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Use of the non-paretic arm reflects a habitual 2
behaviour in chronic stroke
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Abstract

Background A proportion of stroke survivors use their paretic arm less than might be expected based on

their level of impairment. The resulting underuse of the paretic arm has a negative impact on participation in
neurorehabilitation and functional independence. However, non-use remains poorly understood. One possibility is
that prioritising the non-paretic arm reflects a habit, despite residual functional capacity in the paretic arm.

Methods 30 chronic stroke survivors (Mean Fugl Meyer Upper Limb Score: 289+ 11.3) participated in a simplified
version of the forced response paradigm, which reliably identifies the presence of a habit. Participants were asked to
choose which arm to use to maximise points scored during a reaching task. During half of the trials, the presumed
habit of using the non-paretic arm yielded more points, whereas in the other half using the non-paretic arm incurred
a loss of points. Participants completed two versions of this task, once with unlimited response time available and
once without.

Results Participants scored fewer points in the limited response condition compared to the unlimited response
conditions. This difference was driven by a selective increase in the use of the non-paretic arm in trials where the
paretic arm yielded more points. The results were not mediated by former hand dominance.

Conclusions Our results demonstrate that using the non-paretic arm may reflect a habit response that is more
readily triggered in demanding (e.g. time-limited) situations. This may explain why successful neurorehabilitation does
not always result in a more functionally useful arm. Our results pave the way for targeted interventions such as habit
breaking techniques to be included in clinical practise.

Introduction

Neurological conditions are the leading cause of over-
all disease burden globally with stroke being the major
contributor [1]. Amongst people with stroke, upper limb
impairment is a common contributor to disability, occur-
ring in approximately 75% of cases [2—4]. Some hemi-
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paretic arm use will help identify much needed therapeu- are automatic responses that can be differentiated from
tic targets. goal-directed responses (Fig. 1a). Habitual responses are

One possibility is that prioritising the non-paretic arm  fast, yet inflexible, while goal-directed responses are slow,
during daily activity reflects habitual behaviour. Habits  yet highly flexible [9-11]. Habitual responses are useful,
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Fig. 1 Theoretical Background and Experimental Design. (a) Habitual and goal-directed responses have distinct and orthogonal properties: habitual
responses are fast but inflexible, while goal-directed responses are slow but flexible. (b) A habitual response is inferred if the success rate decreases
only in conditions with limited response time (e.g., Paretic/Limited), where the habitual response no longer leads to the most rewarding outcome. This
pattern suggests that the participant is defaulting to a previously learned, but now suboptimal, response under time pressure - indicating that a habit
has formed. (c) In contrast, if success rates decrease in both the Paretic/Limited and Non-paretic/Limited conditions, this suggests random behaviour
under time pressure. In this case, patients appear to be making random arm choices, rather than defaulting to a stable, habitual response. This pattern
would argue against the presence of a habit, as no consistent, prepotent response seems to be available for rapid selection. (d) lllustration of the KINARM
Exoskeleton; a robot which gathers arm kinematic data during task performance. (e) Experimental phases. Unlimited response phase: Participants have
unlimited deliberation time; Limited response phase: Participants are instructed that they must make fast responses. (f) lllustration of the workspace and of
the arm configuration. Participants were asked to make 2 cm reaching movements from a starting position to a peripheral target. Both arms were aligned
so that the starting positions were at the midpoint of each arm’s workspace (90° elbow flexion and 30° shoulder flexion. Participants engaged in Gain and
Neutral trials. (g) Illustration of a single trial. (1) Participants were asked to move their cursors into the starting positions and wait for one of the possible
choices to appear (300-350ms). (2) Participants were told each target would contain either the symbol X, denoting 20 points, or O, denoting 10 points. (3)
Participants had to select one target by reaching into it, and were instructed to try to earn as many points as possible. (4) After reaching into a target, text
feedback stating how many points had been earned in this trial appeared above the targets for 800ms. Participants then returned to the starting positions
for the next trial. Participants completed 48 trials in both phases
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because they are fast at triggering actions that have led
to the most rewarding outcomes in the past. Yet, when
reward contingencies change, habitual responses can
lead to inefficient behaviour. Immediately after hemipa-
retic stroke for example, patients may prioritise use of the
non-paretic arm because it helps them achieve immedi-
ate goals (e.g. dressing, feeding etc.). However, as some
recovery occurs and more paretic arm use is possible,
patients may continue to prioritise non-paretic arm use
(for immediate goal attainment), to the detriment of the
longer-term aim of use-dependent functional recovery of
the paretic arm. Here, we tested the hypothesis that pri-
oritising the non-paretic arm during activities may reflect
a habitual response in chronic stroke patients.

