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A B S T R A C T   

Studies confirm that children with cerebral palsy (CwCP) have difficulty with simple, everyday 
movements like reaching for objects. Accurate reaching requires that shoulder and elbow joints 
are coordinated to move the hand along a smooth path to the desired target location. Here we 
examined multijoint coordination by comparing reaching performance in the affected and un-
affected limbs of CwCP (nine children, six girls and three boys, aged 8–10 years) to reaching 
performance in the non-dominant and dominant limbs of typically-developing age- and gender- 
matched control (CTR) children. The hypothesis was that CwCP would show the effects of co-
ordination deficits in both their affected and unaffected limbs. All children performed two ses-
sions (one session with each arm) of speeded reaching movements to three targets arranged to 
manipulate the required pattern of shoulder and elbow coordination. The movements were 
tracked with a motion tracker allowing us to assess the following measures: movement distance, 
duration, and speed, hand-path deviation from linearity, final position accuracy and precision, 
and measures of shoulder and elbow excursion. We found that CwCP made reaches that covered a 
greater distance and took more time, that their shoulder and elbow rotations were larger, and that 
their movements showed greater deviation from linearity than the movements performed by CTR 
children. Children with CP were also more variable than CTR children on every measure except 
movement duration. The pattern of shoulder and elbow rotation observed in the CwCP group 
represents a coordination pattern that is significantly different from the pattern used by CTR 
children and may represent a greater reliance by CwCP on proximal muscular control systems. 
The discussion section considers the role that the cortical-spinal system may play in multijoint 
coordination.   

1. Introduction 

When a child reaches out to grab a toy, the movements of the elbow and shoulder are selected and timed so that the hand moves to 
the target in a way that becomes increasingly direct, efficient, and graceful with learning and development. The learning and 
development of these central nervous system (CNS) signals depends on children’s increasing ability to (1) select the movement that 
best suits their current goal, and (2) make good use of sensory feedback generated as the movement is performed [1,2]. Children with 
cerebral palsy experience difficulties with this learning and development process. 
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Cerebral Palsy (CP) is a general term for a group of movement disorders that interfere with people’s ability to move and maintain 
balance and posture. It has an incidence of 2/1000 births (moderate and severe incidence) in developed countries. In Brazil, data from 
the Department of Child Neurology at the University of São Paulo point to an incidence of 7/1000 births and an estimated 26 thousand 
new cases per year. Cerebral Palsy is typically diagnosed in the first year of life as infants fail to meet motor developmental milestones. 
It is caused by brain damage that can happen before, during or after birth, and that interferes with motor development and learning in 
infants and across the lifespan. CP typically presents with upper motor neuron signs including hypertonia, spasticity, hyperreflexia, 
either unilaterally or bilaterally, and it can lead to hemiplegia or quadriplegia [3]. Studies confirm that children with CP (CwCP) have 
difficulty using their affected limbs for skillful activities that involve the precise control of voluntary movements, like reaching and 
grasping. Muscle activity during movement is characterized by abnormal patterns of excitation and inhibition [4–6]. 

In typically-developing children and adults, performing smooth, graceful reaching movements, such as reaching for objects, in-
volves muscular actions that both move the hand and prepare it for interacting with items in the environment. The ability to control 
these interactions, however, is usually asymmetrical, such that the dominant limb shows better coordination than the non-dominant 
limb [3,7]. These asymmetries complicate the appearance of the motor signs of CP. Asymmetrical control may encourage CwCP to rely 
almost entirely on their non-affected hand to perform activities of daily living (ADL) and may lead to the development of exaggerated 
asymmetries between the unaffected and affected hand and compensatory movement patterns as CwCP develop. Past examination of 
the kinematics of reaching by CwCP found that, in comparison to the non-affected arm, reaching with the affected arm is slower, of 
longer duration, includes a higher number of submovements, and has reduced spatial precision both in the movement path and 
endpoint [4,8]. Mackey et al. [9] found that when children reached for targets on their faces, CwCP engaged in compensatory trunk 
flexion when their CP-affected limb failed to acquire the target due to restricted elbow extension. 

CP also interferes with movement-related sensory processing. Children with CP can use ongoing visual feedback to correct for 
spatial errors on the fly [10], but CP-related sensory deficits reduce the effectiveness of this strategy [3,11]. Chang et al. [8] found that 
movement smoothness and movement duration were the most sensitive measures distinguishing CwCP performance from age-matched 
controls in a self-paced reaching task, especially when the task emphasized accuracy, where the use of sensory information to correct 
visual-spatial error is paramount. 

