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Abstract

Cerebellar strokes induce coordination disorders that can affect activities of daily living. Evidence-based neurorehabilitation
programs are founded on motor learning principles. The cerebellum is a key neural structure in motor learning. It is unknown
whether and how well chronic cerebellar stroke individuals (CCSIs) can learn to coordinate their upper limbs through biman-
ual motor skill learning. The aim was to determine whether CCSIs could achieve bimanual skill learning through a serious
game with the REAplan® robot and to compare CCSIs with healthy individuals (HIs). Over three consecutive days, sixteen
CCSIs and eighteen HIs were trained on an asymmetric bimanual coordination task (“CIRCUIT” game) with the REAplan®
robot, allowing quantification of speed, accuracy and coordination. The primary outcomes were the bimanual speed/accuracy
trade-off (BiSAT) and bimanual coordination factor (BiCo). They were also evaluated on a bimanual REACHING task on
Days 1 and 3. Correlation analyses between the robotic outcomes and clinical scale scores were computed. Throughout the
sessions, BiSAT and BiCo improved during the CIRCUIT task in both HIs and CCSIs. On Day 3, HIs and CCSIs showed
generalization of BiSAT, BiCo and transferred to the REACHING task. There was no significant between-group difference
in progression. Four CCSIs and two HIs were categorized as “poor learners” according to BiSAT and/or BiCo. Increasing
age correlated with reduced BiSAT but not BiCo progression. Over three days of training, HIs and CCSIs improved, retained,
generalized and transferred a coordinated bimanual skill. There was no between-group difference, suggesting plastic com-
pensation in CCSIs. Clinical trial NCT04642599 approved the 24th of November 2020.
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Introduction
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depending on the location and extent of the damage (Jung
and Roh 2022). There are 12.2 million new occurrences of
stroke each year, making it the leading cause of acquired
motor disability in adults worldwide (World Stroke Organi-
sation (WSQO) 2022). Populations are growing and living
to an older age, therefore, the number of stroke survivors
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The cerebellum is damaged in 2—-10% of stroke victims
(Jung and Roh 2022). Most patients recover relatively well
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after a cerebellar stroke, possibly because of the structural
cerebellar reserve, i.e., the capacity of the cerebellum to
compensate efficiently after limited damage through the
plastic recruitment of non-injured cerebellar areas (Kelly
et al. 2001; Manto 2022; Mitoma et al. 2021; Sadeghihas-
sanabadi et al. 2022). However, up to 40% of patients with
damage to critical parts of the cerebellum such as the ante-
rior cerebellar lobe (e.g., lobules IV and V) and a part of
the posterior lobe (e.g., lobules VI and VIII), are left with
coordination impairments and ataxia, which limits their
independence in activities of daily living and quality of life
(Jung and Roh 2022; Mitoma and Manto 2016; Sadeghihas-
sanabadi et al. 2022; Schmahmann et al. 2009b; Tohgi et al.
1993; Ye et al. 2010). Limb ataxia refers to an impairment of
fine temporospatial motor control of movements and joints
coordination in the absence of a significant force impairment
(Barboi 2000). Whereas ataxia is predominantly unilateral
after a stroke, it may impact bimanual activities of daily liv-
ing as well since most activities of daily living require the
coordinated use of both hands.

The cerebellum is crucial for executing smooth actions,
and cerebellar lesions or degeneration result in ataxia
because the cerebellum is hypothesized to be the neural sub-
strate of forward models (Hardwick et al. 2013a; Mitoma
et al. 2021). A forward model is believed to continuously
predict the sensory consequences of our own actions based
on a copy of efference (a motor intention) issued by the
motor/premotor cortex along with the motor command sent
to the spinal cord. If the sensory prediction matches the sen-
sory feedback, there is no need for correction, either on-line
or in subsequent occurrences. If there is a mismatch between
the sensory prediction and the actual sensory feedback, a
sensory prediction error is generated. Sensory prediction
errors can be used to correct both on-line movements, ensur-
ing smooth action performance and goal completion, and
future movements through this error-based correction system
(Welniarz et al. 2021).

This finding could explain why the cerebellum plays
a crucial role in motor learning (Hardwick et al. 2013a;
Shadmehr et al. 2010). Motor learning is broadly defined as
the ability to acquire or refine motor patterns—i.e., move-
ments—through experience (Krakauer et al. 2019). Accord-
ing to functional brain imaging studies involving healthy
individuals (HIs), the cerebellum is consistently activated
during both adaptation learning (the capacity to compensate
for a perturbation disturbing an overlearned movement such
as reaching) and motor skill learning tasks (Baldassarre et al.
2021; Doyon and Benali 2005; Tracy et al. 2001; Tseng et al.
2007). Motor skill learning is the capacity to elaborate, learn
and retain new sensorimotor skills that become habitual or
quasi-automatized once mastered (Krakauer and Mazzoni
2011). Virtually every voluntary movement we make has
been learned and can be considered a skill that improves
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through practice-dependent training, leading to a greater
speed of execution and reduced variability (Krakauer & Car-
michael 2017). Functional brain imaging studies of motor
skill learning revealed strong cerebellar activation during
the first stage of learning (acquisition), consistent with the
involvement of the cerebellum in error-based learning and
the rapid correction of (new) movements; decreased acti-
vation during the intermediate stage (consolidation); and
minimal activation during the later stage (retention) (Bal-
dassarre et al. 2021; Dahms et al. 2020; Nezafat et al. 2001).
A quantitative meta-analysis by Hardwick and collaborators
on motor learning involving the upper limb showed consist-
ent activation in cerebellar lobule VI during motor sequence
learning and in multiple foci, including the vermis (lobules
I-IV) and bilateral cerebellar hemispheres (lobules V-VI),
during the learning of new movement kinematics/dynamics
(Hardwick et al. 2013b). Thus, the cerebellum is adaptively
recruited in partly overlapping networks during both adap-
tation learning and motor skill learning. Interestingly, brain
imaging studies have also demonstrated the involvement
of the cerebellum in bimanual coordination and bimanual
motor skill learning, with activation centred around the ante-
rior lobe likely involved in the spatial/sequential control of
movement and activation in the posterior lobe (lobules V, VI
and VIII) for temporal control (Rémy et al. 2008; van Dun
et al. 2022). Since the majority of activities of daily living
(e.g., dressing, using a fork and a knife, driving a car or
crafting an object) (Vega-Gonzalez et al. 2007) are biman-
ual skills requiring fine coordination that must be learned,
bimanual motor skill learning is crucial for both the normal
acquisition of activities of daily living and rehabilitation.
In chronic cerebellar stroke individuals (CCSIs, > 6 months
post-stroke (Langhorne et al. 2011)), with stable impair-
ments, focal cerebellar damage does not prevent unimanual
motor sequence consolidation but impairs training-induced
improvements in performance in both hands in implicit motor
sequence learning tasks (Hermsdorf et al. 2020). Although
the cerebellum is critical for motor learning and interlimb/
bimanual coordination (Debaere et al. 2004; Rémy et al. 2008;
Serrien and Wiesendanger 2000), we found only two stud-
ies exploring the consequences of chronic cerebellar stroke
on bimanual motor skill learning. Dirnberger et al. reported
that CCSIs can achieve bimanual visuomotor sequence learn-
ing through serial repetitive training tasks (SRTT) variants,
although their motor performance was less accurate than
those of HIs (Dirnberger et al. 2010, 2013). However, CCSIs
showed higher-order impairments not observed in Hls, such
as interference with another motor sequence or an impairment
in the use of perceptual information (Dirnberger et al. 2010,
2013; Schmahmann et al. 2009a; Serrien and Wiesendanger
2000). The aim of our study was to determine whether CCSIs
could achieve bimanual motor skill learning requiring asym-
metrical bimanual coordination by training with a serious
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game implemented on a robotic device. The hypotheses were
that CCSIs would (1) be able to learn, improve, retain, gen-
eralize and transfer a new complex bimanual coordination
skill; (2) perform worse than HIs; and (3) exhibit bimanual
motor skill learning impairments correlated with their scores
on clinical scales.

