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ABSTRACT Assessment and rehabilitation of the upper limb after stroke have focused primarily on the
contralesional arm. However, increasing evidence highlights functional sensorimotor alterations also in the
ipsilesional arm. This study aims to evaluate the position sense of both arms after stroke using a passive
position matching task. We hypothesized that the ipsilesional arm would have higher accuracy and precision
than the contralesional arm but lower than the dominant arm in unimpaired participants. Additionally,
we hypothesized a correlation in performance between the two arms in stroke survivors. The study included
40 stroke survivors who performed the proprioceptive test with both arms and 24 unimpaired participants
who performed it with their dominant arm. During each trial, a planar robot moved their hand to a target
and back. In the Participants had to indicate when their hand reached the target position in the second phase.
We evaluated performance by computing the matching accuracy and precision. We found that the ipsilesional
arm had similar matching accuracy but higher precision than the contralesional arm. Furthermore, only
the matching accuracy of the two arms was correlated in the left and central regions of the workspace.
When comparing stroke survivors to unimpaired participants, the ipsilesional arm exhibited significantly
lower accuracy, yet not different precision. These findings support the notion that the ipsilesional arm is not
‘unaffected’ by stroke but rather ‘less-affected’, suggesting that stroke does not impact ipsilesional position
sense precision. Additionally, the results suggest a dissociation between accuracy and precision in passive
multi-joint position matching tasks.

INDEX TERMS Hemispheric asymmetries, matching task, proprioception, robotic assessment, stroke
survivors.
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I. INTRODUCTION

Stroke is the second leading cause of disability world-
wide [1]. Six months after stroke, more than 50% of
stroke survivors experience reduced upper limb function [2],
severely limiting their ability to perform daily activities and
live autonomously [3]. Therefore, rehabilitation of upper
limb function in stroke survivors is a crucial objective [4].
This requires evaluating and accounting for any atypical
movement patterns, alterations in strength, and sensory
perception in both arms [5], [6]. In relation to the cerebral
lesion, the ipsilesional upper limb (iUL) - often referred to
as the ‘unaffected’ or ‘unimpaired’ - is used as a reference
for assessing the - ‘affected’ or ‘impaired’ - contralesional
upper limb (cUL) [7], [8]. However, increasing evidence
suggests that significant impairment of the ipsilesional
arm may persist from the acute to the chronic stage of
stroke (see [6] for a review). Although previous studies on
ipsilesional impairment have predominantly evaluated motor
deficits, limited attention has been paid to somatosensation
or proprioception. Early studies of motor deficits in the
ipsilesional arm reported muscle weakness [8], [9], [10],
while more recent studies have shown that it also exhibits
deficits in accuracy, dexterity, and motor coordination [5],
[11], [12], [13], [14], [15], [16], [17], [18]. On the other
hand, studies on sensory deficits have shown impairments in
stereognosis [19], tactile perception [20], and altered thresh-
olds for light touch [21], [22], motion detection [23], point
localization [19], [24], two-point discrimination [25], [26],
and pressure sensitivity [25], [27]. Some of these deficits can
be detected by standard clinical methods such as the Jebsen
Hand Function Test [5], [7].

Currently, approximately fifty techniques could be used
to assess position sense in both clinical and research
settings [28], often with inconsistent results. Many of these
methods require participants to perform active movements
[29], [30], [31], [32], making it difficult to assess motor
and proprioceptive performance separately. More generally,
these methods can be categorized into three approaches
that investigate the effects of stroke on proprioceptive
performance. In the first two approaches, the proprioceptive
performance of control subjects is compared with that of
either the contralesional - most commonly - or the ipsilesional
arm. The third approach directly compares the proprioceptive
performance of the two arms, providing information on the
lateral asymmetry of proprioceptive performance. For this
reason, this approach is also used to investigate hemispheric
specialization [33]. The mirror position matching task is
the most commonly used assessment method in stroke
survivors. In this task, the contralesional arm is moved
to specific positions by either a physiotherapist or a
robotic device. Participants are then asked to replicate the
position of their contralesional arm with the ipsilesional arm
using mirror-symmetric movements [29], [31], [34], [35].
However, this paradigm requires active movements by
the participants and assesses proprioception of both arms
simultaneously [36], [37]. Thus, it does not allow for
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independent determination of deficits in each arm or their
mapping in the workspace, which can only be determined
with unimanual position matching tasks.