In general, the differences between reaching by CwCP and typically-developing children can be characterized by low speed, 
inadequate coordination, longer movement duration, and greater movement variability [4–6,12–14]. These difficulties can affect daily 
and recreational activities, sometimes leaving CwCP more vulnerable to emotional and behavioral problems [12–14]. As a result, there 
is need to properly describe changes in movement functioning and develop specific rehabilitation techniques for this population [15]. 
This study aims to describe differences in multijoint coordination during arm reaching movements in CwCP compared to age-matched 
control children. A secondary objective is to verify whether the difference between the hemiparetic (affected) and unaffected limbs in 
children with CP is larger than the difference between the left (non-dominant) and right (dominant) limbs of control children. Our 
hypothesis is that reaching movements in CwCP will be characterized by coordination deficits in both affected and non-affected limbs 
in comparison to control children. 

2. Materials and methods 

2.1. Design 

This study used a 2-group (children with CP, typically-developing children) by 2-arm (affected and unaffected arm of CwCP, 
dominant and non-dominant arm of typically-developing children) by 3-target direction (45-, 90-, 135-degree) mixed factorial design 
(Fig. 1). Group, the between-participants factor, was composed of both typically-developing control (CTR) children and CwCP as 
described in the participants section. All participants completed the reaching task with both arms, a within-participants factor, 
however, the manner in which the arm factor is characterized is nested within groups. All participants made reaching movements 

Fig. 1. Experimental design.  
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toward three targets arranged in three different directions (45-, 90-, and 135-degree relative to the start position; shown in Fig. 2B), a 
within-participants factor. This manipulation is known to vary the degree to which the reaching movement demands inter-joint co-
ordination and is an effective way to vary movement difficulty. Movements to the 45-degree target are performed easily with very little 
involvement of the shoulder. As target angle increases, shoulder involvement is known to increase, placing greater demand on the CNS 
systems involved in elbow-shoulder coordination, and leaving predictable effects on movement performance [16–19]. Each child 
visited the laboratory once, and performed 27 trials to familiarize with the task, followed by 72 trials (experimental session). Each 
child completed two experimental sessions on the same day, one with each arm (i.e., right/unaffected and left/affected). The order of 
these sessions alternated across participants in the CTR group, while the CwCP group always started with the unaffected arm, as 
starting with the affected arm could cause discouragement at the beginning of the experiment [6]. The dependent variables (described 
in more detail below) assessed movement performance using measures of movement kinematics. Movement distance, duration, peak 
hand velocity and acceleration, deviation from linearity, and endpoint accuracy and precision were evaluated. We also looked at 
measures of movement execution by examining shoulder and elbow angular excursions and their relative excursion. 

2.2. Participants 

Participants were recruited from the outpatient rehabilitation clinics and local community. Two groups of participants (see Table 1) 
were included in the study. Children with CP (CwCP) were represented by a group of nine children diagnosed with CP (six right-arm 
affected, three left-arm affected), aged 8–10 years (six girls): mean (±SD) age (8.89 ± 1.05) years old, body mass (32.33 ± 5.96) kg, 
and body height (1.36 ± 0.08) m. All CwCP attended regular schools and were engaged in either individual or group physical therapy 
for at least one year prior to the study. The inclusion criteria for the CwCP group were that children be diagnosed with unilateral CP 
affecting upper-limb function with mild to moderate spastic hemiparesis resulting from unilateral brain dysfunction, with functional 
balance to sit, and cognitive and attention skills adequate to perform the experimental task. These inclusion criteria were screened 
through medical records review. The exclusion criteria for CwCP group participants were: (a) presence of severe visual impairment; (b) 
previous history of surgery on the upper limb and, (c) inability to complete the reaching movement. 

The control group (CTR) included nine typically-developing children (six girls), aged 8–10 years: mean age (8.89 ± 1.05) years old, 
body mass (34.00 ± 8.14) kg, and body height (1.35 ± 0.08) m. Control children were selected to be age- and gender-matched to the 
CwCP participants. An inclusion criterion was that CTR children be right-handed. Manual preference was determined for CTR par-
ticipants by observing their performance on ten different tasks [5]: drawing a picture, throwing a ball to a target, cutting with scissors, 
using an eraser, opening a box, using a plastic hammer, opening a locker with a key, using a pencil sharpener, taking the first card of a 
deck, taking balls from a box. For each task, the test object was positioned at the center of the table (i.e., mid-sagittal plane). The child 
was then asked to take the object and perform the relevant task. The hand used was recorded and used to determine hand quotient, the 
percentage of time the right hand was used as the dominant hand (HQ%; 5). For bimanual tasks such as cutting a sheet of paper with 
scissors or opening a box, the hand that mainly moved or was used to manipulate the scissors (as opposed to stabilize the paper or the 
box) was considered dominant. All CTR children performed at least nine out of ten tasks with their right hand (mean 10-task Per-
formance Score = 97.78 ± 4.41; see Table 1). The exclusion criteria for the CTR group were: (a) concomitant clinical conditions (e.g., 
heart problem); (b) neurological problems; (c) degenerative muscle disorders (e.g., muscular dystrophy); (d) autism; (e) intellectual 
disability (e.g., Down’s syndrome); (f) musculoskeletal problems (e.g., scoliosis); (g) poor or uncorrected visual acuity and h) pre-
mature birth (<37 weeks of gestation [7]. 

