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Bimanual motor skill learning and robotic assistance for
chronic hemiparetic stroke: a randomized controlled
trial
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Abstract

Using robotic devices might improve recovery post-stroke, but the optimal way to apply robotic assistance has yet to be determined. The
current study aimed to investigate whether training under the robotic active-assisted mode improves bimanual motor skill learning (biMSkL)
more than training under the active mode in stroke patients. Twenty-six healthy individuals (HI) and 23 chronic hemiparetic stroke patients
with a detectable lesion on MRI or CT scan, who demonstrated motor deficits in the upper limb, were randomly allocated to two parallel
groups. The protocol included a two-day training on a new bimanual cooperative task, LIFT-THE-TRAY, under either the active or active-
assisted modes (where assistance decreased in a pre-determined stepwise fashion) with the bimanual version of the REAplan® robotic device.
The hypothesis was that the active-assisted mode would result in greater biMSkL than the active mode. The biMSkL was quantified by a
speed-accuracy trade-off (SAT) before (T1) and immediately after (T2) training on days 1 and 2 (T3 and T4). The change in SAT after 2 days
of training (T4/T1) indicated that both HI and stroke patients learned and retained the bimanual cooperative task. After 2 days of training,
the active-assisted mode did not improve biMSkL more than the active mode (T4/T1) in HI nor stroke patients. Whereas HI generalized the
learned bimanual skill to different execution speeds in both the active and active-assisted subgroups, the stroke patients generalized the
learned skill only in the active subgroup. Taken together, the active-assisted mode, applied in a pre-determined stepwise decreasing fashion,
did not improve biMSkL more than the active mode in HI and stroke subjects. Stroke subjects might benefit more from robotic assistance
when applied “as-needed.” This study was approved by the local ethical committee (Comité d’éthique médicale, CHU UCL Namur, Mont-
Godinne, Yvoir, Belgium; Internal number: 54/2010, EudraCT number: NUB B039201317382) on July 14, 2016 and was registered with
ClinicalTrials.gov (Identifier: NCT03974750) on June 5, 2019.
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Introduction

The most common deficit after stroke is hemiparesis, i.e.,
difficulties in controlling contralesional movements (Trombly,
1992). Stroke survivors with a paretic upper limb (UL)
have demonstrated deficient coordination in cooperative
bimanual tasks (Kantak et al., 2016), which may lead to loss of
independence for activities of daily life (ADL). Thus, efficient
bilateral UL neurorehabilitation programs are necessary
(Veerbeek et al., 2014; Bernhardt et al., 2017; Kantak et
al.,, 2017), based on several premises: (I) since most ADLs
are bimanual, neurorehabilitation should involve bimanual
exercises. (II) Impairments of the paretic UL cannot predict
impairments in bimanual tasks (Lowrey et al., 2014; Kantak
et al., 2016) because bimanual tasks are intrinsically more
complex. Even if recovering from paretic UL's impairment is
necessary, it likely will not be sufficient to recover bimanual
ADL “automatically.” (Ill): Simultaneous training of both hands/
UL may improve the paretic UL function because of their
spatial and temporal coupling (Rossini et al., 2003; Carson,
2005). Among bilateral training options (King et al., 2010;
Meng et al., 2017; Raghavan et al., 2017), robotics seems
promising (Kwakkel et al., 2008; Gassert and Dietz, 2018;
Dehem et al., 2019; Duret et al., 2019).

Robotic devices enable repetitive and intensive practice (Lo
et al., 2010; Mehrholz et al., 2012; Abdollahi et al., 2018)
that can improve post-stroke motor performance and trigger
neuroplastic changes (Buma et al., 2013; Han et al., 2013).
Robotic devices usually feature several training modalities,
among which: (Basteris et al., 2014) (I) The active mode:
the subject performs the full movements freely, and the
robotic device measures the subject’s performance. (II) The
active-assisted mode: the subject initiates the movement,
and the robotic device intervenes exclusively under defined
conditions (e.g., error). (lll) The passive mode: the robotic
device performs the movements thoroughly, and the subject
is passive (Basteris et al., 2014).

Furthermore, the application of motor learning principles
might enhance motor recovery (Kitago and Krakauer,
2013). E.g., the repetition of a motor task leads to lasting
improvements in movement accuracy, indicating the
acquisition of a motor skill (Willingham, 1998; Shmuelof and
Krakauer, 2011; Shmuelof et al., 2012). Learning a motor skill
shifts the speed/accuracy trade-off (SAT) and decreases the
variability in motor performance between trials (Dayan and
Cohen, 2011; Shmuelof et al., 2012). Motor skill learning
is also characterized by retention and generalization of the
learned motor skill to untrained conditions. Accordingly,
several robotic devices have been developed to harness
components of motor learning and intensive exercise-based
training, including bimanual approaches (Johnson et al., 2000,
2006; Cauraugh and Kim, 2002; Lum et al., 2002, 2004; Hesse
et al., 2003a, b; McCombe Waller et al., 2008; Lin et al., 2010;
Trlep et al., 2011; Herrnstadt et al., 2015; Grosmaire and
Duret, 2017; Abdollahi et al., 2018).

