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Abstract
Elderly adults often exhibit performance deficits during goal-directed movements of the dominant
arm compared with young adults. Recent studies involving hemispheric lateralization have provided
evidence that the dominant and non-dominant hemisphere-arm systems are specialized for
controlling different movement parameters and that hemispheric specialization may be reduced
during normal aging. The purpose was to examine age-related differences in the movement structure
for the dominant (right) and non-dominant (left) during goal-directed movements. Young and elderly
adults performed 72 aiming movements as fast and as accurately as possible to visual targets with
both arms. The findings suggest that previous research utilizing the dominant arm can be generalized
to the non-dominant arm because performance was similar for the two arms. However, as expected,
the elderly adults showed shorter relative primary submovement lengths and longer relative primary
submovement durations, reaction times, movement durations, and normalized jerk scores compared
to the young adults.
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1. Introduction
Goal-directed aiming movements to visual targets consist of an initial impulse toward the target
(primary submovement) and often a late corrective adjustment (secondary submovement) near
the target (Milner, 1992; Woodworth, 1899). Traditionally, the presence and incidence of
secondary submovements have been thought to be a reflection of the magnitude of neuromotor
noise in the pre-programmed primary submovement (Meyer, Abrams, Kornblum, Wright, &
Smith, 1988; Pratt, Chasteen, & Abrams, 1994; van Donkelaar & Franks, 1991; Walker,
Philbin, & Fisk, 1997). Accordingly, secondary submovements serve to compensate for initial
trajectory errors by correcting the position of the hand near the target, thereby allowing for
accurate target acquisition. Parsing movements into submovements is important in motor
control because submovements may elucidate the basic building blocks of voluntary movement
(Rohrer et al., 2004; Thomas, Yan, & Stelmach, 2000; von Hofsten, 1991) and have been shown
to be altered in the elderly (Ketcham, Seidler, Van Gemmert, & Stelmach, 2002; Pratt et al.,
1994; Romero, Van Gemmert, Adler, Bekkering, & Stelmach, 2003a; Seidler, Alberts, &
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Stelmach, 2002) and various patient populations (Rohrer et al., 2004; Romero, Van Gemmert,
Adler, Bekkering, & Stelmach, 2003b).

One limitation of the aforementioned studies on movement structure in young and elderly
adults is that the vast majority only examined the dominant (often the right) arm. However,
accumulating evidence suggests that there are differences in the control of various aspects of
movement between arms, at least in right-handed young adults (Bagesteiro & Sainburg,
2002, 2003; Haaland, 2006; Haaland & Harrington, 1996; Haaland, Prestopnik, Knight, & Lee,
2004; Sainburg & Kalakanis, 2000; Sainburg & Schaefer, 2004). Specifically, it has been
shown that the dominant arm-hemisphere system is specialized in the feedforward control of
trajectory and intersegmental dynamics, whereas the non-dominant arm-hemisphere system is
specialized in final positional and proprioceptive feedback control (Sainburg, 2005).

Although it seems reasonable that the differences observed in movement specialization for the
two arms would also hold true for elderly adults, behavioral and physiological evidence
suggests that various parameters of limb movement control may be influenced by aging-related
adaptations associated with a lifetime of preferential use of dominant limb (Porac, Coren, &
Duncan, 1980; Porac & Friesen, 2000; Sale & Semmler, 2005). More importantly, several brain
aging models suggest that these hemispheric differences in movement control may be
compromised or reduced as a result of the normal aging process (Dolcos, Rice, & Cabeza,
2002; Kalisch, Wilimzig, Kleibel, Tegenthoff, & Dinse, 2006). For example, the right-
hemisphere aging model predicts that aging-related declines in motor performance may be
greater for the non-dominant hemisphere and limb (Brown & Jaffe, 1975; Gerhardstein,
Peterson, & Rapcsak, 1998; Goldstein & Shelly, 1981; McDowell, Harrison, & Demaree,
1994). Alternatively, the Hemispheric Asymmetry Reduction in Old Adults (HAROLD) model
proposes task-related reductions in the lateralization of activity as a compensatory mechanism
for reduced cognitive performance in aging (Cabeza, 2002; Cabeza, Anderson, Locantore, &
McIntosh, 2002; Raz et al., 1997; Reuter-Lorenz et al., 2000). Although this model is based
on neuroimaging data in cognitive domains and might only occur in certain brain regions such
as the prefrontal cortex (Cabeza, 2002), a recent study has implied that this phenomenon may
also be manifested in motor system output (Kalisch et al., 2006). However, few studies have
addressed the possibility of reduced lateralization of motor function with aging (Dolcos et al.,
2002; Kalisch et al., 2006), in spite of the possibility that reduced hemispheric specialization
could impair movement control (Sainburg, 2005).

