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Abstract
Previous studies have demonstrated that following stroke, motor impairment can occur ipsilateral
to the lesion. Such impairments have provided insight into the contributions of each hemisphere to
movement control, showing that left and right hemisphere damage produce different effects on
movement: Left hemisphere damage produces deficits in specifying features of movement
trajectory, while right hemisphere damage produces deficits in achieving an accurate and stable
final position. We now propose that left and right hemisphere damage should also produce
different deficits in the adaptation of trajectory and position. To test this idea, we examined
adaptation to visuomotor rotations in the ipsilesional arms of hemiparetic stroke patients with left
(LHD) and right hemisphere damage (RHD). We found that LHD interfered with adaptation of
initial direction, but not with the ability to adapt the final position of the limb. In contrast, RHD
interfered with online corrections to the final position during the course of adaptation. These
findings support our hypothesis that the control of trajectory and steady-state position may be
lateralized to the left and right hemispheres, respectively.
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1. INTRODUCTION
Hemispheric specialization for controlling different aspects of behavior has been studied in a
variety of behavioral systems, such as perception, memory, and language, primarily in the
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context of split-brain patients and patients with unilateral brain damage (Gazzaniga, 2000;
Milner, 1971). However, the degree to which lateralization of motor function reflects
hemispheric specialization remains controversial. Primary motor and premotor regions in
both hemispheres are recruited in the planning and execution of unilateral movement, as
supported by functional imaging studies (Dassonville et al., 1997; Kawashima et al., 1993;
Kim et al., 1993). Behavioral work further suggests that both hemispheres contribute
differently to the control of movement. Based on studies in which dominant arm advantages
were observed in right-handers for coordinating intersegmental dynamics (Bagesteiro and
Sainburg, 2002; Sainburg and Kalakanis, 2000), Sainburg (2002) proposed that the
processes underlying control of limb trajectory may be specialized to the (left) hemisphere.
Additional studies have shown a nondominant arm advantage for spatial accuracy relative to
the dominant arm (Guiard et al., 1983; Lenhard and Hoffmann, 2007), despite a relative
disadvantage for coordination (Bagesteiro and Sainburg, 2002; Hore et al., 1996; Sainburg
and Kalakanis, 2000). These findings suggest that the control of limb position may be
lateralized to the nondominant (right) hemisphere (Duff and Sainburg, 2007; Schabowsky et
al., 2007). Moreover, previous research in animals (Friel et al., 2007; Kurtzer et al., 2005)
and humans (Dizio and Lackner, 1995; Sainburg et al., 1999; Scheidt and Ghez, 2007) has
demonstrated that the control of steady-state limb posture is dissociable and separate from
the control of limb trajectory.

The contribution of both hemispheres to unilateral movement has implications for patients
with hemisphere damage following stroke. Specifically, not only are motor deficits present
in the arm contralateral to the damaged hemisphere, but deficits have also been revealed in
the arm ipsilateral to the damaged hemisphere. In fact, a number of previous studies have
documented ipsilesional motor deficits using clinical measures, such as finger-tapping and
manual dexterity (Desrosiers et al., 1996; Haaland and Delaney, 1981; Jones et al., 1989;
Sunderland et al., 1999). Motor performance of the ipsilesional arm may also be impaired,
based on reports of changes in kinematic measures, such as peak velocity and time spent in
deceleration, following stroke (Fisk and Goodale, 1988; Haaland and Harrington, 1989a;
Haaland et al., 2004; Yarosh et al., 2004). The work of Haaland and colleagues (Haaland
and Flaherty, 1984; Haaland and Harrington, 1989a, 1989b, 1994; Haaland et al., 2004) and
others (Fisk and Goodale, 1988; Hermsdorfer et al., 1999a; Hermsdorfer et al., 1999b;
Winstein and Pohl, 1995) has shown that these deficits are hemisphere-specific. These
studies showed impairment of the acceleration phase following left but not right hemisphere
damage, yet impairment of the deceleration phase following right but not left hemisphere
damage; such findings occurred in studies examining discrete reaching movements, as well
as reciprocal finger tapping. Collectively, such findings have been explained in the context
of the open-loop/closed-loop model of motor lateralization, which hypothesizes that the left
hemisphere is specialized for open-loop control, reflecting movement planning, while the
right hemisphere is specialized for closed-loop control, reflecting online error corrections.
This model predicts impaired open- or closed-loop processing following left or right
hemisphere damage, respectively. However, in a recent test of this hypothesis, results from
ipsilesional arm performance in response to unexpected target displacements (Haaland et al.,
2004) failed to support this prediction, given that patients with right hemisphere damage
corrected for these target jumps as well as control subjects did.

