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Abstract 

Background Children with unilateral cerebral palsy (CP) exhibit motor impairments predominantly on one side 
of the body, while also having ipsilesional and bilateral impairments. These impairments are known to persist 
through adulthood, but their extent have not been described in adults with CP. This study’s aim is to characterize 
bilateral and unilateral upper limbs impairments in adults with CP.

Methods Nineteen adults with CP (34.3 years old ± 11.5) performed three robotic assessments in the Kinarm Exoskel‑
eton Lab, including two bilateral tasks (Object Hit [asymmetric independent goals task] and Ball on Bar [symmetric 
common goal task]) and one unilateral task (Visually Guided Reaching, performed with the more affected arm [MA] 
and less affected arm [LA]). Individual results were compared to sex, age and handedness matched normative data, 
describing the proportion of participants exhibiting impairments in each task‑specific variable (e.g., Hand speed), 
each performance category (e.g., Feedforward control) and in global task performance. Associations were assessed 
using Spearman correlation coefficients between: 1: the results of the MA and LA of each limb in the unilateral task; 
and 2: the results of each limb in the unilateral vs. the bilateral tasks.

Results The majority of participants exhibited impairments in bilateral tasks (84%). The bilateral performance catego‑
ries (i.e., Bimanual) identifying bilateral coordination impairments were impaired in the majority of participants (Object 
Hit: 57.8%; Ball on Bar: 31.6%). Most of the participants were impaired when performing a unilateral task with their 
MA arm (63%) and a smaller proportion with their LA arm (31%). The Feedforward control was the unilateral perfor‑
mance category showing the highest proportion of impaired participants while displaying the strongest relationship 
between the MA and LA arms impairments  (rs = 0.93). Feedback control was the unilateral performance category most 
often associated with impairments in bilateral tasks (6 out of 8 performance categories).

Conclusions Adults with CP experienced more impairment in bilateral tasks while still having substantial impair‑
ments in unilateral tasks. They frequently display Feedforward control impairments combined with a higher reliance 
on Feedback control during both bilateral and unilateral tasks, leading to poorer motor performance.

Keywords Cerebral palsy, Reaching, Bimanual coordination, Motor function, Robotic assessment, Adult

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of NeuroEngineering
and Rehabilitation

*Correspondence:
C. Mercier
catherine.mercier@rea.ulaval.ca
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-024-01415-9&domain=pdf


Page 2 of 13Poitras et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:144 

Introduction
Assessing impairments in bilateral tasks in neurologi-
cally impaired patients is essential to understanding the 
motor impairments observed in those populations (e.g., 
stroke, people with cerebral palsy [CP]). A review from 
Kantak et al. [1] has proposed a classification of bimanual 
tasks based on two characteristics: (1) the symmetry of 
arm movements (asymmetric or symmetric task); and 
(2) the conceptualization of task goal (independent goals 
or common goal). This helps understand the underlying 
impairments and mechanisms as asymmetric tasks are 
harder to execute. Indeed, more variability in movement 
patterns across trials is observed during these tasks com-
pared to symmetric tasks, and they have been shown to 
solicit different neural networks [1]. Interestingly, Kim 
and Kang [2] have shown in their systematic review 
that stroke survivors are more impaired during bilateral 
asymmetric tasks than during symmetric tasks. Some 
studies have also shown that children with CP display 
impairments during bilateral asymmetric tasks [3, 4] and 
symmetric tasks [5]. In adults with CP, it has been dem-
onstrated that in bilateral tasks, the dominant arm slows 
down to match the capacities of the non dominant arm, 
resulting in temporal and spatial coupling of both hands 
[6, 7]. This suggests that the characteristics of motor 
tasks could also impact bilateral performance in adults 
with CP.

The most prevalent type of CP is the spastic hemiple-
gic CP in which the individual exhibits upper limb motor 
impairments predominantly on one side of the body [8, 
9] while also displaying milder impairments in the other 
side of the body [10] as well as bilateral coordination 
impairments [4, 11]. This is why the sides contralateral 
and ipsilateral to the lesion are generally respectively 
called the more affected (MA) and less affected (LA) arm, 
rather than the affected and unaffected arm. Performance 
in bilateral tasks might differ depending on whether the 
sensorimotor impairments are restricted to the side con-
tralateral to the lesion or affect both upper limbs. While 
a study in children with hemiplegic CP has reported a 
strong relationship between some assessments of bilat-
eral performance and unilateral capacity [12], the specific 
impairments interfering the most with bilateral and uni-
lateral tasks might differ, specifically regarding the task 
characteristics presented above. Indeed, the performance 
during bilateral tasks depends not only on the individual 
capacity of each limb, but also on the capacity to coor-
dinate the use of both limbs, and could be influenced by 
the task complexity (asymmetric vs. symmetric). Moreo-
ver, it has been shown that individuals with CP display 
motor planning impairments during unilateral task [13], 
but little is known about their impact on bimanual per-
formance. Motor control theory supports a relationship 