Materials and methods
Participants

Sixteen CCSIs and twenty HIs were recruited for this non-
blinded prospective cohort study from January 2021 to Feb-
ruary 2023 at the CHU UCL Namur (Godinne site), Bel-
gium. For CCSlIs, the inclusion criteria were as follows: (1)
18-90 years of age; (2) unique chronic unilateral cerebellar
stroke (> 6 months); and (3) ability to participate for three
consecutive days. The exclusion criteria were as follows:
(1) inability to move the affected arm; (2) inability to under-
stand or execute commands; (3) drug/alcohol abuse; and (4)
cognitive, psychiatric, or serious health disorders that could
interfere with the study. HIs were considered eligible if they
met the following criteria: (1) 18-90 years of age, (2) no
neurological conditions, (3) no drug/alcohol abuse and (4)
no psychiatric conditions.

Data collection
Clinical assessments

Since cerebellar stroke can induce various impairments,
several clinical scales have been used in CCSIs, focusing
on motor aspects. Ataxia was assessed using the Modi-
fied International Cooperative Ataxia Rating Scale (MIC-
ARS) (Schmahmann et al. 2009a). The 120-point MICARS
evaluates posture and gait disturbances, kinetic functions,
speech and oculomotor disorders. A higher score indicates
worse ataxia (motor normality is indicated by a score <4)
(Schmahmann et al. 2009b). The Fugl Meyer Assessment
for Upper Extremity (FMA-UE) was used to evaluate motor
impairment in the affected upper limb (Fugl-Meyer et al.
1975). A normal motor score is 66/66. Unilateral gross
hand dexterity was assessed with the box and block test
(BBT) (Mathiowetz et al. 1985) for each hand. A higher
score (mean of three trials) indicates better performance.
The normal mean score (+SD) for right handed females
and males are respectively 78.5+10.4 and 76.8 + 11.5 blocs.
The ABILHAND questionnaire for chronic stroke individu-
als was used to measure the patients’ manual ability to man-
age bimanual activities of daily living, including 23 items
with three response levels (impossible/difficult/easy). Scores
range from —6.017 (worse) to+6.017 (better) logits for

performance (Penta et al. 2001). A brief cognitive impair-
ment screening was carried out with the French version of
the Montreal Cognitive Assessment test (MoCA; cut-off
score for cognitive impairment <26/30) (Nasreddine et al.
2005). In addition, short-term visuospatial working memory
was assessed with the Corsi Block-Tapping Task (forward
and backward) (Corsi 1973). A span of up to 5-6 blocks is
standard for HIs (Kessels et al. 2000).

Study design

Assessments and intervention (training) took place over
three consecutive days (Supplementary Fig. 1). On Day 1,
CCSIs performed the MICARS (Sections 1-2), the dex-
terity tasks (see below), the BBT and two tasks with the
bimanual robot (REACHING followed by training with the
CIRCUIT). On Day 2, CCSIs performed the MICARS (Sec-
tions 3—4), MoCA, FMA-UE, Corsi and were subsequently
trained with the CIRCUIT on the robot. Day 3 consisted
of one questionnaire (ABILHAND) and performing three
tasks on the robot (training with the CIRCUIT, followed by
assessment with REACHING and NEWCIRCUIT). The HIs
followed the same protocol except that they were not evalu-
ated with clinical scales other than the BBT.

REAplan® robot

The REAplan® (AXINESIS, Wavre, Belgium) is a neurore-
habilitation robot with a distal effector that allows the arm to
move in the horizontal plane. The movement kinematics and
forces were quantified at 80 Hz through position and force
sensors. The participants were trained and evaluated on the
bimanual version of the REAplan®, which has been used
previously in chronic stroke patients and HIs (Gerardin et al.
2022; Lefebvre et al. 2012; Riga et al. 2022). The partici-
pants were seated in front of the immersive REAplan® screen
with the elbows and knees flexed at 90°. The participants
were instructed to coordinate their hands to move a common
cursor with the help of handles fixed on forearm rest gutters
in the horizontal plane. In line with Lissajous feedbacks, the
common cursor provided real-time feedback, augmented by
the direct vision of the upper limbs (Kovacs et al. 2009). One
handle controlled the lateral X-axis (left-right) displacement
of the common cursor, and the other controlled the sagittal
Y-axis (front-back, Fig. 1a). Virtual walls constrained the
movements of each hand along their respective axes. On Day
1, arange of motion calibration was carried out to adapt the
range of motion to the subject’s comfort zone. Which hand
(left/right) controlled each axis (X/Y) on the REAplan® was
randomized and balanced. An R 4.2.3 (The R Foundation
for Statistical Computing, Austria, Vienna, 2019) routine
with minimization was used to randomize each participant
(details in Supplementary Materials).
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Fig. 1 REAplan® setup and tasks (Gerardin et al. 2022). a Biman-
ual configuration controlling the common cursor displayed on the
REAplan® screen and the CIRCUIT task used for training. b The
NEWCIRCUIT task was used to assess generalization (90° rotation

