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plays in endpoint control were found in both arms; no 
hemisphere-specific changes were found after left brain 
damage (lBD). the appearance of hemispheric-specific 
effects after right but not lBD were not due to age, degree 
of motor impairment, or time post-stroke, but, instead, may 
be related to relative differences in visual-motor processing 
ability, lesion characteristics, or interhemispheric inhibition 
changes between groups.
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Introduction

after stroke, individuals can be left with residual motor 
deficits that impact performance of functional activities and 
overall quality of life (lai et al. 2002; Mayo et al. 2002). a 
frequently reported contribution to these functional limita-
tions is an inability to incorporate the paretic arm and hand 
into daily activities (Mayo et al. 2002; Nichols-larsen et al. 
2005; lai et al. 2006). Deficits in the ability to execute tar-
geted arm movements after stroke are well documented 
and include impairments in endpoint accuracy (lang et al. 
2005), movement speed (lang et al. 2005; Wagner et al. 
2007b), joint coordination (levin 1996; levin et al. 2002), 
and patterns of muscle activation (Wagner et al. 2007a). 
however, there has been limited research on the utilization 
of anticipatory planning for goal-directed actions with the 
paretic arm after stroke.

skilled performance of targeted reach actions includes 
the use of anticipatory planning prior to movement execu-
tion in nondisabled individuals. Evidence of planning sug-
gests the mover is able to anticipate task requirements and 
choose an appropriate motor command for task completion 

Abstract scaling of reach kinematics to targets that vary 
in distance is indicative of the use of planning and feed-
back-based adjustments. the control of reach extent, how-
ever, has not been reported for the paretic arm after stroke. 
the purpose of this study was to determine whether indi-
viduals post-stroke utilized planning (scaling acceleration 
magnitude) and feedback-based adjustments (scaling accel-
eration duration) to reach to targets that varied in distance. 
Individuals with mild-to-moderate motor impairment after 
stroke and nondisabled adults reached with both arms to 
targets presented at three distances (8, 16, 24 cm). Kine-
matic data were used to determine scaling of peak accel-
eration magnitude and duration to target distance and com-
pared between arms (control, nonparetic, paretic). Despite 
differences in the magnitude of movement variables, indi-
viduals post-stroke utilized both planning and feedback-
based adjustments to meet the demands of the task with the 
nonparetic and paretic arms in a similar manner as controls. 
however, there was variability in the use of planning with 
the paretic arm, some individuals utilized planning while 
others did not. after right brain damage, differences in 
reach control related to the specialized role this hemisphere 

J. c. stewart 
Program in Physical therapy, Department of Exercise science, 
University of south carolina, columbia, sc, Usa
e-mail: jcstewar@mailbox.sc.edu

J. Gordon · c. J. Winstein (*) 
Division of Biokinesiology and Physical therapy, Ostrow school 
of Dentistry, University of southern california, 1540 alcazar 
street, chP 155, los angeles, ca 90089-9006, Usa
e-mail: winstein@usc.edu

c. J. Winstein 
Department of Neurology, Keck school of Medicine, University 
of southern california, los angeles, ca, Usa



 Exp Brain Res

1 3

(Kawato 1999; Desmurget and Grafton 2000; sabes 2000; 
Wolpert and Ghahramani 2000). anticipatory scaling of 
peak velocity and peak acceleration for the control of reach 
extent is a well-described characterization of planned reach 
actions in nondisabled adults (Gottlieb et al. 1989; Gor-
don et al. 1994a, c; Pfann et al. 1998; Messier and Kalaska 
1999; sainburg and schaefer 2004; stewart et al. 2013). 
scaling of peak velocity and peak acceleration to target dis-
tance is indicative of how an individual meets the demands 
of the task, e.g., selecting a higher speed to reach to farther 
targets. It is not known if individuals post-stroke exhibit 
this same anticipatory behavior for reach actions with the 
paretic limb.

scaling of peak velocity for reaches to targets that vary 
in distance can be achieved in two ways, scaling of accel-
eration magnitude or scaling of acceleration duration. scal-
ing of the magnitude of the initial peak of acceleration is 
thought to be indicative of anticipatory planning as the 
peak occurs early after movement onset before the avail-
ability of feedback (Brown and cooke 1981; Gordon and 
Ghez 1987a; sainburg and schaefer 2004). after the time 
of peak acceleration, feedback is available to assist the 
process of making adjustments to the reach (Gordon and 
Ghez 1987b; Mutha and sainburg 2007). therefore, scaling 
of acceleration duration is thought to represent the use of 
feedback to control the reach behavior. several studies have 
found that the scaling of peak velocity and peak accelera-
tion to target distance is preserved for single-joint actions 
with the ipsilesional arm after stroke (Velicki et al. 2000; 
schaefer et al. 2007; haaland et al. 2009). there is limited-
to-no evidence, however, on the scaling of peak velocity 
and peak acceleration for 3-dimensional reaches with the 
contralesional, paretic arm (van Vliet and sheridan 2009).

scaling of peak acceleration with the ipsilesional arm 
after stroke differs based on side of brain damage due to 
the influence of hemispheric specialization for the control 
of reaching. the left hemisphere is hypothesized to play 
a specialized role in planning, while the right hemisphere 
is hypothesized to play a specialized role in achievement 
of final endpoint position via the use of feedback (sain-
burg and schaefer 2004). schaefer et al. (2007) found that 
individuals with left brain damage (lBD) demonstrated 
a decreased reliance on planning (scaling of peak accel-
eration magnitude) and an increased reliance on feedback-
based adjustments (scaling of acceleration duration) to 
control elbow extension extent with the ipsilesional arm. 
Individuals with right brain damage (RBD) showed the 
opposite effect, an increased reliance on planning and a 
decreased reliance on adjustments that corresponded to 
increased endpoint error. It is not known, however, if these 
differences in control based on side of brain damage extend 
to unconstrained reaches with the contralesional arm.

the purpose of this study was to determine if individu-
als with mild-to-moderate motor impairment after stroke 
utilized anticipatory planning and feedback-based adjust-
ments to reach to targets that varied in distance as evi-
denced by the scaling of acceleration magnitude and accel-
eration duration, respectively. We hypothesized that while 
the magnitude of peak acceleration and acceleration dura-
tion would be different from controls, the scaling of these 
kinematic variables, and therefore the use of planning and 
feedback-based adjustments, would be preserved in both 
the ipsilesional and contralesional arms. We also hypoth-
esized that scaling of kinematics with both the ipsilesional 
and contralesional arms would differ based on the side of 
brain damage due to the specialized role each hemisphere 
is thought to play in reach control.