Furthermore, recent studies suggest that hemispheric
specialization influences the sensorimotor deficits observed
in both arms after stroke [5], [12], [14], [38], [39], [40].
Nevertheless, current evidence is limited and conflicting
regarding the influence of both hemisphere lesion side and
arm position in the workspace on upper limb position sense.
For example, tactile sensation in stroke survivors with right
brain damage (RBD) has been reported to be either better
[22], [25], equal [21], or worse [20] than that of survivors
with left brain damage (LBD).

In this context, this study aims to fill these gaps by assess-
ing the position sense of the ipsilesional arm after stroke in a
passive unimanual position matching task. We compared the
proprioceptive performance of the ipsilesional arm with that
of the contralesional arm and investigated the influence of
the hemisphere lesion side with respect to the target position
in the workspace. We further evaluated the proprioceptive
performance of the ipsilesional arm by comparing it with
that of the dominant arm (D) of a group of unimpaired adult
participants.

Il. MATERIAL AND METHODS

A. PARTICIPANTS

40 stroke survivors (age range: 31-72 years old, see
Table 1) and 24 participants without any known sensori-
motor impairment or history of neurological, psychiatric,
or neuromuscular disorders (age range: 21-58 years old, mean
age =+ std: 37.2 + 14.2 years old; 10 females) completed the
proprioceptive test.

Stroke survivors underwent an initial screening described
in [41]. In fact, the stroke survivors in this study are a subset
of the participants recruited in [41]. The inclusion criteria
were: (i) first-ever stroke event diagnosed by neurologists or
neurosurgeons and brain imaging; (ii) age ranging from 21 to
85 years; (iii) being between 3 and 24 months after the
stroke event - post-acute stroke phase; (iv) having a score on
the Upper Extremity portion of the Fugl-Meyer Assessment
(FMA-UE) > 20, and the absence of motor ataxia; (v) having
the ability to understand instructions and give informed
consent; (vi) absence of uncontrolled medical conditions
and pregnancy; (vii) having a life expectancy greater than
6 months; (viii) having the ability to sit upright with support
for more than 90 minutes; (ix) absence of arm-related
contraindications to robot-aided therapy such as shoulder
pain (Visual Analog Scale for pain < 4); (x) absence or
low level of spasticity (Modified Ashworth Scale > 2);
(xi) absence of hemispatial neglect as assessed by the line
bisection test; (xii) having a mini-mental state examination
score > 27.

Inclusion criteria for all participants were to be naive to
the study and right-handed. For stroke survivors, the latter
requirement was based on their hand dominance prior to
the stroke event. This was motivated by the fact that hand

VOLUME 11, 2023



G. Ballardini et al.: Upper Limb Position Matching After Stroke

IEEE Access

TABLE 1. Demographic data and clinical test results.

Lesion Side
Left Right All

Sex (female/male) 13/15 5/7 18/22
Age (years), mean (SD) 57 (9) 54 (13) 56 (10)
Nature (hemorrhagic/ischaemic) 16/12 4/8 20/20
Days after stroke, mean (SD) 358 (203) 476 (197) 395 (208)
Location