between Feedforward control (i.e., motor planning), 
Feedback control and unilateral motor performance [14]. 
Given that most activities of daily living require a coor-
dinated use of the hands, a better understanding of the 
sensorimotor impairments (e.g., Feedforward control 
vs. Feedback control) observed during the realization of 
bilateral (asymmetric independent and symmetric com-
mon goal task) and unilateral tasks, and of the associa-
tion between bilateral and unilateral tasks, is needed.

The general aim of this study was to characterize bilat-
eral and unilateral upper limbs motor impairments in 
adults with CP. To address the effect of task character-
istics, we used two bilateral tasks, an asymmetric task 
with independent goals (the most complex task) and a 
symmetric task with a common goal (the simpler task). 
Moreover, given that the relationship between impair-
ments in bilateral and unilateral tasks is still unclear in 
adults with CP, we also assessed the unilateral impair-
ments in the MA and LA arms by using a typical unilat-
eral task, the visually guided reaching. Taken together, 
these assessments allowed for the description of bilateral 
and unilateral functions while evaluating the relationship 
between the MA and the LA arms capacities, as well as 
with the bilateral performance.

The three specific objectives, with their respective 
hypotheses, are:

(1) To compare the frequency of occurrence of vari-
ous types of impairments observed during bilat-
eral (asymmetric independent goals and symmet-
ric common goal) and unilateral upper limb tasks 
in adults with CP having mild to moderate motor 
impairments, and determine whether they differ 
between levels of impairments as characterized by 
the Manual Ability Classification System (MACS I 
to III);

 Hypotheses:

(a) Bilateral impairments will be more frequent 
than unilateral impairments.

(b) All the tasks will exhibit at least a moderate 
association with   the severity of impairments 
(MACS level).

(2) To explore the relationship between the impair-
ments of the MA and LA arm during a unilateral 
task;

(a) A moderate association will be found between 
impairments of the MA and LA arm  (rs > 0.5).

(3) To explore the relationship between impairments in 
bilateral and unilateral tasks observed in each limb;



Page 3 of 13Poitras et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:144  

(a) A moderate association will be found between 
impairments observed in bilateral and unilat-
eral tasks  (rs > 0.5), and in particular for Feed-
forward and Feedback control.

Methods
Participants
Participants were recruited through the Université Laval 
mailing list, the health records of the Centre intégré 
universitaire de santé et de services sociaux de la  Capi-
tale-Nationale (CIUSSS-CN) and through patient organi-
zations. The inclusion criteria were (1) being aged from 
18 to 65  years old; (2) having a diagnosis of hemiplegic 
CP; (3) being able to perform a transfer with minor assis-
tance (to the wheelchair of the robotic device used for 
assessment); (4) having a level of I, II, or III on the MACS 
[15]. Exclusion criteria were (1) having cognitive impair-
ments restricting understanding of the task to perform, 
and (2) having uncorrected visual problems interfering 
with the assessment tasks. The study was approved by the 
local ethic committee (Ethics #2018-609, CIUSSS-CN) 
and all the participants provided their written inform 
consent prior to the study.

Two clinical assessments allowed characterizing the 
group: the Jebsen Taylor Hand Function Test (JTHFT) 
and the MACS. The JTHFT assesses the unilateral upper 
limb capacities in seven functional tasks. A participant 
was considered as impaired if their score fell outside of 
the normative range [16]. The MACS level describes the 
capacity of individuals with CP to handle objects in eve-
ryday activities [15, 17]. There are five levels, but partici-
pants in the present study were between level I (objects 
are handled easily and successfully) to III (objects are 

handled with difficulty—help is needed to prepare and/or 
modify activities).

