Reward and punishment enhance motor adaptation in stroke
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ABSTRACT

The effects of motor learning, such as motor adaptation, in stroke rehabilitation are often transient,
thus mandating approaches that enhance the amount of learning and retention. Previously, we
showed in young individuals that reward- and punishment-feedback have dissociable effects on
motor adaptation, with punishment improving adaptation and reward enhancing retention. If these
findings were able to generalise to stroke patients, they would provide a way to optimize motor
learning in these patients. Therefore, we tested this in 45 chronic stroke patients allocated in three
groups. Patients performed reaching movements with their paretic arm with a robotic
manipulandum. After training (day 1), day 2 involved adapting to a novel force-field. During this
adaptation phase, patients received performance-based feedback according to the group they were
allocated: reward, punishment or no feedback (neutral). On day 3, patients readapted to the force-
field but all groups now received neutral feedback. All patients adapted, with reward and
punishment groups displaying greater adaptation and readaptation than the neutral group,
irrespective of demographic, cognitive or functional differences. Remarkably, the reward and
punishment groups adapted to similar degree as healthy controls. Finally, the reward group showed
greater retention. This study provides, for the first time, evidence that reward and punishment can
enhance motor adaptation in stroke patients. Further research on reinforcement-based motor
learning regimes is warranted to translate these promising results into clinical practice and improve

motor rehabilitation outcomes in stroke patients.
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INTRODUCTION

Upper limb (UL) paresis is a common post-stroke outcome. Although rehabilitation can lead to
improvements, the benefits are often inconsistent[1]. Principles of motor learning may offer ways to
increase the efficacy of rehabilitation. This is underpinned by two assumptions: these principles
apply to motor recovery, and patients retain the ability to learn[2]. However, only a few studies
have investigated the effect of stroke on motor learning, with mixed outcomes[3—8], and
interventions based on motor learning principles are often no more effective than conventional

rehabilitation[9].

Motor adaptation is a specific form of learning that refers to gradual error reduction in response to a
novel perturbation. Stroke patients retain the ability to adapt, even if at a slower rate than healthy
individuals[4,6,7]. In particular, error-enhancing force-fields, i.e. magnifying movement error,
appear more beneficial than error-reducing ones, as they lead to after-effects which compensate for
the original error[4,10]. We focus on motor adaptation as a model process to investigate learning in

a standardized way within a single session.

Reward and punishment-based feedback are candidate mechanisms to optimize motor
adaptation[11-13]. In young healthy participants, punishment was associated with faster adaptation,
and reward with greater retention[13]. These results point to dissociable effects of reward and
punishment in motor adaptation. If these findings generalised to patients, they would provide a
principled way for enhancing motor adaptation and retention in stroke survivors. This would be in
line with previous research showing the benefits of rewards during ankle boot training in stroke
survivors [14]. Using a force-field adaptation reaching task, we tested this in 45 chronic stroke
patients. We show that reward- and punishment-based feedback enhance stroke patients’ motor

adaptation, and that reward increases the retention of the new motor behaviour.



MATERIALS AND METHODS

Study Population

We included patients meeting the following criteria: (1)first-ever unilateral chronic (>6months)
stroke; (2)Mini Mental Scale Examination(MMSE)[15]>24; (3)ability to perform 45° shoulder
flexion while UL supported; (4)ability to be active for an hour; (5)no UL therapy during the study
duration; (6)ability to understand the task and give written informed consent. Patients were
excluded if they met any one of the followings: (1)ataxia/cerebellar stroke; (2)alcohol/drug abuse;
(3)peripheral motor problems; (4)major psychiatric/other neurological disorders; (5)vision/hearing
impairment; (6)neglect (Bells test)[16]; (7)shoulder pain/musculoskeletal impairment preventing

passive ranging to the workspace; (8)<18 years old.

We screened 75 stroke survivors, and included 45 (supplementary figure 1). Patients were randomly
allocated to one of three groups, according to the feedback given during adaptation
[reward/punishment/neutral]. Randomization was stratified for age and time post-stroke. Fifteen

healthy controls, matched to the neutral group for age and performing arm, were also included.