Methods

Participants

Fourteen individuals with mild-to-moderate motor impair-
ment due to stroke and six age-matched, nondisabled adults 
participated in this study (table 1). all participants were 
right-hand dominant (Oldfield 1971) (determined by pre-
stroke handedness). Potential participants were excluded 
if they presented with current pain that interfered with 
movement in either arm, surgical intervention in either 
arm within the last 6 months, previous history of nonstroke 
neurological diagnoses in participants with stroke and any 
neurological diagnoses in nondisabled participants, or a 
score less than 25 on the Mini-Mental state Exam (Folstein 
et al. 1975). Individuals post-stroke were excluded if they 
presented with stroke within the last 3 months, an upper 
extremity Fugl-Meyer (UE FM) motor score (Fugl-Meyer 
et al. 1975) less than 28, botulinum toxin injection in the 
UE in the last 3 months, or hemispatial neglect as meas-
ured by a score less than 52 on the BIt star cancelation test 
(hartman-Maeir and Katz 1995). all participants provided 
written informed consent prior to participation through 
a protocol approved by the health sciences Institutional 
Review Board of the University of southern california.

Participants with stroke presented with a current or pre-
vious clinical picture consistent with unilateral anterior 
circulation involvement (Bamford et al. 1991): six with 
right hemisphere damage (RBD group) and eight with left 
hemisphere damage (lBD group). lesion side and location 
were confirmed for 12 of the 14 participants either through 
magnetic resonance imaging or examination of medical 
records (table 1). all participants had a stroke lesion in 
a single hemisphere along the distribution of the middle 
cerebral artery. lesions tended to be subcortical with two 
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participants in each group having a lesion that affected tem-
poral, frontal or parietal cortex.

Experimental task

targets were presented in an immersive virtual display 
(Innovative sport training, Inc., chicago, Il) (Fig. 1a). the 
environment consisted of a simple black background and 
colored spheres to indicate finger position and target loca-
tion. a single electromagnetic marker placed on the index 
finger of the reaching hand acted as the primary interface 
with the virtual environment (VE). Finger position was rep-
resented in the VE as a 2-cm white sphere, or cursor, that 
moved in real-time as the participant moved the finger. this 
same electromagnetic marker was used for collection of 
position data while reaching. stereoscopic glasses sampled 
at 60 hz per eye were worn to allow 3-dimensional (3D) 
visualization of targets.

the workspace consisted of six targets (3.8 cm red 
spheres) presented in two directions (+45°, −45°) and 
three distances (8, 16, 24 cm) (Fig. 1b). at the start of each 

trial, the participant placed the cursor onto a home posi-
tion represented as a 2.5-cm blue sphere that aligned with 
a physical start switch. after a variable foreperiod (1.3, 1.6, 
1.9 s), the home position and the cursor position disap-
peared and a single target appeared at which time the par-
ticipant performed an unconstrained, 3D reach movement. 
the target was visible while reaching, but the arm and the 
finger cursor were not visible, thereby eliminating online 
visual feedback of movement. Visual post-response feed-
back was provided after each trial showing proximity of 
final finger position to the target. If the cursor overlapped 
with the target (error tolerance of 2.9 cm), the target turned 
green on feedback, indicating to the participant that they 
successfully hit the target on that trial. If the cursor did 
not overlap with the target, the target remained red during 
feedback.

Experimental procedure

Participants performed all trials of the experimental task 
with the ipsilesional arm first followed by the contralesional 

Table 1  Participant demographics

UEFM Upper Extremity Fugl-Meyer (max motor score = 66), ARA action Research arm test (max score =  56), SIS stroke Impact scale (max 
score = 100 %), MVPT Motor-Free Visual Perceptual test age-normed rank score (max score = 100 %), Apraxia score hand and finger gesture 
imitation assessment with the nonparetic arm (max score = 40), R right, L left, BG basal ganglia, IC internal capsule

* p < 0.05 between stroke groups

subject ID age (years) Gender time post-stroke 
(months)

UE FM 
motor

aRa sIs hand  
(%)

MVPt  
(%)

apraxia 
score

lesion location

RBD group

s02 79 F 3 58 53 35 18 38 R thalamus, BG

s05 45 F 8 66 57 85 61 40 R insula, temporal 
cortex

s07 50 M 41 45 42 100 13 38 N/a

s12 51 F 81 46 31 60 27 40 R middle cerebral 
artery

s21 66 M 45 66 57 90 81 38 R temporal cortex

s29 66 F 21 49 40 85 34 39 R Ic

Mean 59.5 4F/2M 33.2 54.8 46.7 75.8* 39.0 38.8

LBD group

s01 63 F 56 46 32 45 97 38 l Ic

s09 71 F 37 61 53 70 68 39 l frontal, parietal 
cortex

s14 62 F 139 53 52 40 25 39 l Ic, BG

s17 54 F 84 53 45 40 96 39 l Ic, temporal 
cortex

s18 55 M 49 52 47 30 42 34 l Ic, BG

s22 66 M 54 55 51 75 90 39 N/a

s23 39 M 21 39 26 65 37 38 l Ic, BG

s26 61 F 80 49 37 50 90 39 l Ic, BG

Mean 58.9 5F/3M 65.0 51.0 42.9 51.9* 68.1 38.1

controls 63.8 ± 14.4 4F/2M
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arm. For ease of discussion and presentation of results, 
we will refer to these as the nonparetic and paretic arms, 
respectively. the order of arm used first in controls was 
counterbalanced. Participants were instructed to “Reach to 
the target as fast as possible when ready.” speed of move-
ment was prioritized over accuracy, and participants were 
reminded to move quickly throughout data collection.

a single electromagnetic marker was positioned on the 
nail bed of the index finger, and a wrist and finger splint 
were applied to provide support and assist with mainte-
nance of a pointing posture. the room was darkened dur-
ing data collection to block vision of the arm and hand 
throughout task performance, eliminating visual feedback 
while reaching. after a short exposure period and 24 prac-
tice trials to orient to the VE and task, the participant per-
formed a total of 168 reaching trials (7 blocks of 24 trials). 
Within each block, targets were presented in a pseudor-
andom order such that no consecutive trials were to the 
same target and each target was presented four times. Rest 
breaks were provided between blocks, and fatigue and 
pain were monitored throughout. after block 7, extra tri-
als were collected if any errors occurred on individual tri-
als. the first 2 blocks (48 trials) were dropped from data 
analysis to eliminate any effects of learning related to the 
VE; the remaining 120 trials (20 trials to each target) were 
used for analyses.

