
Hemispheric Specialization for Movement Control Produces Dissociable Differences in
Online Corrections after Stroke

Sydney Y. Schaefer1, Pratik K. Mutha2,3, Kathleen Y. Haaland2,4,5 and Robert L. Sainburg3,6

1Program in Physical Therapy, Washington University School of Medicine, St. Louis, MO 63108, USA, 2Research Service 151, New

Mexico Veterans Affairs Healthcare System, Albuquerque, NM 87108, USA, 3Department of Kinesiology, The Pennsylvania State

University, University Park, PA 16802, USA, 4Department of Psychiatry and 5Department of Neurology, University of New Mexico,

Albuquerque, NM 87131, USA and 6Department of Neurology, The Pennsylvania State University, Hershey, PA 17033, USA

Address correspondence to Dr Robert L. Sainburg, PhD, Department of Kinesiology, 29 Recreation Building, University Park, PA 16802, USA. Email:

rls45@psu.edu.

In this study, we examine whether corrections made during an
ongoing movement are differentially affected by left hemisphere
damage (LHD) and right hemisphere damage (RHD). Our hypothesis
of motor lateralization proposes that control mechanisms special-
ized to the right hemisphere rely largely on online processes, while
the left hemisphere primarily utilizes predictive mechanisms to
specify optimal coordination patterns. We therefore predict that
RHD, but not LHD, should impair online correction when task goals
are unexpectedly changed. Fourteen stroke subjects (7 LHD, 7 RHD)
and 14 healthy controls reached to 1 of the 3 targets that
unexpectedly ‘‘jumped’’ during movement onset. RHD subjects
showed a considerable delay in initiating the corrective response
relative to controls and LHD subjects. However, both stroke groups
made large final position errors on the target jump trials. Position
deficits following LHD were associated with poor intersegmental
coordination, while RHD subjects had difficulty terminating their
movements appropriately. These findings confirm that RHD, but not
LHD, produces a deficit in the timing of online corrections and also
indicate that both stroke groups show position deficits that are
related to the specialization of their damaged hemisphere. Further
research is needed to identify specific neural circuits within each
hemisphere critical for these processes.
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Introduction

In his lectures on the anatomy of the human hand, Sir G.M.

Humphry (1861, p. 200) questioned ‘‘why man [is] usually

right-handed’’ and whether the superiority of the right hand for

certain tasks, like ‘‘wielding the pen or the knife,’’ provided

humans with greater motor skill. Implicit in this statement is

the view that a larger repertoire of motor skills can result from

the distribution of specialized functions to the right and left

hands. New research is beginning to support this idea. To date,

studies in right-handed adults have demonstrated that the left

arm/hand is more skilled than the right arm/hand for

proprioceptive matching and recall (Roy and MacKenzie

1978; Goble et al. 2006; Goble and Brown 2007), impeding

dynamic perturbations (Bagesteiro and Sainburg 2003; Duff and

Sainburg 2007; Schabowsky et al. 2007), and, under some

conditions, achieving greater spatial accuracy (Guiard et al.

1983; Lenhard and Hoffmann 2007). In contrast, the right arm/

hand in right-handers appears to better optimize dynamic

parameters such as movement direction and trajectory

shape (Sainburg and Kalakanis 2000; Bagesteiro and Sainburg

2002; Sainburg 2002). These interlimb differences in motor

performance are thought to reflect hemispheric lateralization

of motor control mechanisms within the central nervous

system. It has been hypothesized that neural mechanisms for

achieving and/or stabilizing limb position, which largely rely on

feedback-based processes, are specialized in the right (non-

dominant) hemisphere in right-handed individuals. On the

other hand, planning and coordinating limb trajectories

through mechanisms that predict the effects of limb and task

dynamics might be specialized in the left (dominant) hemi-

sphere (see Sainburg 2005, 2010 for reviews). It is therefore

likely that the preferred use of the right arm for tasks like

throwing (Oldfield 1971) and the left arm for stabilizing

functions emerges from these hemispheric specializations. This

distribution of control mechanisms across the 2 hemispheres

forms the basis of our dynamic-dominance hypothesis of motor

lateralization.

Evidence supporting hemispheric lateralization of these

complementary control processes has come from studies

examining movement deficits in subjects with unilateral stroke.

These studies have shown that left or right hemisphere lesions

produce distinct behavioral deficits that reflect damage to

control processes for which that hemisphere might be

specialized (Kimura and Archibald 1974; Fisk and Goodale

1988; Haaland and Harrington 1989; Harrington and Haaland

1991; Haaland et al. 2004; Schaefer et al. 2007, 2009a, 2009b;

Mutha et al. 2011). Most important is the finding that damage to

a single hemisphere produces deficits in both the contrale-

sional and the ipsilesional arms. In addition, deficits arising from

damage to one hemisphere often do not occur when the

opposite hemisphere is damaged. For example, damage to the

left hemisphere produces deficits in intersegmental coordina-

tion, but coordination remains intact despite damage to the

right hemisphere (Schaefer et al. 2009b). These findings

indicate that both hemispheres contribute specific and

necessary processes to movements of each arm.

Our hypothesis of lateralized trajectory and positional

control mechanisms in the left and right hemisphere, re-

spectively, is consistent with several studies that have proposed

a distinction in mechanisms mediating these 2 features of

movement (Gordon, Ghilardi, and Ghez 1994; Dizio and

Lackner 1995; Kurtzer et al. 2005; Wang and Sainburg 2005;

Ghez et al. 2007; Mutha and Sainburg 2007). Recently, Arce

et al. (2009, 2010) demonstrated a potential functional

advantage of such a distinction, by showing that healthy adults

were able to flexibly use these separate control processes to

adapt to different novel task conditions. It is possible that the

lateralization of these control processes minimizes
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interference, thereby allowing the strategic use of these

different processes during adaptation. This suggests that

adaptation to novel conditions should be differentially affected

following left hemisphere damage (LHD) or right hemisphere

damage (RHD). In line with this idea, our recent studies on

visuomotor adaptation (Schaefer et al. 2009a; Mutha et al. 2011)

revealed that damage to the left, but not the right, hemisphere

impaired the ability to improve movement direction over time,

a deficit resulting from damage to mechanisms involved in

movement planning. Surprisingly though, these subjects were

able to make corrections as the movement progressed in order

to bring their arm to the intended target, which we speculated

was due to their intact right hemisphere. In contrast, subjects

with RHD showed intact adaptation of movement direction but

showed a reduced ability to accurately bring their arm to the

target. While these findings demonstrated a vital role for the

left hemisphere in movement planning, they also provided

preliminary support for a critical role of the right hemisphere

in online correction. This interpretation was tentative, how-

ever, given that movements were made to target locations that

could be handled through predictive, or feedforward, mecha-

nisms.