Basal Ganglia-Thalamus-subcortical 14 1 15

Lacunar Stroke 7 1 8

Posterior Circulation Stroke 2 1 3

Partial Anterior Circulation Stroke 3 4 7

Cortical 0 3 3

Other 2 2 4
FMA-UE # scores, mean (SD) 40.4 (10.5) 33.7(8.0) 38.4(10.3)
ARAT b scores, mean (SD) 24.4(15.9) 184 (14.7) 22.6(15.8)
FAT € scores, mean (SD) 1.5 (1.5) 0.8 (1.3) 1.3 (1.5)

2FMA-UE: Upper Extremity portion of the Fugl-Meyer Assessment (0-66);
b ARAT: Action Research Arm Test (0-57); °FAT: Frenchay Arm Test (0-5).

dominance could be a confounding factor in this study, which
takes into account the hemispheric location of the lesion.

A total of 41 stroke survivors who met the inclusion
criteria were included in the study. However, one participant’s
data was excluded from the analysis because he/she did not
complete the proprioceptive test and performed it with only
one arm. Based on clinical history, it was determined that
28 stroke survivors had left hemisphere damage, while 12 had
right hemisphere damage (Table 1).

As a preliminary analysis, we performed a Wilcoxon
rank sum test to verify that there were no statistically
significant differences in age or clinical scores (FMA-UE,
Action Research Arm Test: ARAT, Frenchay Arm Test: FAT,
reported in Table 1) between the stroke survivors with left and
right hemisphere damage. The results showed no significant
difference in either age (p = 0.701) or clinical scores
(FMA-UE p = 0.111; ARAT p = 0.360; FAT p = 0.169)
between the two groups. However, the differences between
the two groups in the ARAT and FMA-UE scores of 6 and
6.7 points, respectively, are above the minimally clinically
important difference (MCID) obtained as change over time
in the same population of chronic stroke survivors (5.7 for
ARAT [42], [43] and 5.25 for FMA-UE [44]). It is worth
noting that stroke survivors and unimpaired participants had
a significant difference in age (p<0.001); therefore, they
cannot be considered age-matched groups. We acknowledge
this limitation and have taken it into account in the analysis
and discussion. Further analysis of the effect of age on
unimpaired participants is presented in Appendix A.

The stroke participants’ assessments were conducted by
locally licensed senior occupational therapists at the Center
for Advanced Rehabilitation Therapeutics (CART), Tan
Tock Seng Hospital (TTSH), Singapore. Stroke participants
were recruited consecutively from discharged inpatients and
outpatients from the TTSH Rehabilitation Centre and CART.
Prior to recruitment, ethical approval for all procedures
was obtained from the National Healthcare Group Domain
Specific Review Boards (NHG-DSRB 2014/00122) for
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stroke survivors and from Nanyang Technological University
(NTU), Domain Specific Review Boards for unimpaired
participants. All participants provided written informed
consent to participate in the study. The study was conducted
in accordance with the revised Declaration of Helsinki
(2013). Proprioceptive tests on unimpaired participants were
conducted at the NTU robotic research center.

B. EXPERIMENTAL SET-UP

The proprioceptive assessment was performed using H-Man,
a portable and planar endpoint robot designed to assess
and train upper limb sensorimotor function. This robot has
been used in studies with unimpaired participants and stroke
survivors [41], [45], [46], [47].

Briefly, participants were seated in a height-adjustable
chair in front of the H-Man robot. The participants’ sternum
was aligned with the midline of the robot’s workspace. Their
hand either grasped or was secured to the handle of the
robot, which in the starting position was on their midline,
approximately 25 cm from their sternum. This positioning
required an elbow angle of approximately 90° (Fig. 1).
To prevent trunk movement, shoulder straps were fastened to
the chair, restricting movement to shoulder rotation and elbow
flexion/extension only.

FIGURE 1. Experimental set-up. Participants were seated in front of
H-Man, with the center of their sternum aligned with the center of the
robot’s workspace, where the starting position was located (gray). They
had to grasp the robot’s handle, which was moved by the robot to one of
three possible target locations (green), located 10 cm from the starting
position at 0° (central: C) and + 45° (right: R, left: L) with respect to the
participant’s midline.