The training task was the CIRCUIT. Learning a new
bimanual control policy is necessary to perform this bimanual
cooperative serious game, which consists of completing as
many laps as possible (speed constraint) with the bimanually
controlled cursor while remaining within the track of a com-
plex circuit (accuracy constraint) during a 1-min block (Fig. 1)
(De Laet et al. 2022; Doost et al. 2019; Yeganeh Doost et al.
2017). There was a 30-s rest period between each block, while
the score for the block (reflecting the bimanual speed/accu-
racy trade-off (BiSAT); see the Kinematic data processing
section) and the high score were displayed. The participants
trained on 20 blocks each day. After completing the training
on Day 3, a NEWCIRCUIT was displayed to assess the ability
of the participants to generalize bimanual motor skill learning
(Fig. 1b). The NEWCIRCUIT track was identical to the track
used for training except that it was rotated by 90°.

The bimanual REACHING task consisted of fast
reaching movements from the home position towards

@ Springer

of the trained CIRCUIT). ¢ Calculation of error (yellow): distance
between the ideal path (defined as the centre of the track) and the
actual common cursor position (green line). d Positions of the four
targets used in the bimanual REACHING task

an eccentric target with the common bimanual cursor
(Fig. 1d). Four target positions were pseudorandomly
displayed (4 times/target, 16 trials in total). The subjects
were instructed to reach the target as fast as possible with
straight movement, remain within the track and then return
to the target home position. The participant had to keep
the cursor within the eccentric target or home target during
300 ms to validate the trial. A period of 100 ms elapsed
between home target validation and the display of the
new eccentric target. Using the vertical median Y-axis on
the screen as a reference, the eccentric target positions
were +45° (requiring symmetric bimanual movements as
in the CIRCUIT task) and + 25° (requiring asymmetric
bimanual movements). The bimanual REACHING task
was used to evaluate potential transfer of training-induced
BiSAT and BiCO improvements.
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Dextrain® manipulandum

The Dextrain® manipulandum (DEXTRAIN, Paris,
France) was used to quantify different aspects of manual
dexterity. It is composed of five pistons connected to five
sensors simultaneously monitoring the forces applied by
each finger (Térémetz et al. 2015). The participant sat on a
chair in front of a computer where visuomotor tasks were
displayed, the forearm in pronation resting on a triangu-
lar cushion and the manipulandum was in the hand with
fingers secured on pistons through flat magnets taped to
the pulp of fingers (Supplementary Information). Only
the ipsilesional (CCSIs) or nondominant (HIs) hand was
assessed.

For the Multi-Finger Tapping task (MFTapping), which
is used to assess finger accuracy and coactivation, one pair
of columns by finger was displayed on the screen (one as a
target and one for real-time force feedback). The participants
were instructed to press as soon as possible on the piston
corresponding to the target finger during the given period
(1.5 s) and to release after this period. In total, the subject
performed 20 trials in a pseudorandomized order (4 trials/
fingers) with a rest of 3 s after 5 trials. Two versions of
the MFTapping were completed: an MFTapping monofin-
ger (MFTapping-mono) pressing one finger at a time; and
an MFTapping plurifingers (MFTapping-pluri) pressing
two fingers simultaneously. MFTapping-pluri required the
participant to press their thumb with one of the other four
fingers or to press their index finger with the middle finger
(4 trials/finger pairs, total: 20 trials). The task duration was
1.29 min. Before performing the MFTapping task, a famil-
iarization task (easier MFTapping-mono, one trial/finger,
30 s) was provided.

In the second task, the Finger Force Tracking (FFTrack-
ing) was used to assess fine finger force control. Through
slight finger flexion/extension, the subject controlled a red
cursor displayed on the screen (real-time feedback). The par-
ticipants were instructed to follow a white path as closely as
possible, moving up and down in a fixed sequential order,
scrolling from right to left. The patients were subjected to
the same four cycles (1.33 min) once with the thumb and
then once with the index finger (details about the tasks are
provided in the Supplementary Information).

Kinematic data processing

MATLAB (2021, MathWorks Inc, Natick, MA, United
States) routines were used for kinematic analysis. For
REAplan®, the raw data were resampled in 3-s intervals
(20 intervals for one 1-min block). The primary outcomes

were the bimanual speed/accuracy trade-off (BiSAT) and the
bimanual coordination factor (BiCo).

1. BiSAT quantified the training-induced improvement in
arbitrary units (a.u.).
speed(?)

— X C (Where C = 1cms)

BiSAT = ——
error(cm)

The speed is the norm of the velocity vector of the
common cursor’s position. The error was quantified by
the distance between the ideal path (the centre of the
track) and the real cursor’s trajectory. A larger BiSAT
(in a.u.) indicates better performance.

Based on data sampled at 80Hz, the average speed and
error were computed for each 3-s intervals to compute
the BiSAT average used for statistical analysis.

2. BiCo is a mathematical measure of the phase coherence
between the velocities of both hands, where 1V| is the
velocity for displacement of the hand in the X- or Y-axis.

. .. v
The numerator is the minimum value between |——| and

Cos a

2
— > represents
sin a

I,V—"I. The denominator \/ ( L )2 + (
sin o Ccos a
the bimanual velocity.
min( )
2 v o\2
Vi) + )
If the speeds of both hands along the X and Y-axes are
identical (perfect synchronization) BiCo is equal to
1. Based on data sampled at 80 Hz, the average BiCo
were computed for each 3-s intervals then averaged
for the 1-min block to be used for statistical analysis.
On the Dextrain® manipulandum, to validate a trial
with the MFTapping task, the target finger had to press
on its piston within the given time interval (1.5 s) with
a force > 0.5 N (for MFTapping-pluri = the first finger to
press must be one of the two targeted fingers). Two out-
comes were computed: press error (PError) and the coac-
tivation index (Coact). An error was counted if force was
applied by any unwanted finger (> 0.5 N) before the target
finger. PError was the sum of the errors across the 20 tri-
als. Coact was the number of coactivated fingers across the
20 trials. Coactivation was defined as when any nontarget
finger pressed the piston (> 0.5 N) after the target finger
pressed within the given time interval (1.5 s).
The FFTracking outcome was the root mean square
error (RMSE), computed as a proxy of the speed/accu-

racy trade-off. The difference between the applied force (y:
observed values) and the target force (x: predicted values)

v, v,

Cos a

’

sin a

BiCo =
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over the four cycles was computed for the thumb and index
finger. A smaller RMSE reflects a higher accuracy of fin-
ger force control.