An alternative model of motor lateralization has emerged from interlimb differences in
performance in healthy right-handers. Sainburg (2002) proposed the dynamic-dominance
hypothesis of hemispheric specialization in which control of limb trajectory is specialized
within the left (dominant) hemisphere, while control of steady-state limb posture is
specialized within the right (nondominant) hemisphere (Sainburg, 2002, 2005). Efficient
control of limb trajectory has been shown to depend on neural processes that predict and
exploit dynamic interactions during voluntary movement, such as object interaction forces,
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gravitational loads, and intersegmental interaction torques (Gribble and Ostry, 1999;
Lackner and Dizio, 1994; Sainburg et al., 1999; Shadmehr and Mussa-Ivaldi, 1994; Smith
and Zernicke, 1987). Previous studies have suggested that the mechanisms underlying the
coordination of intersegmental dynamic interactions are specialized to the left hemisphere
(Sainburg, 2002), based on a right (dominant) arm advantage for coordination during tasks
such as reaching and throwing in right-handed adults (Bagesteiro and Sainburg, 2002; Hore
et al., 2005; Hore et al., 1999; Sainburg and Kalakanis, 2000). In addition, the neural
mechanisms that underlie control of steady-state limb position may be specialized to the
right hemisphere, accounting for the observed left (nondominant) arm advantage for
achieving and maintaining limb configurations during tasks such as load compensation and
proprioceptive matching (Bagesteiro and Sainburg, 2003; Goble and Brown, 2008; Goble et
al., 2006).

We recently tested this hypothesis more directly by comparing ipsilesional arm performance
of right-handed patients with left or right hemisphere damage to the performance of healthy
right-handed adults during targeted single-joint (Schaefer et al., 2007) and multijoint
(Schaefer et al., 2006) reaching movements. In both cases, we found that ipsilesional motor
deficits were hemisphere-specific in nature, and reflected predictable changes in
performance measures. During multijoint reaching, patients with left hemisphere damage
tended to produce highly curved handpaths that were associated with inefficient
coordination of intersegmental dynamics (Schaefer et al., 2006). These changes in trajectory
following left hemisphere damage were direction-dependent and were associated with large
errors in the initial direction of movement, but were not accompanied by large final position
errors, relative to the target’s location. Patients with right hemisphere damage, in contrast,
produced large final position errors, but maintained the ability to make straight, coordinated
movements regardless of direction, providing preliminary support for the specialized roles
of each hemispheres in controlling movement of each arm.

If this model of hemispheric specialization of motor control is valid, it should predict
hemisphere-dependent patterns of motor adaptation as well. Because motor adaptation is
thought to rely on the evaluation, or “costing,” of movement-related errors (Pouget and
Snyder, 2000; Rumelhart et al., 1986; Wolpert et al., 2001), we hypothesize that each
hemisphere might employ different cost functions that rely on different error signals during
performance and adaptation to novel task conditions. We now use a task that introduces
visual errors by dissociating the displayed and actual location of the hand. By analyzing how
subjects respond to these errors, we can deduce whether trajectory- or position-based error
information is used to adapt reaching behavior over time. If the left hemisphere is
specialized for controlling trajectory, then patients with damage to the right hemisphere (i.e.
intact left hemisphere) should improve initial trajectories but not final positions when
exposed to novel visuomotor rotations. In addition, if the right hemisphere is specialized for
controlling position, then patients with damage to the left hemisphere (i.e. intact right
hemisphere) should improve final positions but not initial trajectories.

2. RESULTS
Subject characteristics

Age and education were similar across the four groups (age: p = .85; education: p = .75).
The two stroke groups, comprised of patients with left hemisphere damage (LHD) or right
hemisphere damage (RHD), were similar in number of years post stroke (p = .69), limb
apraxia (p = .82), language comprehension (? 2 =2.5, p=.11), or lesion volume (p = .27). The
RHD group demonstrated greater involvement in several areas, as evidenced by damage to
somatomotor cortex on 7 of 11 axial slices in all 5 RHD patients and only 3 LHD patients
(Fig. 1). The damaged areas were similar between the two groups, except that dorsolateral
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prefrontal damage was present in 4 RHD patients and none of the LHD patients (Table 1).
Degree of hemiparesis was significantly greater in the RHD group based on the Upper-
extremity motor subscore of the Fugl-Meyer Motor Assessment (p <. 05), and marginally so
based on contralesional grip strength (p = .11).

Baseline session
Figure 2 shows the mean movement time, peak tangential velocity, and final position error
from the last cycle of the baseline session for each subject in each group. This illustrates that
despite within-group variability of lesion location and volume, there did not appear to be
direct relationship between patients’ lesion characteristics and their baseline performance of
the task within the LHD or RHD groups. In fact, the degree of overlap demonstrates that
within groups, baseline performance was consistent.