Robotic assessments
Participants completed one session, lasting ~ 2  h, com-
prising several tasks performed with a robotic assess-
ment system, the Kinarm Exoskeleton Lab (Kinarm, 
Kingston, Ontario). The experimental set up as well as an 
example of each task are shown in Fig. 1. The participant 
was seated in a chair with their arms placed in robotic 
arm troughs. The robotic system permitted movements 
of the arm in the horizontal plane involving flexion and 
extension movements at the shoulder and elbow joints 
and reduced the effects of gravity. A 2D virtual-reality 
system allowed control over visual stimuli and real-time 
feedback about arms position. Three tasks have been 
selected from the standard tasks available from the com-
pany and are detailed below. The tasks were always per-
formed in the same order (following the presentation 
order in the text) after performing the anthropometric 
adjustments and the calibration. A report comparing 
the results of the participant to sex, age and handedness 
matched normative data and a comma-separated values 
(csv) files were obtained at the end of each session. The 
instructions given to the participants were those pro-
vided by the company, as the tasks were standardized. 
The csv files provided the z-score for each evaluated 
task-specific variables and a composite score (Task score). 
The z-score of the task-specific variables were obtained 
by transforming the raw score using a model of healthy 
controls [18] (see https:// kinarm. com/ kinarm- produ cts/ 
kinarm- stand ard- tests). An individual with CP was con-
sidered as impaired on a task-specific variable if their 

Fig. 1 A Experimental setup for the Kinarm Exoskeleton Lab. B Workspace representation of the three robotic tasks

https://kinarm.com/kinarm-products/kinarm-standard-tests
https://kinarm.com/kinarm-products/kinarm-standard-tests
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performance fell outside of the 97.5% performance range 
of healthy controls (z-score < − 1.96 or > 1.96), depending 
on the side to indicate a poor performance for each task-
specific variable—see Table 1 in Supplementary materials 
for a description of all the task-specific variables).

Task-specific variables were grouped in performance 
categories based on previous studies [19–21], allowing 
describing specific sensorimotor control impairments. 
Given that z-score < −  1.96 or > 1.96 could indicate a 
bad performance depending on the task-specific vari-
able, the sign was inverted for some variables so that a 
negative value always reflected a good performance and 
a positive value a bad performance. After the values were 
converted, we used the mean value of the task-specific 
variables by categories to perform the statistical analysis. 
The performance categories were considered as impaired 
for an individual if the computed mean z-score fell out-
side of the normative value.

To quantify the overall performance, a Task score was 
calculated for each participant and each Task (Object 
Hit, Ball on Bar and Visually Guided Reaching). The 
Task score was calculated by using the value of a set of 
task-specific variables for each task, and the mathemati-
cal process was already described in [18] (for details, see 
https:// kinarm. com/ kinarm- produ cts/ kinarm- stand ard- 
tests). An individual with CP was considered as impaired 
on their overall performance if their performance fell 
outside of the 97.5% performance range of healthy con-
trol (z-score < −  1.96 or z-score > 1.96 depending on the 
side to indicate a poor performance for each task-specific 
variables). See a detailed description of each task and 
their performance categories below.

Object Hit (bilateral asymmetric independent goals task)
Participant used the hand of their choice to hit balls mov-
ing from the distal part of the screen to the proximal part 
(i.e., toward them) in different medial–lateral positions 
[19]. Three hundred balls were presented at a gradually 
increasing frequency and speed. The task was performed 
twice and the analyses were performed on the second 
attempt to reduce the impact of learning [22]. The task-
specific variables calculated from kinematic data were 
categorized in four performance categories as described 
by Tyryshkin el al. [19]: (1) Bimanual (Hand bias hits; 
Hand speed bias; Movement area bias), (2) Spatial/tem-
poral (Miss bias; Hand transition; Median error); Motor 
(Hand speed and Movement area [MA arm, LA arm]); 
Global (number of Targets hit [total, with the MA arm, 
with the LA arm]).

Ball on Bar (bilateral symmetric common goal task)
In the bilateral Ball on Bar task, a virtual bar was placed 
between the hands of the subject with a virtual ball on it 

[20]. Four targets were successively presented to the par-
ticipant, whose objective was to move the ball into each 
target as quickly and accurately as possible. The task had 
three levels of 1 min each. At levels 2 and 3, the ball could 
“roll” and fall off the bar if tilted, which required precise 
bilateral control. The level 3 was removed from the analy-
ses as it did not allow for identifying more impaired par-
ticipants (same results as [20]). The task was performed 
twice, and the analyses were based on the second attempt 
to diminish the impact of learning effect [22]. The task-
specific variables calculated from kinematic data were 
categorized in four performance categories as described 
by Lowrey et al. [20] and [23]: 1: Interlimb (Hand speed 
difference; Hand speed peaks bias; Hand path length 
bias), 2: Bimanual (Mean bar tilt; standard deviation of 
the Bar tilt; Bar length variability), 3: Hand and ball (Ball 
speed; Hand speed and Hand speed peaks [MA arm, LA 
arm]); 4: Total (Targets completed; Time to target).