Although the robotic devices led to improved motor
performance, whether robotic assistance can improve
bimanual coordination remains controversial. Many studies
insist on the importance of active patients participation
(Reinkensmevyer et al., 2009; Krishnan et al., 2013; Shirzad and
Van der Loos, 2016), i.e., favoring minimal assistance from the
robotic device such as the active mode. Other studies have
shown that assistance during the training may improve paretic
UL function (Colombo et al., 2010; Duret and Hutin, 2013),
indicating the potential of the active-assisted mode.

In line with this controversy and to characterize the role of
the active-assisted mode of a robotic device in bimanual
coordination motor learning, we tested the hypotheses that
(I) chronic hemiparetic stroke subjects can learn, retain and

generalize a challenging bimanual cooperative motor skill
and that (I) the active-assisted mode applied in a stepwise
decreasing fashion improves early bimanual learning more
than the active mode in both healthy individuals (HI) and
stroke subjects. For this purpose, we used the bimanual
version of the robotic device for UL rehabilitation REAplan®
(AXINESIS, Wavre, Belgium) that has been used successfully in
previous rehabilitation studies (Gilliaux et al., 2014; Dehem et
al.,, 2017).

Subjects and Methods

Subjects

Twenty-six young, healthy individuals (HI) aged 27.4 %
3.2 years and 23 chronic stroke patients (aged 63.9 + 11
years) were enrolled from CHU UCL Namur, Mont-Godinne
(Neurology Department, Stroke Unit, Yvoir, Namur, Belgium,
5530) through the local stroke and HI databases after they
provided written informed consent (Additional file 1).
The study complied with the Declaration of Helsinki, and
procedures were approved on July 14, 2016 (Internal number:
54/2010, EudraCT number: NUB B039201317382) by the
local ethical committee (Comité d’éthique médicale, CHU UCL
Namur, Mont-Godinne) (Additional file 2). The study protocol
was reported in line with the CONsolidated Standards Of
Reporting Trials (CONSORT) 2010 guidelines (Additional
Figure 1). For stroke subjects, the inclusion criteria were 1)
having a chronic stroke (> 6 months), 2) being between 18-
90 years old, 3) showing a lesion on brain imaging, and 4)
demonstrating a motor deficit in the UL. The exclusion criteria
were 1) problems in understanding or executing commands
of the task, 2) alcohol or drug addiction. For Hl, the inclusion
criteria were 1) being right-handed and 2) being between
18-90 years old. Exclusion criteria were 1) having a history of
neurological problems, 2) alcohol or drug addiction (Additional
file 3). Twenty of them had an ischemic stroke, while three
had a hemorrhagic stroke (Table 1).

The National Institutes of Health Stroke Scale (NIHSS) was
used to estimate the level of neurological impairments in
stroke subjects, and their activity limitation was evaluated
with the modified Rankin Scale (mRS) (van Swieten et al.,
1988) and the ABILHAND questionnaire (Penta et al., 2001)
that assesses specifically residual bimanual capacity. The Box
& Blocks test (B&B) (Mathiowetz et al., 1985; Desrosiers et al.,
1993) was used to measure the baseline residual unimanual
dexterity as well as potential generalization (Rossini et al.,
2003; Carson, 2005) from bimanual training to unimanual task
performance. The primary outcome measure was the change
in SAT (see the Data analysis section).

Bimanual motor skill learning task: LIFT-THE-TRAY

The bimanual task involved circular, in-phase mirror
movements of the ULs with 90° of the phase difference
between their starting points (Figure 1). The robotic arms
of the REAplan® (AXINESIS, Wavre, Belgium) simulated
two virtual pulleys, each pulley was attached to one end of
a virtual horizontal tray displayed on the screen and was
controlled by one hand through the corresponding REAplan®
handle. Simultaneous, coordinated, 90° out-of-phase (as if
one virtual rope was shorter than the other one), rotating
movements of both ULs on the two pulleys lifted the tray
toward the top of the screen. The participants were told that
different interactions with the REAplan® could be experienced
during the different parts of the study. They were instructed
to go as fast (speed constraint) and as accurately as possible
during each block of training. Accuracy was defined as
keeping the tray horizontal: with ideally coordinated bimanual
movements, the tray should be lifted with zero-degree
inclination compared to the horizontal (x) axis. Real-time
feedback of accuracy was provided as a color code reflecting
the angular deviation from the horizontal axis. As long as
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Table 1 | Demographic characteristics of stroke patients