Habitual behaviour after stroke can be identified with
the forced response paradigm [12-14], a well-established
method for distinguishing between goal-directed and
habitual control. In this paradigm, responses are made
under time pressure, limiting the opportunity for delib-
erate, goal-directed action and revealing the extent to
which behaviour is driven by automatic, habitual pro-
cesses. When outcome values or contingencies are
altered, goal-directed responses adapt accordingly, while
habitual responses persist despite these changes. This
approach has been widely used to examine shifts in
behavioural control across neurological and psychiatric
conditions and provides a valuable framework for testing
the hypothesis that prioritising the non-paretic arm dur-
ing activities may reflect a habitual response in chronic
stroke patients [12-14].

Specifically, participants are asked to choose which arm
to use during a reaching task in which the goal is to maxi-
mise reward. For half the trials using the paretic arm is
associated with the highest reward (paretic trials), while
for the other half using the non-paretic arm is associated
with the highest reward (non-paretic trials). Choosing
the arm that is associated with less reward in either trial
is considered an error. In addition, the task is performed
under two conditions, with either unlimited or limited
time (‘forced’) to make a response.

In the unlimited response time condition, partici-
pants should be able to maximise points by choosing
the arm that yields more points (Fig. 1b, c). It is during
the unlimited response time condition that the presence
of a habitual response can be detected. During non-
paretic trials, subjects only have to use the non-paretic
arm to maximise reward. However, during paretic trials,
high reward will only come with paretic arm use, but a
habitual response i.e. using the non-paretic arm (brought
on by limited available response time), will result in
a reduced success rate (Fig. 1b). If however, there is no
habitual response, we would expect the time-limited con-
dition to lead to a similar increase in errors for paretic
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and non-paretic arm use (i.e., random selection of either
arm; Fig. 1b).

In this study, we use the forced response paradigm to
examine for the presence of habitual responses in chronic
stroke patients. Evidence of habitual responses allow
non-use of the paretic arm to be studied in the context of
an existing robust theoretical framework.

Methods

Patient recruitment

30 chronic stroke patients (> 6 months from stroke onset)
were recruited from the Queen Square Upper Limb reha-
bilitation programme (QSUL) for the experiment. The
inclusion criteria for this experiment were: (1) first ever
stroke and (2) no other brain injury, neurological condi-
tion or major psychiatric illness, while exclusion criteria
were: (1) hemi-spatial neglect or hemianopia, (2) severe
aphasia, or (3) pain limiting ability to participate in tasks
or follow the study protocol. All participants were com-
prehensively informed about the study, and written con-
sent was obtained before their participation.