The purpose of the current study was to determine whether

online error correction processes are differentially affected by

LHD or RHD after stroke when reaching to target locations that

change direction unexpectedly during movement. We predicted

that 1) RHD should disrupt mechanisms that mediate rapid

corrections to unexpected task changes during an ongoing

movement; therefore, both the temporal efficiency and spatial

efficacy of position corrections should be affected, while 2) LHD

should not disrupt either aspect of these corrections. To test

these predictions, in the current study, we use a double-step

paradigm where the location of a visual target is unexpectedly

perturbed to the right or left after the onset of a reaching

movement and examine the nature of subsequent trajectory

corrections. Differences in the quality of these corrective

responses between groups of LHD and RHD subjects would

indicate that the control processes for stable (position) and

changing (trajectory) limb states are lateralized and can be

flexibly recruited when the nervous system is intact. Such findings

will provide a neural basis for the belief of Sir Humphry (1861)

that ‘‘we acquire a greater degree of skillfulness and dexterity

than we should do if both hands were equally employed’’ (p. 204).

Materials and Methods

Subjects
Fourteen right-handed subjects with chronic poststroke hemiparesis and

14 right-handed healthy controls (HCs; Table 1) were examined after

obtaining approval from the Institutional Review Board of the New

Mexico Veterans Affairs Healthcare System. Prior to participation,

informed consent was obtained from each participant, according to the

Declaration of Helsinki. All subjects were right-handed; handedness was

determined by the Edinburgh inventory (Oldfield 1971). Subjects were

screened and excluded based on history of 1) significant substance abuse

and/or severe psychiatric diagnosis, 2) peripheral movement restrictions,

such as neuropathy or orthopedic disorders, and 3) neurological diseases

other than stroke for the stroke subjects and all neurological diagnoses

for the control group. All stroke subjects in this study had hemiparesis in

the contralesional arm, defined as a contralesional grip strength at least

1.5 standard deviations (SDs) below normal and at least 1.5 SDs less than

ipsilesional grip strength using a hand dynamometer (Heaton et al. 2004).

An additional measure of hemiparesis (upper extremity motor subscore of

the Fugl-Meyer Motor Assessment) (Fugl-Meyer et al. 1975) and language

comprehension (Kertesz 1982) were also used for descriptive purposes.

Lesion Characteristics
Magnetic resonance images (MRIs) were obtained in 10 stroke subjects,

while computed tomography (CT) scans were done for the remaining 4

subjects due to medical contraindications for MRI. A board-certified

neurologist, who was blinded to the behavioral characteristics of the

subjects, outlined the area of damage for each subject on 11

standardized horizontal sections derived from the DeArmond atlas

(DeArmond et al. 1989) using T1-weighted MRI for anatomical detail

and T2-weighted images to specify borders of the damaged tissue. These

tracings were digitized to create overlap images and calculate lesion

volume using a custom algorithm, the reliability of which has been

previously verified (Knight et al. 1988).

Table 1
Summary of subject characteristics

Subject Sex Age (years) Education (years) Poststroke (years)a Lesion volume (cm3)b Language abilityc UE Fugl-Meyerd Grip strength righte Grip strength lefte Lesion location

LHD1 M 44 14 7.0 147.2 46 22 0 51 SMC, IC, BG, PC, IF, TC
LHD2 M 60 14 16.8 28.8 80 45 12 54 IC, BG, PC, TC
LHD3 M 46 17 5.1 152.9 80 61 27 48 SMC, IC, BG, PC, IF, TC
LHD4 M 61 14 17.3 125.2 66 27 12 44 SMC, IC, BG, PC, IF, TC
LHD5 M 55 14 0.7 24.1 44 10 0 62 BG
LHD6 M 76 12 12.0 182.9 80 33 9 46 SMC, PC, TC
LHD7 M 53 18 4.2 59.1 53 5 0 46 IC, BG, TC
LHD mean ± SD 56.4 ± 10.8 14.7 ± 2.1 9.0 ± 6.4 102.9 ± 64.5 64.1 ± 16.4 29.0 ± 19.5 8.6 ± 9.9 50.1 ± 6.2
LHC mean ± SD 55.0 ± 7.7 14.4 ± 1.7 78.9 ± 3.0 50.7 ± 7.7 52.1 ± 6.9
RHD1 M 50 16 19.5 244.8 80 4 24 0 SMC, IC, BG, PC, DLPF, IF, TC
RHD2 M 65 12 8.9 27.4 76 62 33 0 SMC, DLPF
RHD3 M 52 12 10.5 274.7 80 49 34 5 SMC, PC, DLPF, IF, TC
RHD4 F 58 16 9.0 137.3 80 6 33 0 SMC, IC, BG, PC, DLPF, IF, TC
RHD5 M 63 18 3.8 118.7 80 5 38 0 SMC, IC, BG, DLPF, IF, TC
RHD6 M 55 16 5.9 283 80 6 36 0 SMC, IC, BG, PC, DLPF, IF, TC
RHD7 F 68 11 1.0 43.5 80 44 53 23 TC
RHD mean ± SD 58.7 ± 6.8 14.4 ± 2.7 8.4 ± 5.9 161.3 ± 107.1 79.4 ± 1.5 25.1 ± 25.4 35.9 ± 8.7 4.0 ± 8.6
RHC mean ± SD 59.9 ± 9.9 16.3 ± 1.7 78.9 ± 3.0 46.6 ± 7.8 48.6 ± 11.1

Note: UE: upper extremity; M: male; F: female; SMC: sensorimotor cortex (BA 4, 6, and/or 3, 1, 2); IC: internal capsule; BG: basal ganglia; PC: parietal cortex (BA 7 and/or 39, 40); DLPF: dorsolateral

prefrontal cortex (BA 8, 9 and/or 46); IF: inferior frontal cortex (BA 44); TC: superior and middle temporal gyrus (BA 22, 21, and/or 37).
aYears poststroke are calculated as time elapsed between incidence of stroke and day of data collection.
bLesion volume is computed from MRI or CT.
cLanguage ability was assessed using the Sequential Command Subtest from the Western Aphasia Battery.
dMaximum score on the UE motor subscore of the Fugl-Meyer Motor Assessment is 66.
eGrip strength from dynamometer are expressed as standardized T scores.
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Lesion location for each LHD and RHD subject is described in Table 1,

and overlap images are shown in Figure 1. In general, all subjects showed

damage to widespread regions of cortex as well as subcortical regions.