All participants gave written informed consent. The study was approved by the Joint Ethics
Committee of the Institute of Neurology, UCL and the National Hospital for Neurology and

Neurosurgery and was conducted in accordance with the Declaration of Helsinki.

Experimental Task

We used a force-field (FF) adaptation paradigm[17] . Participants sat with their forehead supported
in front of a workstation whilst holding the handle of a two-joint robotic manipulandum with their
paretic arm. The forearm was stabilized by straps to a moulded cast and the trunk was belted to a

chair. A horizontal mirror, 2cm above the hand, prevented direct vision of the arm, but showed a



reflection of a screen mounted above. Visual feedback regarding hand position was provided by a

white cursor (0.3cm diameter) continuously projected onto the screen (figure 1A).

The task consisted of centre-out fast ballistic movements to targets. Subjects had to initially bring
the cursor within a 1-cm” starting box in front of the body’s midline. Once the cursor was within the
starting point, a white 1-cm’ target appeared 6cm from the starting position. Subjects were
instructed that, when ready, they should make a fast, accurate, ‘shooting’” movement through the
target, avoiding corrections. As the cursor crossed an imaginary 6cm radius circle centred at the
starting position, a green endpoint dot appeared. After 500ms, the manipulandum returned the hand
back to the start. For the main experiment, subjects were exposed to two targets. To encourage
constant speed, the target turned red or blue if the movement was >500ms or <100ms, respectively

(figure 1B).

For FF trials, the manipulandum produced a force proportional to the hand velocity. For a clockwise

(CW) curl-field (pushing to the right) the force was:

fr

f, = [_04 g] N/(m/s) z;

For counter-clockwise (CCW) curl-fields, the force direction was mirrored[17] .

Reward and Punishment Feedback

The reward group accumulated positive points, the punishment accumulated negative points and the
neutral received no points. Points were calculated based on angular error as follows:

Reward: 4 points: <1°; 3 points: 1-5° 2 points: 5-10°; 1 point: 10-15°; 0 points: >15°.

Punishment: 0 points: <1°; —1 point: 1-5° —2 points: 5-10°; =3 points: 10-15°; —4 points: >15°.



Neutral. Points were replaced by two zeros.

Both the points received on a trial-by-trial basis and the cumulative score of the block were shown
(figure 1B). Subjects were informed that points had monetary value (3.57 pence/point) and
depended on performance. The reward group started from £0 and earned money based on the
accumulated points (£24.7+2), the punishment group was initially given £50 and lost money based
on the cumulative negative points (average lost £24.5+1.7). The neutral group received £25 on day

3.

Experimental Protocol
The same examiner tested all subjects across three consecutive days (figure 1C). Each session lasted
around 2.5 hours. As sleep can enhance memories consolidation[18], participants were encouraged

to sleep >6 hours every night, and sleep was assessed with a questionnaire[19].

Day 1 (D1): Individual calibration of targets and perturbation

To ensure relatively accurate behaviour across patients and to select an error-enhancing force-field,
on D1 participants familiarized with the task (six blocks, 80 trials each) with null trials (no FF)
towards eight targets (25, 65, 115, 155, 205, 245, 295 or 335°CW from 0°, with 0° representing 12
on a clock). Based on performance, we selected for each subject the two targets in the same
quadrant with the smallest average error and the FF direction (CW or CCW) enhancing this baseline

€Iror.

Day 2 (D2): Adaptation under reward, punishment or neutral feedback
Participants were randomly allocated to the reward, punishment or neutral group (between-subject
design) and performed 12 blocks (50 trials each) of reaching movements towards the two selected

targets. Two baseline blocks were followed by 7 adaptation (CW or CCW FF) blocks, with
6



reward/punishment/neutral feedback according to group allocation. In the washout (3 blocks), FF
and reward/punishment/neutral feedback were removed to return performance to baseline.
Participants were informed before beginning that they should expect the manipulandum to interfere
with their performance, and that they should perform accurately whilst maintaining a constant
speed. Short breaks were given after the second, fifth and tenth block. Participants could rest for a

few minutes in between blocks if necessary.