The study was approved by the Universidade Federal do ABC ethics committee and the informed consent form was read and signed 
by parents or legal guardians to allow the participation of the child in the study. Parents or family members were permitted to be 

Fig. 2. (A) Experimental setup; (B) Target directions.  
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present during the experiment in order to make the children more comfortable. 

2.3. Measurement of reaching movements 

Children were positioned in front of a horizontal projection screen and table with their right and left arms resting on the table 
(Fig. 2A). The wrist and fingers were immobilized by a wrist orthosis and supported by a friction-less air jet system (Fig. 2B; [17,20]). 
Participants sat on a chair with 5-point harness to restrict movement of the trunk, and the height of the chair was adjusted so that 
children were at the ideal height to see the targets, start location and cursor projected on the horizontal screen clearly. 

Two 6-degree-of-freedom movement sensors (Flock of Birds, Ascension Technology) were used to monitor the position and 
orientation of the arm and forearm during reaching performance. Each sensor was attached to a segment of the upper limb (positioned 
at midpoint in the upper arm and forearm). Each sensor sampled the x-position, y-position, z-position, yaw, roll, and elevation of the 
limb at 100 Hz over time and stored this information for further processing. A computer controlled target presentation and monitored 
upper limb movements in real time. 

Targets and visual feedback regarding participant’s task performance were projected onto the horizontal screen, positioned above a 
mirror that reflected the virtual image to the participant, creating a virtual reality environment. The starting circle and the target were 
projected together with a cursor that represented the participant’s fingertip in the experimental space. This virtual reality environment 
was designed and calibrated to guarantee a true relationship between the cursor (virtual position) and the fingertip (real position). The 
cursor disappeared on movement initiation such that the participants had no online visual feedback information about hand position 
during the movement. 

Each trial began when the participant positioned their fingertip in the displayed start location. The start location was positioned on 
the child’s midline at a distance of approximately 24 cm from their trunk (see Fig. 2B). Once the child held the fingertip cursor in the 
start location for 2 s, one of three randomly-selected targets (located 12 cm away from the start) was shown (Fig. 2B). A straight-line 
connecting the start location and target center was also projected on the screen. Participants were instructed to reach for the target as 
quickly and as accurately as possible without making corrections. An audiovisual signal was used to signal the participant to initiate 
movement so they were aware of when they could start the movement, but they could start the movement any time after that; reaction 
time was not evaluated. After each movement, the trajectory of the hand was presented on the screen together with the points gained. 
Points were awarded for stopping close to the center of the target. The points earned were provided as motivation only. 

2.4. Reaching measures 

All kinematic data were low-pass filtered at 8 Hz (3rd order, dual pass Butterworth). Kinematic variables were processed and 
analyzed through routines developed in IGOR Pro (WaveMetrics Inc.). Movement start was determined as the time of the sample in 
which the resultant tangential velocity (x- and y-axes) of the hand marker exceeded 3% of peak hand velocity, whereas movement end 
was determined as the time of the sample in which the resultant velocity dropped and stayed below 5% of peak hand velocity. Visual 
inspection was performed on every single trial to ensure that movement start, peak hand velocity, and movement end were correctly 
determined. 

End error is a measure of the distance between the center of the target and the fingertip at the end of the movement; this measure 
does not represent the direction of the error. Movement linearity is a measure of movement efficiency, as reaching movements that are 
planned and executed in a graceful and efficient manner tend to follow relatively straight hand paths [21]. Deviation from linearity 

Table 1 
Participants demographic characteristics.  

Participant Group Sex Age (years) Mass (kg) Height (m) Affected side/10-task Performance Score** 

1 CwCP F 8 33 1.30 L 
2 CwCP F 8 20 1.23 R 
3 CwCP M 8 34 1.30 L 
4 CwCP F 8 29 1.35 R 
5 CwCP F 10 32 1.43 L 
6 CwCP M 10 33 1.46 R 
7 CwCP F 10 34 1.43 R 
8 CwCP M 10 33 1.35 R 
9 CwCP F 8 43 1.39 R 
10 CTR F 8 39 1.27 100 
11 CTR F 8 37 1.29 100 
12 CTR M 8 51 1.45 90 
13 CTR F 8 24 1.23 100 
14 CTR F 10 37 1.47 90 
15 CTR M 10 33 1.43 100 
16 CTR F 10 28 1.34 100 
17 CTR M 10 29 1.34 100 
18 CTR F 8 28 1.30 100 