C. PROTOCOL

Throughout the experiment, participants were asked to
keep their eyes closed (or blindfolded, if requested by the
participant), and their arm muscles relaxed.
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Each trial consisted of two phases: the ‘reference’ phase
and the ‘matching’ phase. In the reference phase, the handle
of the robot moved at a constant speed of 7 cm/s from
the starting position to a target position, where it remained
for 2 s before returning to the starting position at the
same speed. After a 1-second interval, the matching phase
started. In this phase, the robot’s handle moved at a constant
speed of 2 cm/s toward the same target. Participants were
instructed to verbally report when they felt that their hand
had reached the target position (perceived target position).
The experimenter immediately ended the trial by stopping
the movement of the handle, after which the handle returned
to the starting position. Since proprioception is affected by
speed [48], the same speed of the robot’s handle was used
in all trials to make performance comparable. However,
participants could not rely on movement time to identify the
target position because the speed varied between the two
trial phases. In addition, participants did not receive any
feedback on their performance in each trial. Targets were
positioned at a distance of 10 cm from the starting position
in three different directions: 0° (central target) and + 45°
(left and right targets) relative to the participants’ midline.
Each target was presented 6 times in random order for a total
of 18 trials. Unimpaired participants performed the test with
their dominant arm (see Appendix B for the analysis of the
differences between the two arms in unimpaired participants).
Stroke survivors performed the same test with both their
contralesional and ipsilesional arms. The order in which
arms were tested was counterbalanced across participants. All
participants completed at least 3 and up to 10 trials to become
familiar with the task prior to the proprioceptive assessment.

D. DATA ANALYSIS

First, we computed the matching error as the signed
difference between the perceived and the true target position,
as in [49]. Then, to assess proprioceptive performance,
we computed the following indicators:

o Constant error, as the mean of the matching error
across trials to the same target. Before averaging across
participants, we considered the unsigned value of the
matching error, since we were interested in evaluating
overall accuracy, not the tendency of participants to
overshoot or undershoot the target distance;

« Variable error, as the standard deviation of the matching
error across trials to the same target. This represents
precision, i.e., the repeatability (consistency) of perfor-
mance across trials.

This study did not evaluate the difference between the
contralesional arm and the dominant arm of unimpaired
participants, as this has already been investigated in pre-
vious studies using the same experimental design and
protocol [47], [50].

1) STATISTICAL ANALYSIS
The aim of this study was to evaluate whether there were
differences between the proprioceptive performance of the
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two arms in stroke survivors during a passive unimanual
position matching task. To achieve this, we compared the
proprioceptive performance of the ipsilesional and contrale-
sional arms using repeated measures ANOVA (rm-ANOVA)
with two within-subjects factors: ‘arm’ (2 levels: ‘iUL’ and
‘cUL), and ‘target’ (3 levels: ‘left’, ‘central’ and ‘right’).
Furthermore, we also compared the performance of the
ipsilesional arm and the dominant arm of the unimpaired
participants using a mixed-design ANOVA with ‘population’
as a between-subjects factor (2 levels: ‘unimpaired’ and
‘stroke’), and ‘target’ as a within-subjects factor (3 levels).
Before running the ANOVAs, we tested the normality of
the data with the Anderson-Darling test. Since the null
hypothesis was rejected, we used a two-step transformation
based on fractional ranks reported in [S1] to correct the
data. For both ANOVAs, we tested for sphericity using
Mauchly’s test, and for the mixed ANOVA, we also tested for
equality of variances using Levene’s test. None of the metrics
violated these assumptions. Statistical significance was set at
a family-wise error rate of @ = 0.05. To account for multiple
comparisons, we applied the Bonferroni correction and set
the threshold required for the significance at « = 0.05/2 =
0.025. No further pairwise comparisons or post hoc analyses
were performed.