Visually Guided Reaching (unilateral task)
The participant had to point at four targets as quickly and 
accurately as possible. The targets were spread out over 
a radius of 10 cm from the starting target and were pre-
sented in a pseudo-random order (for a total of 24 reach-
ing movements) [10, 21]. Subject received visual feedback 
(represented by a white dot) indicating the location of 
their index finger. This task allowed assessing unilateral 
voluntary motor control and was performed on the LA 
arm first, and then with the MA arm. The task-specific 
variables calculated from kinematic data were catego-
rized in five performance categories as described by Cod-
erre et  al. [21]: (1) Postural control (Posture speed);  (2) 
Visual reaction (Reaction time); (3) Feedforward control 
(Initial direction angle and Initial distance ratio); (4) 
Feedback control (Speed maxima count and Min–max 
speed); (5) Total movement (Movement time, Path length 
ratio, Max speed).

Statistical analyses
Descriptive statistics (mean, standard deviation [SD] 
and range) were computed for sociodemographic and 
robotic variables. All the variables derived from robotic 
assessments were converted into z-scores based on the 
normative data provided by Kinarm (sex, age and hand-
edness matched). The percentage of participants with a 
performance below the normal range was calculated for 
each of the task-specific variables and the performance 
categories. A description of the variables and categories 
associated with the higher frequency of impairments 
was provided, as well as a percentage of participants 
showing impairments in their overall performance 
(Task score) (objective 1). Spearman correlation coef-
ficients were calculated to assess the relationship 

https://kinarm.com/kinarm-products/kinarm-standard-tests
https://kinarm.com/kinarm-products/kinarm-standard-tests
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between the Task score of each task and the MACS 
level (objective 1). To evaluate the relationship between 
the performance of the MA and the LA arms, Spear-
man correlation coefficients were computed between 
the performance categories of the unilateral task (Visu-
ally Guided Reaching; objective 2). To assess the rela-
tionships between the performance categories of the 
bilateral (Object Hit and Ball on Bar) and the unilat-
eral (Visually Guided Reaching of the MA arm) tasks, 
Spearman correlation coefficients were computed 
(objective 3) [24]. The correlations were described as 
follows: 0.00–0.09 = negligible, 0.10–0.39 = weak, 0.40–
0.69 = moderate, 0.70–0.89 = strong, 0.90–1.00 = very 
strong [25]. A p-value smaller than 0.05 was considered 
as significant. Due to the exploratory nature of objec-
tives 2 and 3, no correction for multiple testing was 
applied for the results presented in the text. Neverthe-
less, p-values corrected with the Benjamini multiple 
comparisons correction method are presented in the 
table for Objective 3 [24], allowing the readers to exert 
their judgment on the results.

Results
Participants
Nineteen participants were recruited for this study. All 
participants were able to complete the assessments, 
except one participant who was unable to perform the 
second trial of the two bilateral robotized tasks due to 
muscle fatigue and increase in spasticity. The data of 
the first attempt was used for this participant as Wil-
coxon signed-rank test showed no effect of the attempt 
(first vs. second) in our dataset (p-value > 0.05). Table 1 
presents the demographic and clinical characteristics of 
the sample.

Frequency of impairments observed during bilateral 
and unilateral upper limb tasks (objective 1)
Figures 2, 3 and 4 show the mean and standard deviation 
for each variable and depicts how impairments were dis-
tributed across variables and participants for the Object 
Hit, the Ball on Bar and the Visually Guided Reaching 
task, respectively.

Object Hit (bilateral asymmetric independent goals task)
Participants were outside the range of normal most fre-
quently on the following task-specific variables: Target 
hits (73.7%), the Number of target hits by the MA arm 
(89.5%), the Hand bias hits (57.9%), and the Hand speed 
bias (52.6%) (see Fig.  2A). The Miss bias was the only 
variable in the normative range for all the participants. 
The performance categories identified only one partici-
pant with no deficit, while the majority of participants 
had at least impairments in two categories (see Fig. 2B). 
The performance category with the highest proportion of 
impaired participants was the Global (73.7%, see Fig. 2B). 
When considering the Task Score, 15 participants (78.9%) 
showed impairments in their overall performance. The 
Task score and the MACS level were moderately associ-
ated  (rs = 0.51, p-value = 0.03).