Despite the significance of submovements in the study of motor behavior and the differences
in the control strategies employed by the dominant and non-dominant hemisphere-arm systems
(Sainburg, 2005), no studies have directly addressed the influence of limb on movement
structure characteristics. Based on the recently described dominant hemisphere-arm advantage
for feedforward and trajectory control (Sainburg, 2005) and the traditional view that the length
of the primary submovement is a reflection of the magnitude of neuromotor noise motor
command, we hypothesized that the right arm would exhibit a longer primary submovement
length, longer primary submovement duration, and greater trajectory smoothness (less
normalized jerk) compared to the left arm. Furthermore, these differences between the arms
are suggested to change during the aging process, because of possible right hemispheric
declines and/or a reduced lateralization of hemispheric specialization (Dolcos et al., 2002;
Kalisch et al., 2006). Therefore, the purpose was to examine age-related differences in the
movement structure for the dominant (right) and non-dominant (left) arms during goal-directed
movements. A secondary objective was to determine if the large body of previous work from
our laboratory (Alberts, Saling, Adler, & Stelmach, 2000; Ketcham, Dounskaia, & Stelmach,
2004; Ketcham et al., 2002; Leis et al., 2005; Romero et al., 2003a, 2003b; Seidler et al.,
2002; Van Gemmert, Teulings, & Stelmach, 1998) involving movement structure and
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trajectory smoothness during visually guided movements in the dominant arm of young and
elderly adults would generalize to the non-dominant arm.

2. Methods
2.1. Subjects

Thirteen young (24 ± 4.4 yrs) and thirteen elderly adults (73 ± 5.9 yrs) volunteered to participate
in the study. The subjects were right-handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971) and reported no known neurological impairments. All subjects had normal or
corrected-to-normal vision. The protocol was approved by the Institutional Review Board of
Arizona State University, and informed consent was obtained from each subject before
participation in the study.

2.2. Experimental arrangement
Each subject was seated comfortably in a chair; facing a 53.34 cm computer monitor located
approximately 70 cm in front of the subject at eye level. The height of the chair was adjusted
so that the subject’s forearm rested comfortably on a table. A Wacom Intuos 12 × 18 digitizer
tablet (sampling frequency 200 Hz; spatial resolution 0.001 cm) was positioned directly in
front of each subject on the table and between the subject and the computer monitor (Fig. 1).
Subjects were required to make point-to-point drawing movements with a digitizer pen between
the start position and various targets displayed on the monitor. Vision of the entire arm and
digitizer surface was occluded by means of an opaque shield placed over the digitizer. Thus,
vision of the start position, movement trajectory, and target position was provided entirely by
the computer monitor and subjects were able to view the complete trajectory of the pen tip on-
line.

2.3. Experimental procedures
Subjects reported to the laboratory for a single experimental session. Prior to beginning the
experimental session, subjects received a written description of the project and signed informed
consent forms. In addition, all subjects were given a visual demonstration of the experimental
procedures by one of the investigators and were required to demonstrate that they understood
how to interpret the visual feedback (described below) that was provided after each trial. All
experimental sessions lasted approximately 1 hour.

Half of the subjects started with the left (non-dominant) hand, whereas the other half started
with the right (dominant) hand. Participants held the digitizer pen in a normal pen grip (dynamic
tripod grasp) and performed a linear drawing movement away from the body midline in the
horizontal plane. At the start of each trial, subjects were required to position the digitizer pen
in the start target (red square) for 0.5 s and to maintain the limb in a static position. Once this
requirement was satisfied, the start position (red square) turned black or white after a random
delay of 300 to 1000ms. At the same time that the start position changed color, two visual
targets (one black, one white) appeared in a choice reaction time paradigm. Subjects were
required to move to the target that corresponded to the same color as the start square had turned
to (black or white). The subjects were instructed to perform the point-to-point drawing
movement as fast and as accurately as possible and to terminate the movement within the end
target. Online visual feedback of the movement trajectory was provided during each trial. The
trial ended when the subject stopped within the target.