Experimental apparatus

The study utilized the KINARM Exoskeleton (BKIN
Technologies Ltd, Kingston, ON, Canada; Fig. 1d). This
robotic apparatus collects kinematic data of the arms
during various tasks. Designed to support the arms,
forearms, and hands of the user, the KINARM Exoskel-
eton permits only horizontal movements, primarily
involving the flexion and extension of the shoulder and
elbow joints. Participants are seated with their arms out-
stretched horizontally, typically at an 85-90 degree angle
from their shoulders. Each arm segment is equipped
with a customized exoskeleton for enhanced comfort
and support. Additionally, the device is integrated with a
2-D virtual reality display, aligning with the arms’ plane,
to provide visual cues and feedback. Calibration is con-
ducted prior to each session to ensure precise tracking
and interaction within the virtual setup. Notably, while
the robot provides gravitational support, it does not aid
in the completion of tasks within the experiment. Further
details about the KINARM Exoskeleton can be found
in the works of Scott (1999), Coderre et al. (2010), and
Dukelow et al., (2010) [15-17].

Experimental design
To test the hypothesis that non-use reflects a habitual
response in chronic stroke we modified an established
paradigm to elicit habitual responses [12—14]. It repre-
sents a simplified version of the forced response paradigm
(Fig. 1e) [12-14].

In the present experiment, participants chose between
two letters (‘X' and ‘O’) that were associated with 20
points (‘X’) and 10 points (‘O’), respectively. In each trial,
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one of the four possible combinations (i.e., X-X, O-0,
X-0, O-X, Fig. 1f) was presented, with one symbol in
front of each arm. Participants had to decide which arm
to use, to maximise reward. Importantly, the left target
could only be reached for with the left arm, while the
right arm could only aim for the right target (Fig. 1f).
Therefore, during Gain trials (i.e.,, X-O, O-X), partici-
pants could maximise reward by selecting the arm that
yields more points. At times the more rewarding option
corresponded to choosing the non-paretic arm. There-
fore, here the hypothesised habit of prioritising the non-
paretic arm aligns with the choice that maximises points
(non-paretic trials). More importantly, however, in the
other Gain combination using the non-paretic arm rep-
resented the less rewarding option. In this case using the
non-paretic arm does not align with the goal of the task
(paretic trials; Fig. 1f). In Neutral trials (X-X and O-O)
choosing either arm returned the same number of points.
All four combinations were randomly presented in one
block (12 blocks in total).

During each trial, two purple starting positions with
a radius of 2 cm appeared which participants were
instructed to return to between trials (Fig. 1g). In the
starting position the shoulder and the elbow were at
approximately 30° and 90°, respectively (Fig. 1f). The
starting positions were, therefore, level on the y-axis,
with one on each side. Participants were instructed to
reach into each circle only with the ipsilateral hand. After
maintaining position in the starting position between
300-350ms (with timings randomly varied to prevent
anticipatory movements; Fig. 1g)), two orange targets
(radius of 3 cm) appeared 2 cm directly above the start-
ing positions containing either an X or O (one above each
starting position; Figs. 1g and 2)). The symbols X and O
were chosen to reduce demands on mathematical ability.
Participants had to select one target by reaching into it
and were instructed to try to earn as many points as pos-
sible. Participants did not have to stay in the targets, with
overshoot allowed to reduce overall accuracy demands.
The cursors were visible throughout this task (Figs. 1g
and 3)). Immediately after reaching into a target, feed-
back (in white text) stating how many points had been
earned in this trial appeared above the targets for 800ms
(Figs. 1g and 4)). Participants then returned to the start-
ing positions for the next trial.

Participants were asked to complete the experiment
twice (Fig. 1e). During the Unlimited condition partici-
pants had unlimited time to respond. However, during
the Limited condition response times were restricted and
participants were instructed that decisions about arm
choice had to be made fast. Specifically, participants were
informed that long response times triggered failed trials
which yielded 0 points.
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In summary, participants engaged in 4 trial conditions:
(1) Non-Paretic/Unlimited where choosing the non-
paretic arm maximised points while having unlimited
time to respond; (2) Paretic /Unlimited where choosing
the paretic arm maximised points while having unlimited
time to respond (3) Non-Paretic/Limited where choos-
ing the non-paretic arm maximised points while having
to respond; and (4) Paretic /Limited where choosing the
paretic arm maximised points while having to respond.
Additionally, participants engaged in the Neutral/Unlim-
ited and Neutral/Limited condition where choosing
either arm yielded the same number of points. These tri-
als were included as a reference.