CwCP: child with CP; CTR: matched control child; F: female; M: male; L: left; R: right. **10-task Performance Score: 100 = all ten tasks performed with 
the right hand. 
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was assessed as the minor axis of the movement hand path divided by the major axis [18,19,21]. Higher values on this measure of 
linearity represent greater levels of deviation and poorer movement efficiency. Peak hand velocity was the maximum value obtained 
from the hand position differentiation curve, and peak hand acceleration was the maximum point of the second derivative of hand 
position over time. Movement duration was calculated as the elapsed time from movement start to movement end. Distance covered 
was calculated as the linear distance between start and end locations of the hand. Elbow and shoulder excursion were calculated as the 
difference between final angular position and initial angular position from the elbow and shoulder angular displacement profiles, 
respectively. 

Measures of movement variability (the standard deviation of performance around a participant’s own mean) capture the precision, 
or lack thereof, of movement. Here variability was assessed by calculating the standard deviation of movement duration, distance, end 
error, deviation from linearity, shoulder and elbow excursion for each participant within each cell of the design. These measures were 
submitted to the regression analysis described below. 

2.5. Statistical analysis 

Reach difficulty was manipulated by varying target direction. It is well known that as the reach target varies from the 45-degree 
target to the 135-degree target, inter-joint coordination also varies, leaving predictable effects on movement performance [16–19]. To 
this point, elbow-to-shoulder excursion ratios vary strongly with target direction (see Fig. 4), such that elbow rotation dominates the 
reach to the 45-degree target, whereas the 90-degree and 135-degree targets demand increasingly greater contributions from the 
shoulder. While this well-known manipulation and its effects are interesting and will be examined, this study was focused on how 
reaching performance varied with group and reaching arm. To reveal these effects, we chose to submit each dependent variable to 
hierarchical regression analysis with target direction on the first level, group, arm and their interaction on the second level, and all 
other interactions involving target direction, group and arm on the third level (see Table 2). In this way, we can reveal the effects of 
group and arm after the variance associated with target direction is partialled from the pooled variance. To run regression on cate-
gorical variables like group and arm, group was dummy-coded as − .25 for the CTR group and +0.25 for the CwCP group, and arm was 
coded as − 1 for the left/affected arm and +1 for the right/unaffected arm. Target direction was represented by the continuous variable 
target angle. R2 is our measure of effect size of the model. Summarized data are presented as box plots. These box plots are overlaid 
with every data point. They show the median as a horizontal line. The box represents the interquartile range, the error bars represent 
10th-90th percentile confidence intervals, and the black dots represent the 5th and 95th percentiles. The black line represents the slope 
of the best fit linear regression and gray lines represent the 95% confidence interval for this fit. 

One assumption that needs to be satisfied for linear regression is that the predictor variable is linearly related to the dependent 
variable. We tested whether each dependent variable was better modeled by a linear, quadratic or inverse relationship. The linear 
model always described the strongest relationship between variables. We tested the assumption for normality by submitting the 
distributions for each dependent measure from each group to the Shapiro-Wilk test of normality. Not surprisingly, measures of timing 
and error showed skewed distributions. This is not uncommon in research with clinical populations. The strategy we adopted was to 
submit median values, not means, to analysis as median values better represent central tendency in skewed distributions. 

3. Results 

Fig. 3 shows the hand-paths of one representative child from each group reaching toward the 90-degree target direction. Trajec-
tories of the CTR child are straighter than those performed by the child with CP. It is noticeable that the affected arm presented a 
greater level of trajectory curvature in comparison to the unaffected arm. 

3.1. Movement duration 

Whereas target direction alone (Model 1) accounted for a significant percentage of the variance in movement duration [R2 = 4.4%, 
F(1,106) = 4.93, p = .029], the best model (Model 2) included group, arm and their interaction and accounted for an additional 16.9% 
of the variance in movement duration, R2 = 23.1%, F(4,103) = 7.37, p < .001. Model 3 including the remaining interaction terms, 
accounts for only an additional 0.8% of the variance, p = .807. Target direction was positively correlated with movement duration pr =
.231, t(103) = 2.41, p = .018, such that movement duration increased significantly as the target angle increased. Movement duration 
was significantly greater for the CwCP group (M ± SEM: 0.732 ± 0.022 s) than the control group (0.597 ± 0.022 s), pr = .386, t(103) 
= 4.76, p < .001, and movement duration was significantly greater for the left or affected arm (0.692 ± 0.022 s) than for the right or 
unaffected arm (0.627 ± 0.022 s), pr = − 0.207, t(103) = − 2.15, p = .034. There was no group by arm interaction (pr = − 0.07, n.s.) and 
no other significant interaction (all ps > .36). Although the CwCP group moved more slowly than the control group overall, the 

Table 2 
Models tested in hierarchical regression analysis.  