Finally, we investigated whether there was a correlation
between the proprioceptive performance of the two arms in
stroke survivors and whether this correlation was influenced
by the hemisphere of the lesion or the target position
in the workspace. To this end, we computed Spearman’s
correlation coefficient between the performance of the two
arms. Two separate factors were considered: (i) the side
of the brain lesion (LBD and RBD stroke survivors), and
(ii) the target position (left, central, right). According to [52],
Spearman’s correlation coefficient (p) ranging from 0.20 to
0.39 indicates a moderate correlation, while a range of 0.40 to
0.59 is considered relatively strong, and 0.60 to 0.79 is a
strong correlation. A correlation coefficient equal to or over
0.80 indicates a very strong correlation. When we found at
least a moderate correlation (p > 0.20), curve fitting was
performed using monotonic least-squares splines, and the
R-squared was used to examine the proportion of variance
that was predictable.

Ill. RESULTS
To investigate whether the position sense of the ipsilesional
arm in stroke survivors was impaired, we compared its
performance indicators, namely constant error (Fig. 2a) and
variable error (Fig. 2c), with (i) the contralesional arm and
(i1) the dominant arm of unimpaired participants.
Comparing the two arms of stroke survivors, we found
no significant difference in the matching accuracy (F; 39 =
0.05, p = 0.823, 772 = 0.001), while there was a significant
difference in the matching precision (Fj 30 = 6.94,p = 0.012,
n? = 0.151). Specifically, the ipsilesional arm had higher
precision than the contralesional arm, i.e., less variability in
identifying the same position in space.
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FIGURE 2. a,b) Constant error - the unsigned value of the constant component of the matching error - c,d) Variable error. a,c) Performance
parameters of the ipsilesional (white), contralesional (gray) arm of stroke survivors, and the dominant arm of unimpaired participants (dark gray)
for left, central, and right targets with respect to the participant’s midline. * indicates statistical significance, p<0.025; dots indicate single-subject
data. b,d) Correlation between the two arms of stroke survivors for the three targets. Red and blue circles indicate the errors of RBD and LBD stroke
survivors, respectively. Circles are filled when there is at least moderate correlation (Spearman’s coefficient p >0.20). In these cases, we also report
the R2 value and the monotonic fit curve. The dashed line represents the equal performance of the two arms.

Furthermore, the ipsilesional arm showed significantly
lower accuracy (F; 62 = 5.57, p = 0.021, 772 = 0.132) than
the dominant arm of unimpaired participants, although there
was no significant difference in precision (Fj g2 = 0.78,
p = 0.379, r)2 = 0.015). Taken together, those results
suggest that stroke affected the accuracy of the ipsilesional
arm in our population, while precision remained largely
unaffected.

Regarding the influence of target location on the ipsile-
sional proprioceptive performance, we found that it was not
significantly altered after stroke (constant error: Fp 73 = 1.19,
p = 0.147, r;2 = 0.024; variable error: Fr 73 = 3.47,
p = 0.034, > = 0.041). When comparing two arms in
stroke survivors, we observed a significant dependence of
precision (F2 78 = 3.94, p = 0.024, 172 = 0.092) but not
accuracy (Fp 78 = 1.23, p = 0.297, 772 = 0.031), on the
target position. Specifically, both arms of stroke survivors
showed slightly higher variability for the central target, with
no significant arm*target interaction (F2 78 = 0.61, p =0.548,
n? = 0.015). Unimpaired participants did not show the same
trend of higher variability in the central target. However,
adirect comparison of precision between stroke survivors and
unimpaired participants did not yield significant effects after
applying Bonferroni corrections (population*target interac-
tion: Fp 78 = 2.98, p = 0.055, 172 = 0.035). Interestingly,
a significant population*target interaction was found in the
matching accuracy (F 124 = 4.21, p = 0.017, 172 = 0.054).
In unimpaired participants, it increased from the left to the
right region of the workspace, while stroke survivors had the
lowest accuracy in the central target.
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To investigate the correlation between the proprioceptive
performance of the two arms in stroke survivors and its
relationship to the hemisphere of brain lesion, we computed
Spearman’s coefficients separately for survivors with right
and left brain damage in the three targets.