Ball on Bar (bilateral symmetric common goal task)
For levels 1 and 2 performance on the Mean bar Tilt (lev-
els 1 and 2: 36.8%), Hand speed difference (level 1: 31.6%, 
level 2: 42.1%), the Hand path length (level 1: 31.6%, level 
2: 42.1%), the Targets completed (levels 1 and 2: 31.6%), 
and the Time to target (levels 1 and 2: 31.6%) (see Fig. 3A) 
demonstrated the highest rate of impairment. The other 
variables showed impairments on the same proportion 
of participants (10.5 to 26.3%) except for the Hand speed 
peak of the MA and the LA arms (level 1: 0%; level 2: 0 to 
5.3%). The task-specific variables identified (at least one 
variable impaired) seventeen participants with impair-
ments. For the level 1, the number of participants show-
ing impairments in performance categories was evenly 
distributed across performance categories for the Biman-
ual, the Hand and ball and the Total with frequency of 
impairments between 21.1% to 26.3%, with the Interlimb 
performance category showing a much lower frequency 
of impairments (i.e., 5.3%). For the level 2, the number 
of participants showing impairments in performance 
categories was evenly distributed across performance 
categories for the Interlimb, the Bimanual and the Total 
with frequency of impairments between 26.3%, to 31.6%, 
while the Hand and Ball performance category show-
ing a much lower frequency of impairments (i.e., 10.5%). 
(see Fig. 3C, D). When considering the Task Score, eight 

Table 1 Demographic and clinical characteristics of the sample

MA more affected, LA less affected

Total

n 19

Age (years) 34.3 ± 11.5

Sex (Female[F], male[M]) 11F,8 M

MORE Affected side (right[R], left [L]) 12R, 7L

Number of participants for each level of the Manual Abil‑
ity Classification System

I = 7
II = 6
III = 6

Results for Jebsen Taylor Hand Function Test (number 
of participants impaired, mean [range])

MA = 17; 25.9 
[1.29 to 128.4]
LA = 12; 4.7
[− 0.2 to 33.2]
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participants (42.1%) demonstrated impairments in their 
overall performance. The Task score and the MACS level 
were strongly associated  (rs = 0.75, p-value = 0.002).

Visually Guided Reaching (unilateral task)
Participants were outside the range of normal most fre-
quently for the MA arm on the following task-specific 
variables: the Initial distance ratio (52.6%), the Initial 

Fig. 2 A Z‑score and standard deviation for each task‑specific variable B distribution of impairments. A Normalized score (Z‑score) and standard 
deviation for each task‑specific variable of the Object Hit (bilateral asymmetric independent goals). The grey dots represent the MA arm 
and the black ones represent LA arm. The red (worse performance than normative data) and blue lines (better performance than normative data) 
represent the 97.5% performance range of healthy control (z‑score = − 1.96 and 1.96). Note that depending on the variable, a positive or negative 
z‑score can represent a deficit. The percentage of participants having impairments for each task‑specific variable is indicated. B Distribution for each 
performance categories and across participants. A black square indicating a deficit. The percentage of participants with at least one task‑specific 
variable impaired in each category is indicated. Participants are grouped according to their MACS level; MA more affected, LA Less affected

Fig. 3 A, B Z‑score and standard deviation for each task‑specific variable C, D distribution of impairments. A, B A represents the level 1 and B 
the level 2. Normalized score (Z‑score) and standard deviation for each variable of the Ball on Bar (bilateral symmetric common goal). The grey 
dots represent the MA arm and the black ones represent LA arm. The red (worst performance than the norm) and blue lines (better performance 
than the norm) represent the 97.5% performance range of healthy control (z‑score = − 1.96 and 1.96). Note that depending on the variable, 
a positive or negative z‑score can represent a deficit. The percentage of participants having impairments for each task‑specific variable is indicated. 
C Distribution of impairments across variables and participants (a black square indicating a deficit). The percentage of impaired participants 
is indicated for each category. D Distribution of impairments across variables and participants (a black square indicating a deficit). The percentage 
of impaired participants is indicated for each category; MA more affected, LA less affected