1 n
RMSE = \/Zzizl(f(xi) —y)

Statistical analysis

On each day (D1, D2 and D3), performances during the first
(C1) and last (C20) blocks of CIRCUIT training were calcu-
lated, as well during the first (NC1) and last (NC3) blocks of
the NEWCIRCUIT on D3. BASELINE was defined as the per-
formance at D1C1. The overall progression according to the
CIRCUIT (TOTAL) was computed as the difference between
D3C20 and D1C1 (Supplementary Fig. 3). GENERALIZA-
TION was defined as the progression between the first block
of NEWCIRCUIT (D3NC1) and D1C1. NEWCIRCUIT pro-
gression (NC TOTAL) was the difference between D3NC3
and D3NC1. Overnight (ON) losses on D2-D1 and D3-Dl1
were computed as the difference between the last block of the
previous day and the first block of the current day (ON1 and
ON?2). The loss due to circuit change (Circuit Change) was the
difference between D3NC1 and the last block of the CIRCUIT
at D3 (D3C20). For REACHING, BiSAT and BiCo were com-
puted as BASELINE and DELTA (D3-D1).

Baseline characteristics are described as the mean and
standard deviation (mean + SD) for continuous measures and
percentages for categorical measures. Welch two-sample t-test
and two-sample test for equality of proportions without con-
tinuity correction were used for continuous and binary out-
comes, respectively.

Spearman’s correlation coefficients were computed between
the baseline clinical scales (MICARS, BBT, MoCA, Corsi
block, age, ABILHAND, MFTapping and FFTracking) and
robotic outcomes (CIRCUIT: BiSAT TOTAL and GENER-
ALIZATION, BiCo TOTAL and GENENERALIZATION;
REACHING: BASELINE and DELTA for BiSAT and BiCo)
for CCSlIs, with Irl >0.7considered to indicate a strong correla-
tion (Schober et al. 2018).

In an exploratory analysis, the differences in the overall
progression of BiSAT and BiCo with the circuit in CCSIs and
HIs were adjusted for age and randomization group with a
linear regression model (Schneider et al. 2010).

Statistical analysis were performed using R 4.3.0 (The R
Foundation for Statistical Computing, Austria, Vienna, 2019)
and the grsummary (for tables) and ggplot2 (for graphics)
packages. A Welch two sample t-test was used to compare
descriptive statistics of progression between groups. The alpha
threshold was set at 5%.
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Results
Subjects

Between January 2021 and February 2023, 298 stroke
patients were screened for eligibility. Thirty-two were
CCSIs and met the inclusion criteria. Sixteen CCSIs
and twenty Hls agreed to participate in this study. One
CCSI dropped out on D3 for personal convenience. Two
HIs were excluded from the REAplan® analysis due to
technical issues. One HI and one CCSI could not use the
Dextrain® manipulandum (flow chart and TREND check-
list are shown in Supplementary Figs. 4-6). The character-
istics of each group at baseline are given in Supplementary
Table 1. There was a greater proportion of women in the
HI group than in the CCSI group (65% in HIs vs. 19%
in CCSIs, difference [95% CI1=—-46% [— 80 to — 12%],
P=0.02). On the Dextrain® MFTapping-mono task, the
CCSIs made significantly more errors (26.9 +17.5 for
HIs vs. 43.7 +17.8 for CCSlIs, difference [95% CI]=17
[4 to 30], P=0.01; Table 1) and had less coactivations
(18.4+7.1vs.31.3+11.3, difference [95% CI]=-13 [- 19
to — 6.4], P<0.001) than the HIs. The other Dextrain® out-
comes were not significantly different. The stroke lesion
locations are shown in Supplementary Fig. 7.

Bimanual motor skill learning: CIRCUIT

The BiSAT BASELINE did not differ between groups
(7.4 +2.0 a.u. for HIs vs. 8.0+ 3.4 a.u. for CCSIs, dif-
ference [95% CI] 0.63 [— 1.4 to 2.7], P=0.53; Tables 2
and 3). For both HIs and CCSIs, the mean BiSAT curves
showed continuous progression over the three days
(TOTAL: 21.4+9.7, [95% CI] = [17 to 26] in HIs and
20.0+15.3, [95% CI] = [12 to 28] in CCSIs Table 3),
interspersed by ONs (ON1: —5.3+4.7, [95% CI] =
[-7.7to —3]in HIs and —3.9+3.7, [95% CI] = [-5.9
to —1.9]in CCSIs; ON2: —=7.5+6.3,[95% CI] =[-11 to
—4.3]in HIs and —4.9+5.9,[95% CI] [- 8.2 to —1.7] in
CCSIs; Fig. 2). The TOTAL BiSAT progression did not
differ among the three training days between groups nor
ONs (TOTAL: difference [95% CI] = — 1.4 [— 11 to 8],
P=0.76; ONI1: difference [95% CI] = 1.4 [— 1.6 to 4.3],
P =0.34; ON2: difference [95% CI] = 2.5 [- 1.8 t0 6.9],
P=0.24). Upon visual analysis, three CCSIs (1, 12, 14)
displayed almost flat BiSAT curves; therefore, they were
categorized as “poor learners”. Unexpectedly, a similar
flat BiSAT curve pattern was observed for two HIs (5, 17),
who were also categorized as "poor learners”.
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Table 1 Kinematic .and clinical Assessment N HIs* CCSIs* Difference® 95% CI° P value!
assessment at baseline N=20 N=16
MICARS 16 13.8+12.7
FMA-UE 16 61.9+4.2
BBT CL/D 36 522493 58.1+10.6 —-59 —13,0.87 0.09
BBT IL/ND 36 50.4+13.5 56.4+9.6 -6 —14,2.2 0.14
MoCA 16 25+3.5
Corsi
Forward 16 49+13
Backward 16 45+09
ABILHAND (logits) 16 43+14
MFTapping-mono
PError 33 269+17.5 43.7+17.8 17 4,30 0.01
Coact 33 31.3+£11.3 18.4+7.1 —13 -19,-64 <0.001
MFTapping-pluri
PError 32 30.7x11.5 379+12.1 72 —14,16 0.10
Coact 32 19.0+8.5 13.4+49 -5.6 —11,-0.64 0.03
FFTracking
RMSE index 32 0.05 —0.09,0.18 0.49
RMSE thumb 32 +1. T+ -0.25 -1.1,0.59 0.54