Maximum overlap in the LHD subjects occurred in basal ganglia, internal

capsule, and insular cortex. A majority of these subjects also had damage

to motor cortex (Brodmann Area [BA] 4), premotor cortex (BA 6), and

somatosensory cortex (BA 3, 1, 2). Five LHD subjects had lesions to

regions of the parietal cortex, particularly portions of the supramarginal

gyrus (BA 40). RHD subjects hadmaximum overlap in prefrontal regions,

particularly inferior frontal (BA 44) and dorsolateral prefrontal (BA 46)

cortices. Several of these subjects also had damage in basal ganglia;

internal capsule; insular cortex as well as motor (BA 4), premotor (BA 6),

and somatosensory (BA 3, 1, 2) cortices. Inferior parietal regions (BA 40)

were damaged in 4 of 7 RHD subjects. Regions of the superior, middle,

and/or inferior temporal lobe (BA 22, 21, and/or 37) were also damaged

in 6 subjects in each of the stroke groups. Thus, overall, lesions in both

groupswere quite large and coveredwidespread cortical and subcortical

regions.

Experimental Setup
Figure 2A illustrates the experimental setup. Subjects sat facing

a projection screen with their left or right arm supported just below

shoulder height on an air-jet system to minimize the effects of friction

and gravity. Under such conditions, subjects with hemiparesis are able

to move across a larger workspace at higher speeds with better

Figure 1. Overlap of lesion location in the LHD and RHD groups. Colors of shaded regions denote percentage of LHD and RHD subjects with lesions in the corresponding region.

Figure 2. (A) Side and top view of experimental apparatus are shown. (B) Baseline and (C) target jump locations in the lateral, center, or medial direction relative to the starting
position. All targets were presented in the ipsilateral hemispace relative to the arm. (D) Schematic of computation for corrective interaction torque (x-axis 5 time). Calculated
interaction torque is on the left. Arrow indicates full-wave rectification; dashed line indicates correction time; asterisk indicates value of peak corrective interaction torque.

Cerebral Cortex June 2012, V 22 N 6 1409



movement quality (Beer et al. 2004) and may be less susceptible to

fatigue during participation (Rudroff et al. 2011). A start circle, a target,

and a cursor that represented finger position were projected on

a horizontal back-projection screen positioned above the arm, with

a horizontal mirror positioned below this screen. The mirror reflected

the visual display such that the projection appeared in the same

horizontal plane as the fingertip. It is important to note that the virtual

reality display was designed and calibrated to ensure that the

projection was veridical (i.e., 1 cm leftward arm movements corre-

sponded to 1 cm leftward cursor movements in the same plane).

Subjects could not see their arm moving below the mirror; the

displayed cursor was the only visual feedback available to the subjects.

All joints distal to the elbow were immobilized using an adjustable

brace. Position and orientation of the segments proximal and distal to

the elbow joint were sampled at 103 Hz using a Flock of Birds (FoB;

Ascension Technology) magnetic 6 degree-of-freedom movement

recording system. A single sensor was attached to the upper arm

segment via an adjustable plastic cuff, while another sensor was fixed to

the air sled where the forearm was fitted. The sensors were positioned

approximately at the center of each arm segment. The positions of the

following 3 bony landmarks were digitized using a stylus that was

rigidly attached to an FoB sensor: 1) index fingertip; 2) the lateral

epicondyle of the humerus; 3) the acromion, directly posterior to the

acromioclavicular joint. Custom software used the FoB sensor data to

compute the 3D position of the index fingertip, and the recorded x--y

coordinates of the fingertip were used to project a cursor onto the

screen. Screen redrawing occurred fast enough to maintain the cursor

centered on the fingertip throughout the sampled arm movements.

The described experimental setup standardizes the experimental task

(see below) and enables quantifiable comparisons of task performance

(see Kinematic Data, Inverse Dynamics, and Performance Measures)

across subjects.

Experimental Task
All subjects completed 1 session of 234 trials. Stroke subjects used the

less affected ipsilesional arm, while the HCs were randomly assigned to

perform the task with their left (LHC) or right (RHC) arm. For all trials,

subjects were instructed to move from the start location to 1 of the 3

targets. All 3 targets were 2.5 cm in diameter and were projected in the

same ipsilateral hemispace as the tested arm at a distance of 16 cm from

the start position. The targets were oriented 40� clockwise, 0�, or 40�
counterclockwise from the start position (Fig. 2B); thus, subjects were

instructed to reach with their arm to a lateral (away from midline),

center, and medial (toward midline) target. The cursor, which

corresponded to the real-time position of the index fingertip, and the

start circle were displayed on the screen prior to each trial. The target

did not appear until after the subjects had held the cursor within the

starting circle (for 200 ms) to trigger the audiovisual ‘‘go’’ signal; the

target for that trial then appeared. Instructions were to move the finger

(represented by the cursor) to ‘‘the center of the target and stop, using

a single, uncorrected motion.’’ Visual feedback of the finger position

(cursor) was provided only for positioning the finger in the start circle

and was removed at the go signal. No visual feedback was given during

the movement. Although explicit knowledge of performance or results

was not given, subjects received a numerical score at the end of each

trial to maintain motivation. This score was based on the location of the

index finger relative to the target at movement end: Final position

errors <1.25 cm from the center of the target (i.e., within the target

circle) were awarded 10 points; 1.25--2.5 cm, 3 points; 2.5--3.75 cm, 1

point; >3.75 cm, no points. The purpose of awarding points to each trial

was merely for motivation; these points were not analyzed as

dependent variables. All trials, regardless of score, were recorded and

saved. Following the display of the numerical score after each trial,

the cursor was redisplayed for accurate positioning of the fingertip back

at the start circle for the next trial. The 3 targets were presented in

a pseudorandomorder, andno single targetwas presented consecutively.

Within the testing session of 234 trials, there were 2 types of trials:

186 baseline trials and 48 ‘‘target jump’’ trials. During baseline trials,

subjects moved as described above. For target jump trials, the target

‘‘jumped’’ to an adjacent location as movement was initiated (i.e.,

reaction time, see below) (Fig. 2C). Target jump trials were imposed

every 4--6 trials, thereby making it highly likely that midmovement

perturbations could occur during the testing session that were

unpredictable in direction. Instructions for these trials did not change,

and subjects were expected to still move to ‘‘the center of the target

and stop.’’ The target jump locations were oriented 40� clockwise, 0�,
or 40� counterclockwise from the start position, as in the baseline trials.