after a 30–60-min break, the same practice and data 
collection sequence were completed with the paretic arm 
(opposite arm in controls). Participants with stroke returned 
on a separate day for the collection of clinical measures 
including the UE FM (Fugl-Meyer et al. 1975) to deter-
mine degree of motor impairment, the action Research 
arm test (aRa) (lyle 1981; Yozbatiran et al. 2008) to 
quantify motor function, the hand subsection of the stroke 
Impact scale (sIs) (Duncan et al. 1999) to measure health-
related quality of life, the Motor-Free Visual Perception 
test (MVPt) (calarusso and hammill 1972) to measure 
visual perception, and a gesture imitation assessment of 
apraxia performed with the nonparetic arm (Goldenberg 
1996, 1999).

Dependent measures

the 3D position of the index finger was collected from 
the electromagnetic marker at a sampling rate of 120 hz 
throughout each reach trial and analyzed using a custom 
script in Matlab (Mathworks, Inc., Natick, Ma). Position 
data were filtered with a low-pass second-order Butterworth 
with a 10 hz cut-off and differentiated to determine veloc-
ity and acceleration (Winter 2005). Movement onset was 
determined by searching backward in time from the peak 
of velocity until velocity dropped below 10 cm/s and either 

Fig. 1  Experimental set-up. a side view schematic of participant sit-
ting at virtual display unit. stereoscopic glasses were worn to allow 
3-dimensional view of virtual environment. Virtual objects were sent 
to the projector and reflected off the mirror into the workspace below 
the glass. Participants began each trial with the right hand on a physi-

cal start switch but ended the reach in free space (above the table). b 
top down view of targets. six targets were presented in 2 directions 
(+45°, −45°) and 3 distances (8, 16, 24 cm). the start switch (open 
square) aligned with the sternum
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changed directions or the change in velocity was <1 cm/s for 
two consecutive samples, whichever was identified first. to 
eliminate any obvious corrections at the end of the move-
ment, movement offset was determined by searching for-
ward in time from the peak of velocity until velocity dropped 
below a minimum value (10 cm/s if peak velocity ≤50 cm/s; 
20 cm/s if peak velocity >50 cm/s) and either changed direc-
tions or the change in velocity was <0.3 cm/s, whichever was 
identified first. all trials were visually inspected to confirm 
the accuracy of the movement onset and offset determination 
and manually corrected as necessary to eliminate any errors 
related to the automated algorithm.

For each reach trial, several variables were extracted for 
subsequent analysis of movement scaling. Movement dis-
tance was defined as the 3D linear distance between the 
position at movement onset and the position at movement 
offset. Peak velocity and peak acceleration were deter-
mined by searching forward in time from movement onset 
to the first peak followed by two consecutive samples that 
decreased. time of peak velocity was the time that corre-
sponded to the initial peak of velocity. since we were inter-
ested in the planning of the reach action, we extracted the 
first peak of velocity and acceleration even if there were 
later additional peaks that were larger. Movement time 
was the time between movement onset and movement off-
set. Endpoint error was the 3D linear distance between the 
position at movement offset and target position.

Means of kinematic variables to each of the three tar-
get distances were determined individually for each par-
ticipant. Due to the effect of movement direction on the 
magnitude of kinematic variables (Gordon et al. 1994b; 
stewart et al. 2013), data for each direction were analyzed 
separately. target direction was converted to indicate either 
an ipsilateral reach (right arm reaching to +45° targets, left 
arm reaching to −45° targets) or contralateral reach (right 
arm reaching to −45°, left arm reaching to +45° targets) 
for group analyses.

statistical analysis

to determine the presence of movement scaling, a mixed 
model analysis of variance (aNOVa) was carried out for 
each kinematic variable (movement distance, peak veloc-
ity, peak acceleration, time to peak velocity) similar to 
previous work in this area (sainburg and schaefer 2004; 
schaefer et al. 2007; haaland et al. 2009). target directions 
(ipsilateral/contralateral) were analyzed separately for all 
comparisons. First, to determine the overall effect of stroke 
on movement scaling, all participants with stroke were col-
lapsed into a single group irrespective of side of brain dam-
age (between group factor of arm: paretic, nonparetic, con-
trol; within group factor of target distance: 8, 16, 24 cm). to 
determine the presence of planning for each participant, a 

linear regression analysis between peak acceleration and tar-
get distance was completed separately for each individual. 
a positive, significant correlation between peak accelera-
tion and target distance indicated that planning was used by 
that individual participant. a total of 60 trials were included 
in the regression for each target direction; therefore, an r 
value ≥0.255 equated to a significant relationship.

Next, to determine if movement scaling differed based 
on side of brain damage, a mixed model aNOVa was per-
formed on the right and left arms separately. For each arm, 
all three groups (control, RBD, lBD) were included in the 
analysis (e.g., right arm of controls, right nonparetic arm of 
the RBD group, right paretic arm of the lBD group). the 
analysis of changes in reach control due to side of brain 
damage focused on expected kinematic differences based 
on previous literature. specifically, reach planning was 
investigated in the lBD group while acceleration duration 
scaling and endpoint error were investigated in the RBD 
group. Due to the known differences in reach kinematics 
between the dominant and nondominant arms in controls 
(sainburg and schaefer 2004; schaefer et al. 2007), paretic 
arms (right dominant in lBD group, left nondominant in 
RBD group) were not directly compared between stroke 
groups.

the least significant difference was used for post hoc 
comparison of significant between arm or group differ-
ences. significant interactions were followed with three 
arm by target distance aNOVas (e.g., paretic vs. non-
paretic, paretic vs. control, nonparetic vs. control). If an 
interaction between arm and target distance was still pre-
sent, this analysis was followed with a repeated measure 
aNOVa to determine whether each group scaled the kin-
ematic variable to target distance and a t test at each target 
distance to determine differences between groups. signifi-
cance level was set at p < 0.05 for all statistical tests. In 
instances where within group variance is high as is com-
mon after stroke, power to find group differences can be 
limited. therefore, cohen’s d, a measure of effect size, was 
calculated for comparisons that were different but did not 
reach the statistical threshold; d was calculated based on 
the mean across target distances for each direction. Effect 
size was considered small if d = 0.2, medium if d = 0.5, 
and large if d = 0.8 (Portney and Watkins 2009). sPss 
16.0 (sPss, Inc., chicago, Il) statistical software was used 
for all analyses.