MICARS Modified International Cooperative Ataxia Rating Scale, FMA-UE Fugl-Meyer Assessment for
Upper Extremities, BBT CL/D Box and Block Test for the contralesional or dominant hand, BBT IL/ND
Box and Block for the ipsilesional or non-dominant hand, MoCA Montreal Cognitive Assessment, Corsi
Corsi Block-Tapping Task, ABILHAND ABILHAND specific to chronic stroke patients, FFTracking Finger
Force Tracking task, RMSE root mean square error, MFTapping Multi-Finger Tapping task with one finger
(mono) or two fingers (pluri), PError press error, Coact coactivation

2%, mean + SD

>Two-sample test for equality of proportions without continuity correction

“Two-sample test for equality of proportions and confidence interval (CI)

dWelch two-sample t-test

The BiCo BASELINE did not significantly differ
between groups (0.29 +0.03 a.u. for HIs vs. 0.27 +0.08
a.u. in CCSIs, difference [95% CI] = —0.01 [—0.06 to
0.03], P=0.52; Tables 2 and 3). There was a significant
BiCo progression over the three training days in HIs and
CCSIs (TOTAL: 0.19+0.07, [95% CI] = [0.16 to 0.23] in
HIs and 0.19+0.07, [95% CI] = [0.15 to 0.23] in CCSIs)
and significant overnight losses (ON1: —0.07 +£0.06, [95%
CI] = [-0.1 to —0.04] in HIs and —0.04 +0.05, [95%
CI] = [-0.07 to —0.01] in CCSIs; ON2: —0.03 +0.05,
[95% CI] = [—0.06 to —0.01] in HIs and —0.03 + 0.04,
[95% CI] = [—0.06 to —0.01] in CCSIs). There was no
significant between-group difference in BiCo TOTAL (dif-
ference [95% CI]=—0.01 [—0.06 to 0.05], P=0.84), ON1
(difference [95% CI]1=0.03 [—0.01 to 0.07], P=0.13) or
ON2 (difference [95% CI]=0 [-0.03 to 0.03], P=0.95).
In both groups, BiCo improved continuously over D1-D2
and tended to plateau on D3, although the trend was more
clear in HIs than in CCSIs (Fig. 2). On visual inspection,
three CCSIs (1, 2, 12) and two HIs (5, 17) were catego-
rized as “poor learners” because their BiCo curves were

almost flat or very hectic. The two Hls and two of these
CCSIs (1, 12) were also “poor learners” according to
BiSAT; thus, they were globally and consistently poor at
learning bimanual coordination and performing the task
efficiently (Supplementary Fig. 8, Supplementary Tables 2
and 3). Interestingly, despite being a “poor learner”
according to BiCo, CCSI 2 achieved a large improvement
in BiSAT, whereas CCSI 14 showed the opposite pattern
(almost no improvement in BiSAT but large improvement
in BiCo).

Generalization with NEWCIRCUIT

After training on D3, the introduction of the NEWCIR-
CUIT induced a significant decrease in BiSAT (Circuit
Change: HIs —7.3 £5.5, [95% CI] = [— 10 to —4.6] and
CCSlIs, —8.5+8.8, [95% CI]=[— 13 to — 3.6]; Table 2;
blocks 61 to 63 in Fig. 2), with no between-group differ-
ence (difference [95% CI]= — 1.2 [— 6.6 to 4.3], P=0.66;
Table 3). In contrast for BiCo, the Circuit Change
induced a significant decrease in HIs (—0.02 +0.02, [95%
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Table2 Robotic results Variable Phase N HIs 95% CI CCSIs* 95% CI
N=18 N=16
BiSAT

CIRCUIT BASELINE 34 7.4+2.0 6.4,8.4 8.0+34 6.2,9.8
TOTAL 32 214497 17,26 20.0+153 12,28
ONI1 34 —-53+4.7 -7.7,-3.0 -3.9+3.7 -59,-19
ON2 33 -7.5+6.3 —11,-4.3 -49+59 -8.2,-1.7
Circuit Change 32 -73+55 —10,-4.6 —85+8.8 —-13,-36
GENERALIZATION 33 14.1+5.7 11,17 11.5+8.1 7.0, 16
NC TOTAL 33 24+42 0.29,4.5 2.6+3.8 0.51,4.7

REACHING BASELINE 34 6.7+1.6 59,7.5 7.0+24 5.7,8.3
DELTA 33 7.2+2.7 5.9,8.5 6.3+39 42,8.5

BiCo

CIRCUIT BASELINE 34 0.28+0.03 0.27,0.29 0.27+0.08 0.22,0.31
TOTAL 32 0.19+0.07 0.16,0.23 0.19+0.07 0.15,0.23
ONI1 34 —-0.07+0.06 -0.1,-0.04 0.04+0.05 -0.06,—-0.01
ON2 33 —-0.03£0.05 -0.06,-0.01 —-0.03+0.00 -0.06,—-0.01
Circuit Change 32 —0.02+0.02 -0.03,-0.01 —-0.02+£0.04 -0.04,0.00
GENERALIZATION 33 0.18+0.06 0.15,0.21 0.17+£0.07 0.14,0.21
NC Total 33 0.01+0.01 0.00,0.01 0.00+£0.02 -0.01,0.01

REACHING BASELINE 34 0.29+0.04 0.27,0.31 0.27+0.06 0.24, 0.30
DELTA 33 0.09+0.05 0.07,0.11 0.1+£0.05 0.07,0.12

CI confidence interval, N number of non-missing values, CCSIs chronic cerebellar stroke individuals,
HIs healthy individuals, BASELINE performances at baseline, TOTAL total progression over the three
training days=[D3C20—-DI1C1], ON overnight loss between training days on the CIRCUIT task, ONI
[D1C20-D2C1], ON2 [D2C20—-D3Cl1], Circuit Change decrease at NEWCIRCUIT introduction, GEN-
ERALIZATION generalization computed as [D3NC1—-DI1C1], NC TOTAL NEWCICRUIT progression
[NC3—-NCl1], REACHING BASELINE performance at baseline on D1, REACHING DELTA difference
between performances at D3 and D1 [D3 —D1]