There were, however, differences in baseline performance between groups (Fig. 3,
“Baseline”). There was a main effect of lesion status (HC or HD) on movement time (F1,20
= 5.83; p < .05), with longer movement times for both hemisphere damage (HD) groups
relative to healthy controls (HC) (p < .05), regardless of lesion side. However, there was no
main effect of lesion status on peak tangential velocity of movement (F1,20 = 3.40; p = .08),
final position error (F1,20 = 0.57; p = .46), or handpath curvature (F1,20 = 2.78; p = .11) in
the final cycle of baseline reaches. There were also no main effects of arm (L or R) or
interaction effects of arm and lesion status on the speed (F1,20 = 1.16; p = .30; F1,20 = 0.89;
p = .36, respectively) or accuracy (F1,20 = 0.65; p = .43; F1,20 = 0.0056; p = .94,
respectively) of movement in the final baseline cycle. There was no interaction effect of arm
and lesion status on handpath curvature (F1,20 = 0.39; p = .53), but there was a main effect
of arm (F1,20 = 6.25; p < .05). Post-hoc analysis determined that curvature of handpath was
larger in the left arm (p < .05), which is consistent with our previous findings in healthy
young adults (Bagesteiro and Sainburg, 2002).

Rotation session: Adaptation of final position and initial trajectory
As shown in Figure 3, all subject groups except the LHD group had significantly larger final
position errors in the first cycle of trials under the rotated condition, relative to their baseline
performances. To assess the degree to which each group was initially perturbed by the
rotation, we compared the last baseline cycle to the first rotation cycle. Our ANOVA
revealed a significant 3-way interaction including arm (L or R), lesion status (HC or HD),
and cycle (last baseline and first rotation) for final position error (F1,20 = 8.55; p < .01).
Post-hoc analysis confirmed that all groups showed significant increases in final position
error (p < .05), except the LHD group (p > .05). Therefore, even when initially exposed to
the visuomotor rotation (first cycle), the LHD group appeared to correct for the dissociation
between visual and actual hand location more effectively than all other groups in order to
accurately reach the target.

To quantify adaptation of steady-state position when exposed to a visuomotor rotation, we
compared mean final position errors made during the first (cycle 1) and last (cycle 26)
cycles of the rotation session for each group (Fig. 3, “Rotation”). Our ANOVA revealed a
significant 3-way interaction including arm, lesion status, and cycle (first rotation and last
rotation) for final position error (F1,20 = 5.91; p < .05). Post-hoc analyses confirmed that 3
of the 4 groups improved the accuracy of their movements by the end of the rotation session
(p < .05), except the LHD group (p > .05). However, the LHD group’s final position errors
were small during the first cycle of the rotation, and remained small throughout the rotation
session (Fig. 3), such that there was no significant difference between errors during the first
and last cycles of the session (p > .05).

Schaefer et al. Page 4

Brain Res. Author manuscript; available in PMC 2011 August 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It is unlikely that these differences in final position accuracy are directly related to
movement time or speed. Our ANOVA revealed no significant interactions for movement
time; there was, however, a main effect of cycle (F1,20 = 22.26; p < .0001) and of lesion
status (F1,20 = 4.90; p < .05). Post-hoc tests revealed that movement time was longer during
the first cycle than in the last cycle for all groups (p < .05) (Fig. 3). Our ANOVA also
revealed no significant interactions for peak tangential velocity, but there was a main effect
of lesion status (F1,20 = 8.73; p < .01). Post-hoc analysis revealed that peak velocity was
lower for the HD groups than the HC groups (p < .05).

Although there were decreases in final position error over time, Figure 4A shows that such
improvement in final position occurred at different rates for different groups. The LHC and
RHC groups adapted final position rapidly, showing large decreases in final position error
within the second and third cycles of the rotation session. However, while the RHD group
improved the accuracy of their movements to the same degree as the RHC group by the end
of the session, they took much longer to adapt final position (Fig. 4A). This effect was
consistent across patients within each HD group. Figure 4B shows the mean final position
error (top) and handpath curvature (bottom) for each cycle of movements for each LHD and
RHD patient over the first 10 cycles. Gray horizontal bars in Figure 4A indicate this time
frame.

When initially exposed to a novel visuomotor rotation, subjects typically correct online to
some degree for this rotation, thereby curving the trajectory of their hand in order to move
the displaced cursor to the target (Krakauer et al., 1999; Sainburg, 2002). Thus, in order to
quantify the degree of online correction, we compared mean handpath curvatures made
during the first (cycle 1) and last (cycle 26) cycles of the rotation session for each group (see
Fig. 3). Our ANOVA revealed a significant 3-way interaction including arm, lesion status,
and cycle (first rotation and last rotation) for handpath curvature (F1,20 = 6.74; p < .05).
Post-hoc analyses confirmed that 3 of the 4 groups reduced the curvature of their handpaths
(i.e. straighter handpaths) over the course of adaptation (p < .05), except the RHD group (p
> .05). However, handpath curvature for the RHD group was low even during initial
exposure to the rotation, and remained relatively low throughout the rotation session (Fig.
4,), such that there was no significant difference between curvatures of the first and last
cycles of the session (p > .05).

This effect is illustrated in the handpaths of representative subjects (Fig. 5). The last cycle of
baseline trials are shown in Figure 5A; the first and last cycles of rotation trials are shown in
Figure 5B. In each cycle, the RHD patient moved the cursor straight (minimal curvature),
and did not direct the displaced cursor back to the target, resulting in large final position
errors in the first cycle. However, by the last rotation cycle, these straight cursor trajectories
were appropriately directed toward the target, much like those of the RHC subject (Fig. 5).