B&B

Time

since Non- Non-

stroke  Stroke Type of Paretic Dominant ABILHAND Paretic paretic Paretic paretic
No. Sex Age (yr)  (yr) localization stroke hand hand mRS NIHSS Score hand (T1) hand (T1) hand (T4) hand (T4)
P1 F 52 05-1 C Ischemic Right Right 3 4 -3.46 1.3 68.7 1.3 67.3
P2 F 28 1-3 C Ischemic Right Right 2 4 -3.41 0 74.7 0 78.7
P3 F 76 >3 SC Hemorrhagic Left Left 4 3 —6.07 0 46 0 48.7
P4 M 78 >3 SC Hemorrhagic Right Right 4 5 -3.83 0 80.7 0 81.3
P5 F 63 >3 SC Ischemic Right Right 4 4 -1.46 0 53.7 0 60.3
P6 M 73 >3 SC Ischemic Right Right 2 2 0.91 0 76.7 03 81
P7 F 62 >3 C Ischemic Left Right 3 1 -3.46 0 64.7 0 65
P8 M 50 >3 C Ischemic Right Right 3 4 2.96 41.7 71.3 41.7 75.3
P9 F 53 >3 C Ischemic Left Right 2 6 3.71 40 47.7 43 52.7
P10 M 68 >3 SC Ischemic Left Right 2 4 -2.16 0 57 0 58
P11 F 50 1-3 C Ischemic Left Right 2 6 —6.07 0 61.3 0 65
P12 M 84 1-3 C Ischemic Left Right 3 4 -1.03 27.7 413 28 413
P13 F 62 >3 C Hemorrhagic Left Right 3 6 -6.01 0 53.3 0 68.3
P14 M 67 >3 SC Ischemic Left Right 3 4 0.67 18 43.7 15 51.3
P15 M 77 >3 SC Ischemic Right Right 2 4 -6.07 0 38 43 0
P16 M 83 >3 C Ischemic Left Right 3 7 -2.7 5 56 3 61.7
P17 F 66 1-3 SC Ischemic Left Right 3 4 2.71 57.7 68 60.7 71.7
P18 M 85 1-3 C Ischemic Right Right 3 4 3.46 0 53 0 55
P19 F 71 >3 C Ischemic Right Right 3 6 0.008 0 61.7 0 68.7
P20 M 63 >3 SC Ischemic Right Right 4 5 0.55 21.7 50 17 57.3
P21 F 57 >3 C Ischemic Right Right 3 8 —4.45 0 447 0 55
P22 M 32 >3 C Ischemic Right Right 2 4 -1.98 0 56.7 0 59
P23 M 69 1-3 N Ischemic Left Right 3 2 1.19 23.7 413 25 46.3
Meant SD F:11/M:12 63.9+11 C:13/SC:10  1:20/H:3 R:11/L:12 R:22/L:1 2.69+0.5 4.4+12 -1.56 10.3+#13.7 57#10 12.1+#15.3 59.5%11.3

T1: Before training on day 2. T4: after training on day 2. ABILHAND score (logit); B&B: Box & Blocks test (n of transferred blocks); C: cortical; F: female; M: male;

mRS: modified Rankin Scale; NIHSS: National Institutes of Health Stroke Scale; SC:

bimanual movements were perfectly coordinated or slightly
de-synchronized (i.e., tray angle between 0° and 5° compared
to the horizontal axis), the tray remained green. In the case
of a moderate bimanual de-synchronization (between 6° and
19°), it turned yellow. If large bimanual de-synchronizations
occurred (between 20° and 30°), the tray turned red. The
maximum angle of de-synchronization allowed by the virtual
wheels was set to 30° (Additional file 4).

REAplan®

The current study is the first one carried out with the
bimanual version of the REAplan® (AXINESIS, Wavre, Belgium),
an end-effector rehabilitation robotic device. Participants
made movements in the horizontal plane while holding the
two robotic handles. Customized gloves helped the stroke
subjects with manual impairments to grasp the handles;
the forearms were supported by two gutters to ensure
stabilization (Figure 1). A large screen located in front of the
subject provided online visual feedback. Position sensors
of the REAplan® sampled the position of the handles at 80
Hz and recorded it on the controlling PC. Lateral robotic
assistance was present during all exercises and for all subjects:
it kept each handle on a circular trajectory, giving to the
subject the illusion of controlling two “hard” pulleys through
fixed forces. Additionally, longitudinal robotic assistance was
provided exclusively during the active-assisted mode as an
interaction to keep fixed the distance corresponding to the
90° out-of-phase difference between the two pulleys.

Study protocol

The study was a single-blind (i.e. only the subjects were blind
to the experimental conditions), parallel-group, randomized
clinical trial (RCT, ClinicalTrials.gov ID: NCT02308852). The
subjects trained with either the active-assisted or the active
robotic modes to learn a complex bimanual motor skill. For
stroke subjects, the randomization was performed with
minimization software (http://www.saghaei.net/gminim/).

sub-cortical.

Pre-specified randomization criteria (Table 1) were encoded
in the software, which then determined whether the stroke
subject’s allocation to the active-assisted or active subgroups.
The HI was allocated to the active-assisted or active subgroups
in a pseudo-randomized fashion based on inclusion order. In
HI, the active-assisted and active subgroups included twelve
and fourteen subjects, respectively. Twelve and eleven stroke
patients were randomized into the active-assisted and active
subgroups, respectively (Figure 2 and Additional Figure 1).

HI and stroke participants followed an identical protocol over
two consecutive days (Figure 2). Each day (D1, D2) started
with four series of exercises called TEST (further explanations
below), followed by 20-min of training with either the active
or active-assisted robotic modes (parallel-group design) and
finished with another identical series of TEST. On D1 and D2,
the protocol was identical. Thus, altogether there were four
TESTs: T1, the TEST on D1 before training (baseline); T2 on D1
after training; T3 on D2 before training (assessing overnight
retention), and finally T4 at on D2 after training. Each TEST
included four series of exercises. Each exercise (20 seconds)
was repeated five times, separated by a 50-second pause.
When the tray reached the top of the screen, it re-appeared at
the bottom of the screen with the same ftilt angle. In the first
series of exercises (free speed), the subjects were asked to
perform the task as fast and as accurately as possible, exactly
as during the training blocks. Then, they practiced three series
of exercises during which a phantom tray ascended on the
REAplan® screen with fixed, imposed speeds (i.e., 4, 8, and
12 cm/s, respectively). The participants were instructed to
synchronize the ascent of their tray with that of the phantom
as much as possible (fixed speed constraint) while attempting
to keep the tray horizontal (accuracy constraint). The exercises
with imposed speeds aimed to look for a generalization of the
bimanual skill. For the stroke subjects, the B&B (Desrosiers et
al., 1994) was performed twice, before T1 and after T4 (mean
of three trials for each hand, starting with the non-paretic
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hand), to asses potential generalization of bimanual skill
training to a unimanual task.