“Mean=+SD

CI] =[-0.03 to — 0.01]), but not in CCSIs (—0.02 +0.04,
[95% CI] = [—0.04 to 0.00]). However, there was no
significant between-group difference (difference [95%
CI]=0.00 [-0.02 to 0.02], P=0.88). Despite these
decreases, the improvement in BiSAT and BiCo on NC1
largely remained compared to BASELINE performances
(GENERALIZATION—BIiSAT: in HIs 14.1 £5.7, [95%
CI] = [11 to 17] and in CCSIs 11.5+8.1, [95% CI] =
[7 to 16]; GENERALIZATION—BIiCo: in Hls 0.18 +0.06,
[95% CI] = [0.15 to 0.21] and in CCSIs 0.18 +0.07, [95%
CI] =[0.14 to 0.21]), demonstrating a large generalization.
There was no significant between-group difference (BiSAT
difference [95% CI]=-2.6 [-7.7 to 2.6], P=0.31; BiCo
difference [95% CI]=0 [ — 0.05 to 0.04], P=0.87). Fur-
thermore, BiSAT significantly improved over the three
NEWCIRCUIT blocks in both HIs and CCSIs (NC TOTAL
in HIs 2.4+4.2, [95% CI] = [0.29 to 4.5] and in CCSIs
2.6+3.8, [95% CI] = [0.51 to 4.7]), without significant
between-group differences ([95% CI] = 0.23 [—2.6 to 3.1],
P=0.87). In contrast, BiCo did not significantly improve
(NC TOTAL in HIs 0.01 +0.01, [95% CI] = [0.00 to 0.01]
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and in CCSIs 0.00+0.02, [95% CI] = [-0.01 to 0.01]),
again without significant between-group differences ([95%
CI]=0[-0.02 to 0.01], P=0.50).

Transfer on the REACHING task

The bimanual coordination improvements observed in the
CIRCUIT were transferred to the REACHING task in both
HIs and CCSIs (DELTA BiSAT: in HIs 7.2+2.7, [95% CI] =
[5.9 to 8.5] and in CCSIs 6.3 +3.9, [95% CI] [4.2 to 8.5];
DELTA BiCo: in HIs 0.09 +0.05, [95% CI] = [0.07 to 0.11]
and in CCSIs 0.1 £0.05, [95% CI] = [0.07 to 0.12]; Tables 2).
There was no significant between-group BASELINE differ-
ence for BiSAT or BiCo (BiSAT 6.7+ 1.6 in HIs vs. 7+2.4 in
CCSIs, difference [95% CI]=0.27 [-1.2to 1.7], P=0.71; BiCo
0.29+0.04 in HIs vs. 0.27 +0.06 in CCSIs, difference [95%
CI]=-0.02 [-0.06 to 0.02], P=0.23; Table 3) or D3-D1
DELTA (BiSAT difference [95% CI]=—0.86 [—-3.3 to 1.6],
P=0.47; BiCo, difference [95% CI]=0.01 [—0.03 to 0.04],
P=0.77).
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Table 3 Within— and between- Variable Phase N Between groups
group analysis
Difference® 95% CI*® P value®
BiSAT
CIRCUIT BASELINE 34 0.63 —-14,2.7 0.53
TOTAL 32 -14 -11,8 0.76
ON1 34 1.4 -1.6,4.3 0.34
ON2 33 2.5 -1.8,6.9 0.24
Circuit Change 32 -12 —-6.6,4.3 0.66
GENERALIZATION 33 -2.6 -7.7,2.6 0.31
NC TOTAL 33 0.23 -2.6,3.1 0.87
REACHING BASELINE 34 0.27 -1.2,1.7 0.71
DELTA 33 -0.86 -33,1.6 0.47
BiCo
CIRCUIT BASELINE 34 -0.01 —0.06, 0.03 0.52
TOTAL 32 -0.01 —0.06, 0.05 0.84
ON1 34 0.03 —-0.01,0.07 0.13
ON2 33 0.00 —0.03, 0.03 0.95
Circuit Change 32 0.00 -0.02,0.02 0.88
GENERALIZATION 33 0.00 —0.05, 0.04 0.87
NC Total 33 0.00 —0.02,0.01 0.50
REACHING BASELINE 34 -0.02 —0.06, 0.02 0.23
DELTA 33 0.00 —0.03, 0.04 0.77

*Welch two-sample t-test. °CI = confidence interval. The same conventions as in Table 2 apply for the vari-

ables and phases

HI CCSlI

D
o

BiSAT (a.u.)
S

N
o

0 20 40 60 O 20 40 60
Training block

Fig.2 BiSAT and BiCo progressions. a.u.: arbitrary units. The grey
lines represent individual performances, and the bold lines represent
group mean performances. Training blocks 1 to 60 correspond to the
CIRCUIT task through the three training days (20/day), and blocks

Correlations between clinical scale scores and age

in CCSls

The correlation coefficients computed between the robotic
and clinical outcomes are displayed in Fig. 3; only the

HI CCsSlI

0 20 40 60 O 20 40 60
Training block

61 to 63 correspond to the NEWCIRCUIT task. There were slight
overnight losses between D1-D2 and D2-D3 and a larger drop on D3
when the NEWCIRCUIT was introduced (blocks 61 to 63)

correlations considered to be strong (Irl >0.7, (Schober et al.
2018)) are highlighted here. For BiSAT TOTAL, a positive
correlation was found with the MoCA score (r=0.72, [95%
CI] = [0.26 to 0.91], P=0.003; Supplementary Table 4),
BBT of the ipsilesional (r=0.7, [95% CI] = [0.23 to 0.9],
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Fig.3 Correlation analysis between robotic outcomes and baseline
characteristics. A darker blue colour indicates a greater positive cor-
relation. A darker red colour indicates a greater negative correlation.
Pale colours correspond to weaker correlations or no correlation.