The target location unpredictably, yet noticeably, shifted 10.9 cm from

lateral to center, center to medial, center to lateral, or medial to center.

Each type of target jump trial occurred 12 times in a session (4 target

jump types 3 12 trials each = 48 trials), but the pseudorandom order

prevented the predictability of whether a jump would occur on

a particular trial and the direction of the jump when it did occur. This

ensured that the corrective response to the target jump was dependent

on feedback-mediated processes.

Kinematic Data
The positions of the index finger, elbow point, and shoulder point were

calculated from sensor position and orientation data from FoB (see

above). Joint angles were calculated from these data. All kinematic data

were low-pass filtered at 8 Hz (third order, dual pass Butterworth) and

differentiated to yield velocity and acceleration values. Movement start

was determined by identifying the time of peak velocity and searching

backward in time for the first minimum in velocity (acceleration = 0)

below 6% of peak tangential velocity. For baseline trials, movement end

was similarly determined by searching forward in time from peak

velocity to find the first minimum in velocity below 6% of peak

tangential velocity, thereby excluding any small corrective submove-

ments. For target jump trials, movement end was determined by

searching forward in time from the second peak in velocity

(corresponding to peak velocity of the corrective response) to find

the first minimum in velocity below 6% of the first peak tangential

velocity value.

Inverse Dynamics
Using inverse dynamics analysis, values for net torque, interaction

torque, and muscle torque were calculated for each joint (elbow and

shoulder) for all target jump trials. Full description of these

calculations, as well as the equations detailing how each torque

component was computed and analyzed, can be found in our earlier

work (Bagesteiro and Sainburg 2002). The inertia and mass of the

forearm support were 0.0247 kg�m2 and 0.58 kg, respectively. Limb

segment inertia, center of mass, and mass were computed from

regression equations using subjects’ body mass and measured limb

segment lengths (Winter 1990). Positive torque values indicated joint

flexion; negative torque values indicated joint extension.

Performance Measures
The following measures were calculated for each baseline trial:

movement time, peak tangential velocity, and final position error.

Movement time was defined as the elapsed time from movement start

to movement end. Peak tangential velocity was defined as the absolute

maximum tangential velocity occurring between movement start and

end. Final position error was calculated as the absolute value of the

distance from the index fingertip at movement end to the center of the

target.

For each target jump trial, additional measures were calculated:

correction time and corrective interaction torque. Correction time was

determined by searching backward in time from the peak velocity of

the corrective movement for the local minimum in tangential velocity.

Mean correction time for each target jump direction (lateral to center,

center to medial, center to lateral, or medial to center) was then

expressed as a percentage of mean baseline movement time (lateral,

center, or medial). For example, mean correction time for the lateral-to-

center target jump trials was divided by the mean movement time for

the lateral target baseline trials, multiplied by 100. This measure was

used to quantify how much of the intended baseline trial was

completed before the corrective movement began. This was done for

each subject such that the timing of all subjects’ corrective responses

was relative to their baseline performance (Shabbott and Sainburg

Lateralization of Movement Control d Schaefer et al.1410



2008, 2009). To determine the corrective interaction torque, elbow

interaction torque was full-wave rectified to convert the entire

torque waveform to positive values (Fig. 2D). Corrective interaction

torque was calculated as the maximum rectified elbow interaction

torque during the corrective movement. This value represented the

maximum amount of flexor or extensor interaction torque at the elbow

in response to the unexpected change in target location.

Statistical Analysis
The means of all baseline performance measures were analyzed using 3-

way mixed-model analysis of variance (ANOVA), with arm (left = L or

right = R) and group (HC or hemisphere damage [HD]) as between-

subject factors and target (lateral, center, and medial) as the within-

subject factor. The means of all target jump performance measures

were analyzed similarly with arm (L or R) and group (HC or HD) as

between-subject factors and target (lateral to center, center to medial,

center to lateral, or medial to center) as the within-subject factor.

When warranted by significant main or interaction effects, post hoc

analysis was performed using Tukey’s test. Pearson product moment

correlation coefficients, or r values (2-tailed significance), were also

used across subjects or trials to determine whether there were linear

relationships between specific variables. When used as a dependent

variable, Pearson r values were normalized using Fisher transformation.

Results

Subject Characteristics

The corrective responses of the ipsilesional arm to unexpected

changes in target location during reaching were studied in

stroke subjects with contralesional hemiparesis after LHD or

RHD and compared to the responses of the same arm of control

subjects. Table 1 summarizes the characteristics of each HD

subject, as well as overall for each group. Age (F3,24 = 0.42; P =
0.74) and education (F3,24 = 1.28; P = 0.30) were similar across

all groups. Student’s t-test revealed that the LHD and RHD

groups did not significantly differ in number of years poststroke

(P = 0.85), lesion volume (P = 0.24), or degree of hemiparesis

based on the upper extremity motor subscore of the Fugl-

Meyer Motor Assessment (P = 0.75) or on contralesional grip

strength (P = 0.37). Language comprehension was significantly

lower in the LHD group than in the RHD group (P < 0.05)

based on the Western Aphasia Battery, yet their motor

performance indicated that it was adequate to perform the

experimental task.

Baseline Performance

During baseline trials, subjects reached without visual feedback

of their arm from a single start location to 3 targets. Measures of

mean baseline performance are shown across targets in Figure

3. Repeated-measures ANOVA revealed no significant 2- or 3-

way interactions, but a significant group effect on movement

time (F1,24 = 8.93; P < 0.01), peak tangential velocity (F1,24 =
8.46; P < 0.01), and final position error (F1,24 = 5.49; P <

0.05) was observed. Subsequent analysis indicated that the

stroke (HD) subjects took more time (Fig. 3A), moved more

slowly (Fig. 3B), and were less accurate (Fig. 3C) than the HC

groups. For all measures, there was a significant main effect of

target (movement time: F2,48 = 64.51; P < 0.0001; peak velocity:

F2,48 = 85.05; P < 0.0001; final position error: F2,48 = 14.27; P <

0.0001) yet no main effect of arm (movement time: F1,24 = 0.25;

P = 0.62; peak velocity: F1,24 = 0.011; P = 0.75; final position

error: F1,24 = 1.47; P = 0.24). Movements to the most medial

target tended to be the slowest and also took longer than the

other 2 target directions in the HC as well as the HD groups,

consistent with other previous reports of planar reaching

movement (Gordon, Ghilardi, Cooper, and Ghez 1994; Gordon,

Ghilardi, and Ghez 1994; Schaefer et al. 2009b) in similar low-

friction experimental conditions. This pattern was more

pronounced in the HD group, who, regardless of arm and side

of lesion, were slower and less accurate than the HC subjects

across all targets during baseline performance. Such ipsilesional

deficits in speed and accuracy may contribute to functional

deficits during unconstrained naturalistic movements (Desros-

iers et al. 1996; Schaefer et al. 2009b).