Day 3 (D3): readaptation at 24 hours

Participants were exposed to the same blocks as D2, but received neutral feedback.

[Figure 1]

Cognitive Tests and Functional Scales

To take into account possible confounding variables, subjects underwent a battery of validated tests
and scales (supplementary table 1). The MMSE and the Bells test were used to assess eligibility.
We then assessed executive functions, apathy, depression, fatigue, and sensitivity to reward and
punishment. We used the Barthel Index to evaluate general functional level[20], and the Fugl-
Meyer Assessment[21], the Modified Ashworth scale[6,22] and the Medical Research Council scale
for strength[6,23] for the paretic UL. Handedness was evaluated using the Edinburgh Inventory[24].

At the end of each visit participants scored alertness and fatigue on a visual analogue scale.

Data Collection and Analysis

The 2D (x,y) position of the hand was collected through custom C++ code (sampling rate=100 Hz).
Data and statistical analysis were performed using Matlab (MathWorks, USA) and SPSS (IBM,

USA). Movement onset was defined as the point at which velocity crossed 10% of peak velocity.



Movement endpoint was defined as the position where the cursor breached the 6-cm target

perimeter. To compare between subjects, errors of subjects receiving the CW FF were flipped.

Performance was quantified using angular error at peak velocity (AEmaxv), 1.e. the difference
between the target angle and the angular hand position at the peak outward velocity(°). This has
been used as a measure of feedforward control whilst excluding feedback processes[25]. To adjust
for between-subjects baseline directional biases, AEm.v on D2 and D3 were corrected by
subtracting the average baseline AEnaxv of the corresponding day[26,27]. Reaction time (RT, time
between target appearance and movement onset); movement time (MT, time between movement
onset and movement end); peak velocity (MaxV); maximum velocity percentage (MaxV%, time
point in movement when MaxV occurred); within subject variability (SD of AEn.xv); and online
corrections (difference between AE.v and angular endpoint error), were calculated for each trial.
Trials in which angular error exceeded 60°[13] or MT or RT exceeded 1150ms (representing the
mean +2.5 SD for both MT and RT) were removed (6.8% of trials). Epochs of all kinematics were

created by averaging across 10 consecutive movements[27,28].

Difference between demographics, cognitive and functional scores were evaluated by one-way
ANOVA (quantitative data) or Chi-square or Fisher exact test (proportions). Repeated-measures
ANOVAs were used to compare MT, RT, MaxV, MaxV% and online corrections between groups

(N,R,P) and phases (baseline,adaptation/readaptation,washout).

Due to the unfamiliarity with the manipulandum, unperturbed trials during D1 were also subject to
a process of correction[29,30]. To evaluate this, we computed average sum of squared AEmaxv
during the first and last block of D1, and performed a repeated-measures ANOVA with group
(N,R,P) and block (first,last). We used sum of square as we were interested in the absolute

magnitude of the error, irrespective of direction.



To assess the amount of learning/adaptation independently from the co-contraction (i.e. stiffening)

of the arm, we computed an adaptation index (Al):

|Error afteref fect|

Al =
|Error aftereffect| + |Error FF|

We considered as “aftereffect trials” the ones representing the initial error after the removal of the
force-field. To select these, we performed an ANOVA across the average of every 2 trials for the
first 10 trials (5 levels). On both days, we found a significant difference between trials 1-2 and 3-4
(D2: p=0.004; D3: p<0.001), and 3-4 and 5-6 (D2: p<0.001, D3: p=0.033). Based on this, we
selected as “aftereffect trials” the first six trials after FF removal. Results were qualitatively similar
by using an average between 2 and 6 trials. We defined as “force-field trials” the last block of the
adaptation or readaptation. The AI could range zero, indicating no learning (but possibly co-
contraction), to one, indicating complete learning[29]. This is based on the premise that learning is
represented by zero error for FF trials but a large error in aftereffect trials (AI=1); no learning will
lead to a large error in FF but zero error in the aftereffect trials (AI=0); and arm stiffening would

cause zero error in both (AI=0).