During the Limited condition participants completed
48 trials, corresponding to 6 blocks of 8 trials with all
4 trade-off combinations included twice. Importantly,
unbeknownst to the participants, in each block one set
of all possible combinations triggered a failed trial irre-
spective of how fast they responded in these trials. These
failed trials were included to reinforce that participants
were required to respond fast in order to trigger habit-
ual responses [13]. This simplified version of the forced
response paradigm was favoured over the original design
for of several reasons [13]. In the original design partici-
pants were presented with a sequence of four auditory
stimuli, with an inter-stimulus interval of 400 millisec-
onds, and were tasked to time their response to coincide
with the fourth and final tone. The timing of the stimu-
lus presentation was randomised, chosen from a uniform
distribution across the sequence, to systematically modu-
late the preparatory time available to the participant to
respond. Responses that were triggered 100ms before or
after the final tone were deemed failed trials. Despite its
elegance, we reasoned that this design requires substan-
tial cognitive resource (i.e., sustained attention) which
may challenge even mildly cognitively impaired stroke
survivors [18—20]. Additionally, 500 limited response time
trials were conducted in the original design to cover the
whole preparatory time window (0-1200ms) which was
deemed unfeasible for a study involving chronic stroke
survivors. Finally, a fixed cut-off of 100ms may render a
high number of trials as failed trials especially consider-
ing that processing speed and cognitive fluidity may be
very heterogeneous in a group of chronic stroke survi-
vors. The aim of the Limited condition is to enforce faster
decision-making which may lead to habitual responses
being triggered. We, therefore, included a number of
failed trials to reinforce the necessity for participants
to make fast decisions. Participants received a feedback
note in red stating that the participants should “Try to
make faster decisions — 0 points’ after they chose which
arm to use.
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Fig. 2 Non-use may reflect a habit response. (a)Success Rate (%) decreases only in the Paretic/Limited condition suggesting the presence of a habit. (b)
Change in Non-paretic Arm Use (%) in each Choice Condition from the Unlimited and Limited Response Condition. In Paretic participants lose out on 10
points, because using the non-paretic arm was the less rewarding option. An increase across Response Condition indicates an increase in habitual be-
haviour. In contrast, in Non-Paretic participants win 10 points, because here using the non-paretic arm was the more rewarding option. Therefore, here
habit and most rewarding option align. In Neutral using either arm yields the same reward. (c) Change in Dominant Arm Use (%) (%) from the Unlimited
and Limited response time condition for all Choice Conditions. (d) Change in Response Times (s) from the Unlimited and Limited response time condition
for all Choice Conditions. (e) Relationship between changes in the use of the paretic arm (%) and Trail Making scores (standardised z-scores) in the Neutral
(right) and Paretic (left) conditions. (f) Relationship between changes in the use of the paretic arm (%) and FMA scores (only including Elbow and Shoulder
sub-scores) in the Neutral (right) and Paretic (left) conditions

Trail making test participants’ cognitive abilities [21] and is particularly
In between the Unlimited and Limited condition par-  sensitive to visual search [21]motor speed skills [21]pro-
ticipants were asked to complete the standardised cessing speed [21]and fluid cognitive ability [22]. Par-
KINARM task Trail Making Task (TMT) with their non-  ticipants were instructed to connect 25 semi-randomly
paretic arm. The TMT (Part A) was administered to test  dispersed numbered targets in ascending order as ‘fast
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and accurately as possible! All targets were presented
simultaneously. A cursor followed participants’ hands.
If participants hit an incorrect target, the target they
had successfully reached before turned red (from white)
and participants had to return to that target before pro-
ceeding. Before each 1-25 run, participants completed
a practice run with five targets numbered 1-5. No time
limits were imposed.