Target Jump Performance

Figure 4A shows the handpaths of all target jump trials for

representative control and HD subjects. Although the target

changed location at reaction time, subjects continued to

execute the originally planned reach and changed movement

directions near the original target location. Thus, movement

times for the target jump trials were nearly twice those of the

baseline trials in all groups (mean target jump vs. baseline: LHC,

827 vs. 529 ms; RHC, 999 vs. 578 ms; LHD, 1247 vs. 883 ms;

RHD, 1450 vs. 746 ms), as shown in Figure 4B. However, similar

to baseline conditions, there was a significant main effect of

Figure 3. Baseline performance. Mean (A) movement time, (B) peak tangential
velocity, and (C) final position error for each target (Lat, lateral; Cen, center; and Med,
medial location in ipsilesional hemispace) is displayed for the left and right arms of
healthy control groups (LHC, RHC; solid line) and the ipsilesional arms of LHD and RHD
groups (dashed line). Error bars indicate standard error.
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group (F1,24 = 16.37; P < 0.001) and target (F3,72 = 5.29; P <

0.01) on movement time for the target jump trials, with no

other significant effects. Post hoc tests indicated that move-

ment time on the jump trials in the HD group was much longer

than HC subjects and that target jump responses from the

lateral to the center target took the longest to be completed.

Further, both HD groups tended to be less accurate than the

HC groups when the target jumped (Fig. 4C), with a marginal

main effect of group on final position error in the target jump

trials (F1,24 = 4.00; P = 0.056). Importantly, however, there was

no significant effect of arm (F1,24 = 0.31; P = 0.58) or arm 3

group interaction (F1,24 = 0.17; P = 0.68) and therefore no

indication of any difference in accuracy between the left and

right arms of the HC groups, nor between the ipsilesional arm

of the LHD and RHD groups. In fact, mean final position errors

were quite comparable between the 2 HC groups (LHC: 2.2

±0.1 cm, RHC: 2.5 ± 0.7 cm) as well as between the 2 HD

groups (LHD: 3 ± 0.2 cm, RHD: 3.1 ± 0.3 cm).

There were significant differences in the timing of each

group’s corrective movements. Correction times were normal-

ized for each subject with respect to mean baseline perfor-

mance. Our ANOVA revealed a significant interaction between

arm and group on correction time (F1,24 = 4.97; P < 0.05). This

arm 3 group effect is illustrated in Figure 5A, such that

correction times for both the LHC and RHC groups occurred at

~100% of baseline movement time, whereas correction time for

the LHD group occurred at ~70% of baseline movement time.

In contrast, RHD correction time occurred later, at ~110% of

baseline movement time. Post hoc analysis revealed that,

relative to the originally planned baseline movement, correc-

tion times were significantly earlier for the LHD group and

significantly later for the RHD group (P < 0.05). Velocity

profiles of single baseline and target jump trials are shown in

Figure 5B and clearly illustrate the delayed correction time in

a representative RHD subject.

Midmovement Dynamics Versus Final Position Errors

As shown in Figure 4A, the corrections of the LHD subject

tended to be curved and variable. Depending on the location

and direction of the target jump (medial or lateral), the

handpaths curved toward or away from the body when moving

to the new target. We had previously reported significant

directional effects on handpath curvatures and final position

errors of LHD subjects, which were attributed to direction-

dependent variations in intersegmental dynamics that were not

accurately accounted for by these subjects (Schaefer et al.

2009b). We therefore expected a similar deficit in interseg-

mental coordination in our LHD subjects when the required

Figure 4. Target jump performance. (A) Top view of handpaths for all target jump
trials for individual HC and HD subjects. Mean (B) movement time and (C) final
position error for each target (Lat--Cen, lateral to center; Cen--Med, center to medial;
Cen--Lat, center to lateral; Med--Cen, medial to center) is displayed for the left and
right arms of healthy control groups (LHC, RHC; solid line) and the ipsilesional arms of
LHD and RHD groups (dashed line). Error bars indicate standard error.

Figure 5. Target jump performance. (A) Mean correction time (% baseline
movement time) is displayed for the left and right arms of healthy control groups
(LHC, RHC) and the ipsilesional arms of LHD and RHD groups. Error bars indicate
standard error. (B) Tangential velocity profiles from individual baseline trials (thin line)
to the center location (Cen) and target jump trials (thick line), when the target jumped
from the center location to the medial location (Cen--Med), are shown for individual
HC and HD subjects. Arrows indicate correction time for target jump trials.
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direction of a reach would suddenly change, as in the case of an

unexpected target jump. We found this to be true. This effect is

shown in Figure 6A, which displays profiles for shoulder net

torque, elbow net torque, elbow interaction torque, and elbow

muscle torque during the individual target jump trials of the

LHD subject (left panel) and RHD subject (right panel) shown

earlier in Figure 5B. Positive values indicate flexor torque. The

corresponding handpaths are shown above the torque profiles,

with arrows indicating correction time. For these representa-

tive trials, the target jumped from the center to medial location.

The typical corrective response for these trials would involve

flexion of the shoulder with little elbow acceleration. Instead of

using shoulder motion to correct for the medial displacement

of the target, the LHD subject initiated the correction with

elbow action. Just prior to correction time (arrow on torque

profile), a large burst of flexor elbow muscle torque caused

flexor elbow acceleration (flexor elbow net torque). The effect

of this flexor elbow muscle torque on the shoulder was to

accelerate the shoulder into extension (extensor shoulder net

torque), a strategy counter to that required for correcting to

the medial target location. Just after the initiation of the

correction, the extensor shoulder net torque resulted in

a flexor interaction torque at the elbow, which became the

primary driver of elbow motion and resulted in the ‘‘un-

dershoot’’ of final position with respect to the new target

location. Thus, dynamically, the LHD participant showed poor

intersegmental coordination and relied largely on elbow

motion during the corrective phase. In contrast, the response

of the RHD subject to the same target jump was well

coordinated, with the correction being initiated by shoulder

action and elbow muscle and interaction torques compensating

each other to produce minimal elbow acceleration. Again, the

delayed correction time can be seen in Figure 6A, as the total

movement was composed of 2 discrete reaches. The RHD

subject also did not reach the displaced target location

accurately, and the resulting undershoot of final position was

of similar magnitude to that of the LHD subject. We therefore

propose that the similar final position errors of the 2 subject

groups are due to different mechanisms: RHD subjects made

coordinated movements that were directed to erroneous

locations, while the LHD subjects’ poor intersegmental co-

ordination appeared to contribute to final position errors.

