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Abstract

Hemispheric asymmetry reduction in older adults (HAROLD) has been reported in previous
imaging studies that employed not only cognitive, but also motor tasks. However, whether age-
related reductions in asymmetry of hemispheric activations affect the symmetry of motor behavior
in older adults remains largely untested. We now examine the effect of aging on lateralization of
motor adaptation and transfer by investigating adaptation to novel visuomotor transformations in
both old and young age groups. We have previously reported substantial asymmetries in interlimb
transfer of learning these transformations in young adults, and attributed these asymmetries in
transfer to hemispheric lateralization for motor control, as detailed by our dynamic dominance
hypothesis. Based on the HAROLD model, we reasoned that older adults should recruit more
symmetrical hemispheric activity, and thus show more symmetrical transfer of adaptation across
the arms. Half of the subjects in each age group first adapted to a rotated visual display with the
left arm, then with the right arm; and the other half in the reversed order. Naive performance with
one arm and the same-arm performance following opposite arm adaptation were compared to
determine the extent of transfer in each age group. Our results showed that interlimb transfer of
initial direction information only occurred from the non-dominant to dominant arm in young
adults, whereas it occurred in both directions in older adults. Our findings clearly indicate
substantially reduced asymmetry in visuomotor adaptation in older adults, and suggest that this
reduced motor asymmetry might be related to diminished hemispheric lateralization for motor
control.
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Introduction

Motor function of an individual declines with aging. This may result from a number of
factors that involve not only physiological sources such as the loss of muscle mass (thus
muscle strength) and the changes in sensory receptors due to aging (Evans 2010; Grabiner
and Enoka 1995; Green 1986; Kenshalo 1977), but also neural sources such as the loss of
neurons and synapses, which in turn may cause slowed nerve conductions and even some
changes in neural network connectivity (Cerella 1990; Fjell and Walhovd 2010). Such
changes in neural organization may include reduced hemispheric lateralization in older
individuals. It has been reported that brain activations observed during cognitive tasks are
more bilateral in older adults than in young adults (Bergerbest et al. 2009; Cabeza et al.
2004; Grady 2000). These findings led to the HAROLD model (hemispheric asymmetry
reduction in older adults), which has been supported by a number of studies that used
different types of cognitive tasks such as episodic, semantic and working memory and visual
perception tasks (Cabeza et al. 2002, 2004; Dolcos et al. 2002; Grady et al. 1995; Grady
2000; Reuter-Lorenz et al. 2000; Rypma et al. 2001). Similar bilateral activations have also
been observed in older adults when performing simple motor tasks (Mattay et al. 2002;
Rowe et al. 2006; Ward and Frackowiak 2003), although further investigations are necessary
to determine the extent to which the HAROLD model can be applied to the motor domain
(Rowe et al. 2006).

It should be stressed that the aforementioned findings do not indicate that the motor system
in young adults only recruits a single brain hemisphere when performing a unilateral arm
and hand movements. In fact, substantial activation of ipsilateral motor cortex (in addition to
contralateral cortex) during unilateral arm and hand movement has been well established
(Kutas and Donchin 1974; Tanji et al. 1988; Kim et al. 1993; Urbano et al. 1996;
Dassonville et al. 1997; Volkmann et al. 1998). Recruitment of both hemispheres can be
understood from the perspective that each hemisphere is specialized for controlling different
features of movement (Brown and Kosslyn 1993; Corballis 1991; Goodale 1990; Schaefer et
al. 2007, 2009; Serrien et al. 2006; Sainburg and Wang 2002; Wang and Sainburg 2007).
Our dynamic dominance hypothesis (Sainburg 2002, 2005) suggests that the two
hemispheres have become functionally specialized for controlling different aspects of
movement: The dominant hemisphere for controlling dynamic features of movement (e.g.,
limb trajectory during reaching movement) and the nondominant hemisphere for controlling
steady-state limb posture (e.g., final position accuracy of reaching). Our dynamic dominance
hypothesis has been supported by a number of interlimb transfer studies that examined
adaptation to novel visuomotor rotations in young adults (e.g., Sainburg and Wang 2002;
Wang and Sainburg 2006a). These studies showed that opposite arm training facilitated
adaptation of initial movement direction for the dominant arm, and of final position
accuracy for the nondominant arm. While the finding of asymmetrical transfer in initial
direction adaptation has been shown to be robust across a variety of task conditions, final
position transfer tends to be less robust, and depends not only on workspace location, but
also on the particular nature and amplitude of the visuomotor distortion (Wang and Sainburg
2006b; Wang 2008). We, thus, focus primarily on assessing the symmetry in transfer of
initial direction in the current study.