In order to make the position of the target unpredictable and to cover a large workspace, a total
of six target positions were employed (2 locations × 3 directions). Three target positions were
at angles of 5, 45, and 85 degrees to the left (left location) or to the right (right location) of the
subject’s midline (Fig. 2). All targets were located 13.4 cm from the start position and a very
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small target size (0.6 cm diameter) was used to ensure that visual feedback-based corrections
would be needed on each trial. The target size and distance between the home position and
target location remained constant throughout all experimental conditions. Thus, the index of
difficulty for the aiming task was constant (5.48) throughout the experiment. Data was
collapsed over each of the three movement positions on each side of the subject’s midline
because there was no age by target position interaction within each location. All possible targets
were presented in randomized order determined by the computer program as one block of 72
trials per arm.

2.4. Data analysis
All data collected during the experiments were acquired using custom computer programs
written in the OASIS (KIKO Software, Doetinchem, The Netherlands) and analyzed off-line
using custom written programs in MatLab (Mathworks Inc., Natick, Massachusetts, USA).
The position signals were sampled at 200 Hz and smoothed using a 4th order Butterworth dual
pass digital filter with an optimal cut-off frequency of 7 Hz. The onsets and offsets of pen tip
recording were estimated by a fixed criterion of 5% of the peak velocity for absolute velocity.
After estimation, these segmentation points were modified by a search for the point in time
corresponding to the nearest zero crossing or local minimum of the acceleration profile for
movement onset and offset, before or after, respectively, the 5% criterion (Romero et al.,
2003a, 2003b).

2.5. Dependent variables
The reaction time was calculated as the time elapsed between target presentation and the onset
of the movement, whereas movement time was calculated as the time between the movement
onset and offset times. In addition, the peak velocity and average velocity were quantified for
the entire movement. Movement structure characteristics were quantified after parsing each
movement into primary and secondary submovements (Meyer et al., 1988). The primary
submovement duration was calculated as the time elapsed between movement onset and to the
second zero crossing of the acceleration profile. Similarly, the primary submovement length
was calculated as the magnitude of pen displacement between these two time points.
Secondary, or corrective submovements, were considered as the time from the second zero
crossing of the acceleration profile until movement offset. Relative length and duration of the
primary submovement were calculated as a percentage of the total movement amplitude and
duration, respectively (Romero et al., 2003b). These relative measures were used for analysis
due to the fact that differences in movement times between elderly and young adults would
render absolute measures less meaningful. The smoothness of the movement trajectory was
quantified as the normalized jerk (Romero et al., 2003a; Van Gemmert et al., 1998). Normalized
jerk is a unitless measure, because it is normalized for both the amplitude and duration of
movement (Teulings et al., 1997).

2.6. Statistical analysis
The dependent variables were analyzed with a mixed three-factor ANOVAs (2 age × 2 arm ×
2 location) with repeated measures on arm and location. When ANOVAs yielded significant
interactions, post hoc comparisons using the Bonferroni adjustment for the multiple
comparisons were performed to locate significant differences. Significance level for all
statistical tests was set at p < 0.05, and if appropriate Bonferroni corrected. Data are indicated
as means ± SE in the figures and means ± SD within the text and tables.
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3. Results
3.1. Reaction time

There was a significant [F(1,24) = 46.39; p < 0.001] main effect for age, indicating that reaction
time was greater for the elderly (648 ± 161 ms) compared with the young adults (411 ± 53 ms;
Fig. 3). The reaction time was similar [F(1,24) = 0.15] for the left (527 ± 163 ms) and right
arms (531 ± 175 ms). There was also a significant [F(1,24) = 5.86; p = 0.023] main effect for
location, which indicated that the reaction time was greater for the left (543 ± 170 ms) compared
with the right target location (515 ± 167 ms). The arm × age, location × age, arm × location,
and arm × age × location interactions were all non-significant.

