolidate neu-
rophysiological changes. In fact, while neural reorganization
is a critical driver of functional recovery post-stroke, it may
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not always result in lasting improvements [39], [40]. Given the
time course of neuroplasticity, it is plausible that a longer con-
solidation period might be necessary for the observed changes
to become enduring [41], [42]. Therefore, we cannot exclude
that the 30-session protocol was not sufficient to induce
lasting changes in interhemispheric balance. This underscores
the importance of longer rehabilitation intervention but also
extended post-rehabilitation monitoring [39], [43].

Concerning the explorative analysis, we found no statis-
tically significant variation in the neurophysiological index
after a 45-minute session (TO vs TO+). This was an expected
result, given the fact that the cerebral reorganization mech-
anisms related to motor recovery require longer training
periods to occur. Other electroencephalographic measures
could be employed to assess short-term effects related to atten-
tional [44], cognitive [45], and memory processes [46]. Indeed,
the EEG analysis of these individual processes may reveal
patient-specific responsiveness to the interaction with virtual
environments [47] and may thus significantly contribute to the
personalization of the rehabilitative interventions, optimizing
therapeutic outcomes.

From a clinical perspective, robot-assisted therapy using a
bilateral exoskeleton significantly improved the UL motor per-
formance and strength, with no significant difference between
the two investigated groups (UG vs. BG). This result suggests
that the robotic treatment with the investigated exoskeleton,
regardless of unilateral or bilateral modalities, can promote
significant functional recovery of the upper extremity in
patients with stroke outcomes. These findings are in agreement
with recent literature showing that robot-assisted training
improves UL motor function and performance in activities
of daily living in patients with stroke undergoing UL robotic
rehabilitation [48].

A relevant clinical aspect of our results is the lack of
increase in spasticity. This evidence contrasts with possible
concerns regarding the use of robotic systems in post-stroke
rehabilitation, suggesting instead that the use of an exoskeleton
does not result in increased spasticity, as already supported in
previous research [49], thus underlining the safety and efficacy
of this treatment modality.

Regarding the evaluation session on the usability of the
device and enjoyment of the treatment, patients expressed
good levels of satisfaction and positively assessed the robot’s
usability, with no differences being seen between the unilateral
and bilateral groups.

The two interventions used in our study involved, by study
design, different challenges in both motor and cognitive terms.
The complexity of some tasks (mainly exergames of archery
and cooking) and the associated different levels of cognitive
demand posed by the bilateral protocol could have contributed
to the observed differences. Importantly, the intentional design
differences between the bilateral and unilateral training were
intrinsic to our research question, with the aim of evalu-
ating the effects, in terms of interhemispheric rebalancing,
of incorporating complex, real-life activities into bilateral
rehabilitation protocols. Moreover, it is possible that some of
the observed changes in the pdBSI could represent typical neu-
rophysiological changes occurring during subacute post-stroke

phase. The absence of a control group not receiving robotic
therapy limits our ability to distinguish the specific effects
of the intervention from natural recovery processes. However,
the return to high pdBSI values observed at the follow-up, one
week after rehabilitation (T2), suggests that the improvement
seen at T1 can indeed be attributed to the intervention.

Overall, our results suggest that the proposed robotic treat-
ment through the bilateral exoskeleton effectively reduces
interhemispheric power asymmetry, enhancing neuroplasticity
and functional recovery. This study also promotes the use
of the pdBSI as a means of investigating the mechanisms
of neuronal plasticity involved in robotic rehabilitation, and
thus serving as a valuable marker for monitoring recovery
in patients with stroke. Incorporating pdBSI into clinical
settings would provide a quantitative and objective measure of
interhemispheric balance, offering clinicians a tool to assess
the efficacy of rehabilitation interventions and to tailor reha-
bilitation strategies to the patient’s characteristics. This aligns
with the broader trend in neurology literature to employ qEEG
indices as neural markers for various pathological conditions,
as both diagnostic and prognostic tools, or as measures of
disease severity and progression [50], [51], [52].

Further research in different populations of subjects with
stroke, i.e., including a variety of demographic and clinical
variables, will be instrumental in enhancing the generalizabil-
ity of our findings and in solidifying the efficacy and reliability
of pdBSI as an informative clinical factor. In this direction,
the experience gained from our pilot study was instrumental
in defining the neurophysiological assessment of a multicentre
study protocol using HD-EEG, with the aim of evaluating the
interhemispheric symmetry as a prognostic factor for recovery
in a large cohort of patients with stroke (trial registered at
ClinicalTrials.gov with identifier NCT06547827).

A. Limitations

Our sample size was relatively small and further studies
on a larger population should be conducted to understand the
sensitivity and specificity of pdBSI in stroke. We used only
one qEEG index to evaluate the interhemispheric balance in
our cohort. Further complementary EEG measures, such as
those derived from resting-state connectivity analysis should
provide a more comprehensive overview of brain status, and
additional prospective studies shall evaluate its usefulness to
predict the success of rehabilitation in patients with stroke.

In addition to the mentioned limitations, the relatively
short duration of the follow-up period may constrain the
interpretation of our results at T2. Future studies with extended
monitoring periods are necessary to fully understand the
long-term effects of the interventions.

V. CONCLUSION

Our study shows a restoration of the interhemispheric
balance, measured with the EEG-derived Brain Symmetry
Index, following robotic rehabilitation in patients with stroke,
with differences between unilateral and bilateral robotic treat-
ment groups in the delta and theta bands. This balancing
of interhemispheric symmetry comes along with a clinical
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improvement in the upper extremity. Our results suggest the
use of the pdBSI, in frequency-specific bands, as a means of
investigating the mechanisms of neuronal plasticity involved
in robotic rehabilitation after stroke.
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