The consistent “straightness” of the RHD group’s trajectories and the gradual reduction of
final position error over the course of the rotation session suggests that the accuracy in final
position of their movements was, in part, related to the accuracy in initial movement
direction of their movements. Figure 6A illustrates the relationship between initial trajectory
and final accuracy in a representative LHD and RHD patient. Each point is the mean of one
cycle; the first and last cycles are labeled and denoted in solid black dots. The RHD patient
initiated the first cycle of movements −30° relative to the straight-line path required for
moving the visual cursor into the target, but did not appear to effectively correct online,
resulting in large final position errors in the first cycle. It appeared, though, that over the
course of the rotation session, this patient gradually reduced final position error by reducing
the initial direction error (i.e. changing initial movement direction) over time; by the last
rotation cycle, the initial direction error was near zero, indicating adaptation of the hand’s
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initial trajectory to the visuomotor rotation. Not only was initial direction error near zero,
but final position error was also significantly reduced. However, although the LHD patient
initiated movements over a range of direction errors, final position error was consistently
low and showed little change between the first and last cycle of movements. This trend was
significant across subjects, as shown in Figure 6B, such that the relationship between final
position error and initial direction error was stronger for the RHD group, and a weaker for
the LHD group, as compared to the HC groups. Two-way ANOVA of the normalized r
values revealed a significant interaction between arm and lesion status for this relationship
(F1, 20 = 5.53; p < .05). In other words, the RHD group appeared to improve final position
accuracy by changing their initial trajectories, whereas the LHD group appeared to maintain
accuracy irrespective of how their movements were initiated.

Figure 6C shows mean initial direction error of the hand’s trajectory during the first and last
cycle of the rotation session across subjects for each group, thereby reflecting the degree of
its adaptation. Our ANOVA revealed a significant 3-way interaction including arm, lesion
status, and cycle (first or last) for initial direction error (F1,20 = 10.67; p < .01). Post-hoc
analysis revealed that initial direction error was significantly different in the first and last
rotation cycle for all groups (p < .05), except the LHD group. Initial direction error was near
−30° during the first cycle for 3 of the 4 groups, except for the LHD group, whose initial
direction errors were closer to −15° (Fig. 6C). The fact that the LHD group did not make a
30° initial error in the opposite direction in response to the 30° rotation of the cursor during
the very first cycle of movement in the rotation session indicates that these patients did not
initiate their movements in the direction of the target’s location. Moreover, the persistence
of initial direction error between the first and last rotation cycles for the LHD group
indicates lack of adaptation of initial trajectory direction over time. Despite this lack of
adaptation, however, the LHD group was consistently accurate, suggesting that these
patients relied on online corrective mechanisms within each trial. In fact, the LHD group
was the only group to not show large after-effects in final position error immediately
following removal of the rotation (Fig. 3, “Post-rotation”). Overall, final position error of the
LHD group changed very little between sessions and during adaptation, relative to other
groups.

3. DISCUSSION
Previous studies have used exposure to novel visuomotor transformations to demonstrate the
separate control of limb trajectory and steady-state position in young adults (Scheidt and
Ghez, 2007), and have suggested that such processes are lateralized across the two
hemisphere control systems (Sainburg and Wang, 2002; Wang and Sainburg, 2004). Each
system might employ different cost functions to modify task performance under novel
conditions, which might result in the adaptation of different aspects of performance during
motor learning in healthy adults. In the current study, we predicted that during exposure to
novel visuomotor rotations, patients with damage to the left hemisphere (i.e. intact right
hemisphere) should correct final position errors but not initial direction errors, while patients
with damage to the right hemisphere (i.e. intact left hemisphere) should correct initial
direction errors but not final position errors during adaptation. We found that although
patients with left hemisphere damage (LHD) did not effectively adapt the initiation of their
handpaths to the visuomotor rotation across trials, they did effectively correct within each
trial for the rotation, resulting in accurate final positions that were maintained across all
experimental sessions. In contrast, while patients with right hemisphere damage (RHD)
demonstrated adaptation of both initial trajectory and final position during the rotation
session, they did not appear to correct online for errors in initial trajectory, resulting in large
errors in final position when initially exposed to the rotation. Over time, though, these
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patients improved the final position accuracy of their movements by correctly adapting their
initial trajectories across trials to compensate for the rotation.

Lateralization of trajectory and posture control mechanisms
Our current findings support that independent neural mechanisms may control trajectory and
posture for a single limb, as reported by other recent studies (Friel et al., 2007; Kurtzer et al.,
2005; Scheidt and Ghez, 2007). Not only do these processes appear to be separate, but they
may also be lateralized across the hemispheres. Sainburg and colleagues (Bagesteiro and
Sainburg, 2002, 2003; Sainburg, 2002; Sainburg and Kalakanis, 2000; Sainburg and
Schaefer, 2004; Sainburg and Wang, 2002) and others (Schabowsky et al., 2007) have
reported interlimb differences in the trajectories and positional accuracies in healthy young
adults. However, these results from patients with unilateral brain damage offer more direct
evidence that interlimb differences in perfeomance may arise from interhemispheric
differences in control, irrespective of hand preference-related practice effects.