Results

Reach performance

Figure 2 shows individual trial reach hand paths to each 
target for a control participant reaching with the right arm 
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(Fig. 2a), a participant with lBD reaching with the paretic, 
right arm (Fig. 2b), and a participant with RBD reaching 
with the paretic, left arm (Fig. 2c). all participants scaled 
movement distance to target distance in both directions; 
reaches to 24-cm targets were longer than reaches to 8 
and 16-cm targets. Both participants with stroke tended 
to undershoot the target more frequently, especially when 

reaching to the farthest targets. however, as a group, partic-
ipants with stroke scaled movement distance to target dis-
tance (Fig. 3a) in a similar manner as controls (main effect 
of distance: p < 0.001; main effect of group: p > 0.05). 
Participants with stroke did show larger endpoint error 
(Fig. 3b) and longer movement times (Fig. 3c) for reaches 
with the paretic arm. Endpoint error and movement time 

Fig. 2  Reach hand paths for an individual control participant reach-
ing with the right arm (a), a stroke participant with lBD (s18) reach-
ing with the paretic, right arm (b), and a stroke participant with RBD 
(s12) reaching with the paretic, left arm (c) to the 8, 16, and 24 cm 
targets. Each line represents the hand path for a single reach trial; 

open circle represents target location. Mean velocity and acceleration 
profiles are shown for reaches to ipsilateral targets for the same con-
trol participant (d) and stroke participants (e, f). Each line represents 
an ensemble average of all trials to a specific target distance (8, 16, 
24 cm)
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for reaches with the nonparetic arm did not differ from the 
control group in either direction (p > 0.05). 

scaling of peak velocity and peak acceleration to target 
distance

Ensemble average velocity trajectories for individual par-
ticipants reaching to ipsilateral targets are shown in Fig. 2. 
the control participant (Fig. 2d) scaled peak velocity to 
target distance such that reaches to the 8 cm targets had a 
lower average peak velocity than reaches to the 24 cm tar-
gets. For the participants with stroke (Fig. 2e, f), the mag-
nitude of peak velocity tended to be lower and movement 

time longer compared with the control participant; how-
ever, scaling of peak velocity was still evident. Group peak 
velocity across distances is shown for each arm in Fig. 4a. 
scaling of peak velocity to target distance was present in 
the control, nonparetic, and paretic arms for reaches in both 
directions (main effect of distance: p < 0.001).

the control participant in Fig. 2d scaled peak accelera-
tion to target distance although this scaling was less dis-
tinct than peak velocity. additionally, the duration of the 
acceleration phase scaled to target distance (i.e., time of 
0 crossing from acceleration to deceleration). Despite the 
lower overall magnitude of the initial peak of acceleration, 

Fig. 3  Overall reach performance for the control (c), nonparetic 
(NP), and paretic (P) arms. Markers indicate group means with 
standard error bars for movement distance (a), endpoint error (b), 
and movement time (c). Dotted line in a indicates perfect scaling of 
movement distance to target distance. *p < 0.05 between groups

Fig. 4  Peak velocity (a), peak acceleration (b), and time to peak 
velocity (c) to each target distance in both reach directions for the 
control (c), nonparetic (NP), and paretic (P) arms. Bars indicate 
group means with standard error bars. *p < 0.05 between groups
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the participants with stroke demonstrated some scaling of 
acceleration magnitude to target distance (Fig. 2e, f). scal-
ing of acceleration duration was also present (more evident 
in s12) as were additional peaks of acceleration (s18). 
Group data for peak acceleration is shown in Fig. 4b. scal-
ing of acceleration magnitude was present on average in 
the control, nonparetic, and paretic arms in both directions 
(main effect of distance: p < 0.01). Participants also var-
ied acceleration duration (time to peak velocity) to targets 
of different distances irrespective of group (Fig. 4c; main 
effect of distance: p < 0.001). therefore, on average, par-
ticipants with stroke used a combined control pattern that 
included scaling of acceleration magnitude (anticipatory 
planning) in addition to acceleration duration (feedback-
based control) to reach to targets of increasing distance, a 
similar pattern to that of control participants.

to determine the presence of planning for each indi-
vidual participant, we calculated the correlation between 
peak acceleration and target distance. While on average 
all groups showed utilization of planning to control reach 
extent (mean r fell above the dotted line in Fig. 5), there 
was a fair amount of variability between participants, espe-
cially in the stroke group. a few control participants (2 in 
each direction) and participants with stroke reaching the 
nonparetic arm (3 in each direction) did not show evidence 
of planning to control reach distance (r value below the 
dotted line in Fig. 5). however, in the stroke group, approx-
imately half the participants showed evidence of planning, 
while half did not. the correlation coefficient between 
peak acceleration and target distance did not correlate with 

scores on any clinical measures including UE FM, aRa, 
sIs hand domain, and the MVPt.

For both target directions, the magnitude of peak veloc-
ity and peak acceleration were lower for the paretic arm 
compared with the control group and the nonparetic arm 
(Fig. 4). there was no significant difference in the mag-
nitude of peak velocity or peak acceleration between the 
nonparetic and control arms for reaches in either direction 
(main effect of arm: p > 0.05 for all comparisons).