Outcome variables
The 2D (x, y) position of the index finger was recorded at
1000 Hz by the KINARM Exoskeleton and was analysed
‘offline’ using Matlab (version R2019b, The MathWorks,
Natick, MA, USA).

Success rate Success Rate (in %) reflects how often par-
ticipants chose the arm that maximised points in the
Unlimited and Limited condition, respectively. Only Gain
trials were included in this analysis (i.e., Non-Paretic and
Paretic trials), because in the Neutral either arm maxi-
mised points.

Non-paretic arm use Non-Paretic Arm Use reflects how
often the non-paretic arm was chosen (in %), while its
inverse indicates how often the paretic arm was chosen
(Paretic Arm Use). This was based on which arm success-
fully hit the target. However, trial-by-trial analysis of the
velocity profiles of both arms indicated that in 38 trials
(1.43%) a reaching movement with the non-successful
arm (i.e., the one that did not reach the target) preceded
the successful reaching movement. Non-paretic Arm
Choice was corrected in these trials to accurately reflect
arm choice. Additionally, trials in 9 (0.34%) trials both
arms were used which were subsequently excluded from
further analysis.

Dominant arm use Dominant Arm Use reflects how
often the dominant arm was chosen (in %), while its inverse
indicates how often non-dominant arm was chosen.

Response times Conceptually, Response Times (in sec-
onds) were thought to represent the time of movement
onset. Movement onset was determined using a weighted
measures approach that included 3 trial-based vectors:
(1) velocity, (2) acceleration and (3) time passed. In this
analysis movement onset is characterised by low values
in both the velocity and acceleration vector and higher
values in time passed (i.e., movement onset should occur
after the presentation of the choice). The aim of this analy-
sis was to find the minimum value of the sum of all three
vectors, which is thought to best fit with the time of move-
ment onset. Based on previous research demonstrating
that RTs<300ms reflect pre-emptive choices (neither
goal-directed not habitual), trials with RTs <300ms were
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excluded from further analysis [13]. This amounted to 89
trials (3.35%). Medians were used because one-sample
Kolmogorov-Smirnov tests (kstest) indicated that the data
was not normally distributed.

Analysis plan

Do chronic stroke patients exhibit a habit of using the non-
pareticarm?

A decrease in Success Rate only in the Paretic/Limited
trial condition suggests a shift from triggering goal-
directed to habitual responses, because here the habitual
response corresponds to using the non-paretic arm more
despite this not being the more rewarding choice. To
this end, we assessed changes in use of the non-paretic
arm in 3 ‘Choice Conditions” 1) Paretic. Here, using the
non-paretic arm would result in a loss of 10 points, while
in 2), Non-Paretic selecting the non-paretic arm yields
more reward. In contrast, in 3) Neutral using either arm
results in the same number of points (e.g., X-X and O-0O).
A repeated-measures ANOVA was conducted in MAT-
LAB with ‘Response Condition’ (Unlimited vs. Limited
response time) and ‘Choice Condition’ (Paretic, Non-
Paretic and Neutral) as within factors and Non-Paretic
Arm Use as the dependent variable. Post-hoc analysis
included independent Wilcoxon Rank Sum Tests which
were corrected for multiple comparisons using Bonfer-
roni Corrections while Cohen’s d was used to estimate
effects sizes. A significant increase in Non-paretic Arm
Use in the Paretic /Limited condition would indicate that
participants increase the use of their non-paretic arm
despite this being the less rewarding choice (habitual
response).

Is the habit response related to changes in the use of
dominant arm?

To investigate if Dominant Arm Use affects arm use from
the Unlimited to the Limited response time condition,
we used the same repeated-measures ANOVA analysis
pipeline as above with Dominant Arm Use as the depen-
dent variable. A lack of change in dominant arm use in
the Paretic/Limited condition would indicate that former
arm dominance does not affect arm use across phases.

