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Abstract
Handedness is most often measured by questionnaires that assess an individual’s preference for
using a particular hand to perform a variety of tasks. While such assessments have proved reliable,
they do not address the underlying neurobehavioral processes that give rise to the choice of which
hand to use. Recent research has indicated that handedness associated with hemispheric
specializations for different aspects of sensorimotor performance. We now hypothesize that an
individual’s choice of which hand to use for a given task should result from an interaction between
these underlying neurobehavioral asymmetries with task conditions. We test this hypothesis by
manipulating two factors in targeted reaching movements: 1) Region of workspace and 2) visual
feedback conditions. The first manipulation modified the geometric and dynamic requirements of
the task for each arm, whereas the second modified the sensorimotor performance asymmetries, an
effect predicted by previous literature. We expected that arm choice would be reflected by an
interaction between these factors. Our results indicated that removing visual feedback improved
the relative performance of the non-dominant arm and increased the choice to use this arm for
targets near midline, an effect that was enhanced for targets requiring larger movement
amplitudes. We explain these findings in the context of the dynamic dominance hypothesis of
handedness and discuss their implications for the link between hemispheric asymmetries in neural
control and hand preference.

1. Introduction
Previous research has established that some 90 percent of all humans prefer the right hand
for most unimanual tasks (Annett, 1972; Corballis, 1997). Perhaps unsurprisingly, then,
handedness has often been described as a preference to use a particular hand (Oldfield,
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1971; Bryden, 1977). Moreover, it has been suggested that this preference might be based on
early life experiences, such as parental modeling of right-handed behavior and asymmetric
handling of infants (Hepper et al., 2005; see Sainburg, 2010 for review). Other research has
emphasized a strong role of genetics in determining handedness in humans (Annett, 1972;
Levy and Nagylaki, 1972; McMannus, 1985; Klar, 1996), and in primates (Hopkins et al.,
1994). While the nature/nurture debate regarding the origin of handedness remains
unresolved (see Schaafsma et al., 2009 for review), it has become clear that handedness is
associated with specific hemispheric specializations that impart different, and
complementary advantages in control to each arm. Specifically, we have provided evidence
that the dominant arm is specialized for predictive control of limb and task dynamics, which
can result in precise and energetically efficient coordination patterns (Sainburg and
Kalakanis, 2000; Bagesteiro and Sainburg, 2002; Sainburg, 2002; Sainburg and Schaefer,
2004; Sainburg, 2005; Wang and Sainburg, 2007; Shabbott and Sainburg, 2008; Yadav and
Sainburg, 2012; Przybyla et al., 2012). The non-dominant arm appears specialized for
stabilizing performance through impedance mechanisms, a less efficient but more robust
control strategy (Bagesteiro and Sainburg, 2003; Ghez et al., 2007; Duff and Sainburg,
2007; Schabowsky et al., 2007). Our understanding of these specializations has recently
been extended to the hemispheres through studies in unilaterally brain-damaged adults
(Schaefer et al, 2007; Haaland et al., 2009; Schaefer et al., 2009; Mutha et al, 2011; Mani et
al., 2012). We now hypothesize that the choice of which hand to use for a particular task
should reflect an interaction between these underlying specializations and task conditions.
Therefore, one should not always be expected to use one arm, but rather individuals should
tend to choose the arm that is more proficient for the task conditions, at hand. While
previous research on handedness has either focused on identifying sensorimotor
performance asymmetries or on limb selection choices, very few have assessed both of these
phenomena in single reports. Several studies have focused on determining the
neuromuscular control variables that lead to reliable interlimb performance asymmetries
(Flowers 1975; Todor and Kyprie, 1980; Roy and Elliott, 1986; Carson et al. 1990; Carson
et al., 1992; Elliott et al., 1994; Elliot et al., 1995; Carson et al., 1995). These studies have
assumed, on the basis of previous research (e.g. Oldfield, 1971; Bryden, 1977), that right-
handers use the right-hand in nearly all situations. Some support for this assumption has
come from the finding that right-handers continue to use the dominant arm, even when
doing so requires awkward postures (Bryden et al., 1994). The more recent research by our
laboratory has used empirical and computational methods to dissociate two control
mechanisms that are associated with dominant and non-dominant arm performance (for
example Sainburg and Schaefer, 2004; Yadav and Sainburg, 2011). As mentioned above, the
respective mechanisms can be described as predictive control of task dynamics and robust
stabilization of performance, through impedance control. Research in stroke patients with
specific unilateral lesions has confirmed that these processes are indeed specialized to
different hemispheres (Schaefer et al., 2007; Haaland et al., 2009; Schaefer et al., 2009;
Mutha et al., 2011; Mani et al., 2012).