To assess retention, i.e. the strength of the new motor memory, we calculated the average AEnaxv

across the last two washout blocks for D2 and D3 (AEetention)[13].

To account for differences in motor and cognitive functions, a principal component analysis (PCA)
was conducted on the functional and cognitive scores, with varimax orthogonal rotation. The
Kaiser-Meyer-Olkin (KMO=0.72) measure verified the sampling adequacy, and all KMO values
were >0.6. Bartlett’s test indicated that correlations were sufficiently large (y245=136.36, p<0.001).

9



Three components had eigenvalue over Kaiser’s criterion of 1 and explained 71% of the variance.
We interpreted the first component as the motor level, the second as the psychomotor level and the
third as the cognitive level (supplementary table 2). We used these components as covariates in
independent one-way ANCOVAs to compare groups for AI D2, Al D3, AE etention D2 and AEretention

D3.

To assess savings, i.e. the presence of faster readaptation when re-exposed to the same perturbation
[31], we calculated an average AEm.v for the first two perturbation blocks and performed a

repeated measure ANOVA with groups (N, R, P) and days (D2, D3)[32].

No statistical methods were used to predetermine the sample size, but this is in line with similar
studies on motor learning in stroke[3—8]. Data were tested for normality using the Shapiro-Wilk
test. Homogeneity of variance was evaluated using Mauchly’s or Levene tests. When sphericity was
violated, Greenhouse-Geisser (epsilon, €<0.75)/Huynh-Feldt (e>0.75) corrections or Brown-
Forsythe tests were used. Significance level was set at p<0.05. LSD post-hoc tests were conducted

when warranted. Effect size was provided by partial eta ().

10



RESULTS
Demographics and Cognitive Functions were Similar between Groups
Demographic, and cognitive parameters were similar between groups (table 1&supplementary table

3). Healthy controls were similar to patients for age and main cognitive tests (supplementary table

4).

11



Table 1. Patient’s demographics and clinical characteristics

N (m=15) R @®=15) P (n=15) 22 p Effect size
or Fa.42)

Sex (male) 9 (60) 10 (66.7) 7 (46.7) 1.27 0.529 0.168
Age (years) 58.5+3.6 58.9+3.1 56.3+3.4 0.17 0.846 0.008
Education (years) 14+0.8 14.9+0.9 13.1+0.8 1.13 0.333 0.051
Stroke type (ischemic) 10 (66.7) 13(86.7) 11 (73.3) 3.21 0.66 0.267
Paretic limb (left) 9 (60) 8(53.3) 9 (60) 0.18 0.913 0.064
Dominant side affected 3(20) 6 (40) 6 (40) 1.8 0.407 0.200
Post-stroke (months) 58.3+13.2 41.5+54 45+13.7 0.6 0.552 0.028
Stroke site*
Cortical 7 (46.7) 9 (60) 8(53.3) 0.07 0.966 0.046
Subcortical 3 (20) 3 (20) 3 (20) 0.07 0.966 0.046
Functional scores
FMA-UL 41.8+3.4 49.8+3.3 45.6+3.5 1.39 0.26 0.062
Barthel Index 90.3+3.6  95+1.4 94+1.5 1.05 0.360 0.047
Spasticity 0.9+0.2 0.5+0.1 1+0.2 2.12 0.122 0.095
Muscle strength 2.840.4 3.840.4  3.4+0.3 242 0.101 0.103
Psychoactive drugs
Antidepressants 2 (13.3) 1(6.7) 2 (13.3) 0.45 0.799 0.1
Antianxiety 2 (13.3) 0(0) 1(6.7) 2.14 0.762 0.218
Muscle relaxants 1(6.7) 1(6.7) 213.3) 0.55 1.000 0.110

Categorical values are indicated as number of patients (n) and the percentage this relates to in terms
of each group (%), numeric values as mean + SEM. Comparison between proportions is made with

Chi-square test, comparison between means with one-way ANOVA test. Effect sizes are ¢ (phi) for