Interhemispheric differences in adaptation strategies
Previous studies in stroke patients have demonstrated the presence of ipsilesional motor
deficits (Baskett et al., 1996; Chestnut and Haaland, 2008; Desrosiers et al., 1996; Jones et
al., 1989; Kim et al., 2003). Studies have also shown that the nature of such deficits is
hemisphere-dependent, such that different aspects of movement are impaired following left
or right hemisphere damage (Fisk and Goodale, 1988; Haaland et al., 2004; Schaefer et al.,
2007; Yelnik et al., 1996). Previously, ipsilesional deficits have been attributed to the
lateralization of how movements are controlled. Feedforward control and feedback
processing were thought be specialized to the left and right hemispheres, respectively
(Haaland and Harrington, 1989a,1989b, 1994; Winstein and Pohl, 1995). However, recent
findings from Haaland et al. (2004) failed to support a right hemisphere specialization for
closed-loop processing, given that patients with right hemisphere damage performed as well
as control subjects did when they were given visual feedback. Our model of lateralization
extends this hypothesis to the lateralization of what may be controlled: trajectory and
position (Sainburg, 2002). Theoretically, trajectory control relies on planning mechanisms
that predict task-specific dynamics (Lackner and Dizio, 1994; Sainburg et al., 1999;
Shadmehr and Mussa-Ivaldi, 1994; Smith and Zernicke, 1987). If the left hemisphere is
specialized for such control, patients with damage to the left hemisphere (LHD) should
show impaired adaptation of initial trajectory. We found that while LHD patients did not
significantly adapt the initial direction of their movements over time, they were relatively
unperturbed by the initial exposure to the rotation., Such findings suggest that the LHD
group did not use trajectory errors from previous trials to plan subsequent movements, nor
did they rely on visual information of initial conditions to plan a single movement. Rather,
our data suggest that the LHD group relied on proprioceptive feedback to correct online,
resulting in small positional errors regardless of which direction their movements were
initiated. We attribute this strategy to the contribution of the intact right hemisphere in these
patients. Impairment of predictive inter-trial trajectory adaptation, but not online intra-trial
correction, following LHD strongly supports a left hemisphere specialization for a
dynamics-based planning of trajectory, and maintains a right hemisphere specialization not
for planning, but for online control of final position.

We also found that while the RHD group did show substantial reductions in final position
error over time, they did so at a slower rate than their control group. They maintained
straight trajectories and adapted the initial direction of their trajectories to account for the
rotation. Thus, rather than correcting errors within a trial, the RHD group appeared to
improve final position between trials by adapting initial trajectory. We attribute the use of
this strategy by the RHD group to the contribution of the intact left hemisphere in these
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patients. As mentioned above, we hypothesized that the left hemisphere is specialized for
predicting and accounting for the effects of intersegmental dynamics, which are necessary
for adapting one’s movements in novel environments (Lackner and Dizio, 1994; Sainburg et
al., 1999; Shadmehr and Mussa-Ivaldi, 1994; Smith and Zernicke, 1987). Our data suggest
that damage to the left hemisphere interferes with these processes, while damage to right
hemisphere does not. Moreover, our data also suggest that damage to the right hemisphere
interferes with within-movement feedback processes that are necessary for error-based
corrections, while damage to the left hemisphere does not.

The current study is consistent with previous work suggesting the separate contributions of
within-trial feedback control and across-trial adaptive control to motor adaptation (Shabbott
and Sainburg, 2009; Smith and Shadmehr, 2005; Taylor and Thoroughman, 2007). Shabbott
and Sainburg (2009) demonstrated that while healthy adults adapt to visuomotor rotations
across trials based on the angle of rotation, they employ a different strategy when perturbed
within a trial by the same visuomotor rotation. Instead of correcting for the angle of rotation,
subjects correct for the linear displacement of the cursor’s location from the finger’s
location. Smith and Shadmehr (2005) have suggested that corrective and adaptive
mechanisms involve separate motor areas, based on differential impairment in patients with
Huntington’s disease or cerebellar degeneration, respectively. Although other regions of the
basal ganglia may play a role in visuomotor adaptation (Contreras-Vidal and Buchs, 2003;
Seidler et al. 2006), it is unlikely that these specific subcortical lesions following stroke
would specifically impair adaptation of trajectory or position. Our findings do not preclude
the role of some subcortical structures in movement correction and adaptation, but they do
support the role of left and right sensorimotor areas in such processes. We are also not
suggesting that motor learning itself is lateralized to the left sensorimotor regions, as
previous studies have shown preserved motor adaptation in patients with either left or right
sensorimotor damage (Frassinetti et al., 2002; Luaute et al., 2006; Tilikete et al., 2001;
Winstein et al., 1999). We do, however, propose that the predictive control mechanisms
employed during the planning and execution of a single movement, or during the adaptation
of subsequent movements, are specialized to the left hemisphere, as supported by our work
in young healthy adults (Bagesteiro and Sainburg, 2002, 2003; Sainburg, 2002, 2005;
Sainburg and Kalakanis, 2000; Sainburg and Schaefer, 2004; Sainburg and Wang, 2002) and
chronic stroke patients (Schaefer et al., 2007).