Effect of side of brain damage

Participants with stroke were separated into two groups 
based on side of lesion (RBD, lBD) to determine the effect 
of side of brain damage on reach behavior. Data for reaches 
to both ipsilateral and contralateral targets are reported; 
however, only reaches to ipsilateral targets are shown in 
Fig. 6. scaling of movement distance did not differ from 
controls for reaches with the nonparetic or paretic arms in 
either the lBD or RBD groups (p > 0.05 for all compari-
sons); therefore, any differences in kinematics were not due 
to differences in movement distance.

to determine whether left hemisphere damage led to 
deficits in planning reach extent, the scaling of peak veloc-
ity and peak acceleration magnitude was examined in the 
lBD group. Both the nonparetic and paretic arms demon-
strated scaling of peak velocity and peak acceleration to 
target distance (main effect of distance: p < 0.005 for all 
comparisons) (Fig. 6a, b). additionally, in the correlation 
analysis, the number of participants in the lBD group who 
did not show utilization of planning to control reach dis-
tance (r value below the dotted line in Fig. 5) did not differ 
from the control group or the RBD group. For reaches with 
the nonparetic arm, only one participant in the lBD group 
did not utilize planning when reaching to ipsilateral targets. 
For reaches with the paretic arm, 44 % of comparisons (8 
participants × 2 directions) in the lBD group did not show 
utilization of planning while 58 % of comparisons (6 par-
ticipants × 2 directions) in the RBD group did not show 
evidence of planning. therefore, there were no changes in 
reach behavior related to hemispheric specialization in the 
nonparetic or paretic arms after lBD.

to determine whether right hemisphere damage led to 
deficits in endpoint control, scaling of acceleration dura-
tion and endpoint error were examined in the RBD group. 
scaling of acceleration duration was present in both arms 
in the RBD group (main effect of distance: p < 0.001) and 
did not differ from controls (p > 0.05 for all comparisons). 
there was no increase in endpoint error for reaches with 
the right nonparetic arm (Fig. 6c). however, individuals 
slowed their movements down compared with the right 
arm of controls as shown by lower peak velocity (Fig. 6a; 
ipsilateral: p = 0.057, d = 1.12; contralateral: p = 0.084, 

Fig. 5  correlation coefficient (r) between peak acceleration and 
target distance for the control (c), nonparetic (NP), and paretic (P) 
arms. Box and whisker plots show the group mean (line inside box), 
the 25th and 75th percentiles (box), and the 5th and 95th percentiles 
(whiskers). Data points represent r values for an individual partici-
pant. the dotted horizontal line shows the minimum r value required 
to have a statistically significant correlation coefficient with 60 sam-
ples (r ≥ 0.255)
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d = 1.15), lower peak acceleration (Fig. 6b; ipsilateral: 
p = 0.104, d = 0.91; contralateral: p = 0.423), and longer 
movement times (Fig. 6d; ipsilateral: p = 0.363; contralat-
eral: p = 0.166, d = 1.00). Endpoint error was significantly 
increased when reaching with the left, paretic arm, however 
(p < 0.03 both directions). therefore, there were changes in 
both the nonparetic and paretic arms after RBD consistent 
with the effects of hemispheric specialization for the con-
trol of reaching.

Differences between the RBD and lBD for the con-
trol of reaching could not be explained by age, time post-
stroke, UE FM motor score, aRa score, or apraxia score 
(table 1). the groups did differ on two clinical meas-
ures, the sIs hand domain and MVPt scores. the lBD 
group ranked the ability to use their paretic hand in func-
tional activities significantly lower than the RBD group 
on the sIs (p = 0.045). Visual perception was also dif-
ferent between groups; the age-normalized MVPt score 
was lower in the RBD group compared with lBD group 
(p = 0.081; d = 1.04).

Discussion

this is the first study to demonstrate preserved scaling of 
initial peak acceleration to targets that vary in distance for 

3D, unconstrained reaches with the paretic arm in individu-
als with mild-to-moderate motor impairment after stroke. 
On average, individuals chose a higher speed for reaches 
to farther targets and a lower speed for reaches to closer 
targets consistent with previous studies with the nonparetic 
arm that involved constrained, isolated elbow movements 
(schaefer et al. 2007; haaland et al. 2009). such scaling of 
initial peak acceleration magnitude is thought to be indica-
tive of anticipatory planning as the peak occurs early after 
movement onset before the availability of feedback (Brown 
and cooke 1981; Gordon and Ghez 1987a; sainburg and 
schaefer 2004). scaling of acceleration duration (time 
to peak velocity) was also present after stroke suggesting 
feedback-based control was also used to capture the target. 
since vision of the arm was not provided during movement, 
this feedback consisted of internally derived proprioceptive 
information (Gordon and Ghez 1987b). therefore, despite 
differences in the magnitude of some kinematic variables, 
individuals demonstrated utilization of both anticipatory 
planning and feedback-based adjustments to meet the 
demands of the task with the paretic arm in a similar man-
ner as controls.

While on average the stroke group used planning to 
control reach extent with the paretic arm, the use of plan-
ning varied between individuals. It is not entirely clear why 
some individuals used planning to control reach extent 

Fig. 6  Movement variables for control (c), right brain damage 
(RBD), and left brain damage (lBD) groups for reaches to ipsilat-
eral targets. Data for both the nonparetic (NP) and paretic (P) arms 
are shown for peak velocity (a), peak acceleration (b), endpoint error 

(c), and movement time (d). Note that the paretic arm corresponds 
to the left arm in the RBD group and the Right arm in the lBD 
group. Bars indicate group means with standard error bars. *p < 0.05 
between groups



 Exp Brain Res

1 3

while others did not. the use of planning did not correlate 
with any of the clinical measures of motor impairment, 
motor function, or visual perception taken in the current 
study, and this group of participants did not present with 
apraxia. Variability between individuals in the use of plan-
ning to control reach distance may have been related to fac-
tors not measured in the current study including variability 
in force generation capability, history of paretic arm use, 
and lesion location and volume. Future work on the use of 
planning to control 3D reaches to targets that vary in dis-
tance should consider inclusion of additional metrics to 
explore these possible mechanisms.

Deficits in the control of reaching related to hemispheric 
specialization were not present in the lBD group. Previous 
work has shown deficits in the scaling of peak acceleration, 
and therefore, a decreased reliance on planning to control 
reach extent, in the ipsilesional arm after lBD (schaefer 
et al. 2007). however, the presence of these deficits var-
ies with degree of paretic arm motor impairment (haaland 
et al. 2009). In haaland et al. (2009), hemisphere-specific 
deficits were present in individuals with more severe motor 
impairment but not in individuals with mild-to-no motor 
impairment. the current study did not find any changes in 
the scaling of initial peak acceleration to target distance 
for reaches with the nonparetic or paretic arms in the lBD 
group. the cohort of participants in this study presented 
with relatively mild motor impairment (mean UE FM 
motor score >51). therefore, the lack of deficit in the non-
paretic arm found here is consistent with the “nonparetic” 
group in haaland et al. (2009). a recent study found a simi-
lar gradient in hemisphere-specific deficits for reaches with 
the paretic arm using a paradigm that varied target direc-
tion (Mani et al. 2013). In that study, individuals with mod-
erate motor impairment after lBD showed planning-related 
deficits, while individuals with mild motor impairment did 
not. the lBD group in our study had UE FM motor scores 
that were more closely related to the moderately impaired 
group in Mani et al. (2013). It is not clear why we found 
no deficit in planning with the paretic arm while Mani et al. 
(2013) did, however, differences in task paradigm (varying 
reach target distance vs. varying target direction), planning 
requirement (planning reach distance vs. planning interseg-
mental coordination), reach condition (3D unconstrained 
vs. two-dimensional planar), and lesion location or volume 
may explain these disparate findings.