Did participants response times decrease from the unlimited
to the limited response phase?

To investigate if Response Times decrease from the
Unlimited to the Limited response time condition, we
used the same repeated-measures ANOVA analysis
pipeline as above with Response Times as the dependent
variable. A significant decrease in Response Times across
phases in all conditions would indicate that deliberation
times are significantly reduced and suggests that this sim-
plified version of the forced response paradigm worked.
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Table 1 Clinical and demographic characteristics participants
Characteristics

Gender — malefemale 20:10
Pre-stroke Handedness — right:left 23.07
Affected upper limb — rightileft 20:10
Age (years), mean (SD) 514(16.8)
Time since stroke (months), mean (SD) 347(17.2)
Fugl Meyer Assessment Upper Limb (FMA-UL, total 54 29.27
points), mean (SD) (11.97)
Chedoke Arm and Hand Activity Inventory (CAHAI-13) 33.05
(13.61)

Please note that the reported Fugl-Meyer Assessment (FMA) scores reflect the
upper limb subscale only and exclude items assessing reflexes and coordination,
resulting in a maximum possible score of 54 [23, 24]

Are changes in non-paretic arm choice related to motor and/
or cognitive impairment?

To assess if motor and/or cognitive impairment mod-
ulates arm choice, we ran independent correlations
between changes in the use of the paretic arm (Paretic
Arm Use) across Response Conditions for both the
Paretic and Neutral conditions and Fugl Meyer Assess-
ment (FMA) scores (FMA Shoulder and FMA Elbow)
and TMT scores. Paretic Arm Use is the inverse of Non-
paretic Arm Choice. A lack of a significant correlation
for any contrast would indicate that changes in Paretic
Arm Use are independent from motor and/or cognitive
impairment and suggests that non-use is an independent
therapeutic goal.

Results

Study population

30 chronic stroke patients (=6 months from stroke onset)
admitted to the Queen Square Upper Limb rehabilitation
programme (QSUL) were recruited for this experiment.
The clinical and demographic characteristics are sum-
marised in Table 1.

Increased use of non-paretic arm despite it being the less
rewarding choice

Success rates were only reduced in the Paretic/Lim-
ited condition (Fig. 2a) suggesting that participants
expressed a habit (as seen in Fig. 1b). Results from the
repeated-measures ANOVA revealed a significant main
effect for ‘Response Condition’ (F=36.54, p<0.0001,
n?=0.20, Fig. 2b) and ‘Choice Condition’ (F=802.61,
p<0.0001, n?=0.97). Importantly, we also found a sig-
nificant interaction between ‘Response x Choice Condi-
tion’ (F=30.52, p<0.0001, n>=0.29). Post-hoc pairwise
comparisons revealed that Non-paretic Arm Use signifi-
cantly increased in the Limited Response compared to
the Unlimited Response Condition in Paretic (Z=3.55,
p=0.0008, d=0.97, Fig. 2c) and Neutral (Z=3.91,
p=0.0001, d=0.66), but not in Non-Paretic (Z = -1.64,
p=0.1007, d = -0.41). Specifically, on average participants
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used the non-paretic arm in only~2% of trials in the
Paretic/Unlimited condition. This, however, increased to
~22% of trials in the Paretic/Limited condition despite
this yielding fewer points. In contrast, no changes could
be observed in the Non-Paretic condition across the Lim-
ited and Unlimited ‘Response Condition’

Use of formerly dominant arm does not increase in the
Limited condition

We did not find evidence that Dominant Arm Use
changed across Response Conditions. The results from
the repeated-measures ANOVA did not reveal a sig-
nificant main effect for ‘Response Condition’ (F=0.01,
p=0.9351, n*><0.01, Fig. 2c) but for ‘Choice Condition’
(F=477.21, p <0.0001, n*=0.96). Importantly, we also did
not find a significant interaction for ‘Response x Choice
Condition’ (F=0.01, p=0.9137, n?<0.01). These results
highlight that the habit response expressed during the
Limited response condition is not related to former arm
dominance.