Model Variables Entered 

1 Target Direction 
2 Target Direction, Group, Arm, Group x Arm 
3 Target Direction, Group, Arm, Group x Arm, Target Direction x Arm, Group x Target Direction, Group x Arm x Target Direction  
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Fig. 3. Hand paths and hand velocity profiles of reaching movements made toward 90◦ target direction for representative participants for each 
group (top) unaffected and affected limbs of CwCP, and (bottom) right and left arms of CTR. 

Fig. 4. Elbow-shoulder ratio as a function of target direction. These box plots are overlaid with every data point, shown as open gray circles. The 
box plots show the median as a horizontal line. The box represents the interquartile range, the error bars represent 10th-90th percentile confidence 
intervals, and the black dots represent the 5th and 95th percentiles. The black line represents the slope of the best fit linear regression and gray lines 
represent the 95% confidence interval for this fit. 
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difference between their affected and unaffected arm was not any greater than the difference between the left and right arm in control 
children. 

3.2. Movement distance 

Whereas target direction alone (Model 1) accounted for a significant percentage of the variance in movement distance, R2 = 7.9%, F 
(1,106) = 9.11, p = .003, the best model, Model 2, included group, arm and their interaction and accounted for an additional 9.1% of 
the variance in movement distance R2 = 17.0%, F(4,103) = 5.28, p = .001. Model 3 accounted for only 1.0% of the variance, p = .734. 
Target direction was negatively correlated with movement distance pr = − 0.295, t(103) = − 3.13, p < .001, such that movement 
distance decreased significantly as the target angle increased. Movement distance was significantly greater for the CwCP group (0.143 
± 0.005 m) than the control group (0.123 ± 0.005 m), pr = .284, t(103) = 3.01, p = .003. There was no significant effect of arm (pr =
− 0.146, p = .138) or group by arm interaction (pr = − 0.07, n.s.) and no other significant interaction (all ps > .36). The CwCP group 
moved further than the control group overall. 

3.3. Peak hand acceleration and peak hand velocity 

Both peak hand acceleration and peak hand velocity varied only with target direction. Target direction accounted for 22.1% of the 
variance in peak hand acceleration, F(1,106) = 30.01, p < .001, but this was the only model that was significant (other ps > .11). 
Likewise, target direction accounted for 11.0% of the variance in peak hand velocity, F(1,106) = 13.04, p < .001, and models including 
other predictors did not do significantly better (ps > .11). Both peak hand acceleration (pr = − 0.470) and peak hand velocity (pr =
− 0.331) were negatively associated with target direction such that peak hand acceleration and peak hand velocity decreased as target 
angle increased. This effect did not interact with group or arm. 

3.4. End error 

Model 1 did not account for a significant percentage of the variance, R2 = 2.0%, p = .144. The best model, Model 2, included group, 
arm and their interaction and accounted for an additional 9.4% of the variance in movement duration [R2 = 11.4%, F(4,103) = 3.31, p 
= .014]. Model 3 accounted for only 1.6% of the variance, p = .597. End error varied significantly with group, pr = .288, t(103) = 3.05, 
p = .005, such that end error was greater for the CwCP group (0.046 ± 0.004 m) than the control group (0.030 ± 0.004 m). There were 
no other factors or interactions that accounted the variance in end-error. 

3.5. Deviation from movement linearity 

Target direction alone (Model 1) accounted for a significant percentage of the variance, R2 = 20.0%, F(1,106) = 26.53, p < .001. 
Adding group, arm and their interaction accounted for an additional 26.8% of the variance, F(1,103) = 17.30, p < .001. Finally, adding 
the remaining interaction terms also accounted for a significant additional 4.7% of the variance, and represented the best model of the 
data, R2 = 51.5%, F(7, 100) = 15.18, p < .001. An examination of the coefficients revealed that deviation from linearity increased with 
increasing target angle, pr = .541, t(100) = 6.43, p < .001. This analysis also revealed an interaction of arm and target direction, pr =
− 0.353, t(100) = − 2.02, p = .046 (see Fig. 5), and an interaction of group and target direction, pr = .403, t(100) = 2.00, p = .049 (see 

Fig. 5. Deviation from linearity as a function of arm and target direction. Panel A shows the left/affected arm and panel B shows the right/not- 
affected arm. This analysis revealed an interaction of arm and target direction, pr = − 0.353, t(100) = − 2.02, p = .046 such that the left arm of 
control children and the affected arm of children with CP show greater deviation as a function of target direction than the right/not-affected arm. 
These box plots are overlaid with every data point, shown as open gray circles. The box plots show the median as a horizontal line. The box 
represents the interquartile range, the error bars represent 10th-90th percentile confidence intervals, and the black dots represent the 5th and 95th 
percentiles. The black line represents the slope of the best fit linear regression and gray lines represent the 95% confidence interval for this fit. 
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Fig. 6). There was no interaction of group and arm (p = .666), and no three-way interaction of group, target direction, and arm (p =
.199). 