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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direction angle (57.9%), and the Posture speed (42.1%) 
(see Fig. 4A). For the LA arm, a limited number of partic-
ipants demonstrated impairments (5.3 to 26.3% depend-
ing on the task-specific variable). Impairments in at least 
one Task-specific variable were identified in the majority 
of participants for both the MA arm (68.5%) and the LA 
arm (47.0%) (see Fig.  4B, C). The performance catego-
ries showing the highest rate of impaired participants 
for the MA arm were the Feedforward control (52.6%) 
and the Postural control (42.1%). For the LA arm, the 
performance categories with the highest rate of impair-
ments were the Postural control, the Visual reaction 
and the Feedforward control (21.1–31.6%). Twelve par-
ticipants demonstrated a significant impairment on the 
Task score for the MA arm (63.1%) and six participants 
for the LA arm (31.6%; all of them being also impaired 
for the MA arm). The Task score and the MACS level 
were moderately associated for both arms (MA:  rs = 0.58, 
p-value = 0.009; LA:  rs = 0.54, p-value = 0.02).

To conclude on the results associated to Objective 1, 
based on the overall Task score, the largest number of 
participants was impaired on the bilateral asymmetric 
independent goals task (Object Hit) (78.9%). Even partic-
ipants with mild sensorimotor deficit according to clini-
cal classification (MACS I) were impaired on this task. 
Performance on this bilateral asymmetric independent 
goals task was more frequently impaired than that on the 
unilateral task performed with either the MA arm of the 
LA arm (63.2% and 31.6% of participants with an impair-
ment, respectively). Performance outside normative 
values was less frequent for the bilateral symmetric com-
mon goal task (Ball on Bar; 42,1%). When looking more 
specifically at the performance categories to understand 
the underlying sensorimotor impairments, impairments 
in Bimanual coordination in the two bilateral tasks were 
particularly frequent, as were Feedforward control for 
the MA (and to a lesser extent for the LA) in the unilat-
eral task.

Relationship between the impairments of the MA and LA 
arm in the unilateral task (objective 2)
A positive relationship was found between the perfor-
mance categories of the MA and the LA arms in the 

Visually Guided Reaching task (see Fig.  5). Notably, a 
very strong association was for the Feedforward con-
trol, although it was not outside of normative values 
for the LA arm as often as for the MA arm (see previ-
ous section). Strong associations were also observed for 
the Feedback control, the Visual reaction, and the Total 
movement and a moderate association for the Postural 
control (all p < 0.05).

Relationships between impairments in bilateral 
and unilateral tasks observed in each limb 
and impairments (objective 3)
Table 2 reports the correlations between the z-scores of 
the performance categories of the MA arm in the unilat-
eral task (Visually Guided Reaching) and of the perfor-
mance categories in the two bilateral tasks (Object Hit 
and Ball on Bar—level 1). The Feedback control of the 
MA was the category most frequently associated with 
performance in bilateral tasks, showing a moderate asso-
ciation with 6 out of 8 performance categories in these 
tasks  (rs = 0.43 to 0.65). Postural control and Feedforward 
control respectively showed moderate to strong asso-
ciation with 4 and 5 performance categories  (rs = 0.44 to 
0.65). A larger number of significant associations were 
found between the performance categories of the Visu-
ally Guided Reaching and those of the Ball on Bar task 
(11/20 pairs of variables  rs = 0.43 to 0.80) than with those 
Object Hit (9/20;  (rs = 0.40 to 0.57).

Discussion
The general aim of this study was to characterize bilateral 
and unilateral upper limbs motor impairments in adults 
with CP. The asymmetric independent goals task (Object 
Hit) task was the most sensitive one to detect sensorimo-
tor impairments in this population, even in people with 
a milder CP (MACS I). While several performance cat-
egories of the MA arm unilateral task were associated 
with the global performance in the Object Hit task, few 
associations were found with other performance catego-
ries for that task. Conversely, the symmetric common 
goal task (Ball on Bar) was less sensitive to the presence 
of sensorimotor impairments, especially in people with a 
milder CP, but specific impairments in that task tended 

(See figure on next page.)
Fig. 4 A Z‑score and standard deviation for each task‑specific variable B, C distribution of impairments. A Normalized score (z‑score) and standard 
deviation for each variable of the Visually Guided Reaching for the more affected (MA) arm and the less affected (LA) arm (unilateral). The grey 
dots represent the MA arm and the black ones represent LA arm. The red (worst performance than the norm) and blue lines (better performance 
than the norm) represent the 97.5% performance range of healthy controls (z‑score = − 1.96 and 1.96). Note that depending on the variable, 
a positive or negative z‑score can represent a deficit. The percentage of participants having impairments for each task‑specific variable is indicated. 
B Distribution of impairments across variables and participants for the more affected arm (a black square indicating a deficit). The percentage 
of impaired participants is indicated for each category. C Distribution of impairments across variables and participants for the less affected arm (a 
grey square indicating a deficit). The percentage of impaired participants is indicated for each category. MA more affected, LA less affected
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to be more often associated with impairments of the 
MA arm during the unilateral task. All the performance 
categories of the unilateral task showed an association 
between the performance of the MA and the LA arms, 

with a particularly close association for feedforward 
control.