Response times significantly decreased in the limited
response time condition

The results from the the repeated-measures ANOVA
revealed a significant main effect for ‘Response Condition
(F=67.96, p<0.0001, n*><0.32, Fig. 2f) and for ‘Choice
Condition’ (F=827.83, p<0.0001, n>=0.96). Interestingly,
we also found a significant interaction for ‘Response x
Choice Condition’ (F=55.19, p<0.0001, n?<0.28). Post-
hoc pairwise comparisons revealed that Response Time
was significantly lower in the Paretic condition (Z=3.75,
p<0.0001, d=0.94, Fig. 1d), Neutral condition (Z=4.70,
p<0.0001, d=1.52), and also in the Non-Paretic condition
(Z=4.66, p<0.001, d=0.86) during the Limited response
time condition.

To determine whether increased non-paretic arm use
in the Paretic/Limited condition reflected a habitual
response rather than a strategic choice to use a faster arm
and avoid timeouts (and thereby maximise reward), we
compared average response times between the paretic
and non-paretic arms in the Limited condition. No sig-
nificant difference was found (Wilcoxon signed-rank test:
Z=1.61, p=0.1064, d=0.39), suggesting that arm choice
was not driven by a speed advantage.

Additionally, we examined whether participants were
more likely to switch to the non-paretic arm following
a failed trial, which might indicate a confidence-driven
strategy to avoid future failures. However, there was no
significant difference in the frequency of choosing the
paretic versus non-paretic arm after failed trials (Wil-
coxon test: Z = -1.46, p=0.1432, d = -0.26).
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Decrease in arm choice is not related to motor and/or
cognitive impairment

To understand if decreases in Paretic Arm Use (%) are
related to motor and/or cognitive impairment, we corre-
lated changes in use of the paretic arm (AArm Use) across
Response conditions in both the Paretic and Neutral
condition with participants FMA scores (only the FMA
Elbow and Shoulder sub-scores were included) and TMT
scores. We did not find AArm Use to be related to FMA
and TMT scores in the Paretic condition (FMA: p=0.31,
p=0.09; TMT: p=0.04, p=0.86), nor in the Neutral con-
dition (FMA: p = -0.25, p=0.16 TMT: p=0.03, p=0.90
Fig. 2e). These results highlight that AArm Use are inde-
pendent from motor and/or cognitive impairment.

Discussion

The current study demonstrates that the tendency of pri-
oritising the non-paretic arm in chronic stroke patients
may reflect a habitual response, particularly in conditions
where time constraints are present. We show a marked
increase in the use of the non-paretic arm even when its
use is less rewarding, indicating that arm choice is not
random but rather driven by a habitual bias. Importantly,
no significant changes were observed when the non-
paretic arm was the more rewarding option.

When response times were unlimited, stroke survi-
vors consistently opted to use their paretic arm when it
yielded more reward than the use of the non-paretic arm,
consistent with the idea that arm choice is mediated by a
trade-off between the effort and the reward that comes
with using the paretic arm [25-27]. This result fur-
ther highlights that stroke survivors used goal-directed,
value-based decision-making when not constrained by
time, as they selected the arm that yielded the highest
reward. These findings align with prior research show-
ing that both reducing the perceived effort of the paretic
arm and/or rewarding its use can increase its integration
into goal-directed actions [8, 26, 28]. However, under
time pressure, participants exhibited a significant shift
towards habitual use of the non-paretic arm, even when
it was the less rewarding choice.