It has previously been shown that when older adults perform simple unilateral motor tasks,
such as finger tapping, imaging of brain activities reveals an increased symmetry in
hemispheric activation (Mattay et al. 2002; Rowe et al. 2006; Ward and Frackowiak 2003).
We now ask whether aging is also associated with an increased symmetry in transfer of
visuomotor adaptation. This prediction flows directly from our previous studies on
visuomotor transformation transfer in younger adults. We reasoned that our findings of
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asymmetrical transfer in young subjects were directly related to lateralization of motor
control mechanisms: Initial adaptation with the nondominant arm requires recruitment of
trajectory control mechanisms that reside in ipsilateral (dominant) cortex, which leads to
subsequent transfer of direction information to the dominant arm. However, initial
adaptation with the dominant arm does not require nondominant hemisphere recruitment,
since the dominant hemisphere is specialized for trajectory control. Thus, initial direction
adaptation does not transfer from the dominant to the nondominant arm (Sainburg and Wang
2002; Wang and Sainburg 2006a). Since hemispheric recruitment becomes more symmetric
with aging (Mattay et al. 2002; Rowe et al. 2006; Ward and Frackowiak 2003), it is
reasonable to predict more symmetrical patterns of interlimb transfer following unilateral
adaptation to visuomotor transformations. We now test this prediction by comparing the
pattern of interlimb transfer following adaptation to a novel visuomotor rotation between
older and young adults.

Materials and methods

Subjects

Apparatus

Subjects were 32 neurologically intact right-handed adults (15 Female, 17 male), aged from
18 to 38 years old (“young adults’ group, mean age: 25 + 5.2) and from 63 to 83 years old
(‘older adults’ group, mean age: 71 + 6.3). Subjects were paid for their participation.
Informed consent was solicited prior to participation. Right handedness was assessed using
the 10-item version of the Edinburgh inventory (Oldfield 1971). Handedness scores were not
statistically different between young and old subject groups.

Our subjects sat in front of a table with the right arm supported over the tabletop positioned
just below shoulder height, by a friction-less air jet system. A start circle, a target, and a
cursor representing the index finger position were projected on a horizontal 52" LCD TV
positioned above the arm, which were reflected through a mirror positioned below this TV.
The setup gave an illusion that the display was in the same horizontal plane as the hand. The
Flock of Birds® (Ascension-Technology, Burlington, VT) magnetic 6-DOF movement
recording system was used to sample the index fingertip position at 103 Hz. For more
information, see Wang and Sainburg (2009).

Experimental design

Prior to movement, one of eight targets (2 cm in diameter; 13 cm away from the starting
position), presented in a pseudorandom sequence, was displayed on the horizontal tabletop.
Subjects were instructed to move the finger rapidly from the start circle (1.5 cm in diameter)
to the target in response to an auditory “go” signal. With regard to movement speed, our
preliminary data indicated that older adults could perform our visuomotor adaptation task at
the speed of .4 m/s (peak tangential reaching velocity) without much difficulty. Thus, both
young and older adults were asked to keep this movement speed during reaching movement.
Visual feedback in the form of a horizontal speed bar was presented upon completion of
each trial on top of the screen, which allowed the subjects to directly monitor their own
movement speed. The length of the speed bar indicated their peak reaching velocity as
compared to the required speed of .4 m/s (e.g., a speed bar that did not reach a point
indicating the required speed informed the subjects that they needed to increase their speed
in the following trial). During the movement, direct vision of the moving arm was blocked
by a horizontal plane that was placed above the arm. Instead, a screen cursor indicating the
location of the index fingertip was provided to guide the subjects’ reaching movement. At
the end of each trial, knowledge of results was provided in the form of hand-path, and by
points awarded for accuracy: 1 point for 2-D accuracy <3 cm, 3 points for accuracy <2 cm,
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and 10 points for accuracy <1 cm. Points were provided to keep the subjects motivated. In
order to examine adaptation to novel visual-motor transformations, the position of the cursor
was rotated 30° counterclockwise (CCW) about the start circle. The experiment consisted of
two sessions: baseline (no visual rotation) and exposure (visual rotation) sessions. Subjects
performed two blocks of trials in each session. Half the subjects performed with the left arm
first (group LR), while the other half performed with the right arm first (group RL). Each
block comprised 192 trials, divided into 24 cycles, with each cycle containing all eight of the
targets. Each block of trials was separated by a 10-min break. Subjects were not informed
about the CCW rotation provided during the exposure session. Table 1 shows the sequence
of the experimental sessions and blocks for each subject group.