Both subjects shown in Figure 6A demonstrated similar

magnitudes of elbow interaction torque early after correction

time and had similar errors in final position. Figure 6B

illustrates how final position errors were dependent on these

interactions in each subject. In the LHD subject, the magnitude

of final position error was substantially dependent on the

magnitude of interaction torque acting at the elbow. These 2

variables were unrelated, however, in the RHD subject across

the same range of torque and error values. To quantify this

relationship within each group, final position error was plotted

against corrective interaction torque of each target jump trial

for each subject, yielding a Pearson r that was then normalized

Figure 6. (A) Torque profiles are shown for shoulder net torque (gray line), elbow net torque (thick black line), elbow muscle torque (thin black line), and elbow interaction torque
(dashed line) during the individual target jump trials shown in Figure 5B for the LHD subject (left panel) and RHD subject (right panel). Corresponding handpaths are inset. Arrows
indicate correction time. (B) Final position error of each target jump trial is plotted as a function of corrective interaction torque for an LHD and RHD subject, with corresponding
Pearson r value. (C) Mean normalized Pearson r (Fisher z-score) of final position error versus corrective interaction torque is displayed for the left and right arms of healthy control
groups (HC) and the ipsilesional arms of LHD and RHD groups (HD). Bars indicate standard error of mean. *Tukey’s test: P \ 0.05.
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for across-subject comparison. Two-way ANOVA revealed

a significant arm 3 group interaction effect on normalized r

(F1,1 = 5.29; P < 0.05). Post hoc analysis revealed that the mean

normalized r value for the LHD group (rnorm = 0.60) was

significantly larger than all other groups (Fig. 6C), indicating

that final position error during target jump trials was explained

by interaction torque magnitude to a larger extent in the LHD

group than in either the control group or the RHD group. This

reflects a deficit in intersegmental coordination during the

correction. Thus, even though both the LHD and RHD groups

showed a deficit in accuracy of the corrective response, this

deficit was associated with poor coordination only in the LHD

group. The RHD group showed a deficit in timing (and

accuracy) of the response but not its coordination.

Discussion

The purpose of this study was to determine whether online

error correction processes are differentially affected by LHD or

RHD due to stroke. Deficits in correcting movements to

random target displacements were different between the 2

stroke groups, indicating that the roles of the left and right

hemispheres are asymmetric. Corrective responses in the RHD

group were initiated later and were less accurate compared to

their control group. In contrast, corrective responses in the

LHD group were initiated earlier, but were also less accurate

compared to their control group. Errors in the RHD group

emerged from well-coordinated corrective movements that

were terminated in the wrong locations. In the LHD subjects,

position errors resulted from deficits in coordination of

intersegmental dynamics. These results demonstrate distinct

effects of LHD and RHD on online corrections and indicate that

both hemispheres play significant and complementary roles in

the control of unilateral limb movement.

Left and Right Hemisphere Specialization for Different
Aspects of Control

While several previous studies have examined responses to

target displacements (Keele and Posner 1968; Soechting and

Lacquaniti 1983; Goodale et al. 1986; Prablanc and Martin 1992;

Desmurget et al. 1999; Sarlegna et al. 2003; Haaland et al. 2004;

Mutha et al. 2008), only recently did Gritsenko et al. (2009)

address the question of whether limb dynamics are accounted

for during the correction. These authors compared actual

responses following target jumps to the output of models in

which the corrective signal was proportional to the kinematic

error or also accounted for the dynamic requirements of

making the correction. They found that the controller that

accounted for limb dynamics best reproduced the behavioral

results. We view this ability to account for intersegmental limb

dynamics as arising from a left hemisphere specialization for

predictive control. When using the ipsilesional left arm, the

LHD subjects showed intact timing but poor intersegmental

coordination while making the online correction. In fact, final

position errors in these subjects were related to their

coordination deficits. Our results thus agree with the conclu-

sion of Gritsenko et al. (2009) and may provide a neural

correlate for their findings. Our findings indicate that the ability

to account for limb dynamics during an online correction

depends on processes within the left hemisphere.

Together with our previous results, our current findings

demonstrate that damage to left hemisphere regions produces

significant deficits in planning well-coordinated movements.

During unperturbed movements, these deficits are evident as

inefficient dynamic profiles, large direction errors, and curved

hand trajectories (Schaefer et al. 2009b; Mutha et al. 2010). In

cases of perturbations, as in the current study, they appear to

be manifest as poor intersegmental coordination during the

corrective action as well. Although we have not yet evaluated

the effects of focal lesions on the coordination of online

corrections, our recent work has indicated that parietal regions

in the left hemisphere are critical for planning coordinated

movements, given that damage to left, but not right, parietal

regions impaired the ability to adapt initial movement direction

and plan a straight movement to the intended target (Mutha

et al. 2011). Further, our recent findings in subjects with

ideomotor limb apraxia, which commonly occurs following left

parietal lesions, showed impaired interjoint coordination and

large variations in movement direction during simple visually

targeted reaching actions, lending further support to the idea

of parietal-mediated motor planning (Mutha et al. 2010). Some

studies have shown, however, little to no significant relation-

ship between limb apraxia and deficits of ipsilesional reaching

and grasping (Hermsdorfer et al. 1999, 2003; Schaefer et al.

2007), suggesting that reaching studies in limb apraxic subjects

may have to be interpreted with some caution with respect to

neuroanatomical correlates. Nonetheless, a large body of

evidence from other work suggests that parietal regions appear

to be a key contributor to the left hemisphere specialization for

predictive control, as has also been recently proposed by

Oliveira et al. (2010). Whether the same regions also contribute

to planning of coordinated corrective responses requires

further investigation.