An examination of the target direction by arm interaction shows that deviation from linearity is greater for the left or affected arm 
(see Fig. 5A) than the right or non-affected arm (see Fig. 5B), but that this difference is larger for the 90-degree and 135-degree targets 
than for the 45-degree targets. The group by target direction interaction shows that the CwCP (see Fig. 6B), group performed 
movements with greater deviation from linearity than the control group, but that this relationship is stronger for the 90-degree and 
135-degree targets than for the 45-degree targets (see Fig. 6A). 

3.6. Shoulder and elbow excursion 

To address potential differences in interjoint coordination, we examined the effect of the reaching task on elbow and shoulder 
angular excursion. Analysis of shoulder excursion revealed that target direction (see Fig. 7B) alone accounted for 68.4% of the variance 
in shoulder excursion, F(1,106) = 229.69, p < .001. The best model, Model 2 (see Table 2), included group, arm and their interaction 
and accounted for an additional 3.5% of the variance in movement duration [R2 = 71.9%, F(3,103) = 65.97, p < .001]. Model 3 (see 
Table 2) accounted for only 0.6% of the variance, p = .541. Shoulder excursion varied significantly with target direction, pr = .842, t 
(103) = 15.84, p < .001, such that shoulder involvement increased reliably with target angle, as expected. Shoulder involvement also 
varied significantly with group, pr = .327, t(103) = 3.51, p = .001, such that shoulder rotation was greater for the CwCP group than in 
the control group (see Fig. 7A). There were no other factors or interactions that accounted for variance in shoulder rotation. 

Analysis of elbow excursion revealed that target direction alone accounted for 8.8% of the variance in elbow excursion, F(1,106) =
10.20, p = .002. The best model, Model 2, included group, arm and their interaction and accounted for an additional 14.8% of the 
variance in movement duration [R2 = 23.5%, F(4,103) = 7.93, p < .001]. Model 3 accounted for only an additional 0.4% of the 
variance, p = .924. Elbow excursion varied significantly with target direction (see Fig. 8B), pr = − 0.321, t(103) = − 3.44, p = .001, such 
that elbow involvement also increased reliably between the 45-degree and 90-degree targets, but did not differ between the 90-degree 
and 135-degree targets. Elbow involvement also varied significantly with group, pr = − 380, t(103) = − 4.17, p < .001, such that elbow 
rotation was greater for the CwCP group than the control group (see Fig. 8A). There were no other factors or interactions that 
accounted the variance in elbow rotation. 

3.7. Movement precision 

Movement duration precision was best captured by model 2, which accounted for 12.8% of the variance in timing precision, F 
(3,103) = 5.05, p = .006. An examination of the coefficients revealed that the factor driving this effect was group, pr = .348, t(103) =
3.77, p < .001, and that the CwCP had significantly greater timing precision than the CTR group. There were no other variables or 
interactions that accounted for this data. 

Although target direction alone captured 14.3% of the variance in movement distance precision, Model 2 captured variation in this 
measure best, R2 = 26.1%, F(4,103) = 9.10, p < .001. Target direction varied negatively with this measure, pr = − 0.379, t(103) =
− 4.47, p < .001, such that participants were the least precise at reproducing distance when moving to the 45-degree target direction 
and more precision for the 135-degree target direction. There was also a group effect, pr = .343, t(103) = 4.07, p < .001, such that the 
CwCP group was less precise in movement distance production than the CTR group. 

The end error precision was also best captured by Model 2 (see Table 2), R2 = 24.6%, F(4,103) = 8.40, p < .001. Target direction 

Fig. 6. Deviation from linearity as a function of group and target direction. Panel A shows control group performance and panel B shows the 
performance by children with cerebral palsy (CwCP). The children with CP show greater deviation as a function of target direction than CTR 
children, pr = .403, t(100) = 2.00, p = .049. These box plots are overlaid with every data point, shown as open gray circles. The box plots show the 
median as a horizontal line. The box represents the interquartile range, the error bars represent 10th-90th percentile confidence intervals, and the 
black dots represent the 5th and 95th percentiles. The black line represents the slope of the best fit linear regression and gray lines represent the 95% 
confidence interval for this fit. 
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varied negatively with this measure, pr = − 0.311, t(103) = − 3.63, p < .001, such that participants were less precise when moving to 
the 45-degree target direction and more precise for the 135-degree target direction. There was also a group effect, pr = .381, t(103) =
4.54, p < .001, such that the CwCP group produced end-error values that were less precise than the CTR group. 