Data analysis

Results

Three measures of performance were calculated: hand-path direction error at peak tangential
arm acceleration (Amax) and at peak tangential velocity (Vimax) and final position error.
Direction errors were calculated as the angular difference between the vectors defined by the
target and by the hand-path position at movement start and at A,y OF at Vimax. Final position
error was calculated as the 2-D distance between the index finger at movement termination
and the center of the target.

Because the purpose of this study was to examine the effect of initial training with one arm
on subsequent performance with the other arm, we were primarily interested in planned pair-
wise comparisons, using independent t tests, between naive performance and performance
following opposite arm adaptation for the dominant arm blocks (right arm performances by
LR and RL groups), as well as for the nondominant arm blocks (left arm performances by
LR and RL groups) for each age group. An epoch is the mean of two consecutive cycles.
The effect of initial training with one arm on subsequent performance with the other arm
was only assessed for the first epoch (mean of cycles 1 and 2) in order to examine the extent
of initial information transfer.

Figure 1 shows typical hand-paths of our representative subjects during the final phase of
the baseline session, and during the initial and final phases of the adaptation session. Two
subjects from each age group (young adults in upper, older adults in lower panel) are shown:
one who adapted to the visual rotation with the right arm first (group RL), and the other who
adapted to it with the left arm first (group LR). As illustrated in column 2 (broken lines), the
hand-paths obtained during the first cycle (eight consecutive trials) of performance upon
initial exposure to the visual rotation are initially directed approximately 20-30° CCW to the
target, as expected. The effect of initial training with one arm on subsequent performance
with the other arm, illustrated in column 3, appears to be different between the two subject
groups: The right arm performance following initial training with the left arm appears to be
substantially better than the same arm, naive performance in both subject groups (row 1
solid vs. broken lines for young, row 3 solid vs. broken lines for old). On the other hand, the
left arm performance following the right arm adaptation appears to be better than the same
arm, naive performance only in the older adults groups (row 2 solid vs. broken lines for
young, row 4 solid vs. broken lines for old). Following adaptation to the visual rotation,
hand-paths obtained during the performance with either arm are directed relatively straight
to the targets regardless of the subject groups (column 4).

Figures 2 and 3 illustrate the changes in performance across the epochs for the young and
older adults, respectively. With regard to initial direction errors, our pair-wise comparisons
between naive performance and performance following opposite arm adaptation at the first
epoch indicated that the right arm performance following initial training with the left arm
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was significantly better than the naive performance with the same arm in the young adults
group (Fig. 2, right panel, rows 1 and 2, closed circles as compared with open circles,
respectively, inside the vertical gray bar; P < .05). Similarly, the right arm performance
following the opposite arm adaptation was significantly better than its naive performance in
the older adults group as well (Fig. 3, right panel, rows 1 and 2, closed circles as compared
with open circles, respectively, inside the vertical gray bar; P < .05). However, the left arm
performance following the right arm adaptation was significantly better than its naive
performance only in the older adults group (Fig. 3, left panel, rows 1 and 2, closed circles as
compared with open circles, respectively, inside the vertical gray bar; P <.05), and not in
the young adults group (Fig. 2, left panel, rows 1 and 2, closed circles as compared with
open circles, respectively, inside the vertical gray bar; P = .08 and .48 for direction errors at
Vmax and Amax, respectively).