After the T1 and T3 periods, the participants received 20
minutes of training at the free speed that comprised of 15
blocks of 1 minute separated by 25 seconds of between-block
pause. In the active-assisted group, they started the first block
with 100% longitudinal assistance helping them to keep the
distance between the two handles constant (i.e., imposing
optimal bimanual synchronization). Thus, no effort was
needed to keep the tray horizontal during this block. During
the next 14 blocks, the longitudinal assistance decreased in
an imposed, stepwise fashion: 93%, 86%, 79%, 71%, 64%,
57%, 50%, 43%, 36%, 29%, 21%, 14%, 7% and finally 0%. In
the active group, the participants performed the 15 training
blocks without longitudinal assistance.

Data analysis

The REAplan® sampled the following data at 80 Hz that were
stored on a PC for the offline analysis:

Speed: the speed of the tray, in cm/s

Error: the angle of the tray compared to the horizontal axis, in
degree

SAT was calculated as: SAT = speed/error, in arbitrary units
(a.u.)

The software recorded the exercise number and the
percentage of longitudinal assistance provided during each
block for the active-assisted mode. Longitudinal assistance
was always 0% in the active group.

The data were processed using customized Matlab® (2015b,
The MathWorks, Inc, Natick, MA, USA) routines; the mean
of the SAT was calculated for each 20-second block of the
exercises during the TESTs and each 1-minute block during
training.

The primary outcome measure was the change in SAT in
exercises with free speed and the three imposed speeds (4, 8,
and 12 cm/s) in time (at T2, T3 and T4 compared to T1) in the
active vs. active-assisted subgroups, for stroke patients and Hl.

Statistical analysis

This is a first-time study with this robot and task, so no pilot
data were available to compute a power analysis. The sample
size (HI n = 26, stroke n = 23) is “custom” in the field for such
experiments. The R software (The R Foundation, Boston, MA,
USA, https://www.r-project.org/) including the nlme and
ggplot2 packages was used to generate generalized linear
mixed models (GLMMs). The distribution of SAT values was
asymmetrical, so statistical tests were performed on log-
transformed values, and a logarithmic scale was used in the
Figures displaying the results. Besides, since a logarithmic
scale was used, the geometric mean was calculated using the
following formula:

The geometric mean of SAT (T,): "V(SAT, x SAT, x ... x SAT,)

where: i = 1,2,3,4; and n = number of the HI or stroke
participants

For each group (stroke subjects and HI) and each type of
exercise (free speed, 4, 8, and 12 cm/s), we used a generalized
linear mixed model (GLMM) with and a random intercept
for each subject. The In (SAT) was the dependent variable,
and the independent fixed variables were: time (T1, T2, T3,
and T4, considered as a categorical variable), intervention
(active or active-assisted mode), and the [time X intervention]
interaction. Fixed effect coefficients (8) were then used to
compute the fold change (FC) = Ré’.

In stroke patients, we counted the number of transferred
blocks on the B&B for both paretic and non-paretic hand
at T1 and T4. We then calculated the change from T1 to T4
separately for each hand with a 95% confidence interval (Cl).

Results

Bimanual motor skill learning

Both the HI (n = 26) and chronic stroke subjects (n = 23)
learned the bimanual cooperative task, as evidenced by the
improvement of the SAT in the exercises with free speed over
the 2 days (Table 2 and Figure 3). In HI, between T1 and T4,
the SAT improved as shown by an FC of 6 and 3 in the active
and active-assisted subgroups, respectively. In stroke subjects,
the FC between T1 and T4 was 1.8 and 1.6, respectively.

In HI, between T1 and T2 (i.e., on D1), the SAT improved
with an FC of 3 and 2 in the active and active-assisted
subgroups, respectively. In stroke subjects, the FC was 1.4
and 1.3, respectively. Overall, there was no offline (overnight)
improvement from T2 to T3, and both the HI and stroke
subjects kept improving on D2 from T3 to T4 (Table 2 and
Figure 3).

Generalization

In HI, for both active and active-assisted subgroups, we
observed generalization at all three imposed speeds (4,
8, and 12 cm/s) at the three time points (i.e., T2, T3 & T4)
compared to T1 (Table 2 and Figure 4). In stroke subjects, for
the imposed speed of 8 cm/s, we observed a generalization
in the active subgroup with an FC of 1.40 from T1 to T2, and
with an FC of 1.72 from T1 to T4. For the imposed speed of
12 cm/s, generalization was observed in the active subgroup
only from T1 to T4, with an FC of 1.72. No generalization
was observed at the imposed speed of 4 cm/s. In the active-
assisted subgroup, generalization was detected exclusively for
8 cm/s from T1 to T3, with an FC of 1.39.

B&B results

In stroke subjects, the number of transferred blocks in
unimanual B&B indicated no generalization to this unimanual
task from T1 to T4 in the paretic or non-paretic hand in the
active-assisted or active subgroups (Additional Figure 2).