12



chi-square test and 12 (eta squared) for one-way ANOVA. N=neutral, R=reward; P=punishment;
FMA-UL=Fugl-Meyer Assessment Upper-Limb, measuring UL motor and sensory impairment.
Scores range 0 to 66 with higher scores indicating better functioning; Barthel Index measures
activities of daily living, scores range from 0 (totally dependent) to 100 (completely independent);
Spasticity=averaged Modified Ashworth Scale (MAS) score from the shoulder, elbow and wrist
joints. The MAS measures ranges 0 to 5, with higher scores indicating more spasticity; muscle
strength=average Medical Research Council score measured from the shoulder flexors, elbow
flexors and wrist extensor muscles, scores range 0 to 5, with higher scores indicating higher muscle
strength. These muscles were chosen as they resist gravity in a reaching-out movement[33]. *Stroke

site was not known in 12 patients (5 neutral, 3 reward and 4 punishment group).
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Day 1: Baseline Performance was Similar across Groups

MT, RT, MaxV, online corrections and variability on D1 were not significantly different across the
patients groups (supplementary tables 5&6). The average sum of squared AEm.xv in the first and
last block of D1 was different across blocks [F(142=17.57, p<0.001, 1°=0.295], but not between
groups [F(1.42=0.62, p=0.541, 1°=0.029], with no group*block interaction [F(2.42=0.695, p=0.505,
n°=0.032]. This indicates similar baseline capability to correct for error across groups[29,30].

For each participant we then chose the target quadrant with the least amount of error, and the FF

direction (CW vs. CCW) that enhanced this error (supplementary table 7).

Day 2 and 3: Reward and Punishment Effects on Adaptation and Retention
Kinematics, baseline performance and initial perturbation were similar across groups
Movement kinematics were similar across groups (supplementary tables 5&6). As expected,
following target selection, variability was lower on D2 and D3 than D1 [F{; 4»=101.7, p<0.001, n’
=0.708], but with no differences between groups [F(242=0.34, p=0.715, n°=0.016] (supplementary

table 8).

[Figure 2]

Baseline AE.«v was similar across patients groups on both D2 [N:0.46+0.81°, R:-1.6+1°, P:-
0.96+0.65°, Fp42=1.5, p=0.235, 1°=0.067] and D3 [N:0.13+0.67°, R:-0.24+0.74°, P:1.1+0.94°,
F.4=0.7, p=0.497, 1°=0.033; figure 2]. The FF caused a similar initial perturbation across the
three groups on both D2 [average AEma.v across first two trials of FF, F(542=0.5, p=0.577,

1°=0.026; figure 3A] and D3 [F(2.42=0.6, p=0.551, 1°=0.028; figure 3B].

[Figure 3]
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Reward and punishment were associated with greater adaptation and readaptation

Although all groups adapted, the reward and punishment group did to a greater extent (figure 2).
After controlling for motor, psychomotor and cognitive functions, we found a significant effect of
group on D2 Al [F(239)=3.422, p=0.043, n°=0.149; figure 3C], with lower adaptation in the neutral

versus the reward (p=0.019) or punishment (p=0.050) groups.

Despite reward/punishment only being provided on D2, the improvements were maintained 24
hours later. Specifically, after controlling for the covariates, we found a main effect of group on D3
Al [Fo39=3.271, p=0.049, 1n°=0.144; figure 3D], once again with lower readaptation in neutral than

either the reward (p=0.038) or punishment (p=0.029) groups.

Reward was associated with higher retention

All groups displayed substantial aftereffects during washout on both D2 and D3 (figure 2), but the
retention of this aftereffect was different across patient groups [D2 AErcwenion; F(2.42= 3.425,
p=0.043, 11’=0.149; figure 3E], with the neutral retaining less than the reward group (p=0.016).
Interestingly on D3 [F(242=7.102, p=0.002, n°=0.267; figure 3F], the reward group displayed a
greater amount of retention than either the neutral (p=0.001) or punishment (p=0.008) groups.

No savings were observed across the groups, with no effect of group [F(242=1.8, p=0.179,

1°=0.079] nor day [F(1.42=0.37, p=0.544, 1°=0.009].