For the central target, we observed a correlation in accuracy
between the two arms of all stroke survivors (LBD: p = 0.41,
RBD:p = 0.71, Fig. 2b) but not in precision (both p < 0.30,
Fig. 2d). Similar results were also obtained for the left target
(Fig. 2b and Fig. 2d), where accuracy had a relatively strong
correlation for the LBD group (p = 0.56) and a moderate
correlation for the RBD group (p = 0.34), while precision
showed no correlation in either group of stroke survivors
(p<0.10). In the right target, the only correlation observed
was precision in the RBD group (p = 0.54, others p < 0.20).

IV. DISCUSSION
We investigated the position sense of the ipsilesional arm
in stroke survivors in a unimanual position matching task
that requires passive movement of the shoulder and elbow.
Our results suggest that, in terms of matching precision,
stroke does not affect the two arms differently. Specifically,
we observed that the ipsilesional arm had less variability
than the contralesional arm and was comparable to that
of unimpaired participants. The precision of the two arms
showed only a weak relationship in the right workspace for
the RBD stroke survivors.

Conversely, the two arms had comparable matching
accuracy, that correlated along the midline and in the left
region of the workspace for all stroke survivors, regardless of
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the hemispheric localization of the brain lesion. The matching
accuracy of the ipsilesional arm in stroke survivors was lower
than that of the group of unimpaired participants, highlighting
a significant decrease in this performance metric.

These findings are discussed in detail below.

A. IN UNILATERAL PASSIVE MATCHING TASK, ONLY THE
PRECISION OF THE IPSILESIONAL ARM IS AFFECTED
AFTER STROKE

Our findings reveal proprioceptive differences between the
two arms of stroke survivors in terms of precision but
not in terms of accuracy. This suggests that stroke affects
the proprioception of the ipsilesional arm differently than
the contralesional arm. These results support the notion
that the ipsilesional arm is not ‘unaffected’ but rather ‘less-
affected” after stroke.

Our results also suggest a degree of dissociation between
accuracy and precision in passive multi-joint matching tasks,
which is in line with previous observations in single-joint
matching tasks involving active movements [31]. This
dissociation seems to be influenced by stroke and/or age.
We acknowledge that the group of unimpaired participants
included in our study was slightly younger than the group
of stroke survivors. It is well known that proprioception
deteriorates with age [36], [53], [54], so in this study,
we cannot attribute this difference in accuracy solely to
stroke. It is more likely that a combination of both age and
stroke contributed to this observed effect, although we did not
find significant age-related differences in performance within
our group of unimpaired participants (see Appendix B).

B. THE CORRELATION BETWEEN THE POSITION SENSE
OF THE TWO ARMS DEPENDS ON THE WORKSPACE
REGION

We observed a correlation between the proprioceptive
performance of the two arms in all of our stroke survivors,
specifically in the left and central regions of the workspace
relative to the body midline. This finding supports previous
studies that have demonstrated the inhomogeneity of per-
ceptual acuity across the 2D workspace in both unimpaired
participants [55], [56], [57], [58] and stroke survivors [15],
[29], [31], [34], [35] even with the same experimental design
in a smaller population of stroke survivors [49]. Furthermore,
Contu et al. [49] found that both the contralesional arm of
stroke survivors and the dominant (right) arm of age-matched
unimpaired participants showed lower matching precision
and accuracy for the contralesional target (i.e., the right/left
target for the left/right arm). Previous studies have suggested
that position sense is impaired after stroke, leading to
spatial contraction [29], [34], greater variability, and higher
systematic shift [29] compared to controls. However, these
studies mainly used wearable robotic devices and did not
separately consider the contribution of the two arms [29],
[31], [34], [35] or used single-joint paradigms [15].
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These spatial differences arise from the interaction of
many factors, including limb geometry [56], [59], limb
anisotropy [60], spatial biases in muscle spindle firing
rates [61], joint movement amplitude (e.g., there is a tendency
to overestimate large joint angles [57]) and joint coupling
(e.g., elbow extension is overestimated only when the
shoulder is abducted [57]). Therefore, further investigation of
position sense in multi-joint tasks is needed, as it is not just
an extension of findings from unimanual single-joint tasks.