A different line of research has focused on studying handedness through assessing the
choices people make about which hand to use. For example, Annett (1970) asked subjects to
indicate the hand (left, right, or either) with which they typically performed tasks such as
writing, throwing, swinging a racquet, and hammering a nail. Subjects then used each hand
to move a series of pegs from one row of holes to another as quickly as possible. Results
showed that differences between hands in the mean time performance correlated with
choice. More recent research has reported similar results using peg-moving and other tasks,
such as finger-tapping and pen-dotting (Steenhuis and Bryden, 1989; Bishop et al., 1996;
Bryden and Roy, 2005). These findings could be taken to suggest that hand choice depends
in some way on performance differences between the hands. However, these studies may be
limited by problems inherent to the subjective assessment of hand-preference. Such
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problems can stem from subjects misinterpreting the questions, having difficulty imagining
themselves performing the tasks, or basing reports on faulty memories of how they perform
common tasks (Brown et al., 2006). The focus of this study is to bring together these two
lines of research, studies of arm selection and studies of arm performance in order to assess
how arm selection might depend upon asymmetries in arm performance.

We reasoned that if these two aspects of handedness are related, then the choices that
individuals make about which hand to use should reflect an interaction between performance
asymmetries and task demands. Indeed, Stoloff et al. (2010) recently showed that
reinforcements concerning the success of each hand can affect hand selection. Thus, the
probability of task success (that was artificially manipulated) influenced the likelihood of
choosing a particular hand for a reaching task. Our study is inspired by this result, but
extends the question: Is limb selection dependent on an interaction between sensorimotor
performance asymmetries and task demands? Our approach to manipulating sensorimotor
performance asymmetries was to allow or prevent visual feedback during movements. We
reasoned that the non-dominant left arm has been shown to have equal or greater accuracy
compared to the dominant right arm without vision, but worse accuracy when vision is
available (Guiard, et al., 1983; Carson et al., 1990; Imanaka, et al., 1995; Bagesteiro and
Sainburg, 2002; Sainburg, 2002; Sainburg & Wang, 2002; Lenhard and Hoffmann, 2007;
Wang and Sainburg, 2007; Goble and Brown, 2008;). Thus, manipulating visual feedback
allowed us to manipulate the relative performance advantages between the arms. In fact, our
findings confirmed an interaction between hand and vision conditions, such that the non-
dominant left arm was more accurate under no-vision conditions, and the dominant right
arm was more accurate under vision conditions. This success allowed us to ask whether limb
choices are linked to these feedback-dependent differences in sensorimotor performance
asymmetry.

We thus manipulated sensorimotor conditions (visual feedback) to assess the effects on
reaching performance and then checked for corresponding changes in hand choice. We
predicted that the relative choice to use the left non-dominant arm should increase under no-
vision conditions, when this arm’s relative performance is enhanced. In addition, we
expected this effect to be modulated by movement distance, which increases the index of
difficulty of the task (Fitts, 1954). To test our predictions, we relied on one of the few well-
established patterns of arm selection. It has repeatedly been shown that right-handers display
an asymmetric distribution of dominant and non-dominant reaches across the workspace,
preferring dominant reaches to targets located in the right and middle areas of the workspace
and also to targets just left of the body-midline (Gabbard and Rabb, 2000; Bryden et al.,
2000; Stins et al., 2001; Mamolo et al., 2004; Gabbard and Helbig, 2004; Helbig and
Gabbard, 2004; Bryden and Roy, 2006). It has further been estimated that the threshold in
the left workspace at which righthanders switch from using dominant reaches to non-
dominant reaches (hereafter called the “switch-point”) is located approximately 20° left of
body-midline (see Gabbard and Rabb, 2001 for review). The reliability of this finding
provided an opportunity for us to test whether conditions that change the relative
performance of the limbs may also change patterns of arm selection.