Healthy Controls Adapted similarly to the Reward and Punishment groups but
Retained Less

Although our focus was on patient groups, we also tested a group of age-matched healthy controls

under neutral feedback. These showed less variability [overall variability: 6.1+0.2, F3s56= 7.17,

15



p<0.001, 1°=0.278] and faster RTs than patients but no differences in other kinematic parameters
(supplementary tables 9&10), nor baseline AEn.v [D2: F(356=1.3, p=0.284, n°=0.065; D3: F.56=
0.67, p= 0.575, 1’=0.035] or initial perturbation [D2: F3,56=0.7, p=0.556, n’= 0.036; D3:

F(3.56=0.82, p=0.485, 1°=0.042].

Healthy controls adapted and readapted. Adaptation was significantly different across groups [D2
Al: Brown-Forsythe F(3285=5.3, p=0.005; figure 3C], with controls performing similar to the
reward (p=0.51) and punishment (p=0.217) groups but significantly better than the neutral stroke
(p<0.001) group. The same was observed for readaptation [D3 Al: Brown-Forsythe F3332)=5.6,
p=0.003, figure 3D], with controls adapting more than the neutral (p<0.001), but similarly to the

reward (p=0.353) and punishment (p=0.365) stroke groups.

Interestingly, despite adapting and readapting as the reward and punishment groups, controls
retained less than the reward group (D2: p=0.004; D3: p=0.006). Controls showed no savings

(p=0.174).

DISCUSSION

We show for the first time that providing reward or punishment-based feedback to stroke patients
during a motor adaptation task can bring their performances to the levels of healthy subjects of the
same age range. More strikingly, reward increases the retention of the new motor behaviour to a

level even higher than healthy subjects.

Reward and Punishment Increased Learning
Although experiencing 350 trials, patients within the neutral group were unable to fully adapt.

Remarkably, by providing reward or punishment, patients showed nearly full adaptation, similar to

16



healthy controls. This was not explained by any differences in cognitive or functional scores
between groups. Furthermore, day 1 performance was similar between patient groups, suggesting
comparable baseline ability to correct for error. Finally, by individually tailoring the task on day 2

and 3, we further limited any possible influence of between-subject differences.

We previously showed in young healthy subjects that punishment led to faster adaptation, whereas
reward caused greater retention[13]. We partially replicated these results, but found both
punishment and reward associated with increased adaptation. One could argue that this effect may
have been partially triggered by the knowledge of results provided by the feedback[34].
Nevertheless, our points system was unlikely to provide substantial amount of information in
comparison to the visual feedback itself (i.e. 1 point represented a range of at least 5°). Secondly,
patients’ sensitivity to feedback could be different to young healthy subjects. However, although
aging is associated with reduced sensitivity to reward and punishment, the relative difference
indicates an age-related hypersensitivity to reward[35]. Therefore, if we assume that younger
adults’ greater sensitivity to punishment during adaptation represents the expected difference (loss
aversion), then the stroke patients’ (older adults) results could demonstrate a hypersensitivity to
reward. This also suggests that the specific effect of punishment on adaptation found in our
previous work may be explained through loss aversion, rather than the hypothesised effect on

cerebellar activity[13].

The improvements observed in the reward and punishment groups were maintained 24 hours later
despite no further motivational feedback being provided. However, across all groups, we observed
no savings. This is most likely due to the 250 washout trials and the 24 hour gap between adaptation
blocks, both of which are known to significantly impair savings[36]. These results indicate that

reward/punishment not only can enhance within-session adaptation in stroke patients, but, by
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making them learn better in the first place, could have long lasting benefits even when the feedback

is no longer provided.

Reward Increased Retention

Motor adaptation paradigms are already being implemented in some rehabilitation settings, such as
gait rehabilitation[ 10]. Nevertheless the acquired motor behaviour is quickly forgotten, thus limiting
the use of these paradigms in clinical practice. We found here that rewarding patients during
adaptation increased retention. Most importantly, this effect was still present after 24 hours, with
patients who had been rewarded retaining even more than controls. This is in line with previous
evidences [11,13,14], and is a promising step toward the use of reward and motor learning

paradigms in rehabilitation.