The present findings suggest that the left and right hemispheres employ different cost
functions to execute and/or modify task performance under novel conditions. Both
hemisphere/arm systems appeared to have access to trajectory and position information, but
each system used such information differently, depending on what each hemisphere is
specialized for controlling. The present study provides further support that each intact
hemisphere uses information related to initial trajectory or final position in order modify its
ipsilesional arm performance, based on its motor specialization.

4. EXPERIMENTAL PROCEDURE
Participants

Ten right-handed hemiparetic stroke patients and 14 right-handed healthy control subjects
(Table 1) were examined after obtaining approval from the Human Research and Review
Committee of the University of New Mexico School of Medicine and informed consent
from each participant, according to the Declaration of Helsinki. Handedness was determined
by the Edinburgh Inventory (Oldfield, 1971). All subjects were screened and excluded based
on history of 1) substance abuse and/or psychiatric diagnosis, 2) non-stroke neurological
diseases for the stroke patients and all neurological diagnoses for the control subjects, and 3)
peripheral movement restrictions, such as neuropathy or orthopedic disorders. Five stroke
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patients had left hemisphere damage (LHD), and 5 patients had right hemisphere damage
(RHD). All stroke patients completed the experiment with their ipsilesional arm. All stroke
patients were hemiparetic in the contralesional arm, as defined by a contralesional grip
strength at least 1.5 standard deviations below normal and at least 1.5 standard deviations
less than ipsilesional grip strength using a hand dynamometer. Additional measures of
hemiparesis (Upper-extremity motor subscore of the Fugl-Meyer Motor Assessment) (Fugl-
Meyer et al., 1975), language comprehension (Kertesz, 1982), and limb apraxia (Haaland
and Flaherty, 1984) were also used. Fourteen age- and education-matched healthy control
subjects completed the experiment with their left arm (LHC: n = 7; male = 7; age (mean ±
SD) = 61 ± 5.5 yrs) or right arm (RHC: n = 7; male = 6, female = 1; age (mean ± SD) = 59 ±
8.8 yrs).

Lesion analysis
MRIs (Phillips Edge 1.5 tesla machine) were obtained in 7 of 10 stroke patients (4 LHD, 3
RHD), unless there were medical contraindications. In 3 cases (1 LHD, 2 RHD), CTs
(Siemens, Sensation 16 or Picker, PQ 6000 scanners) were obtained. MRI slice thickness
was 5 mm with a slice gap of 1.5 or 2 mm, and CT slice thickness was 10 mm with no gap
between slices. A board-certified neurologist, who was blinded to the behavioral
characteristics of the patients, outlined the area of damage for each patient on 11
standardized horizontal sections derived from the DeArmond atlas (DeArmond et al., 1989)
using T1 weighted MRI images for anatomical detail and T2 weighted images to specify
borders of the damaged tissue (see Fig. 1). These tracings were retraced on a digitizing tablet
for input into a computer program that used an algorithm to calculate lesion volume and
location within each hemisphere (Frey et al., 1987).

Experimental setup
Figure 7A illustrates the experimental setup. Participants sat facing a projection screen with
either their left or right arm supported over a horizontal surface by an air-jet system to
reduce the effects of friction and gravity. The arm was positioned just below shoulder
height. The 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 to give the illusion that
the display was in the same horizontal plane as the fingertip. Calibration of the display
assured that this projection was veridical at the start of each experiment.

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 using a
Flock of Birds (FoB) ® (Ascension Technology, Burlington, VT) magnetic six-degree-of-
freedom (6-DOF) 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 three bony landmarks were digitized using
a stylus that was rigidly attached to a FoB sensor: 1) index finger tip; 2) the lateral
epicondyle of the humerus; 3) the acromion, directly posterior to the acromio-clavicular
joint. These positions were relative to the sensors attached to each arm segment, thereby
remaining constant throughout the experimental session. Our custom software used the FoB
sensor data to compute the three-dimensional (3D) position of the index finger tip. Because
the table surface defined our X-Y plane, perpendicular axis displacement was constant; thus,
we used the recorded X-Y coordinates of the fingertip 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. Digital data were collected at 103 Hz using a
Macintosh computer, which controlled the sensors through separated serial ports, and stored
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on disk for further analysis. Custom computer algorithms for experiment control and data
analysis were written in REAL BASIC™ (REAL Software, Inc.), C and IgorPro™
(Wavemetric, Inc.).