It is interesting that the right arm performed somewhat differently between the naive
performance and the performance following the opposite arm adaptation, especially in terms
of direction error at Apax, in the beginning of the baseline session (significantly different, P
< .05, during the first three epochs). Considering that the right arm performance following
left arm adaptation was poorer than the same arm naive performance, and also that the naive
performance degraded over time, the difference might be attributed to certain factors, such
as fatigue and difficulty maintaining the same level of motivation, enthusiasm and/or
attention throughout the session.

With regard to final position errors, the difference between naive performance and the
performance following opposite arm adaptation at the first epoch appears to be greater for
the right arm than for the left arm, as illustrated in Figs. 2 and 3 (row 3), especially in the
older adults group. However, our pair-wise comparisons indicated that the differences
between the two performance conditions were not statistically significant, regardless of the
subject group or the arm (P > .05).

Discussion

We have previously reported substantial asymmetries in interlimb transfer of visuomotor
adaptation in healthy young adults, and attributed these asymmetries in transfer to
hemispheric lateralization for motor control, as detailed by our dynamic dominance
hypothesis (Sainburg and Wang 2002; Wang and Sainburg 2006a). Integrating our previous
findings with the HAROLD model (Cabeza 2002), we predicted that older adults should
show increased symmetry in transfer of movement information across the arms, due to
diminished hemispheric lateralization of motor control mechanisms. Our current results
support this hypothesis with regard to performance measures that reflect limb dynamics, by
demonstrating that the pattern of interlimb transfer following visuomotor adaptation is
symmetrical in older adults in terms of direction errors at Apmax and Vinax. Data from our
young adult group of right-handers showed that performance with the right arm, following
initial left arm adaptation, was substantially better compared with the same arm naive
performance at the first epoch, in terms of both direction errors at Apax and Vimax. However,
such improvements following opposite arm adaptation were not observed for the left arm.
This confirmed our previous findings indicating asymmetrical transfer of direction
information from the nondominant to dominant arm (Sainburg and Wang 2002; Wang and
Sainburg 2006a). On the other hand, our data from the older adult group indicated
symmetrical transfer, in that both arms benefited from initial training with the other arm, as
reflected by substantial improvement from naive performance to that following opposite arm
adaptation in terms of both our direction measures. These findings indicate increased
symmetry in interlimb transfer of visuomotor adaptation in older adults, possibly due to
diminished hemispheric lateralization of motor control associated with aging.
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Previously, brain activations during simple motor tasks, such as button pressing and hand
grip, in older adults have been shown to be more bilaterally symmetric than those observed
in young adults (Mattay et al. 2002; Rowe et al. 2006; Ward and Frackowiak 2003), thus
suggesting that the HAROLD model can be applied not only to the cognitive domain, but
also to the motor domain. To our knowledge, the effect of this change in neural organization
on the symmetry of motor behavior in older adults is not well understood. Our current
findings provide initial evidence that motor adaptation mechanisms become more symmetric
in older adults, as reflected by a substantial reduction in asymmetrical transfer of
sensorimotor adaptation when compared with young adults. That is, while the dominant
limb/hemisphere system in young adults is thought to be specialized for controlling dynamic
features of reaching movements, aging may reduce this lateralization, such that both
dominant and nondominant hemispheres contribute to all aspects of control. Cabeza (2002)
postulated that the reduced asymmetry of hemispheric activations with aging might be
related to compensation for age-related reductions in neuronal number and circuit
complexity in each hemisphere. By recruiting both hemispheres, the CNS might re-establish
some degree of circuit complexity and thus compensate for potential deleterious effects on
behavior.