P=0.005) and contralesional hands (r=0.71, [95% CI] =
[0.24 t0 0.91], P=0.003). A negative correlation was found
between age and both BiSAT TOTAL (r=-0.85, [95%
CI] = [-0.96 to —0.54], P<0.001) and BiSAT GENER-
ALIZATION (r=-0.71, [95% CI] = [-0.91 to —0.25],
P=0.003). REACHING BiSAT DELTA was correlated with
BBT of the ipsilesional (r=0.82, [95% CI] = [0.47 to 0.95],
P <0.001) and contralesional hands (r=0.73, [95% CI]
[0.29 to 0.92], P=0.002). Neither BiCo (TOTAL or GEN-
ERALIZATION) nor REACHING BiSAT DELTA were
strongly correlated with the other outcomes. In addition, a
correlation analysis between BiSAT and BiCo progressions
were computed and no strong correlation were highlighted
(rs=0.07 [-0.28; 0.41], P=0.41; Supplementary Fig. 8).

Exploratory analysis

A multivariable linear regression model was used to evalu-
ate the progression of BiSAT and BiCo TOTAL by three
variables: group (HI or CCSI), individual age (years) and
randomization group (which hand controlled the X or Y
displacement of the common bimanual cursor; see Supple-
mentary Fig. 9 and Table 5).

The adjusted difference in the BiSAT TOTAL progres-
sion between groups was 2.2 a.u. ([95% CI] = [—3.8 to 8.3],
P=0.45). There was a significant effect of age (slope [95%
CI]=-0.96 a.u./year [— 1.3 to —0.64], P<0.001). In other
words, for each additional year older than 50 years, a partici-
pant lost 0.96 a.u. of BiSAT TOTAL progression. There was
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Only Spearman’s correlation coefficients with Irl>0.7 were consid-
ered strong. Acronyms are detailed in Table 1. RMSE is related to
Finger Force Tracking task. Coact or PError are related to the Multi
Finger Force Tapping task

no significant effect of randomization (slope [95% CI]=2.9
[—3.2 to 8.9], P=0.34) on BiSAT TOTAL progression.

In contrast, the model analysis with BiCo TOTAL pro-
gression showed no significant effect of age (slope [95%
CI]=-0.001 [-0.004 to 0.001], P=0.33), randomization
(slope [95% CI]=0.03 [-0.02 to 0.08], P=0.26) or group
(slope [95% CI]=0.01 [—0.05 to 0.06], P=0.79).

Discussion

Using the bimanual version of the REAplan® robot, 16
CCSIs and 18 HIs trained over three consecutive days on
a new skill requiring the development of asymmetrical
bimanual coordination. Both groups improved during the
training sessions, retained improved bimanual coordination
and skill performance from day to day, and showed evidence
of generalization and transfer of these improvements at the
end of the third day. There was no significant between-group
difference, suggesting that efficient compensatory plastic-
ity occurs in the chronic phase after a cerebellar stroke.
Strikingly, 4 CCSIs and 2 HIs showed little or virtually no
bimanual improvement, and the only factor correlated with
such poor learning was age.

Bimanual motor skill learning
Over three days of training on the bimanual CIRCUIT task,

HIs achieved bimanual motor skill learning, as quantified
through BiSAT and BiCo. Confirming our first hypothesis,
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CCSIs also achieved bimanual motor skill learning. Pre-
vious studies have shown that whereas various aspects of
unimanual motor sequence performance may be impaired
in CCSIs, overall, they could achieve motor sequence learn-
ing, consolidation and/or retention with keypress SRTT or
sequential visuomotor tracking tasks (Boyd and Winstein
2004; Gémez-Beldarrain et al. 1998; Hermsdorf et al. 2020;
Molinari et al. 1997). Interestingly, impaired unimanual
motor performance was observed both with the ipsilesional
and contralesional hands without learning prevention.
Similarly, when learning a new bimanual keypress SRTT,
CCSIs improved during training despite slower or poorer
motor performances than HIs (Dirnberger et al. 2010, 2013).
The new information provided by our study is that retention
from day to day and accrual of bimanual motor skill learn-
ing were demonstrated on a continuous task requiring the
development of a new asymmetrical bimanual coordination
in CCSIs, as well as generalization and transfer of improved
bimanual performance.

The lack of significant between-group differences in
BiSAT and BiCo did not confirm our second hypothesis that
CCSIs would achieve poorer bimanual motor skill learning
than HIs. This lack of difference between HIs and CCSIs
could be due to functional reorganization supported by the
structural cerebellar reserve through neuroplasticity occur-
ring in non-injured cerebellar areas, possibly in lobules IV
and VI for motor control compensation (Sadeghihassanabadi
et al. 2022). Functional compensation in CCSIs could also
be provided by extracerebellar areas (Mitoma et al. 2021;
Sadeghihassanabadi et al. 2022). For example, in a small
sample of individuals with focal cerebellar stroke or sur-
gical lesions, functional connectivity between remote cor-
tical areas (including interhemispheric connections) was
increased, suggesting widespread extracerebellar reorgani-
zation (De Vico Fallani et al. 2017). Alternatively, the lack
of between-group bimanual motor skill learning differences
could be explained by the lack of severe upper limb ataxia
in our CCSI cohort (median MICARS score 10/120). Thus,
potentially large initial stroke-induced impairments (ataxia
and/or bimanual incoordination) may have been compen-
sated for by the time of the experiment (mean time since
stroke onset: 6.7 years +5.08 (SD)).

A plateau trend was observed at D3 for BiCo in both
groups, suggesting that the coordination between each
hand’s velocity tended towards a stable level, without reach-
ing the theoretical maximal BiCo of 1. A similar observation
was made in HIs and chronic patients who underwent a sin-
gle supratentorial stroke training on the same bimanual CIR-
CUIT with the REAplan®, suggesting that perhaps longer
training should be provided to further enhance bimanual
coordination (Gerardin et al. 2022). Interestingly, whereas
the BiCo group curves showed a clear trend towards plateau-
ing on D3, the BiSAT group curves of both HIs and CCSIs

continued to improve through D3 with a slope similar to
that observed over D1 and D2. Thus, whereas the coordina-
tion of hand speeds—quantified by the BiCo reflecting the
bimanual control policy—seemed to approach a ceiling on
D3, there was still room for improvement in the execution
of the sequential aspects of the task, as reflected by BiSAT.
Learning the control policy refers to establishing the new
bimanual coordination pattern needed to move the common
cursor through synchronized movements in the context of
the interactions between the hands and the REAplan® robot
(i.e., learning the task rules). Learning the sequential aspect
of the task refers to acquiring and improving the -coopera-
tive- bimanual sequence needed to move the common cursor
as fast and accurately as possible, as quantified by BiSAT.
As previously suggested, learning the new bimanual coordi-
nation control policy could predominate early, whereas cir-
cuit-specific skill improvements (i.e., speed and/or accuracy
of the bimanual motor sequence) occur later (Buchanan and
Wang 2012; Ronsse et al. 2011; Yeganeh Doost et al. 2017).