3.2. Movement time
There was a significant [F(1,24) = 12.01; p = 0.002] main effect for age indicating that
movement time was greater for elderly compared with young adults (2242 ± 731 ms vs. 1500
± 282 ms; Fig. 4A). There was no main effect for arm [F(1,24) = 0.75], which indicated that
movement time was similar for the left (1833 ± 588 ms) and right arms (1909 ± 739 ms). There
was a significant [F(1,24) = 4.82; p < 0.038] main effect for location, indicating that movement
time was greater for the right (1902 ± 678 ms) compared to the left target location (1840 ± 658
ms). There was a significant [F(1,24) = 24.83; p < 0.001; Fig. 4B] arm × location interaction,
which indicated that the movement time was greater when each arm moved to the
corresponding contralateral location (i.e. left location for the right arm and vice versa). The
arm × age, location × age, and arm × age × location interactions were all non-significant.

3.3. Movement velocity
The average and peak velocities were calculated for each trial. Since the results were
qualitatively the same, only the results for average velocity are reported. There was a significant
[F(1,24) = 12.29; p = 0.002] main effect for age indicating that movement velocity was greater
for the young compared with the elderly adults (9.7 ± 2.0 cm/s vs 7.0 ± 2.0 cm/s; Fig. 4C). The
movement velocity was similar [F(1,24) = 0.28] for the left (8.5 ± 2.3 cm/s) and right arms
(8.2 ± 2.4 cm/s). There was also a significant [F(1,24) = 9.32; p = 0.005] main effect for location,
indicating that movement velocity was greater for the left (8.5 ± 2.4 cm/s) compared with the
right target location (8.2 ± 2.3 cm/s). There was a significant [F(1,24) = 33.84; p < 0.001; Fig.
4D] arm × location interaction, which indicated that the movement velocity was lower when
each arm moved to the corresponding contralateral location (i.e. left location for the right arm
and vice versa). The arm × age, location × age, and arm × age × location interactions were all
non-significant.

3.4. Relative primary submovement length
There was a significant main effect for age [F(1,24) = 8.96; p = 0.006], which indicated that
the relative primary submovement length was greater for the young compared with the elderly
adults (77.0 ± 11.3 % vs. 64.2 ± 11.3 %; Fig. 5A). The relative primary submovement length
was similar [F(1,24) = 0.85] for the left (70.5 ± 14.0 %) and right arms (70.8 ± 12.0 %). There
was a significant [F(1,24) = 6.82; p = 0.015] main effect for location, which indicated that the
relative primary submovement length was greater for the left (71.7 ± 12.9 %) compared with
the right target locations (69.5 ± 13.0 %). The arm × age, arm × location, location × age, arm
× location, and arm × age × location interactions were all non-significant.

3.5. Relative primary submovement duration
Since the total movement time was greater for the elderly compared with the young adults, the
relative primary submovement duration was used for analysis because large differences in
movement times between elderly and young adults render absolute measures less meaningful.
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There was a significant [F(1,24) = 10.95; p = 0.003] main effect for age indicating that the
relative primary submovement duration was greater for the young compared with the elderly
adults (63.9 ± 11.4 % vs. 50.8 ± 10.2 %; Fig. 5C). The relative primary submovement duration
was similar [F(1,24) = 4.19] for the left (56.6 ± 13.2 %) and right arms (58.1 ± 12.0 %). There
was a significant [F(1,24) = 11.84; p = 0.002] main effect for location, which indicated that
the relative primary submovement duration was greater for the left (58.7 ± 12.7 %) compared
with the right target locations (56.0 ± 12.5 %). There was a significant [F(1,24) = 7.20; p =
0.013; Fig. 5D] arm × location interaction which indicated that the relative primary
submovement duration was greater when each arm moved to the corresponding contralateral
location (i.e. left location for the right arm and vice versa). The arm × age, location × age and
arm × age × location interactions were all non-significant.