Desmurget et al. (1999) showed that transcranial magnetic

stimulation over parietal cortex in the left hemisphere

impacted upon the accuracy of responses to target displace-

ments. They attributed this deficit to a disruption in the ability

to estimate the current location of the hand in order to

generate the corrective response. Our results demonstrate that

final position errors in the LHD group arise as a consequence of

poor dynamic coordination; knowledge of the current hand

location is necessary in order to accurately compute movement

dynamics (Desmurget et al. 1998; Sainburg et al. 2003; Sober

and Sabes 2003; Sarlegna et al. 2009). It is thus possible that

parietal damage in our LHD subjects impaired the ability to

generate estimates of hand location, and thereby resulted in

poor specification of limb dynamics for the corrective action,

causing the positional error. It must be pointed out, however,

that estimation of limb location might not be exclusively

dependent on parietal regions. Our other studies in which

movement corrections were required, but task goals remained

stable, showed accurate final positions in LHD subjects, several

of whom had parietal damage (Schaefer et al. 2009a; Mutha

et al. 2011). As mentioned earlier, future studies with subjects

with focal parietal damage might help to resolve the specific

role of parietal regions in the movement correction process.

It is also highly likely that the movement correction process

varies as a function of task goals. During experimental reaching

tasks, the same stimulus has in fact been shown to elicit

a different response depending on the statistical properties of

the environment (Fine and Thoroughman 2007), suggesting

that the design of task protocols can alter how the nervous

system processes errors. Although our current findings for

baseline movements appear to be at odds with our previous
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findings in LHD and RHD subjects as they used their ipsilesional

arm to reach across multiple directions (Schaefer et al. 2009b),

these differences in task performance may be attributable to

the uncertainty of final position introduced by our current

perturbation protocol. We have previously shown that LHD

subjects can be as, if not more, accurate than their control

group when using the ipsilesional left arm (Schaefer et al. 2007,

2009b), while the RHD group has been substantially less

accurate despite using their ipsilesional yet dominant right arm

when reaching to predictable target locations. In the current

study, when comparing baseline performance between each

HD group and their respective control groups, LHD subjects

had larger errors that were only slightly better than the errors

made by RHD subjects. We suggest that this reduced accuracy

in baseline movements may be attributable in part to the

unpredictable nature of the current paradigm because target

jumps were imposed every 4--6 trials and in either direction

relative to the original target, thereby increasing the temporal

and spatial uncertainty of final position. It is plausible that

under these ‘‘noisier’’ task conditions, the neural strategies used

to plan each reach are suboptimal (van Beers et al. 2002).

Under these conditions, neither HD group could therefore

achieve the level of final position accuracy that they did under

more predictable conditions in which target location was

unperturbed (Schaefer et al. 2009b). Our previous work in both

healthy adults and individuals after stroke has demonstrated

a specialized role of the left hemisphere for movement

planning, which suggests that the performance of LHD subjects

could be more susceptible to increased task uncertainty than

that of RHD subjects. The accuracy of predictive mechanisms,

which is likely already impaired by HD, may be further affected

by the unpredictable experimental environment. This inter-

pretation could, in part, account for the reduced accuracy in

the LHD group and is consistent with previous work showing

that the nature and quality of feedforward mechanisms vary

with the likelihood of experiencing task-related errors (Fine

and Thoroughman 2007). However, variations in other factors

such as the task environment, the availability of arm support,

and the type of feedback provided could also contribute to the

differences between the current findings during baseline

movements and the results from other studies (Fisk and

Goodale 1988; Haaland and Harrington 1989; Schaefer et al.

2009b).

It should also be stressed that our previous research has often,

but not always, shown final position advantages for the

nondominant arm in healthy adults and LHD subjects (Sainburg

and Kalakanis 2000; Bagesteiro and Sainburg 2002; Sainburg

2002; Schaefer et al. 2007), emphasizing the critical role that task

requirements and movement goals play in controlling reaching

behavior. The processing of contextual factors, like behavioral

risk and reward, has been attributed largely to frontoparietal and

striatal areas (Tobler et al. 2009; Turner and Desmurget 2010),

which all play considerable roles in the preparation and

execution of voluntary movement (Alexander and Crutcher

1990). Although many of the LHD and RHD subjects in this study

had lesions in these regions (see Table 1), future studies

involving more focal brain damage are needed to directly assess

their relative contributions in establishing a movement’s context.

We nevertheless propose that the nondominant right hemi-

sphere has become specialized for feedback-mediated error

correction mechanisms, which can result in positional accu-

racy advantages. We designed the current study to specifically

compare the effects of LHD and RHD on error correction

mechanisms. Although the LHD group showed little advantage

in the spatial accuracy of movement under baseline conditions,

these subjects showed a very strong advantage in the timing of

feedback-mediated corrections to target jumps. This earlier

onset of movement correction relative to controls may appear

to be contradictory to clinical neuropsychological reasoning as

brain damage is thought to slow down neural processing. The

relative advantage seen in this study within the LHD group,

along with other specific relative advantages in aspects of

motor behavior (i.e., better accuracy after LHD and better

coordination after RHD; see Schaefer et al. 2009b), are

collectively consistent with the idea of hemispheric competi-

tion. This concept is supported by data from hemispherecto-

mied and split-brain monkeys and humans (see Gazzaniga 2000,

2005 for review), which have demonstrated that some aspects

of neural processing necessary for successful motor perfor-

mance are performed better with one isolated hemisphere than

with 2 intact hemispheres (Nakamura and Gazzaniga 1978),

presumably due to lack of interference or ‘‘competition’’ from

the other hemisphere. Overall performance of complex real-

world movement, however, tends to be worse than in intact

subjects because it relies on processes from each hemisphere.

Recent work in split-brain subjects has, in fact, suggested that

integration of specialized information from each hemisphere is

critical for intact error processing during visuomotor learning

(Hochman et al. 2011) and supports the principle that

lateralization affords a larger functional repertoire by recruiting

both hemispheres for specific processes.

For example, we found that RHD subjects took longer to

initiate movement corrections than HCs, as well as the LHD

subjects. Thus, the effect of stroke alone did not explain the

longer latency for movement modification; rather the delay in the

time of correction was an effect of right hemisphere stroke only.