Target direction alone captured 22.3% of the variance in deviation from linearity variability data, F(1, 106) = 30.40, p < .001, and 
Model 2 accounted for an additional 7.0% of variance, F(4, 103) = 10.65, p < .001. Target direction varied positively with curvature 
variability, such that participants’ deviation from linearity was more variable when reaching for the 135◦ target than the 45◦ target, pr 
= .49, t(103) = 5.70, p < .001. There was also a group effect, pr = .26, t(103) = 2.68, p = .009, such that the CwCP group’s linearity 
was more variable than the CTR group. 

Although target direction alone captured 15.0% of the variance in shoulder excursion variability, F(1,106) = 18.69, p < .001, this 
measure was also best captured by Model 2, R2 = 26.9%, F(4, 103) = 9.48, p < .001. Both target (pr = .41, t(103) = 4.60, p < .001) and 
group (pr = .37, t(103) = 4.02), p < .001) were significant such that shoulder excursion variability was greater for 135-degree target 
direction than for 45-degree target direction, and variability was greater for the CwCP group than for the CTR group. 

Finally, elbow excursion variance was captured only by Model 2, R2 = 13.7%, F(4, 103) = 4.07, p = .004. Group was the only factor 
that varied with elbow excursion variability, pr = .36, t(103) = 3.88, p < .001, such that elbow excursion variability was greater for the 
CwCP group than the CTR group. 

Overall, these analyses of movement precision show that, consistent with previously reported research [22,23], precision varied 
with target direction. Perhaps not surprisingly, precision varied by group such that the CwCP group performed reaching movements 
more variably than the CTR group across all measures. 

Fig. 7. Shoulder excursion as a function of group (Panel A) and target direction (Panel B). Overall, children with CP show significantly larger 
shoulder excursions than the control children, pr = .327, t(103) = 3.51, p = .001. Shoulder excursion increases significantly with target direction, pr 
= .842, t(103) = 15.84, p < .001. These box plots are overlaid with every data point, shown as open gray circles. The box plots show the median as a 
horizontal line. The box represents the interquartile range, the error bars represent 10th-90th percentile confidence intervals, and the black dots 
represent the 5th and 95th percentiles. The black line represents the slope of the best fit linear regression and gray lines represent the 95% con-
fidence interval for this fit. 
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4. Discussion 

We asked children with unilateral cerebral palsy (CP) and typically-developing control (CTR) children to reach for three targets that 
varied in direction with both their left/affected and right/not-affected hands. Participants were instructed to reach for the target as 
quickly and as accurately as possible without making corrections and they were given points that rewarded accuracy. We measured 
movement time, distance, peak velocity and acceleration, and hand-path linearity. We measured the contributions of shoulder and 
elbow rotation to the movement and analyzed the variability of the movement path and endpoint around each participant’s own mean 
performance. We found that children with CP (CwCP) made reaches that covered greater distance and took more time, that the 
shoulder and elbow excursion greater, and that their movements showed greater deviation from linearity than the movements per-
formed by CTR children. Children with CP were more variable than CTR children on every measure except movement duration. 

In this study, children with cerebral palsy (CwCP) showed reduced ability to perform reaching movements in comparison to CTR 
children [9]. Relatively few studies have described reaching movements in children with CP. In addition, the heterogeneity of tasks, 
contexts and measures of kinematic analysis can make direct comparisons difficult. Most of these studies consider movement duration, 
peak velocity and hand-path trajectory as dependent variables [4,14,15,24,25]. In this study, CwCP produced movements that were 
greater in distance, duration, and deviation from linearity compared to CTR children. These results are similar to other reports in the 
literature [4,15,24,25]. While our measures were more sensitive at the group level, Ricken et al. [26], Ronnqvist et al. [27] and Van 
Der Heide et al. [28] analyzed reaching movements in children with CP and reported longer movement duration in the affected arm 
than in the unaffected arm, in general agreement with our findings. When analyzing the preferred side of control children and CP 
children, Van Der Heide [28] found that the unaffected arm of CwCP produced movements with longer duration than CTR children, a 
result that we did not find, but the Van Der Heide study did not take children’s handedness into consideration. According to Annett 

Fig. 8. Elbow excursion as a function of group (Panel A) and target direction (Panel B). Overall, children with CP show significantly larger elbow 
excursions than the control children, pr = − 380, t(103) = − 4.17, p < .001. Elbow excursion increases significantly with target direction, pr =
− 0.321, t(103) = − 3.44, p = .001. These box plots are overlaid with every data point, shown as open gray circles. The box plots show the median as 
a horizontal line. The box represents the interquartile range, the error bars represent 10th-90th percentile confidence intervals, and the black dots 
represent the 5th and 95th percentiles. The black line represents the slope of the best fit linear regression and gray lines represent the 95% con-
fidence interval for this fit. 
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et al. [7], another important factor is that for the non-preferred or affected limb, the level of movement difficulty may demand greater 
feedback control, generating a longer movement time in comparison to the preferred limb. In the current study, feedback-based 
corrections were prohibited by removing online feedback, perhaps exacerbating the effect of this factor and revealing differences 
between groups. 