Effect of the active-assisted mode on bimanual motor skill
learning

In stroke subjects, the active-assisted mode did not improve
bimanual motor skill learning (biMSkL) compared to the active
mode (FC [95% Cl]: 0.90 [0.63—-1.28] at T4). In HI, the active-
assisted mode was even found to halve biMSkL compared
to the active mode (0.52 [0.39-0.70] at T4). Furthermore,
the active-assisted mode did not improve generalization at
imposed speeds compared to the active mode in HI nor stroke
subjects (Table 2). Finally, the active-assisted mode did not
result in better generalization in B&B when compared with
the active mode in the paretic hand (—0.02 [-15.0-15.0]) or in
non-paretic hand (0.4 [-14.5-15.4]) (Additional Figure 2 and
Table 1).

Discussion

In this study, both HI and chronic hemiparetic stroke subjects
learned and retained a new bimanual cooperative skill with
the bimanual version of the REAplan® rehabilitation robot. HI,
generalized the bimanual skill learned under an SAT approach
to the exercises with imposed speeds, in both the active
and active-assisted subgroups. Whereas the stroke subjects
in the active subgroup generalized the bimanual skill to the
two fastest imposed speeds (8 and 12 cm/s), there was no
generalization at the slowest speed (4 cm/s), nor for the
stroke subjects in the active-assisted subgroup at any imposed
speed.

In contradiction with our hypothesis, the pre-defined,
stepwise decrease of robotic assistance in the active-
assisted mode did not improve bimanual cooperative skill
learning, retention, or generalization in HI or stroke subjects
compared to the active mode. In HI, bimanual cooperative
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Table 2 | Change in speed/accuracy trade-off (SAT) in healthy individuals (HI) and stroke subjects

Participants Speed Robotic assistance Measure T1 T2 T3 T4
Healthy 4cm/s A GM (GSD) 76.63 (1.16) 87.19 (1.04) 88.89 (1.04) 88.33(1.05)
A GM (GSD) 64.79 (1.44) 83.30(1.12) 88.43 (1.05) 87.27 (1.06)
A FC [95%Cl] 1.00 [ref.] 1.14 [1.02-1.26] 1.16 [1.04-1.29] 1.15 [1.04-1.28]
A FC [95%Cl] 1.00 [ref] 1.29[1.15-1.44] 1.36 [1.22-1.53] 1.35[1.20-1.51]
AN FC [95%Cl] 1.00 [ref.] 1.13[0.97-1.32] 1.18 [1.01-1.37] 1.17 [1.00-1.36]
8cm/s A GM (GSD) 72.41 (1.16) 83.70 (1.03) 86.79 (1.04) 86.39 (1.05)
A GM (GSD) 67.16 (1.18) 80.16 (1.07) 84.66 (1.06) 84.42 (1.06)
A FC [95%Cl] 1.00 [ref.] 1.16 [1.10-1.22] 1.20[1.14-1.26] 1.19[1.13-1.26]
A FC [95%Cl] 1.00 [ref.] 1.19 [1.13-1.26] 1.26 [1.19-1.33] 1.26 [1.19-1.33]
ATJA FC [95%Cl] 1.00 [ref.] 1.03[0.96-1.12] 1.05 [0.97-1.14] 1.05 [0.98-1.14]
12cm/s A GM (GSD) 70.37 (1.17) 81.04 (1.02) 83.63 (1.04) 84.53 (1.05)
A GM (GSD) 63.38 (1.24) 75.48 (1.09) 80.58 (1.06) 82.49 (1.06)
A FC [95%Cl] 1.00 [ref.] 1.15[1.08-1.22] 1.19 [1.12-1.26] 1.20[1.13-1.28]
A FC [95%Cl] 1.00 [ref.] 1.19[1.11-1.27] 1.27 [1.19-1.36] 1.30[1.22-1.39]
AT/A FC [95%Cl] 1.00 [ref.] 1.03[0.95-1.13] 1.07 [0.98-1.17] 1.08 [0.99-1.19]
Free A GM (GSD) 5.00 (1.55) 16.12 (1.55) 16.50 (1.63) 30.22 (1.72)
A GM (GSD) 5.32(1.71) 12.52 (1.76) 12.16 (1.68) 16.74 (1.53)
A FC [95%Cl] 1.00 [ref.] 3.23[2.64-3.95] 3.30[2.70-4.04] 6.05 [4.94-7.40]
A FC [95%Cl] 1.00 [ref.] 2.35[1.89-2.93] 2.29[1.84-2.84] 3.15[2.53-3.91]
ATIA FC [95%Cl] 1.00 [ref.] 0.73 [0.54-0.98] 0.69 [0.51-0.93] 0.52 [0.39-0.70]
Stroke 4cm/s A GM (GSD) 22.69 (1.65) 29.98 (1.56) 30.96 (1.84) 30.34 (1.84)
A GM (GSD) 17.13(1.82) 19.52 (2.56) 21.00 (2.59) 21.64 (2.60)
A FC [95%Cl] 1.00 [ref.] 1.32[0.96-1.81] 1.36 [0.99-1.87] 1.34[0.97-1.84]
A FC [95%Cl] 1.00 [ref.] 1.14 [0.85-1.52] 1.23[0.92-1.64] 1.26 [0.95-1.69]
AN FC [95%Cl] 1.00 [ref.] 0.86 [0.56-1.33] 0.90[0.58-1.38] 0.94 [0.61-1.45]
8cm/s A GM (GSD) 17.66 (1.71) 24.76 (1.97) 27.95(1.79) 30.30(1.74)
A GM (GSD) 16.41 (1.96) 17.16 (2.11) 22.77 (2.16) 20.79 (2.47)
A FC [95%Cl] 1.00 [ref.] 1.40[1.02-1.92] 1.58 [1.16-2.17] 1.72 [1.25-2.35]
A FC [95%Cl] 1.00 [ref.] 1.05[0.79-1.39] 1.39[1.04-1.85] 1.27 [0.95-1.69]
AT/A FC [95%Cl] 1.00 [ref.] 0.75[0.49-1.14] 0.88 [0.57-1.34] 0.74 [0.48-1.13]
12cm/s A GM (GSD) 14.95 (1.76) 19.95 (1.80) 24.84(1.92) 25.76 (1.90)
A GM (GSD) 19.86 (1.57) 15.58 (2.48) 20.66 (2.25) 19.07 (2.55)
A FC [95%Cl] 1.00 [ref.] 1.33[0.98-1.81] 1.66 [1.22-2.25] 1.72 [1.27-2.34]
A FC [95%Cl] 1.00 [ref.] 0.78 [0.59-1.04] 1.04 [0.79-1.37] 0.96 [0.73-1.27]
AT/A FC [95%Cl] 1.00 [ref.] 0.59 [0.39-0.89] 0.63[0.41-0.95] 0.56 [0.37-0.84]
Free A GM (GSD) 1.85(1.66) 2.60 (1.52) 2.36 (1.94) 3.29 (1.57)
A GM (GSD) 2.98 (1.75) 3.92(1.95) 3.82(1.95) 4.77 (1.87)
A FC [95%Cl] 1.00 [ref.] 1.41[1.09-1.82] 1.28 [0.99-1.65] 1.78 [1.38-2.30]
A FC [95%Cl] 1.00 [ref.] 1.32[1.03-1.69] 1.28 [1.00-1.64] 1.60 [1.25-2.05]
AN FC [95%Cl] 1.00 [ref.] 0.94 [0.65-1.34] 1.00 [0.70-1.43] 0.90[0.63-1.28]