3.6. Normalized Jerk
There was a significant [F(1,24) = 17.63; p < 0.001] main effect for age, indicating that
normalized jerk was greater for elderly (290 ± 190) compared with young adults (90 ± 33; Fig.
6). The normalized jerk was similar [F(1,24) = 1.25] for the left (199 ± 177) and right arms
(180 ± 161). In addition, the normalized jerk was similar [F(1,24) = 1.36] for the left (183 ±
166) and right locations (197 ± 173). There was a significant [F(1,24) = 6.01; p = 0.022] arm
× location interaction. However, Bonferronni corrected post hoc comparisons within each arm
did not show significant differences, indicating that arm-related difference was the primary
effect. The arm × age, location × age, and arm × age × location interactions were all non-
significant.

4. Discussion
The purpose was to examine possible age-related differences in the movement structure for
the right and left arm during goal-directed aiming movements to determine if previous work
involving movement structure and trajectory smoothness in the dominant arm of young and
elderly adults would generalize to the non-dominant arm. The study produced two main groups
of findings. First, the reaction time, movement time, relative primary submovement length,
relative primary submovement duration, and normalized jerk were all greater for the elderly
adults. Second, there were no differences in any of these variables between the left and right
arm for either of the two age groups. Thus, movement structure was different for the two age
groups, but similar for the two arms. These findings suggest that previous work involving
movement structure and trajectory smoothness in the dominant arm can be generalized to the
non-dominant arm.

4.1. Reaction time
Although its use is currently controversial (Derakhshan, 2006; Goble, 2007; Gonzalez, Ganel,
& Goodale, 2006), reaction time has classically been used in the study of motor control as a
metric of hemisphere dominance for the preparation and initiation of movements (Bradshaw,
Bradshaw, & Nettleton, 1990; Carson, Chua, Elliott, & Goodman, 1990; Carson, Goodman,
Chua, & Elliott, 1993; Goodman & Kelso, 1980). The reaction time of the young adults was
much shorter than the reaction time of the elderly adults. These are not novel findings as many
studies have found large differences in reaction time between elderly and young adults
(Amrhein, Stelmach, & Goggin, 1991; Amrhein & Theios, 1993; Larish & Stelmach, 1982;
Salthouse, 1979; Salthouse & Somberg, 1982; Stelmach, Goggin, & Amrhein, 1988; Warabi,
Noda, Yanagisawa, Tashiro, & Shindo, 1986). Interestingly, reaction time was greater for the
left location compared with the right location, independent of limb or age group. This finding
may be related to right visual field dominance, which has been shown for linguistic and pattern
stimuli (Efron, Yund, & Nichols, 1990; Yund, Efron, & Nichols, 1990). Furthermore, the
phenomenon of a right location dominance for reaction time has been observed before in both
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arm and finger movements (Boulinguez, Ferrois, & Graumer, 2003; Carson et al., 1990; Elliott
et al., 1993), even though, the neural basis for this observation is not well-understood (Carson,
1996).

The reaction time for the left arm was shorter than the right arm; however, this difference did
not reach statistical significance. This observation differs from most previous investigations,
which showed significant longer reaction times for the dominant arm (Barthelemy &
Boulinguez, 2001, 2002; Boulinguez & Nougier, 1999; Bradshaw et al., 1990; Carson et al.,
1990; Carson et al., 1993; Goodman & Kelso, 1980; Velay & Benoit-Dubrocard, 1999; Velay,
Daffaure, Raphael, & Benoit-Dubrocard, 2001). Nevertheless, Gonzalez and colleagues
(2006b) found similar reaction times for the two arms in a reach-to-grasp task. They suggested
that the lack of a difference for the two arms was due to the relatively long and variable reaction
times in that study. Similarly, the accuracy demands and choice-reaction time paradigm of the
current task was rather difficult and also lead to relatively long and variable reaction times.