The vast majority of participants (84%) were impaired 
for at least one of the two bilateral assessments in the 

Fig. 4 (See legend on previous page.)
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Fig. 5 Relationship between the variables calculated for the MA and LA arm in the unilateral task. The identity line allows identifying that even 
if the LA arm displayed impairments, the impairments were larger in the MA arm (i.e., most points fall below the identity line)

Table 2 Correlations between the Visually Guided Reaching (more affected arm) and the two bilateral tasks

Significant results are presented in bold. Results for the Object Hit are presented in grey. **Significant results for both the corrected and the uncorrected p-value, 
*Significant results only for the uncorrected p-value

Object Hit Ball on Bar

Bimanual Spatial/temporal Motor Global Interlimb Bimanual Hand and ball Total

Postural control 0.36 0.55** − 0.14 0.46* 0.58** 0.62** 0.18 0.37

Visual reaction 0.26 0.33 0.09 0.40 0.13 0.34 0.21 0.68**
Feedforward control 0.35 0.45* 0.04 0.57** 0.39 0.65** 0.44* 0.44*
Feedback control 0.49* 0.52** − 0.04 0.40* 0.48* 0.65** 0.43* 0.31

Total movement 0.13 0.11 0.53** 0.51* ‑0.08 0.13 0.51* 0.80**
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robotic device, vs. 63.2% for at least one arm in the unilat-
eral assessment. Importantly, there was a great difference 
between the proportion of participants having an abnor-
mal performance in each of the bilateral tasks based on 
overall Task score (Object Hit: 78.9%, Ball on Bar: 42.1%). 
The difference between the proportion of participants 
identified as impaired in the three different tasks can 
potentially be explained by the cognitive demand of the 
tasks. The asymmetric independent goals task (Object 
Hit), for which the largest number of participants exhib-
ited impairments, was the task with the highest cognitive 
demand. It required a high level of visuospatial attention 
that could explain the impairments observed during the 
task, especially considering that visuospatial impair-
ments have been frequently reported in children with CP 
[26]. During this task, the participant must make quick 
decisions with numerous visual stimuli presented at the 
same time. This simultaneously challenges the visual sys-
tem (i.e., rapid processing of visual inputs), the prefrontal 
cortex (i.e., decision-making process) and the motor sys-
tem (i.e., coordinated control of movements of the eyes 
and arms). The two other tasks had more similar cogni-
tive demands as they were required to process one static 
target at the time. This could also explain why there are 
more relationships found between the unilateral task and 
the Ball on Bar task than between the unilateral task and 
the Object Hit task. The higher number of associations 
between unilateral impairments and the Ball on Bar task 
is consistent with similar results reported in children with 
CP when compared to the Object Hit task [27]. How-
ever, most activities of daily living require more cogni-
tive functions than an isolated reaching task toward static 
targets, suggesting that the relationship between Object 
Hit task performance and the relative use of the MA arm 
during activity of daily living should be explored.

An alternative explanation to account for the differ-
ence between the two bilateral tasks was the fact that one 
was asymmetric while the other was symmetric. As men-
tioned in the Introduction, asymmetric tasks have been 
reported to be more challenging, especially in individuals 
with a cerebral lesion (either children with CP or adult 
stroke survivors). This could be explained by a potentially 
disrupted excitatory and inhibitory balance between both 
primary motor cortices during bimanual coordination 
in adult with CP. For instance, during the execution of a 
symmetric task, the results of an fMRI study suggested 
that cortical-level neural crosstalk allows for the stabiliza-
tion of the movement by providing the same information 
to both hands [28]. This mechanism makes the interac-
tions during symmetric movements more cost-efficient, 
but adds complexity to the interactions during asymmet-
ric movements [29]. Indeed, during asymmetric move-
ments, the motor command arriving from the dominant 