Strikingly, the BiSAT curves remained virtually flat over
the three training days in three CCSIs and two HIs, suggest-
ing that they were “poor learners”. The exploratory analysis
demonstrated that increasing age negatively impacted the
BiSAT TOTAL progression (i.e., bimanual motor skill learn-
ing) but not the BiCo TOTAL progression (i.e., bimanual
coordination improvement). In Hls, age-related cerebellar
atrophy and changes in cerebellar inhibition of the primary
motor cortex (M1) might be linked to age-related loss of
Purkinje cells and/or decline of cerebellar white matter
integrity (Andersen et al. 2003; Bernard and Seidler 2013;
Mooney et al. 2022; Rurak et al. 2022; Tang et al. 2001;
Vandevoorde and Orban de Xivry 2019). Therefore, age-
related cerebellar atrophy and/or cerebellar-M1 interactions
could have reduced the ability to achieve bimanual motor
skill learning in our older HIs and CCSIs. Interestingly, age
did not negatively correlate with bimanual coordination
enhancement through training, suggesting a negative effect
of age specifically on the capacity to enhance BiSAT in the
CIRCUIT task. Furthermore, BiSAT and BiCo progression
were uncoupled in the opposite way in CCSI 2 and 14. This
uncoupling is consistent with the hypothesis that bimanual
motor skill learning and bimanual coordination enhancement
could rely on partly distinct processes or strategies (Yeganeh
Doost et al. 2017).

Correlations between age and clinical scale scores
in CCSls

Our third hypothesis was that poorer bimanual motor skill
learning would correlate with larger deficits in baseline
clinical scale scores in CCSIs. The correlation analyses con-
firmed that increasing age negatively impacted the ability to
achieve bimanual motor skill learning and to generalize the
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bimanual skill in CCSIs; these findings were consistent with
the exploratory analyses. Conversely, preserved cognitive
function indicated by a higher MoCA score correlated with
greater overall bimanual motor skill learning. This finding
is in line with the negative influence of poststroke cogni-
tive impairment on motor control recovery (Everard et al.
2020; McDonald et al. 2019; Mullick et al. 2015; Rinne
et al. 2018). Notably, there was no strong correlation with
Corsi scores, suggesting that short-term visuospatial work-
ing memory was not critical for improving performance on
the bimanual CIRCUIT task in CCSIs. There was also a
strong correlation between the BBT score of both the ipsile-
sional and contralesional upper limb and (i) bimanual motor
skill learning and (ii)) REACHING progression. More sur-
prisingly, there was a lack of strong correlations between
the MICARS score and BiSAT TOTAL or BiCo TOTAL
progression (r=-0.5 and -0.29, respectively), whereas the
BiSAT REACHING DELTA showed a moderate negative
correlation with the MICARS score (r=-0.67). In CCSIs,
mild to moderate ataxia did not impair the capacity to learn
a new skill requiring asymmetrical bimanual coordination.
It is possible that other correlations could emerge with the
inclusion of severely ataxic CCSIs.

Another surprising finding was that, at baseline, the
CCSIs had less finger coactivation and more press errors
than the HIs on one of the fine dexterity tasks assessed
with the Dextrain® manipulandum. Mild chronic cerebel-
lar strokes outside a critical zone might explain the lack of
dexterity impairment in our CCSI sample, possibly due to
functional compensation by structural cerebellar reserve or
extracerebellar mechanisms.

Limitations

Utilizing a sample of 16 CCSIs and 18 HIs, the power for a
medium, large and very large effect sizes is 29%, 62% and
92% (characterized by Cohen’s d values of 0.5, 0.8, and 1.2
respectively) showing a poor power for the current study.
Indeed, the CCSI sample size was small but comparable to
that of motor learning studies in CCSIs (Dirnberger et al.
2013; Hermsdorf et al. 2020), consistent with the small pro-
portion of cerebellar strokes. Recruitment was also limited
by the COVID-19 pandemic. However, we suggest that the
small number of subjects might have been partly compen-
sated for by the fine-grained analysis of bimanual motor
skill learning, computed with the continuous robotic out-
comes specifically designed for this purpose. Nevertheless,
recruiting more CCSIs, especially patients with more severe
ataxia, would allow us to broaden the current observations.
The REAplan® robot allowed the HIs and CCSIs to train on
this asymmetric bimanual coordination task and to achieve
bimanual motor skill learning and bimanual coordination in
a closed kinetic chain i.e., the upper limbs were supported
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by forearm rest gutters in the horizontal plane which allowed
easier movement control. Perhaps ataxia would have caused
more severe impairment in a bimanual task performed in an
open kinetic chain —i.e. without support of the upper limbs.
Studying the acute phase of stroke would also be interest-
ing for clarifying the compensatory mechanisms involved—
larger bimanual motor skill learning impairments could
theoretically be observed in patients with acute cerebellar
stroke than in those with chronic stroke. Identifying “poor
learners” in studies with larger samples using clinical or
imaging biomarkers could lead to tailored neurorehabilita-
tion approaches with specific interventions designed to help
“poor learners”.

Conclusion

By training with a serious game on the bimanual REAplan®
robot, both HIs and CCSIs were able to perform, improve,
retain, generalize and transfer complex motor skills requir-
ing learning a new bimanual coordination control policy in
a closed kinetic chain. The lack of between-group differ-
ences in all the robotic outcomes suggested plastic com-
pensation at the chronic stage after a cerebellar stroke, pos-
sibly through functional and/or structural cerebellar reserve.
Interestingly, “poor learners” were observed in both CCSIs
and HIs in whom ageing reduced the capacity to achieve
bimanual motor skill learning. These findings suggest that
bimanual motor skill learning could be used to enhance
bimanual motor control in chronic cerebellar stroke patients
with mild to moderate ataxia.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00221-024-06830-x.
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