4.2. Movement time and velocity
The movement times were longer and movement velocities were lower in the elderly adults,
as has been repeatedly shown in the past (Amrhein et al., 1991; Bellgrove, Phillips, Bradshaw,
& Gallucci, 1998; Cooke, Brown, & Cunningham, 1989; Pohl, Winstein, & Fisher, 1996;
Stelmach et al., 1988; Strayer, Wickens, & Braune, 1987; Walker et al., 1997; Welford,
1984). More importantly, the movement times and movement velocities were similar for the
left and right arms. These findings seem to be counterintuitive as it is generally believed that
a right arm advantage exists for movement time and movement velocity (Annett, Annett,
Hudson, & Turner, 1979; Carson et al., 1993; Todor & Cisneros, 1985). Nevertheless, several
recent studies have found that movement velocity can be the same for the two arms despite
between limb differences in other aspects of motor performance (Bagesteiro & Sainburg,
2002, 2003; Sainburg, 2002; Sainburg & Kalakanis, 2000; Wang & Sainburg, 2007).

Interestingly, movement time was longer and movement velocity was lower when each arm
moved to the corresponding contralateral location, despite the same index of difficulty for
targets at the two locations (Figs. 4B, 4D, and 5C). In the past, these contralateral performance
differences have been attributed to superior performance of either arm when it moves in their
own hemispace (Elliott & Chua, 1996). However, physiological evidence strongly suggests
that these differences in movement speed are due to the fact that the inertial resistance is greatest
when the arm moves diagonally across the body (Gordon, Ghilardi, Cooper, & Ghez, 1994).

4.3. Relative primary submovement length and duration
It has been generally accepted that the primary submovement length and duration reflect the
amount of neuromotor noise in the descending command (Meyer et al., 1988; Pratt et al.,
1994; van Donkelaar & Franks, 1991; Walker et al., 1997). Based on this rationale and the
consistency of previous findings (Ketcham et al., 2002; Pratt et al., 1994; Romero et al.,
2003b; Seidler-Dobrin & Stelmach, 1998; Seidler et al., 2002), it was expected that the primary
submovement lengths and durations would be greater in young compared with elderly adults.
Accordingly, the elderly adults had shorter relative primary submovement lengths and spent
less relative time in the primary submovement compared with the young adults. Overall, these
results provide consistent evidence that elderly adults exhibit alterations in component
submovements compared with young adults. Although the exact origin of these differences
remains to be elucidated, these aging-related deficits are usually attributed to impairments in
motor planning (Ketcham et al., 2002; Seidler et al., 2002; Walker et al., 1997) or the processing
of feedback information (Pratt et al., 1994; Romero et al., 2003a, 2003b). Since the timing of
overlapping submovements and corrections to movement trajectories has been shown to
depend on the prediction of the magnitude and direction of the movement error (Fishbach, Roy,
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Bastianen, Miller, & Houk, 2007), it is also possible that elderly adults utilize a more
conservative cost function to initiate a corrective submovement to minimize movement error
(Pratt et al., 1994; Walker et al., 1997).

The primary aim of the study was to compare the submovement structure of the left and right
arms in young and elderly adults. Based on recent evidence that the dominant hemisphere-arm
system shows an advantage for feedforward control (Sainburg, 2005), one possibility was that
the relative length and duration of the primary submovement would be greater for the right
arm. Presumably, this would be a result of a lower magnitude of noise in the descending
command from the left hemisphere, which is thought to contribute to altered movement
structure. Alternatively, differences in dominant and non-dominant limb performance may
only be present when the regulation of joint interaction torque or the use of proprioceptive
feedback control are crucial to task performance (Sainburg 2005). This possibility would
suggest that interlimb differences in motor performance should not be present during tasks
involving significant visual contributions (Grosskopf & Kuhtz-Buschbeck, 2006; Sainburg,
2002). The current results support the second possibility as there were no differences in the
relative length or duration of the primary submovement between the two arms for both the
young and elderly adults. Accordingly, although all aspects of motor performance exhibited a
general age-related decline, the same pattern of lateralization was maintained with advancing
age.