C. MAPPING OF PROPRIOCEPTIVE ACCURACY IN A 2D
WORKSPACE IS INDEPENDENT OF THE HEMISPHERE OF
THE STROKE LESION

The accuracy of the two arms showed a correlation in
the central and left workspace regions relative to the
body midline, regardless of the hemisphere affected by the
brain lesion. However, the matching precision was only a
correlation between the performance of the two arms in the
RBD group and was limited to the right workspace.

On one hand, this result supports the hypothesis of
a dissociation between accuracy and precision in passive
multi-joint matching tasks. On the other hand, the lack of
effects of the side of brain lesion on matching performance
was unexpected, since its effects on the spatial and temporal
aspects of arm movement are well known [11], [12], [13],
[16], [38], [39], [40]. Specifically, regarding the ipsilesional
arm, Schaefer et al. [39] reported that RBD survivors
exhibited lower final position accuracy during reaching
movements in the ipsilateral workspace, suggesting deficits
in hand position control, while LBD survivors exhibited
deficits in trajectory control, suggesting impairment in multi-
joint coordination. Conversely, sensory deficits and their
dependence on the side of the brain lesion have received
less attention compared to motor alterations [62], [63], [64].
However, these studies often provide task-dependent and/or
inconsistent results. For instance, some studies have found
reduced tactile sensitivity in RBD compared to LBD
survivors [22], [25], while others have found the opposite
result [20] or no difference [21], [65]. These discrepancies
may be due to the different experimental methods used and/or
the characteristics of the participants, e.g., age and level of
impairment.

To the best of our knowledge, only a few studies
have examined the relationship between deficits in upper
limb position sense and the side of the brain lesion.
Leibowitz et al. [66] found no difference between RBD
and LBD groups in the mirror position matching test.
Rinderknecht et al. [67] evaluated hand proprioception in
a single-joint task and found more severe proprioceptive
deficits in RBD than LBD survivors but only for the
contralesional hand. They also reported that all stroke
survivors had lower proprioceptive performance in the left
hand compared to control participants. Thus, although these
previous findings may not be directly comparable to our
results, they do support our main findings. In particular,
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the correlation in matching accuracy we found is consistent
with the study by Leibowitz et al. [66]. On the other hand,
the slight difference in matching precision between the two
groups, which we observed only in the right workspace,
has not been reported previously. It could be due to the
interaction of several factors, such as handedness (with only
the LBD group having the contralesional as the dominant
arm), differences in position sense between the two arms (as
found in single-joint tasks [67]), and differences in tactile
ability between the two sides [20]. Further investigation with
larger RBD and LBD groups is needed to better understand
this latter point.

D. LIMITATIONS

We acknowledge that our proprioceptive assessment requires
participants to rely on memory to complete the task [53],
as the same arm is used both as a reference in the first phase
and to match in the second phase. To mitigate this issue, one
of our inclusion criteria for participant enrollment was a score
above 27 on the mini-mental state examination.