The biMSKL was quantified by a speed-accuracy trade-off before (T1) and immediately after (T2) training on days 1 and 2 (T3 and T4). At T1, the geometric
mean (GM) and geometric standard deviation (GSD) are given. The fold change (FC, mean and [95 % Cl]) of SAT in HI and stroke subjects at T2, T3 and T4
relative to their baseline (T1) in the active (A”) and the active-assisted (A") subgroups, and the comparison between them (A"/A”), were calculated with a

generalized linear mixed model for each speed. a.u.: Arbitrary units.

motor learning even deteriorated in the active-assisted
subgroup compared to the active subgroup. Chemuturi and
colleagues (Chemuturi et al., 2013) showed that during a
unimanual reaching task, when the active-assisted mode of
a robotic device was adjusted to the individual’s need (i.e.,
“assistance-as-needed”), it improved motor performance
in HI. Accordingly, one possible explanation for the lack of
effect of active-assisted mode in our study might be that the
robotic assistance was applied as a fixed, stepwise, decrease
rather than assistance-as-needed. Theoretically, because
the robotic assistance decreased at each training block,
the HI should have progressively relied less on it. However,
the active-assisted mode might have induced slacking, i.e.,
naturalistic trends to reduce efforts when the error is small
and thus to rely “too heavily” on robotic assistance (Kahn et
al., 2006a; Reinkensmeyer et al., 2012) Another explanation
could be that the active-assisted mode might improve biMSkL
in HI only when the task is very complex (Li et al., 2013). Our
bimanual task, LIFT-THE-TRAY, might have been too easy for HI

(e.g., with a potential ceiling effect). Finally, although review
papers have demonstrated that robot-assisted therapies are
beneficial for UL neurorehabilitation after stroke (Kwakkel et
al., 2008; Gassert and Dietz, 2018), the effect of the active-
assisted mode on motor skill learning in HI requires more
studies to compare this model with other robotic modes.

In stroke subjects, bimanual priming rehabilitation with
active-passive bimanual movement therapy (APBT) (Stinear
and Byblow, 2004) and bimanual motor training with
Bilateral Upper Limb Trainer (Sampson et al., 2012) result
in improvements of UL performances and evidenced by the
improvements in UL Fugl Meyer Assessment (FMA-UL). Given
that “conventional” bilateral arm training approaches have
shown promising results in neurorehabilitation (Cauraugh and
Kim, 2002; McCombe Waller et al., 2008; Lin et al., 2010),
several robotic devices such as the Bi-Manu-track (Hesse
et al., 2003a), mirror-image motion enabler (Johnson et al.,
2000, 2006; Lum et al., 2004), and the bimanual wearable
robotic device (Herrnstadt et al., 2015) were designed
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Figure 1 | The bimanual cooperative task “LIFT-THE-TRAY.”