While demonstrating a lack of asymmetry in interlimb transfer, our data also showed that the
older adults were able to adapt to the novel visuomotor rotation condition unilaterally to an
extent similar to that observed in young adults. This is consistent with previous findings that
the amount of learning obtained during visuomotor adaptation is not very different between
young and older adults (Buch et al. 2003; Heuer and Hegele 2008; Anguera et al. 2011).
Buch et al. (2003) studied the pattern of adaptation to a 90° rotation of the visual display in
young and older adults and reported that although the final level of adaptation was
somewhat reduced in older adults, the size of aftereffects was similar between the two
groups. Heuer and Hegele (2008) also reported that there were no age-related changes of
aftereffect in visuomotor adaptation due to aging, and further that when different age groups
were matched by explicit knowledge based on which they performed the adaptation task,
other age-related deficits of adaptation largely disappeared. Based on this finding, they
concluded that the age-related deficits observed during visuomotor adaptation pertain
primarily to cognitive aspects of the adaptation task such as strategic corrections and explicit
knowledge, rather than to the acquisition of an implicit internal representation of novel
visuomotor transformations. This idea is also supported by a more recent finding reported by
Anguera et al. (2011), which indicated that age-related declines in spatial working memory
contributes significantly to the deficits observed in older adults during visuomotor
adaptation. These findings collectively indicate that older adults have intact ability to adapt
to novel visuomator conditions to the extent similar to that of young adults (as long as other
cognitive factors do not cause age-related deficits), which further suggests that the effect of
aging on the development of neural representation of a novel visuomotor adaptation is
minimal. In fact, the fact that the adaptation process is largely intact in our older subjects
may reflect the compensatory nature of the more symmetrical recruitment associated with
Cabeza’s hypothesis. This would be consistent with our findings of similar levels of
adaptation, but more symmetric transfer.

With respect to the transfer of positional information, our current results indicate that neither
arm benefited from opposite arm adaptation in terms of final position accuracy in either
subject group. We have previously demonstrated transfer of final position information from
the dominant to nondominant arm in young adults (Sainburg and Wang 2002; Wang and
Sainburg 2006a). In the present study, however, even young adults failed to show such
transfer. In fact, a trend of transfer was observed in the opposite direction in both subject
groups, although the effect was not statistically significant. This finding may be attributed to
the fact that the speed of reaching movement was lower in the present study, compared to
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our previous studies. In our previous studies, peak tangential reaching velocity was
approximately 0.9 m/s (with no significant difference between the arms), whereas in the
present study both young and older adults tried to make reaching movement at 0.4 m/s to
control for the potential covariate effect of speed on the pattern of interlimb transfer. This
must have provided the motor system with additional time to utilize online visual feedback.
We have previously suggested that initial direction control is primarily achieved by the
dominant system in a feedforward fashion, whereas final position control is largely
influenced by feedback-mediated control mechanisms (Wang and Sainburg 2006b). Our
current findings may indicate that when enough time is available for the processing of online
visual feedback, the advantage of the nondominant system over the dominant system for
controlling final position accuracy becomes minimal, a hypothesis supported by preliminary
findings from our laboratory (Przybyla and Sainburg 2010).
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Fig. 1.

Hand-paths of representative subjects. Each column shows hand-paths of the eight
consecutive trials of reaching movement made in eight different target directions. Column 2
shows naive performance upon initial exposure to visual rotations (broken lines) as
compared with baseline performance shown in column 1 (solid lines). Column 3 shows
performance following opposite arm adaptation (solid lines) as compared with naive
performance (broken lines). Gray arrows shown in column 3 indicate improvements in
directional control of reaching movement following opposite arm adaptation
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Fig. 2.

Mean performance measures of direction errors and final position error obtained from young
adult subjects. Every data point shown on X axis represents the average of 16 consecutive
trials (epoch) across all subjects (mean * SE). Performance measures for the subjects who
performed with the right arm first (open circles) and for those who performed with the left
arm first (filled circles) are shown separately. Asterisks indicates that the two values were
statistically different at P < .05
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Fig. 3.

Mean performance measures of direction errors and final position error obtained from older
adult subjects. Every data point shown on X axis represents the average of 16 consecutive
trials (epoch) across all subjects (mean * SE). Performance measures for the subjects who
performed with the right arm first (open circles) and for those who performed with the left
arm first (filled circles) are shown separately. Asterisks indicates that the two values were
statistically different at P < .05
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Table 1
Experimental design
Group Baseline (No rotation) Exposure (30° CCW rotation)
Block 1 (192 trials) Block 2 (192 trials)  Block 1 (192 trials)  Block 2 (192 trials)

Young

LR (n=8) R L R

RL(n=8) R R
old

LR (n=8) R L R

RL(n=8) R R
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