In RHD subjects, movements in the target jump condition were

segmented (see Figs 4A and 5B), such that they completed the

first reach to the expected location and initiated a second reach

to the new location after a prolonged delay. This disruption in

rapid online control is consistent with studies that have

suggested a prominent role for regions of the right hemisphere

in the executive control of actions. These studies have suggested

that frontal regions of the right hemisphere, along with their

subcortical connections, are important for inhibiting predomi-

nant responses and substituting them with responses appropriate

for the current goal of the task (Aron and Poldrack 2006; Mars

et al. 2007; Swann et al. 2009; Neubert et al. 2010). This leads to

the prediction that damage to these right hemisphere regions

should impair this ability to rapidly update ongoing actions in

cases where task goals change unexpectedly. Our current results

in the RHD group fit well with this prediction. When target

location was unexpectedly changed, our RHD subjects showed

a strong tendency to complete the initial (baseline) movement

and then initiated a second movement to the displaced target

location after a long delay. Thus, the ability to inhibit the

predominant baseline response and rapidly update the ongoing

action was impaired following RHD. It has been suggested that

frontal regions, especially inferior frontal and dorsolateral pre-

frontal cortex, in the right hemisphere are critical for this

behavior. Indeed, all but one of our RHD subjects had dorsolateral

prefrontal involvement and all but 2 RHD subjects had inferior

frontal lesions, which likely contributed to their deficit. However,

because of damage to other regions in the right hemisphere, as
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well as the lack of significant damage in similar frontal regions in

the LHD group (see Table 1), more research comparing subjects

with focal damage is necessary to confirm a specialized role of

right frontal regions in updating an ongoing action.

Besides the delay between the first and second components of

the movements in the RHD subjects, these subjects also showed

large final position errors. Further, in these subjects, unlike the

LHD group, we noted that these errors were not associated with

poor dynamic coordination. In fact, intersegmental coordination

in these subjects remained intact, likely due to spared left

hemisphere regions. However, the accuracy of their corrections

was still affected. These findings suggest that right hemisphere

lesions resulted in damage to mechanisms involved in achieving

a stable final position despite intact motor planning. Whether the

same mechanisms mediate predominant response inhibition,

action updating, and achieving a desired final position following

initiation of the corrective response remains unclear. Neverthe-

less, the finding that final position accuracy was adversely

impacted following RHD is in line with our previous studies.

Consistent with other studies (Hermsdorfer et al. 2003; Darling

et al. 2008), we have shown poor final position control in RHD

subjects during simple reaching movements (Schaefer et al.

2009b) and now extend it to conditions where movement goals

can unexpectedly change.

Hemispheric Specialization of Movement Control Affords
Motor Skill

While contralesional arm deficits that occur after stroke have

been emphasized most frequently (Bourbonnais et al. 1989;

Dewald et al. 1995; Levin 1996; Beer et al. 2000; Dewald and Beer

2001; Fang et al. 2007), our current results, along with other

studies (Winstein and Pohl 1995; Haaland et al. 2004; Yarosh

et al. 2004; Quaney et al. 2005, 2010), have shown that significant

hemisphere-specific deficits exist even in the ipsilesional

‘‘unaffected’’ arm following unilateral stroke. Though the hemi-

sphere-specific nature of stroke-related ipsilesional motor

deficits has been characterized by controlled and hypothesis-

driven experimentation, the real-world effects of these deficits

have been realized as poorer functional task performance

(Desrosiers et al. 1996; Wetter et al. 2005; Nowak et al. 2007;

Chestnut and Haaland 2008; Schaefer et al. 2009b). Despite

documented deficits in its performance, the ipsilesional limb is

still often favored relative to the contralesional limb when

spontaneously performing activities of daily living (Nakayama

et al. 1994; Sterr et al. 2002; Taub et al. 2006; Uswatte et al. 2006).

This increased reliance on the ipsilesional limb is also illustrated

by higher levels of monitored motor activity compared to the

contralesional limb (Uswatte et al. 2005, 2006; Lang et al. 2007;

Rinehart et al. 2009; Thrane et al. 2011). Animal studies have

demonstrated, however, that ipsilesional deficits following motor

cortex damage can improve over time and through training. For

example, the ipsilesional limb can move faster and with more

skill when reaching to grasp small food items following high

doses of daily repetitions of functionally important upper

extremity task practice over several weeks (Bury and Jones

2002; Luke et al. 2004; Kaeser et al. 2010). Spontaneous

improvements in ipsilesional hand motor skill over a 12-month

period have recently been documented in nonhuman primates

with focal lesions to primary motor cortex (Darling et al. 2011).

While these findings in animal models are promising, they are

different from human clinical findings that show that ipsilesional

deficits persist for many years, following stroke (Desrosiers et al.

1996; Schaefer et al. 2009b). It is plausible that the more

persistent ipsilesional deficits in humans are related to the larger

degree of cortical and subcortical damage that typically results

from a naturally occurring stroke. The findings from animal

models of motor cortex lesions provide strong evidence and

promise that the ipsilesional limb can show functional recovery,

but future work is necessary in translating studies in animals into

clinical interventions in humans.

Studies of unilateral brain lesions have shown that the intact

hemisphere can undergo some reorganization after stroke and

that the nature of these changes may depend on the lesion’s

location and size (Allred and Jones 2004; Luke et al. 2004; Hsu

and Jones 2006). These changes may even continue into the

chronic stage (Cramer et al. 1997; Elbert and Rockstroh 2004;

Luft et al. 2004; Schaechter et al. 2006). In the current study, the

broad ranges of upper extremity Fugl-Meyer scores and time

poststroke in both HD groups (see Table 1) limit our ability to

test direct relationship between kinematic/kinetic variables and

stroke severity/duration. Our data suggest, however, that an

intact left or right hemisphere is unable to fully compensate for

the functional loss due to damage to the other hemisphere

following unilateral stroke, consistent with other work (Non-

nekes et al. 2010). In other words, after a stroke in the right

hemisphere, the right arm has greater position-based deficits

than the right arm of a healthy adult, despite both individuals

having intact left hemispheres. Similarly, LHD produces signifi-

cant coordination deficits in the ipsilesional left arm compared

to HCs using the same arm. These are strong predictions of our

dynamic-dominance model, which proposes that each hemi-

sphere contributes unique mechanisms for controlling move-

ments of a single limb. These mechanisms likely result in a limb-

specific set of motor commands appropriate for a given task

based on the evaluation of certain costs and rewards (Trommer-

shauser et al. 2006; Shadmehr and Krakauer 2008; Arce et al.

2009). The specialization of the left and right hemispheres for

controlling different but complementary aspects of movement in

parallel can thus produce effective performance for a given task

goal. Thus, by testing our model of hemispheric specialization in

people with unilateral hemispheric damage after stroke, we

provide quantitative neurological evidence of Sir Humphry’s

hypothesis that lateralized neural organization gives rise to

a greater degree of skillfulness.
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