The bimanual task was implemented on the bimanual version of the
REAplan®. The subjects were instructed to lift the tray as quickly and
accurately (i.e., keeping the tray horizontal) as possible by turning two
virtual pulleys (illustrated by the light grey circles) through cyclical, in-phase
movements. There was a 90-degree phase difference between the starting
points of the virtual pulleys, illustrated by the dark grey dots. The forearms
were supported by gutters, and the robotic handles were adapted to the
residual grasp of the stroke subjects. The color of the tray provided real-time
feedback of the tray orientation’s accuracy (angle from the horizontal line
0°-5°: green, 6°-19°: yellow, 20°-30°: red, maximal deviation allowed: 30°).

Figure 2 | Study protocol.

The protocol consisted of two consecutive days. D1 started with a series of
TEST at free speed and with three imposed speeds (4, 8, and 12 cm/s). Then,
the subjects trained for 15 minutes with the active-assisted mode or active
mode, according to the randomization. After a short pause, training was
followed by another, identical, series of TEST. D2 was identical to D1. Before
starting TEST 1 and after finishing TEST 4, unimanual hand dexterity was
evaluated using the Box & Blocks test (B&B), only in stroke subjects.

to offer bilateral training. E.g., three weeks of 15-minute
additional training with the active-assisted mode of the Bi-
Manu-Track reduced spasticity in 8 out of 12 stroke subjects
(Hesse et al., 2003b). However, the improvements in motor
control scores (impairment) did not translate into functional
task improvements (activity limitation). Using the mirror-
image motion enabler, the effect of bimanual robot-assisted
training with conventional training in 27 chronic stroke
subjects were compared (Lum et al., 2002). Compared to
conventional therapy, twenty-four sessions of bilateral training
with the mirror-image motion enabler resulted in larger
improvements in the UL Fugl Meyer Assessment and in the
reaching magnitude. Using a Haptic Master Robot, Trlep et
al. (2011) trained four hemiparetic chronic stroke subjects
on a bimanual tracking task requiring coordination between
the hands, which improved bimanual motor performance as
well as force production in the paretic UL. On the other hand,
motor training, both with and without robotics, resulted in
the same improvements of UL function in stroke subjects
guantified with the Arm Motor Ability Test and UL Fugl Meyer
Assessment (McCabe et al., 2015). Along the same line, in
chronic stroke subjects, twenty-four sessions of reaching

Figure 3 | Evolution of SAT in free speed TESTs on D1 and D2.

The bimanual SAT was expressed in arbitrary units (a.u.) and displayed on a
logarithmic scale at four time points: on day 1 before (T1, baseline) and after
training (T2), on day 2 before (T3) and after training (T4), in stroke subjects
and healthy individuals (HI) in both the active and active-assisted subgroups.
Thin grey lines: individuals, thick black lines: mean of the groups. Both the
HI and chronic stroke subjects improved on LIFT-THE-TRAY on D1, retained
overall the improvements overnight, and kept improving on D2, showing
learning of the bimanual cooperative task. SAT: Speed/Accuracy trade-off.

Figure 4 | Generalization: SAT evolution from T1 to T4 (imposed speeds: 4,
8, and 12 cm/s).

The bimanual SAT was expressed in arbitrary units (a.u.) and displayed on a
logarithmic scale at four time points: on day 1 before (T1, baseline) and after
training (T2), on day 2 before (T3) and after training (T4), in stroke subjects
and healthy individuals (HI) in both the active and active-assisted subgroups.
Thin lines: individuals, thick lines: mean of the groups. In healthy individuals
(HI), for both active and active-assisted subgroups, generalization was found
at all three imposed speeds and time points. SAT: Speed/Accuracy trade-off.

training with either active or active-assisted mode resulted
in similar improvements in UL velocity and range of motions
(Kahn et al., 2006b), raising the question of whether training
with robotic devices results in greater improvements of UL
function compared to non-robotic interventions. In line with
this concern, review papers have reported no effect (Norouzi-
Gheidari et al., 2012; Rodgers et al., 2019) or a small effect
(Kwakkel et al., 2008; Ferreira et al., 2018) of robot-assisted
therapy on motor control recovery, possibly because of
defective methods or insufficient length of treatment (Ferreira
et al., 2018). Therefore, the potentially superior effect of
training with robotic devices compared to “conventional”
neurorehabilitation is still controversial and requires further
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studies.

In our study, the active-assisted mode, applied in an imposed,
stepwise, decreasing manner did not improve biMSkL in
chronic hemiparetic stroke subjects compared to the active
mode. Krishnan and colleagues demonstrated that twelve
sessions of gait training with minimal robotic assistance
improved the speed of walking as well as the lower extremity
FMA scores in a chronic stroke subject more significantly
compared to a full robotic assistance condition (Krishnan et
al., 2013). Training involving the active participation of stroke
subjects may thus be more beneficial in reducing functional
impairments (Krishnan et al., 2013). In line with this study,
it has been suggested that in the context of motor recovery,
tasks need to be minimally assisted (Emken et al., 2007;
Casadio et al., 2009), and “assistance as needed” might be
beneficial for stroke subjects (Casadio et al., 2009), in order to
avoid slacking (Kahn et al., 2006a; Reinkensmeyer et al., 2012).
In contrast with “assistance as needed,” in our study, the level
of robotic assistance in the active-assisted mode decreased
steadily block after block in an imposed manner, irrespective
of the individual’s need, which failed to show effectiveness.
Hence, the optimum strategy for using robotic active-
assisted modes in stroke subjects might be “assistance as
needed” rather than imposed levels of (stepwise decreasing)
assistance.