Experimental task
All subjects participated in three sessions: a baseline session, a rotation session, and a post-
rotation session. In each session, subjects were instructed to move the displayed cursor from
the start circle to one of 8 targets (3 cm in diameter) using a single, uncorrected rapid
motion. All 8 targets were projected in the ipsilesional hemispace, and were oriented radially
at a distance of 12 cm from a constant start position (Fig. 1C). For analysis purposes, we
considered each session as cycles of movement, with a single cycle defined as a full series of
movement to each of 8 targets. The baseline session had 120 trials (15 cycles), while the
rotation session and the post-rotation session had 208 trials each (26 cycles). During the
baseline session, the relationship between the finger and the cursor remained veridical; this
session was used to familiarize subjects to the experimental setup and to establish baseline
performance measures. During the rotation session, the position of the cursor was rotated
30° counterclockwise (−30°) relative to the start circle (Fig. 1D); this session was used to
examine adaptation to novel visuomotor transformations in stroke patients using their
ipsilesional arm and in healthy control subjects. During the post-rotation session, the
visuomotor rotation was removed and the relationship between the finger and the cursor was
again veridical; this session was used to examine negative “aftereffects” (i.e. movements in
the opposite direction of the rotation) that are typically present following visuomotor
adaptation and are thought to reflect the modification of a motor representation (Ghahramani
et al., 1996;Ghilardi et al., 1995;Scheidt and Ghez, 2007;Shadmehr and Brashers-Krug,
1997;Weiner et al., 1983).

The cursor, which was relative to the real-time position of the index fingertip (veridical or
rotated), 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
milliseconds) to trigger the audiovisual ‘go’ signal; the target for that trial then appeared.
Visual feedback (i.e. cursor) was provided throughout the entire experiment. Knowledge of
performance (i.e. the produced handpath) was also provided at the end of the movement.
Subjects received knowledge of results in the form of a numerical score at the end of each
trial to maintain motivation, based on the location of the index finger relative to the target at
movement end. The 8 targets were presented in a pseudorandom order once over each cycle,
such that no single target was presented consecutively.

Kinematic data
The 3D position of the index finger, elbow point, and shoulder point were calculated from
sensor position and orientation data. Then, joint angles were calculated from these data. All
kinematic data were low-pass filtered at 8 Hz (3rd order, dual-pass Butterworth), and
differentiated to yield tangential 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 cross-zero) below 6% of peak tangential velocity of
the index finger tip, or for zero velocity, whichever was identified first. Movement end was
similarly determined by searching forward in time from peak velocity to find the first
minimum in velocity (acceleration cross-zero) below 6% of peak tangential velocity, thereby
excluding any small, corrective submovements.

Dependent measures
The following measures were calculated for each trial: movement time, peak tangential
velocity, final position error, handpath curvature, and initial direction error. Movement time
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was defined as the elapsed time from movement start to movement end. Peak tangential
velocity was defined as the absolute maximum tangential velocity between movement start
and movement end. Final position error was calculated as the absolute value of the distance
from the center of the displayed cursor at movement end to the center of the target. In
baseline and post-rotation sessions, this corresponded to the location of the fingertip, but not
in the rotation session. Handpath curvature was calculated as the minor axis divided by the
major axis of the hand path. The major axis was defined as the largest distance between any
two points in the handpath, while the minor axis was defined as the largest distance,
perpendicular to the major axis (Bagesteiro and Sainburg, 2002; Sainburg et al., 1993). This
measure quantifies the degree to which the handpath is linear (=0) or curved (>0), and
considers the hand’s trajectory over the entire course of a movement. Initial direction error,
however, considers the hand’s trajectory in the initial phase of movement. During reaching,
subjects make relatively straight handpaths from the start location to the target (Hollerbach
and Flash, 1982; Morasso, 1981). Deviations from this straight-line path early in the hand’s
trajectory have been characterized as errors in initial direction (Sainburg and Kalakanis,
2000); we quantified initial direction errors in the hand’s trajectory as the angle between the
target line (from the start circle in order to move rotated cursor straight to the target) and the
handpath line at the time of peak tangential acceleration (~ 100 ms). This was done to
compute the difference between the target direction and the actual trajectory direction during
the earliest phase of motion. Initial direction error was measured in a right-arm coordinate
system, such that positive values indicate hand paths that were directed lateral (clockwise:
CW) to the target line, whereas negative values indicate hand paths that were directed
medial (counter-clockwise: CCW) to the target line. This angle describes the difference
between the target direction and the actual movement direction during the earliest phase of
motion. To account for baseline interlimb differences in this measure (Sainburg and
Kalakanis, 2000), we subtracted the mean initial direction error of the final cycle (i.e. last 8
reaches) of the baseline session from the mean of each rotation session cycle for each
subject. Although initial direction error is signed (CW or CCW), we averaged these values
within each cycle to characterize the overall performance on a cycle-by-cycle, rather than
trial-by-trial, basis. We considered this early kinematic measure as a means of quantifying
the planning of task-related motor output.