4.4. Movement Trajectory Smoothness
Movement trajectories during goal-directed reaching have been mathematically shown to be
best described by a cost function that minimizes jerk (Hogan, 1984). Accordingly, normalized
jerk has commonly been utilized as a measure of movement trajectory smoothness and has
been shown to be greater in elderly adults (Contreras-Vidal et al., 1998; Yan, 2000) and in
patient populations (Alberts et al., 2000; Leis et al., 2005; Romero et al., 2003a; Teulings et
al., 1997; Van Gemmert et al., 1998). Consistent with these findings, normalized jerk was
approximately four times greater for old adults in the current study. The vast majority of the
studies that have modeled arm movement trajectories or quantified normalized jerk during arm
movements in young and elderly adults have only studied the right arm in right-handed subjects
(Alberts et al., 2000; Contreras-Vidal et al., 1998; Leis et al., 2005; Romero et al., 2003a;
Teulings et al., 1997; Van Gemmert, Teulings, Contreras-Vidal, & Stelmach, 1999; Yan,
2000). Given the purported superiority of the right arm in trajectory control (Sainburg, 2005),
it was expected that normalized jerk would be greater for the left arm. Contrary to these
expectations, the normalized jerk was similar for the two arms for both age groups, which
appear to be novel findings. However, the direct functional consequences of the greater
normalized jerk in elderly adults, patient populations, or between young adults remains
unknown. The available evidence suggests that increased trajectory variability, and presumably
greater normalized jerk, may lead to impaired endpoint accuracy and greater endpoint variance
(Christou, Shinohara, & Enoka, 2003; Enoka et al., 2003; Harris & Wolpert, 1998).

4.5. Lateralization and aging
The fact that young and elderly adults exhibited similar performance for all the movement
parameters studied does not support the concept of a preferential decline in the non-dominant
hemisphere-arm system in right-handed individuals (Dolcos et al., 2002; Mitrushina, Fogel,
D’Elia, Uchiyama, & Satz, 1995). However, the findings do not completely rule out reductions
in the lateralization of motor function as predicted by the HAROLD model (Cabeza, 2002) and
its possible application to the motor system (Kalisch et al., 2006). This is due to the fact that
none of the dependent variables measured in the current study were lateralized for the young
adults. However, prior to this experiment it was uncertain if submovement regulation would
be lateralized in young adults. Furthermore, the majority of literature on arm aiming
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movements suggested that this difference would be present. Specifically, recent evidence has
strongly supported the idea that the left hemisphere-right arm system (dominant) is specialized
for feedforward and trajectory control, whereas the right hemisphere-left arm system is
specialized for feedback control and final positional accuracy (for reviews see Sainburg,
2005; Haaland et al. 2004). Based on the traditional viewpoints (Meyer et al. 1988) and
numerous studies from our laboratory, we hypothesized that the length and duration of the
primary submovement should be associated with the level of noise in the preprogrammed motor
command. Taken together, these two theoretical frameworks led to our hypothesis that the
submovement length and duration would be greater for the left hemisphere-right arm system
in young adults. Although the results of the current study did not show this to be the case, the
findings are novel in that they show that numerous previous studies on submovement
characteristics for the left hemisphere-right arm system likely apply to the right hemisphere-
left arm system. In addition, recent studies have found that only certain aspects of movement
such as the regulation of intersegmental dynamics and proprioceptive feedback control
demonstrate a lateralization of function, at least in young adults. Therefore, the possibility that
increased bilateral activity in sensorimotor cortex (Riecker et al., 2006) may result in reduced
lateralization of motor output cannot be completely discounted (Kalisch et al., 2006) and
requires further investigation.

4.6. Factors responsible for lack of interlimb differences in motor performance
The absence of interlimb differences in motor performance seems to be in conflict with a series
of recent studies involving investigation of manual asymmetries within the framework of the
dynamic-dominance hypothesis (Sainburg, 2005). However, these conflicting findings are very
likely due to differences in the task and dependent variables studied. The focus of the current
study was on movement structure and trajectory smoothness during visually guided aiming.
However, a key prediction of the dynamic-dominance hypothesis is that interlimb differences
are only manifested under certain task conditions. Specifically, dominant hemisphere-arm
advantages are mainly present when the predictive regulation of joint interaction torque is
emphasized, whereas non-dominant hemisphere-arm advantages are usually realized when
performance depends on the use of proprioceptive feedback control (Sainburg 2005). These
findings would suggest that interlimb differences in motor performance should not be present
during tasks involving visually guided aiming as in the present study. Several recent
observations and lines of reasoning are consistent with this viewpoint. First, interlimb
differences in motor performance were not present in response to a visuomotor rotation
(Sainburg, 2002). Second, the kinematics of visually guided reach-to-grasp movements were
similar between the two arms (Grosskopf & Kuhtz-Buschbeck, 2006). Third, hemispheric
specialization for visual control does not depend on handedness (Gonzalez et al., 2006;
Gonzalez, Whitwell, Morrissey, Ganel, & Goodale, 2007). Fourth, there are great differences
in the neural mechanisms underlying the control of force in visual and non-visual conditions
(Vaillancourt, Thulborn, & Corcos, 2003). Therefore, the similar movement structure and
trajectory smoothness between the two arms in the present study were probably a consequence
of the presence of visual feedback and the movement parameters studied.