One caveat of using the after-effect as measure of retention is that this is influenced by the
forgetting of what has been previously learnt (true retention), but also by simultaneous learning
from movement errors[37]. Retention can be assessed using error-clamp trials[38], but these
provide additional reward because patients are always successful in these trials. Nevertheless, the
size and persistence of an aftereffect during washout trials with vision has been used numerous

times as a proxy of retention[4,10].

Implications

Clinically meaningful motor improvements in chronic stroke patients generally appear possible only
with a large amount of contact hours[39]. Therefore, developing interventions that reduce the
amount of hours required is crucial. This exploratory study highlights for the first time the potential
of targeted motivational feedback as a tool to enhance the amount of learning and retention within

and between sessions. Motor adaptation was used here as a model process, and further
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investigations on the effects of reward/punishment feedback over long-term training regimes are
warranted. Robotic devices already in use in clinical rehabilitation could produce error-enhancing
force-fields although improvements from robot-assisted therapy may not generalize to everyday life
activities[40]. Therefore, how the improvements seen with motivational feedback could be
administered within a setting where more practical behaviours are learnt remains a relevant

question.

Conclusions

We showed for the first time that reward and punishment enhance motor adaptation in stroke
patients to similar level as controls. These improvements are maintained across 24 hours. Our
findings suggest that the engagement of motivational processes during motor learning-based
therapies could be a promising adjunct to rehabilitation. This will motivate further investigation
about the long-term effects of motivational feedback, and thus avenues for translating these

promising results into rehabilitation.
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Figure captions
Figure 1: Task and protocol overview. (A) Experimental setup. (B) Experimental task. Participants
moved the cursor from the starting point (central square) to a target on the screen. On Day 1, they
had to reach towards one of eight targets, appearing in a pseudorandom order (null field day 1). On
day 2 and 3, participants reached towards two selected targets which were chosen based on
minimising baseline error (null field day 2 and 3). The perturbation consisted of a velocity-
dependent force-field (red arrow) in the direction which increased baseline error (clockwise vs.
counterclockwise). Reward and punishment feedback were represented by positive and negative
points based on movement error, two uninformative zero instead of points appeared on the screen
for the neutral group. (C) Experimental protocol. Participants were tested across three consecutive
days. On day 1, they performed unperturbed reaching movements towards 8 targets (baseline: 6
blocks of 80 trials). Day 2 began with unperturbed reaching movements towards 2 targets (baseline:
2 block x 50 trials). This was followed by movements that were perturbed by a force-field
(adaptation: 7 blocks x 50 trials) and in which participants received feedback according to their
group (neutral, punishment or reward feedback). Finally, participants experienced another set of
unperturbed trials (washout: 3 blocks x 50 trials). Day 3 was identical to day 2, except all groups

received neutral feedback during the readaptation phase.

Figure 2: Average group data for day 2 (D2) and day 3 (D3). D2 and D3 angular error (degrees) at
max velocity is shown during baseline, (re)adaptation and washout for the neutral stroke (blue),
punishment stroke (red), reward stroke (green) and neutral healthy control (grey) groups. Values are

mean (line) + SEM (shaded area) across epochs (average of 10 trials).

Figure 3: The initial perturbation (average angular error at peak velocity across the first two trials

under force-field) was similar across groups on (A) day 2 (adaptation) and (B) Day 3 (readaptation).
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(C) Adaptation index (Al) - ranging from O (no learning) to 1 (perfect learning) and evaluating
learning independently from arm co-contraction- on day 2 (adaptation) was significantly lower in
the neutral stroke group compared to the punishment stroke, the reward stroke and the neutral
healthy controls groups. (D) Al on day 3 (readaptation) was significantly lower in the neutral stroke
group relative to the punishment stroke, reward stroke, and neutral healthy control groups. (E)
AE ctention On day 2 -referring to the average angular error at peak velocity across last two washout
blocks- was higher in the reward stroke group than in the neutral stroke group and the neutral
healthy control group. No significant difference was found between the reward and punishment
stroke groups. (F) AEetention On day 3 was significantly higher in the reward stroke group versus the

neutral stroke, punishment stroke and neutral healthy control groups. *p<0.05, **p<0.001.
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