Finally, despite the retention of the bimanual cooperative skill,
the 2-day training with the active or active-assisted modes
did not generalize to improved unimanual hand dexterity
in chronic stroke subjects, as demonstrated by the stability
of the B&B scores. In a previous study, we demonstrated
that 30 minutes of training with another complex bimanual
cooperative task resulted in significant improvements of
hand dexterity quantified by the B&B scores (Doost et al.,
2019). Several elements might explain this difference. First,
the setups were quite different (REAplan® robotic device
versus a custom-made system with two computer mice).
Second, the tasks were also different, with cyclical, out-of-
phase, rotating cooperative movements in the LIFT-THE-TRAY
task versus very asymmetrical cooperative movements in the
bimanual CIRCUIT task involving the navigation of a (bimanually
controlled) cursor within a complex circuit displayed on
the screen (Doost et al., 2019). It is also possible that more
extended training with LIFT-THE-TRAY is necessary to improve
hand dexterity in stroke subjects.

In conclusion, both HI and chronic hemiparetic stroke subjects
learned and retained a complex bimanual cooperative motor
task implemented in the bimanual version of the REAplan®
neurorehabilitation robot. The generalization to different
imposed speeds occurred in HI training with either the active
or the active-assisted mode. However, in stroke subjects,
generalization occurred exclusively-and inconstantly- under
the active mode. Finally, the active-assisted mode did not
improve bimanual cooperative motor skill learning in stroke
subjects nor HI compared to the active mode. Further studies
with longer training sessions, with long term retention
testing, and with the robotic assistance applied “as needed”
customized to the stroke subject’s need and their level of
recovery rather than a fixed, stepwise schedule are necessary
to investigate whether the active-assisted mode applied “as
needed” can improve biMSkL more than the active mode in HI
and stroke subjects.
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Enrollment

Assessed for eligibility
(43 HI* and 183 stroke)

l'

| Excluded (16 HI and 144 stroke)
* Not meeting inclusion criteria
» (7 Hl and 139 stroke)
* Decline to participate
(9 Hl and 5 stroke)

Randomized
(27 HI and 39 stroke)

'

—

Allocated to intervention (13 HI and 20 stroke)

*  Received allocated intervention (13 HI, 17 stroke)
*  Did not receive allocated intervention (0 HI, 3 stroke)

Allocation
Allocated to intervention (14 HI and 19 stroke)

* Received allocated intervention {14 HI, 15 stroke)
* Did not receive allocated intervention (0 HI, 4 stroke)

|
i

.

Lost to follow-up (O Hl and 1 stroke)
Discontinued intervention (1 Hl and 2 stroke)
Reason = forgetting the appointment, sickness

Follow-Up Lost to follow-up (0 HI and 0 stroke)

| | Discontinued intervention (0 Hl and 3 stroke)

Reason = forgetting the appointment, sickness

Analyzed (12 HI and 14 stroke)
Excluded from analysis (0 HI and O stroke)

L

Analyzed (14 Hl and 12 stroke)
| | Excluded from analysis (0 HI and O stroke)

Analysis

Additional Figure 1 CONSORT flowchart.

The Stroke database of the CHU UCL Namur (Mont-Godinne) was used for screening stroke subjects
that correspond to the inclusion and exclusion criteria. Healthy individuals (HI) were recruited from the

hospital staff and students.




NEURAL REGENERATION RESERACH www.nrronline.org
active active-assisted
80 - - e —
e
0 —— Z
e
40 - — = :
Y 204
(=]
]
[7,} 0 -
(a0}
80 -
)
(aa]
60 4 —
40 - e =" 2
NRS———— _______—————-
20 4 ;
S —
0 - = = — | —
T T4 T1 T4
Timepoint

Additional Figure 2 Box and Blocks Test (B&B).

The number of transferred blocks at T1 and T4 for each stroke subjects in both the active and
active-assisted conditions. Evolution in both conditions were similar for the non-paretic hand (NPH),
showing a non-significant trend for improvement. There was no change for the paretic hand (PH),
patients in the active-assisted (ASSIST) subgroup had higher T1 and T4 values. Thin grey lines:
individuals, thick black lines: mean of the groups. T1: Baseline.T4: after training on day 2.
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Additional Table 1 Evolution of the Box & Blocks test scores

Hand  Assist. T1 T4 Progression (n) 95% CI
A- 56.8+10.9 61.0+10.9 42 (-6.6-15.0)
NPH A+ 57.1+13.8 61.8+12.7 4.6 (-5.7-15.0)
[A+] - [A-] 0.4 (-14.5-15.4)
A- 6.4+13.7 6.3+13.9 -0.1 (-10.9-10.8)
PH A+ 13.9+19.5 13.8+20.3 -0.1 (-10.4-10.3)
[A+] - [A-] 0.0 (-15.0-15.0)

Increase in the number of transferred blocks (Progression, n) in the active (A) and active-assisted (A*) conditions

in the non-paretic hand (NPH) and paretic hand (PH). CI: 95% CI. In stroke patients, we counted the number of

transferred blocks on the Box & Blocks test for both paretic and non-paretic hand at T1 and T4. We then

calculated the change from T1 to T4 separately for each hand with a 95% confidence interval (CI). TI:

Baseline.T4: after training on day 2.