Another limitation of this study is the absence of clinical
evaluation of bilateral proprioception and sensorimotor abili-
ties before the test with the robot. Furthermore, the difference
between the motor scores (ARAT and FMA-UE) of the
contralesional arm of the two groups of stroke participants,
although not statistically significant, is above the minimally
clinically important difference. We can not exclude the
possibility that this may have contributed to the differences
found between the two groups, even though the participants
have to rely solely on their proprioception to successfully
complete the task. Additionally, the influence of performance
based on the region of the workspace may underline a
mechanism related to the handedness of the participants,
which remains predominant despite the stroke. This is
consistent with the findings of Rinderknecht et al. [67].
They reported lower proprioceptive performance for the left
(non-dominant) hand of stroke survivors, regardless of the
side of their brain lesion. Further studies with left-handed
participants in both groups could clarify this point.

V. CONCLUSION

The results of this study add to the actual knowledge of
upper limb position sense asymmetries in stroke survivors
with respect to passive unilateral matching tasks, their
mapping in the 2D workspace, and their relationship with
the hemisphere of the brain lesion. It also provides evidence
for the need to quantitatively assess both ipsilesional and
contralesional proprioceptive deficits for a more complete
assessment, which is essential for designing and tailoring
effective rehabilitation treatments.

APPENDIX A

EFFECT OF AGE ON POSITION SENSE PERFORMANCE IN
UNIMPAIRED PARTICIPANTS

To evaluate the effect of age on the position sense perfor-
mance of unimpaired participants in this task, we compared
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the constant and variable components of the matching error
(as described in the Data Analysis section). Furthermore,
the unimpaired participants were divided into ‘younger’
(15 participants; age range: 20-34 years, mean age =+ std:
26.7 £+ 4.0 years; 4 females) and ‘older’ (9 participants;
age range: 46-58 years, mean age & std: 54.8 & 3.7 years;
6 females). We performed a mixed-design ANOVA with
‘age’ as a between-subjects factor (2 levels. ‘younger’ and
‘older’) and ‘target’ as a within-subjects factor (3 levels:
‘left’, ‘central’, and ‘right’). Before running the ANOVAs,
we tested the normality of the data with the Anderson-
Darling test. Since the null hypothesis was rejected, we used
a two-step transformation based on fractional ranks reported
in [51] to correct the data. We also tested for sphericity
using Mauchly’s test and for equality of variances using
Levene’s test. None of the metrics violated these assumptions.
We found no difference between them in either accuracy
(F1,220 = 0.362 p = 0.554) or in precision (Fj 2 = 0.231
p = 0.636). This is consistent with previous findings using
the same experimental set-up and protocol on a smaller
population by Contu et al. [46].

APPENDIX B

DIFFERENCES BETWEEN THE POSITION SENSE OF THE
TWO ARMS IN UNIMPAIRED PARTICIPANTS

9 right-handed unimpaired participants (age range:
21-34 years, mean age =+ std: 26.2 + 4.8 years; 2 females)
performed the assessment with both the dominant and non-
dominant arm. As a preliminary analysis, we evaluated
whether there was a difference in performance between
the two upper limbs in terms of matching accuracy and
precision, computed as described in the Data Analysis
section. Therefore, we performed an rm-ANOVA with two
within-subjects factors: ‘arm’ (2 levels: ‘dominant’ and ‘non-
dominant’) and ‘target’ (3 levels: ‘left’, ‘central’, and ‘right’).
Before running the rm-ANOVA, we tested the normality
of the data using the Anderson-Darling test. Since the null
hypothesis was rejected, we used a two-step transformation
based on fractional ranks reported in [S1] to correct the
data. We also tested sphericity using Mauchly’s test. None
of the metrics violated this assumption. We found that
there was no significant difference between the performance
of the two arms, neither in terms of accuracy (Fig =
0.061 p = 0.812) nor in precision (F1 g = 0.248 p =
0.632). This result allows us to compare the performance of
stroke survivors with only the dominant arm of unimpaired
participants. This is consistent with the results found using
other proprioceptive evaluations, such as the mirror-matching
task [34], [66] and the single-joint 2-alternative choice
paradigm [67].
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