In addition to taking more time to perform, CwCP covered a greater distance, showed greater movement curvature (deviation from 
linearity), larger shoulder and elbow excursions, and consequently had greater end-point error than CTR children. As expected [18,19, 
21], deviation from linearity was greater for the left/affected arm than for the right/non-affected arm. It is possible that this may be 
explained by the notion that CwCP failed to adapt with practice to the reduced friction environment and this impaired CwCP’s 
already-precarious braking capability. This explanation may also account for increases in movement variability on almost all mea-
sures. Why were CwCP less able to adapt to a frictionless environment than CTR children? The finding that many of the differences in 
performance between CwCP and CTR children varied with target direction may provide answers to this question. 

The pattern of increased shoulder and elbow rotation in the CwCP group represents a coordination pattern that is significantly 
different from the pattern used by control children. This pattern may represent a greater reliance in the CwCP group on proximal 
muscular control systems than in CTR children. This control scheme is disadvantageous because additional shoulder rotation will be 
accompanied by increased need to counteract interaction torques, an action that may be underserved in a disorder that weakens distal 
control systems that originate in the cortex (cortical spinal system), and may lead to greater reactive elbow rotation, greater movement 
distance covered than necessary, and larger spatial errors produced despite using more time to produce the movement. 

One possibility is that CwCP have difficulty coordinating elbow and shoulder muscle activation due to injury to the primary motor 
cortex and the cortical spinal tract (CST). The finding that target directions demanding greater shoulder rotation (90-degree and 135- 
degree targets) also led to greater elbow rotation and deviation from linearity suggests that CwCP may have a decreased ability to plan 
for and compensate for the interaction torques invoked by additional shoulder rotation. These compensation processes may rely on a 
damaged cortical system. We know that compensation for interaction torques depends greatly on somatosensory (touch and propri-
oceptive) processing [29,30]. This sensory processeing may be compromised in CwCP due to changes in cortical processing affecting 
primary motor and primary somatosensory cortices that lie in close proximity to one another [3,11]. Research in chronic stroke 
survivors shows that patients’ ability to exert control over the excitability of the spinal motor neuron pool of and improve reaching skill 
in the stroke-affected limb with training depends on the viability of ipsilateral cortical spinal projections to the affected limb [31]. One 
major alternative possibility, that proximal (shoulder) control could be mediated by the reticulospinal tract in the absence of 
cortical-spinal input, was ruled out by Hill and Dewald’s [25] finding that experimental shoulder-loading failed to induce hypermetria 
in their CwCP participants, suggesting that synergies associated with reticulospinal inputs do not contribute to control of the affected 
limb. Altogether, this evidence suggests that CwCP may have a decreased ability to plan for, sense, and compensate for the forces 
affecting limb coordination during movement and that this deficit may be attributable to changes in the viability of cortical senso-
rimotor processing and cortical-spinal projections. 

Although more research is needed to test this hypothesis directly, the notion that CP children are more vulnerable to deficits of 
movement planning, execution, and feedback-related correction is important in a physical therapy context, as children with CP tend to 
use the affected arm less frequently, generating an asymmetry that may be amplified because of the “non-use” effect. Indeed, Qui et al. 
[15] reported that feedback-related control can be significantly improved both in clinic and in activities of daily living with physical 
therapy training. 

The strengths of the study lie in our task choice. The task was chosen with the knowledge that varying target direction changes the 
difficulty of limb coordination in a systematic way [18,19,21]. We age- and gender-matched our groups. Our CwCP participants were 
all affected by CP unilaterally, and our control participants were all strong right-handers, strengthening the opportunity to find dif-
ferences between CwCP and CTR children. One of the limitations of the study is that the sample size is relatively low. In a future study, 
hand and/or wrist motion and multiplanar repetitive motions can be added. 

Our finding that CwCP use a multijoint coordination pattern that is significantly different from the pattern used by control children 
suggests that CwCP may benefit from techniques that encourage practice and learning of multijoint coordination patterns. For 
example, exercises that force CwCP to practice reaching across the body or into workspaces that demand large joint rotations may lead 
to learning of direct or alternative strategies for compensating for interaction torques. Techniques that enhance the somatosensory 
information needed to adopt compensatory strategies, for example, skin taping techniques that enhance somatosensory signals arising 
from movement, may also assist with multijoint coordination in the affected limb. Recent research suggests that elastic taping benefits 
range of motion in the affected limb [32]. The effectiveness of these options will need to be determined. 
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