Statistical analysis
We subjected the means of dependent measures to a 3-way repeated-measure ANOVA, with
arm (L = left or R = right) and lesion status (HC = healthy control or HD = hemisphere
damage) as between-subject factors, and cycle (first or last) as the within-subject factor. We
did not, for this study, consider target as a within-subject factor. Although limb dynamics
are direction-dependent, our task was designed to examine how the presence and side of
unilateralbrain damage would affect the use of either trajectory- or position-based error
information in correcting for and/or adapting to novel visuomotor transformations.
Therefore, our analyses for this study focused on changes in kinematics of each subject
group during the rotation session, while other work has investigated the effect of movement
direction on movement coordination in LHD and RHD patients (Schaefer et al. 2006).

To quantify the degree to which initial exposure to the visuomotor rotation affected the
performance of each group (LHC, RHC, LHD, or RHD), we compared each group’s
performance from the last baseline cycle to the first rotation cycle. To quantify changes in
each group’s performance over time, or adaptation, we compared performance from the first
rotation cycle to the last rotation cycle. Based upon our hypothesis, we predicted significant
3-way interactions to reflect performance differences in initial exposure to rotation and
degree of adaptation of the hand’s initial trajectory and finalposition as a function of
hemisphere of damage. Mean data were subjected to 3-way, repeated measures ANOVA in
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JMP® statistical software (SAS®). When warranted, post-hoc analyses were performed
using Student’s t-test or Tukey HSD. To test for differences in baseline performance, two-
way ANOVAs were used to test whether arm (L or R) and lesion status (HC or HD) had any
significant effect on the dependent measures of the last cycle of the baseline session. We
also conducted simple linear regression analysis for select sets of data using JMP®
statistical software (SAS®).
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Figure 1.
Lesion locations were traced on 11 axial slices (see inset for slice level) from MRI or CT
scans for each LHD (1-5) and RHD (1-5) patient. Slices are displayed left-to-right from
inferior to superior (i-xi) for both groups of patients. Arrows in top row indicate location of
central sulcus.
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Figure 2.
Mean movement time, peak tangential velocity, and (absolute) final position error of the last
cycle of baseline trials are displayed for each subject (1-7) in the LHC and RHC groups and
each patient (1-5) in the LHD and RHD groups.
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Figure 3.
Mean movement times, peak tangential velocities, final position errors, and handpath
curvatures of the last cycle of baseline trials, first and last cycles of rotation trials, and first
cycle of post-rotation trials are displayed for the left and right arms of healthy control groups
(LHC,RHC; gray) and the ipsilesional arms of left and right hemisphere damage groups
(LHD,RHD; black). Bars indicate standard error of mean.
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Figure 4.
A) Mean final position error (top) and handpath curvature (bottom) of each cycle of the
rotation session (cycles 1-26) is displayed for the left and right arms of healthy control
groups (LHC,RHC; gray) and the ipsilesional arms of left and right hemisphere damage
groups (LHD,RHD; black). The LHC and LHD groups are overlapped on the left; the RHC
and RHD groups are overlapped on the right. Bars indicate standard error of mean.
Horizontal gray bars denote first 10 cycles. B) Mean final position error (top) and handpath
curvature (bottom) of each cycle of the rotation session for the first 10 cycles (gray bar) is
displayed for the ipsilesional arms of each left and right hemisphere damage patient
(LHD,RHD).
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Figure 5.
Cursor trajectories. A) The last 8 trials (last cycle) of the baseline session are shown for a
representative subject from each group (LHC4, RHC3, LHD3, RHD5). B) The first 8 trials
(first cycle) and last 8 trials (last cycle) of the rotation session are shown for these
representative subjects.
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Figure 6.
A) Mean final position error of each cycle of the rotation session is plotted as a function of
mean initial direction error of each cycle of the rotation session for representative LHD and
RHD patients (LHD1 and RHD5). Each dot represents one cycle; the solid black dots
indicate the first and last cycle of the rotation session. Corresponding r2 values are displayed
in the bottom right corner of each scatterplot. B) Mean normalized r (Fisher z-score) of
mean final position error vs. mean initial direction error is displayed for the left and right
arms of healthy control groups (LHC,RHC; gray) and the ipsilesional arms of left and right
hemisphere damage groups (LHD,RHD; black). Bars indicate standard error of mean. C)
Mean initial direction error (baseline subtracted out) at peak acceleration of the first and last
cycle of the rotation session is displayed for the left and right arms of healthy control groups
(LHC,RHC; gray) and the ipsilesional arms of left and right hemisphere damage groups
(LHD,RHD; black). Bars indicate standard error of mean.
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Figure 7.
A) Side and top view of experimental apparatus are shown. B) Experimental task required
movement of cursor from start circle to 1 of 8 target circles located 12 cm from a constant
starting position. All targets were presented in the ipsilateral hemispace. C) A schematic of
the relationship between the display cursor and the actual location of the fingertip during the
rotation session is shown.
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