Deficits in the control of reaching related to hemispheric 
specialization were present in the RBD group. Right hemi-
sphere stroke has been shown to lead to deficits in endpoint 
accuracy in both the nonparetic and paretic arms during 
planar reaching (schaefer et al. 2007; Mani et al. 2013). 
While there was no increase in error for reaches with the 
nonparetic arm after RBD in the current study, participants 
appeared to adopt a compensatory strategy of slowing 

down movement speed to achieve a higher level of accu-
racy consistent with the well-known speed-accuracy trade-
off (schmidt and lee 2005). While schaefer et al. (2007) 
found increased error for reaches with the nonparetic arm 
after RBD, the magnitude of peak velocity was controlled 
in that study. In the current study, participants were encour-
aged to move quickly but no feedback was given regard-
ing movement speed and peak velocity was not controlled. 
therefore, after RBD, participants appeared to have traded 
movement speed for endpoint accuracy. this pattern of 
decreasing movement speed to improve accuracy was 
insufficient for reaches with the paretic arm. Endpoint error 
with the paretic, left arm was significantly greater than for 
the matched arm in controls. Persistent difficulty with end-
point accuracy in the paretic arm after RBD even in indi-
viduals with mild impairment is consistent with a recent 
study that varied target direction (Mani et al. 2013).

It is not entirely clear why changes in reach control 
related to hemispheric specialization were seen after RBD 
but not lBD in this group of individuals with mild-to-mod-
erate motor impairment. the two groups did not signifi-
cantly differ in motor impairment, age, or time post-stroke. 
It is possible that differences in lesion location could 
explain the finding of hemisphere-specific effects in the 
RBD group but not the lBD group. Recent work has found 
that planning-related deficits for the control and learning 
of a motor task after lBD are related to lesions in the left 
parietal lobe but not lesions in the left frontal cortex (Mutha 
et al. 2011a, b). In contrast, deficits in the ability to make 
feedback-based corrections to ongoing movement after 
RBD are found after lesion to the right frontal cortex but 
not the right parietal cortex (Mutha et al. 2011a). therefore, 
the presence of hemisphere-specific effects after RBD but 
not lBD in the current study could be explained by lesion 
location if most participants had lesions that impacted fron-
tal cortical regions. While we cannot fully determine the 
effect of lesion on reach behavior, the location of lesions in 
participants with available data do not suggest lesion loca-
tion alone explains the current findings (i.e., lesions were 
not predominantly in frontal cortex, see table 1). this does 
not, however, rule out the possibility that lesion location 
and lesion volume differed between groups which led to the 
differences in the presentation of hemisphere-specific defi-
cits. lesion location and lesion volume were not matched 
or controlled in our study and warrant inclusion in future 
studies that investigate the effect of side of brain on reach 
control with the paretic arm.

Visual perception, as measured by the MVPt, was more 
impaired in the RBD group than the lBD group consist-
ent with previous work reporting greater visual perceptual 
changes after right hemisphere stroke (York and cermak 
1995). the experimental task in the current study was 
visually driven. therefore, behavioral differences in reach 
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control after RBD in the current study may have been due 
to visual processing changes. It is also possible that lesions 
in the right and left hemispheres had different effects on 
visual-motor processing that impacted task performance. 
the MVPt is a screening tool that measures several 
domains of visual perception, and therefore, it is not pos-
sible to specify what component of perception was altered. 
Future studies should include additional measures that tar-
get specific visual-motor processes with more precision.

It is also possible that the behavioral differences after 
RBD but not lBD found in the current study were due to 
changes in interhemispheric inhibition. after stroke, the non-
lesioned hemisphere shows an increase in inhibition onto the 
lesioned hemisphere during movement (Murase et al. 2004; 
Duque et al. 2005; Grefkes et al. 2008; carter et al. 2010). 
this change in interhemispheric inhibition after stroke, how-
ever, may differ based on side of brain damage in right-hand 
dominant individuals. During UE movement in nondisabled 
adults, the hemisphere contralateral to the moving hand has 
an inhibitory influence on the ipsilateral hemisphere (Fer-
bert et al. 1992; Gerloff et al. 1998; Di lazzaro et al. 1999; 
Daskalakis et al. 2002). the relative change in inhibition, 
however, differs based on the hand being moved in right-
hand dominant adults (Ziemann and hallett 2001; Duque 
et al. 2007). Movement of the right hand leads to a relatively 
greater increase in interhemispheric inhibition (left hemi-
sphere to right hemisphere) compared with movement of 
the left hand (right hemisphere to left hemisphere). as such, 
changes in inhibition may not be symmetrical after stroke. 
since there is greater interhemispheric inhibition from the 
left to the right hemipshere in the healthy brain, the increase 
in inhibition from the nonlesioned (left) to the lesioned 
hemisphere (right) after RBD may be relatively greater than 
after lBD. there is some evidence that side of brain damage 
has an effect on changes in interhemispheric inhibition after 
stroke (lewis and Perreault 2007); however, further research 
that combines brain measures of inhibition with behavioral 
measures of reach control is needed.

the results of this study can only be applied to individu-
als with mild-to-moderate motor impairment in the chronic 
phase of stroke recovery. During the acute/subacute stage 
of stroke or in individuals with more severe motor impair-
ment, the influence of hemispheric specialization on reach 
performance may not be evident. the sample size in the 
current study was small which may have limited statistical 
power in finding differences based on side of brain damage. 
While significant main effects were not found in the overall 
aNOVa analyses on the effects of side of brain damage, 
the medium to large effect sizes seen suggest the current 
results would persist with a larger sample size.