side (LA arm for adults with CP) interferes with the com-
mand for the non-dominant side (MA arm for adults 
with CP), requiring transcallosal inhibition to perform 
different movements with each hand. These interhemi-
spheric interactions are conveyed through the corpus cal-
losum [30], which have been shown damaged in children 
with CP [31] and to deteriorate with aging [32]. However, 
an important methodological aspect is that previous 
studies investigating the neural substrates of the stabil-
ity of bimanual movement focused on movements for 
which homologous muscles were recruited (i.e., mirror-
symmetric, compared to parallel out-of-phase move-
ments) rather than on movements in which end-effector 
move in the same direction (which is the case in the Ball 
on Bar task, our symmetric task). To the best of our 
knowledge, no study has compared tasks matching the 
direction of movement vs. the muscle activation pattern 
(i.e., co-activation of homologous muscles). Given that 
overall activity in the motor cortex is tuned to the direc-
tion of movement in space [33], it could be hypothesized 
that matching the movement direction for both limbs 
should also minimize cortical-level crosstalk, and could 
potentially induce priming effects similar to those that 
have been described with mirror-symmetric bimanual 
movement [34]. This would be an interesting question to 
address experimentally, especially given that many eve-
ryday actions involving manutention of objects requires 
this type of coordination (e.g., carrying a tray or a box). 
Overall, these results demonstrated the importance of 
assessing bilateral functions with different task require-
ments, as suggested by Kantak et al. [1], in adults with CP 
to better understand their sensorimotor impairments.

In the unilateral assessment (Visually Guided Reach-
ing), the majority of participants exhibited Feedforward 
control impairments in their MA (53%), while a smaller 
proportion (32%) also had such impairments in their 
LA. The proportion of participants exhibiting Feedback 
control impairments was also substantial (11 to 32%). 
Previous studies using the same tasks in children with 
CP or adult stroke survivors also highlighted Feedfor-
ward and Feedback control impairments [10, 21]. The 
Feedback control was the performance category the 
more frequently associated with bilateral performance 
categories while the Feedforward control category was 
the performance category with the strongest associa-
tion between MA and LA. This suggests the presence of 
general impairments in motor planning that impacted 
movements of both arms and affected bilateral and uni-
lateral performance in a similar way. These impairments 
in motor planning resulted in a greater reliance on sen-
sory feedback to achieve good performance, which was 
observed through abnormal scores on the Feedback 
control performance category. This increased reliance 
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on sensory feedback control to compensate implied that 
preserved visual and somatosensory function was needed 
to achieve good performance. However, people with CP 
display impairments in motor planning [13] as well as 
visual [35] and somatosensory impairments [36], suggest-
ing that these impairments contributed to the decrease in 
motor performance.

Study limitations
The main limitation of this study was the sample size 
(n = 19), especially given that the population of adults 
with CP is known as heterogenous. Nevertheless, our 
sample covered mild to moderate motor impairments 
with a balanced number of participants across each of 
the three eligible MACS levels. These results should not 
be extrapolated to MACS levels IV and V, as the pat-
tern of impairment might differ according to the sever-
ity. Moreover, because of the limited sample size and 
exploratory nature of objective 3, results presented in 
the text were based on uncorrected p-values for corre-
lation coefficients. Note that corrected p-values are also 
reported in Table 2, therefore allowing the reader to use 
their own judgement on the results. A second limitation 
was that the robotic assessments performed were not 
fully representative of a real-life context (arms supported 
against gravity; 2D movements [21, 37]). More ecologi-
cal assessments (e.g., using accelerometers) are needed 
to conclude on relative use of the MA during a variety of 
activities of daily living). The third limitation of this study 
was the fact that we did not have access to a brain scan 
for our participants. Therefore, it is not possible to con-
clude whether the results were similar when grouped by 
lesion site as demonstrated by [10] in children.

Conclusion
In conclusion, a vast majority of adults with mild to mod-
erate CP exhibited upper limb motor impairments in a 
bilateral asymmetric task with high visuospatial require-
ments. A still large proportion exhibited impairments in 
bilateral symmetric independent goals task and unilat-
eral tasks with lower visuospatial demand. The presence 
of impairments in Feedforward control and increased 
reliance on Feedback control appeared to be key com-
ponents of both impairments during bilateral and unilat-
eral tasks. The impairments in Feedforward control were 
strongly correlated between both arms, and motor plan-
ning impairments probably contributed substantially to 
the motor impairments observed in the LA arm. Further 
studies should focus on understanding the mechanisms 
underlying motor impairments in bilateral and unilateral 
tasks for adults with CP as well as the contribution of 

motor planning of movements and sensory impairments 
to the upper limbs performance.
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