4.7. Summary
In summary, the results demonstrated that the movement structure was different for the two
age groups, but similar for the two arms. Therefore, two conclusions can be drawn: (1) previous
work (Alberts et al., 2000; Contreras-Vidal et al., 1998; Ketcham et al., 2004; Ketcham et al.,
2002; Leis et al., 2005; Pratt et al., 1994; Romero et al., 2003a, 2003b; Seidler et al., 2002;
Teulings et al., 1997; Van Gemmert et al., 1998; Walker et al., 1997) involving the
quantification of movement structure and trajectory smoothness during visually guided aiming
in the dominant arm can likely be generalized to the non-dominant arm in both young and
elderly adults; (2) the aging process is characterized by an altered movement substructure in
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elderly adults, suggesting aging-related increases in the magnitude of neuromotor noise leading
to a reduction of the pre-programmed part of the voluntary movement.
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Fig. 1.
Experimental arrangement. Subjects were seated and facing a monitor with a digitizer tablet
positioned on a table between the subject and the monitor. Vision of the entire arm was occluded
by an opaque shield (dashed square) placed over the arm and digitizer. Subjects were required
to make point-to-point drawing movements with an inkless pen between the start position and
various targets displayed on the monitor. Visual feedback of the target, pen position, and
movement trajectory were provided via the computer monitor during each trial.
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Fig. 2.
Experimental presentation. A. The start of the experiment. B. Execution of a trial. C. Possible
left and right target locations were at angles of 5, 45, and 85 degrees of the subject’midline.
Thus, a total of six target positions were employed (left 5, 45, 85 degrees, and right 5, 45, and
85 degrees). All targets were located 13.4 cm from the start position (same index of difficulty
for all targets). The target had a diameter of 0.6 cm diameter and remained constant throughout
all experimental conditions.
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Fig. 3.
Reaction time for young and elderly adults, the left and right hands, and the left and right
locations. Values are means ± SE. Reaction time was longer for the elderly compared with the
young adults, similar for the left and right arms, and longer for the left compared with the right
location. *indicates significant (p < 0.05) between groups or locations.
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Fig. 4.
Movement time and movement velocity for young and elderly adults, the left and right hands,
and the left and right locations. A. Movement time was greater for the elderly compared with
the young adults, similar for the left and right arms, and greater for the right compared with
the left location. B. Movement velocity was greater for the elderly compared with the young
adults, similar for the left and right arms, and greater for the left compared with the right
location. C. There was a significant arm × location interaction, which indicated that the
movement time was greater when each arm moved to the corresponding contralateral location.
D. There was a significant arm × location interaction, which indicated that the movement
velocity was lower when each arm moved to the corresponding contralateral location.
*indicates significant (p < 0.05) between groups or locations
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Fig. 5.
Relative primary submovement length and duration for young and elderly adults, the left and
right hands, and the left and right locations. Values are means ± SE. A. Relative primary
submovement length was greater for the young compared with the elderly adults, similar for
the left and right arms, and greater for the left compared with the right location. B. Relative
primary submovement duration was greater for the young compared with the elderly adults,
similar for the left and right arms, and greater for the left compared with the right location.
C. There was a significant arm × location interaction, which indicated that the relative primary
submovement duration was greater when each arm moved to the corresponding contralateral
location. *indicates significant (p < 0.05) between groups or locations.
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Fig. 6.
Normalized jerk for young and elderly adults, the left and right hands, and the left and right
locations. Values are means ± SE. The normalized jerk was greater for the elderly compared
with the young adults, similar for the left and right arms, and similar for the left and right
locations. *indicates significant (p < 0.05) between groups.
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