Differences in the control of reaching based on side of 
brain damage may have clinical implications that warrant 
further investigation. side of paresis has been shown to 

affect recovery of UE function. stroke leading to hemipa-
resis of the nondominant arm has been reported to relate 
to increased magnitude of UE impairment (harris and Eng 
2006), decreased responsiveness to a bilateral UE interven-
tion program (Mccombe Waller and Whitall 2005), and 
differences in the use of both the paretic and nonparetic 
arms during the performance of functional tasks (Rinehart 
et al. 2009) compared with hemiparesis of the dominant 
arm. however, it is not known what if any role hemispheric 
specialization plays in these differences between nondomi-
nant and dominant arms. the results of the current study 
suggest that future research should include kinematic-based 
assessments that target expected differences based on side 
of brain damage, especially in individuals with mild-to-
moderate motor impairment, and explore the clinical impli-
cations of changes in reach control due to hemispheric 
specialization.

In conclusion, individuals with mild-to-moderate motor 
impairment after stroke utilized both planning and feed-
back-based adjustments to meet the demands of the reach-
ing task with the nonparetic and paretic arms in a similar 
manner as controls. Overall, individuals scaled accelera-
tion magnitude and acceleration duration to control reach 
extent, although there was some variability between 
individuals on the use of planning when reaching with 
the paretic arm. Differences based on side of brain dam-
age were found and were not related to clinical measures 
of motor impairment and function. therefore, changes in 
reach control based on side of brain damage may reflect 
underlying neural differences in response to stroke injury 
that warrant future investigation.

Acknowledgments the authors thank lee Johnson and Bruce lar-
son for assistance with modifications to the virtual reality system and 
liang-ching tsai for figure development. the virtual reality sys-
tem used in this study was provided by Innovative sports training, 
Inc. Funding for this research was provided in part through a Mary 
McMillan Doctoral scholarship and a Promotion of Doctoral studies 
II scholarship from the Foundation for Physical therapy and a grant 
from the california Physical therapy Fund.

References

Bamford J, sandercock P, Dennis M, Burn J, Warlow c (1991) clas-
sification and natural history of clinically identifiable subtypes of 
cerebral infarction. lancet 337:1521–1526

Brown sh, cooke JD (1981) Responses to force perturbations pre-
ceding voluntary human arm movements. Brain Res 220:350–355

calarusso RP, hammill DD (1972) the Motor-Free Visual Perception 
test (MVPt). academic therapy, san Rafael

carter aR, astafiev sV, lang cE et al (2010) Resting interhemi-
spheric functional magnetic resonance imaging connectivity pre-
dicts performance after stroke. ann Neurol 67:365–375

Daskalakis ZJ, christensen BK, Fitzgerald PB, Roshan l, chen R 
(2002) the mechanisms of interhemispheric inhibition in the 
human motor cortex. J Physiol 543:317–326



 Exp Brain Res

1 3

Desmurget M, Grafton s (2000) Forward modeling allows feed-
back control for fast reaching movements. trends cogn sci 
4:423–431

Di lazzaro V, Oliviero a, Profice P, Insola a, Mazzone P, tonali P, 
Rothwell Jc (1999) Direct demonstration of interhemispheric 
inhibition of the human motor cortex produced by transcranial 
magnetic stimulation. Exp Brain Res 124:520–524

Duncan PW, Wallace D, lai sM, Johnson D, Embretson s, laster lJ 
(1999) the stroke impact scale version 2.0. Evaluation of reliabil-
ity, validity, and sensitivity to change. stroke 30:2131–2140

Duque J, hummel F, celnik P, Murase N, Mazzocchio R, cohen lG 
(2005) transcallosal inhibition in chronic subcortical stroke. 
Neuroimage 28:940–946

Duque J, Murase N, celnik P et al (2007) Intermanual differences in 
movement-related interhemispheric inhibition. J cogn Neurosci 
19:204–213

Ferbert a, Priori a, Rothwell Jc, Day Bl, colebatch JG, Marsden 
cD (1992) Interhemispheric inhibition of the human motor cor-
tex. J Physiol 453:525–546

Folstein MF, Folstein sE, Mchugh PR (1975) “Mini-mental state”. a 
practical method for grading the cognitive state of patients for the 
clinician. J Psychiatr Res 12:189–198

Fugl-Meyer aR, Jaasko l, leyman I, Olsson s, steglind s (1975) 
the post-stroke hemiplegic patient. 1. a method for evaluation of 
physical performance. scand J Rehabil Med 7:13–31

Gerloff c, cohen lG, Floeter MK, chen R, corwell B, hallett M 
(1998) Inhibitory influence of the ipsilateral motor cortex on 
responses to stimulation of the human cortex and pyramidal tract. 
J Physiol 510(Pt 1):249–259

Goldenberg G (1996) Defective imitation of gestures in patients with 
damage in the left or right hemispheres. J Neurol Neurosurg Psy-
chiatry 61:176–180

Goldenberg G (1999) Matching and imitation of hand and finger pos-
tures in patients with damage in the left or right hemispheres. 
Neuropsychologia 37:559–566

Gordon J, Ghez c (1987a) trajectory control in targeted force 
impulses. II. Pulse height control. Exp Brain Res 67:241–252

Gordon J, Ghez c (1987b) trajectory control in targeted force 
impulses. III. compensatory adjustments for initial errors. Exp 
Brain Res 67:253–269

Gordon J, Ghilardi MF, cooper sE, Ghez c (1994a) accuracy of pla-
nar reaching movements. II. systematic extent errors resulting 
from inertial anisotropy. Exp Brain Res 99:112–130

Gordon J, Ghilardi MF, Ghez c (1994b) accuracy of planar reaching 
movements. I. Independence of direction and extent variability. 
Exp Brain Res 99:97–111

Gottlieb Gl, corcos DM, agarwal Gc (1989) Organizing principles 
for single-joint movements. I. a speed-insensitive strategy. J 
Neurophysiol 62:342–357

Grefkes c, Nowak Da, Eickhoff sB, Dafotakis M, Kust J, Karbe h, 
Fink GR (2008) cortical connectivity after subcortical stroke 
assessed with functional magnetic resonance imaging. ann Neu-
rol 63:236–246

haaland KY, schaefer sY, Knight Rt, adair J, Magalhaes a, sadek 
J, sainburg Rl (2009) Ipsilesional trajectory control is related to 
contralesional arm paralysis after left hemisphere damage. Exp 
Brain Res 196:195–204

harris JE, Eng JJ (2006) Individuals with the dominant hand affected 
following stroke demonstrate less impairment than those with 
the nondominant hand affected. Neurorehabil Neural Repair 
20:380–389

hartman-Maeir a, Katz N (1995) Validity of the Behavioral Inatten-
tion test (BIt): relationships with functional tasks. am J Occup 
ther 49:507–516