This suggests a transition from goal-directed to habitual
behaviour which is likely driven by the cognitive demands
imposed by the time-limited task. Goal-directed control
requires evaluating current action—outcome contingen-
cies, but under time pressure, these computations may
not be completed in time - effectively exceeding available
cognitive resources. As a result, participants are more
likely to default to habitual responses, which are faster,
automatic, and based on previously rewarded actions.
While not always optimal, these habitual responses are
more efficient than acting at random when decision time
is limited.
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Our findings offer a new perspective on the phenom-
enon of “non-use” in chronic stroke, a term, albeit poorly
defined, that describes the mismatch between the func-
tional capabilities of the paretic arm, as assessed by clini-
cal tools like the Fugl-Meyer Upper Limb Assessment
(FM-UL), and its actual use in daily life [5, 6]. In the
current study, we observed a similar pattern of reduced
paretic-arm use in the limited response time condition,
despite participants being capable of using their paretic
arm. This discrepancy closely mirrors the clinical phe-
nomenon of non-use, in which stroke survivors underuse
their paretic arm in daily life even when clinical assess-
ments suggest they have sufficient motor capacity to use
it more. Our results suggest that habitual behaviour may
be a significant driver of non-use.

Prioritising the non-paretic arm under time-con-
strained conditions supports the interpretation that non-
use may reflect a habitual behavioural response, rather
than being solely attributable to motor deficits. This
aligns with prior research that has questioned the neu-
rophysiological basis of non-use [29]instead proposing
that it may be driven by ingrained patterns of behaviour
that persist even when the paretic arm is still function-
ally capable of performing specific tasks. The formation
of such a habit could begin early after stroke, as survivors
initially rely heavily on their non-paretic arm to compen-
sate for the immediate loss of function, and which rein-
forces its use over time even as the paretic arm recovers.

Our study adds to the growing body of evidence sug-
gesting that non-use is not just a motor impairment issue
but also a habitual behavioural one [30, 31]potentially
involving habitual responses that become entrenched
over time. This habitual non-use could be particularly
problematic in demanding, real-world environments,
where tasks often need to be completed quickly, rein-
forcing the reliance on the non-paretic arm [32]. This
resonates with anecdotal reports from stroke survivors
in this study, many of whom expressed awareness of their
tendency to favour the non-paretic arm when “life gets
busy” This behavioural pattern mirrors the increase in
non-paretic arm use we observed in the high-demand,
time-constrained context. The patients’ awareness of this
detrimental pattern underscores the need for rehabilita-
tion strategies that not only focus on improving motor
function but also address the cognitive and behavioural
dimensions of recovery - where cognitive refers primarily
to the use of strategic, goal-directed processes to support
motor improvement.

Addressing habitual non-use could therefore be a key
target in stroke rehabilitation. Our findings suggest that
interventions designed to break or override these habitual
responses—such as the use of implementation intentions
(“if-then” plans) or the “stop, think, act” strategy—could
help stroke survivors re-engage their paretic arm in
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daily life. Implementation intentions have been shown
to reduce habitual behaviours in other contexts [33, 34]
and could be adapted to encourage paretic-arm use by
associating specific cues with goal-directed actions. For
example, a stroke survivor might form an intention such
as, “If I reach for a cup, I will use my paretic arm” [33, 34].

Moreover, these interventions could be especially
valuable in high-demand contexts, where cognitive load
may exacerbate habitual non-use. By encouraging stroke
survivors to pause and reflect on their arm choice, or
by creating strong cue-action associations, rehabilita-
tion strategies could shift behaviour back toward goal-
directed decision-making, even under time pressure.

In conclusion, our study highlights the role of habitual
behaviour in the persistence of non-use following stroke
and suggests new avenues for rehabilitation strategies
aimed at breaking these habits. Drawing on the extensive
literature on habit formation and modification, our find-
ings underscore the potential of cognitive-behavioural
techniques to improve functional outcomes for stroke
survivors by promoting greater use of the paretic arm
in daily life. Future research should focus on translating
these strategies into practical interventions that can be
easily incorporated into both clinical rehabilitation and
everyday routines, with the goal of enhancing stroke sur-
vivors’ quality of life and independence.
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