Kawato M (1999) Internal models for motor control and trajectory 
planning. curr Opin Neurobiol 9:718–727

lai sM, studenski s, Duncan PW, Perera s (2002) Persisting conse-
quences of stroke measured by the stroke Impact scale. stroke 
33:1840–1844

lai sM, studenski s, Richards l, Perera s, Reker D, Rigler s, Dun-
can PW (2006) therapeutic exercise and depressive symptoms 
after stroke. J am Geriatr soc 54:240–247

lang cE, Wagner JM, Bastian aJ, hu Q, Edwards DF, sahrmann sa, 
Dromerick aW (2005) Deficits in grasp versus reach during acute 
hemiparesis. Exp Brain Res 166:126–136

levin MF (1996) Interjoint coordination during pointing movements 
is disrupted in spastic hemiparesis. Brain 119(Pt 1):281–293

levin MF, Michaelsen sM, cirstea cM, Roby-Brami a (2002) Use of 
the trunk for reaching targets placed within and beyond the reach 
in adult hemiparesis. Exp Brain Res 143:171–180

lewis GN, Perreault EJ (2007) side of lesion influences interhemi-
spheric inhibition in subjects with post-stroke hemiparesis. clin 
Neurophysiol 118:2656–2663

lyle Rc (1981) a performance test for assessment of upper limb 
function in physical rehabilitation treatment and research. Int J 
Rehabil Res 4:483–492

Mani s, Mutha PK, Przybyla a, haaland KY, Good Dc, sainburg Rl 
(2013) contralesional motor deficits after unilateral stroke reflect 
hemisphere-specific control mechanisms. Brain 136:1288–1303

Mayo NE, Wood-Dauphinee s, cote R, Durcan l, carlton J (2002) 
activity, participation, and quality of life 6 months poststroke. 
arch Phys Med Rehabil 83:1035–1042

Mccombe Waller s, Whitall J (2005) hand dominance and side 
of stroke affect rehabilitation in chronic stroke. clin Rehabil 
19:544–551

Messier J, Kalaska JF (1999) comparison of variability of initial kin-
ematics and endpoints of reaching movements. Exp Brain Res 
125:139–152

Murase N, Duque J, Mazzocchio R, cohen lG (2004) Influence of 
interhemispheric interactions on motor function in chronic stroke. 
ann Neurol 55:400–409

Mutha PK, sainburg Rl (2007) control of velocity and position in 
single joint movements. hum Mov sci 26:808–823

Mutha PK, sainburg Rl, haaland KY (2011a) critical neural sub-
strates for correcting unexpected trajectory errors and learning 
from them. Brain 134:3647–3661

Mutha PK, sainburg Rl, haaland KY (2011b) left parietal 
regions are critical for adaptive visuomotor control. J Neurosci 
31:6972–6981

Nichols-larsen Ds, clark Pc, Zeringue a, Greenspan a, Blanton s 
(2005) Factors influencing stroke survivors’ quality of life during 
subacute recovery. stroke 36:1480–1484

Oldfield Rc (1971) the assessment and analysis of handedness: the 
Edinburgh inventory. Neuropsychologia 9:97–113

Pfann KD, hoffman Ds, Gottlieb Gl, strick Pl, corcos DM (1998) 
common principles underlying the control of rapid, single 
degree-of-freedom movements at different joints. Exp Brain Res 
118:35–51

Portney l, Watkins M (2009) Foundations of clinical research: appli-
cations to practice. Prentice-hall, Upper saddle River

Rinehart JK, singleton RD, adair Jc, sadek JR, haaland KY (2009) 
arm use after left or right hemiparesis is influenced by hand pref-
erence. stroke 40:545–550

sabes PN (2000) the planning and control of reaching movements. 
curr Opin Neurobiol 10:740–746

sainburg Rl, schaefer sY (2004) Interlimb differences in control of 
movement extent. J Neurophysiol 92:1374–1383

schaefer sY, haaland KY, sainburg Rl (2007) Ipsilesional motor 
deficits following stroke reflect hemispheric specializations for 
movement control. Brain 130:2146–2158

schmidt Ra, lee tD (2005) Motor control and learning. a behavioral 
emphasis. human Kinetics, champaign



Exp Brain Res 

1 3

stewart Jc, Gordon J, Winstein cJ (2013) Planning and adjustments 
for the control of reach extent in a virtual environment. J Neuro-
eng Rehabil 10:27

van Vliet PM, sheridan MR (2009) ability to adjust reach extent in 
the hemiplegic arm. Physiotherapy 95:176–184

Velicki MR, Winstein cJ, Pohl Ps (2000) Impaired direction and 
extent specification of aimed arm movements in humans with 
stroke-related brain damage. Exp Brain Res 130:362–374

Wagner JM, Dromerick aW, sahrmann sa, lang cE (2007a) 
Upper extremity muscle activation during recovery of reach-
ing in subjects with post-stroke hemiparesis. clin Neurophysiol 
118:164–176

Wagner JM, lang cE, sahrmann sa, Edwards DF, Dromerick aW 
(2007b) sensorimotor impairments and reaching performance in 

subjects with poststroke hemiparesis during the first few months 
of recovery. Phys ther 87:751–765

Winter D (2005) Biomechanics and motor control of human move-
ment. John Wiley & sons Inc, hoboken

Wolpert DM, Ghahramani Z (2000) computational principles of 
movement neuroscience. Nat Neurosci 3(suppl):1212–1217

York cD, cermak sa (1995) Visual perception and praxis in adults 
after stroke. am J Occup ther 49:543–550

Yozbatiran N, Der-Yeghiaian l, cramer sc (2008) a standardized 
approach to performing the action research arm test. Neuroreha-
bil Neural Repair 22:78–90

Ziemann U, hallett M (2001) hemispheric asymmetry of ipsilateral 
motor cortex activation during unimanual motor tasks: further 
evidence for motor dominance. clin Neurophysiol 112:107–113


	Control of reach extent with the paretic and nonparetic arms after unilateral sensorimotor stroke: kinematic differences based on side of brain damage
	Abstract 
	Introduction
	Methods
	Participants
	Experimental task
	Experimental procedure
	Dependent measures
	Statistical analysis

	Results
	Reach performance
	Scaling of peak velocity and peak acceleration to target distance
	Effect of side of brain damage

	Discussion
	Acknowledgments 
	References