2. Experimental Procedures
2.1 Subjects

Forty-eight (24 females) neurologically healthy, young (18–34 years of age) volunteers were
recruited from the Pennsylvania State University community. Each subject signed a consent
form approved by the Pennsylvania State University Institutional Review Board. The
experiment was conducted in accordance with ethical guidelines set forth in the Declaration
of Helsinki. We ensured that all our subjects were strongly right-handed by using an
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inclusion criterion of at least 90% score on the handedness questionnaire adapted from Hull
(1936). This survey consists of 35 questions that ask about preferences for unimanual tasks
similar to those used by Oldfield (1971), such as throwing, writing, and jar opening. Each
question required the subjects to indicate for that task whether they preferred the right hand
(score = 1), left hand (score = −1), or either hand (score = 0). Scores from all 35 questions
were summed, and level of handedness, in terms of hand preference for a given task, was
calculated as a percentage response. Thus, a score of 100% would have represented an
“absolute” right-hander and a score of −100% would have represented an “absolute” left-
hander.

2.2 Experimental Setup
Figure 1 shows the experimental setup. Subjects sat in a dental-type chair and wore a torso
harness (not shown in Figure 1) that stabilized trunk position, ensuring symmetrical
positioning of the arms relative to the task space. Each arm was supported against the effects
of gravity and friction by an air sled to minimized possible effects of fatigue during the
course of the task. Subjects faced an interactive 2D virtual workspace in which stimuli
displayed on a 52” HDTV (Sony Electronic Inc.) were reflected onto a mirror that obscured
vision of the arms. This interactive environment was programmed in REALbasic 2008
(REAL Software, USA). The distance between the TV and the parallel mirror was adjusted
so as to give the illusion that the stimuli appeared in the plane of the fingertips.

Figure 1 (top view) shows an overhead schematic of the initial arm configurations and the
general setup of the visual stimuli. A six-degree-of-freedom (6-DOF) Flock of Birds
tracking system (Ascension Technology, USA) recorded the position and orientation of the
limb segments at 130 Hz sampling rate. One 6-DOF sensor was attached to the middle of
each wrist and one was attached to the middle of each upper arm. Sensors remained firmly
attached throughout experiment. Because we immobilized the fingers using a splint, this
allowed us to record position of the tip of the index finger relative to the wrist sensor, and
positions of the elbow and the shoulder joint relatively to upper arm sensor. These offsets
were determined prior the experimental session. The 2-dimensional position of the tip of the
index finger was used to project the cursor, one for the right hand and one for left hand, onto
the mirror. The display of cursor projection was updated at a maximum available TV refresh
rate in PC mode (60 Hz).

2.3 Experimental Design
Forty-eight subjects were assigned to one of six groups. Each group had eight subjects (four
females). Four of the groups performed non-choice reaches. One group made left-arm
reaches with full vision (age: 24 ± 4 years; M ± SD). The second group made left-arm
reaches under no-vision conditions (age: 25 ± 5 years). The third group made right-arm
reaches with full vision (age: 25 ± 5 years). The fourth group made right-arm reaches under
no-vision conditions (age: 26 ± 4 years). This phase of our study was designed to identify
interlimb differences (right vs. left arm) in sensorimotor performance and whether and how
these differences are affected by visual feedback (vision vs. no-vision) across workspace.
The final two groups performed choice reaches under either vision (age: 24 ± 2 years) or no-
vision (age: 26 ± 5 years) conditions. This phase of our study was designed to determine
pattern of reaching frequency across workspace. Each subject performed a total of 320
reaches (10 reaches to each of 32 targets) presented in pseudo-randomized order. We
constrained the process of target randomization such that no two targets were presented
consecutively in the same workspace region (left, middle, or right). The matrix of 32 targets
(3.5 cm in diameter) is shown in Figure 1 (top view). This matrix was scaled according to
the arm length of each individual. Target rows were set to 25%, 40%, 55% and 70% of arm
length and target columns were set to 25% of the distance between left or right start
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positions from the body midline, symmetrically with respect to the left and right workspace
regions. Two start positions (circles 2 cm in diameter), one for the non-dominant and
dominant arm, were set for each individual with respect to the elbow joint internal angle, θe
= 75°, and shoulder joint external angle, θs = 25° (see Figure 1, top view).

2.4 Experimental Task
Subjects were instructed to move as quickly and accurately as possible. In the non-choice
condition, they were instructed to use only the right or left arm for the entire experimental
session. In the choice condition, they were instructed to reach to chose an arm to reach on
each trial. The target appeared prior to trial initiation. The onset of each trial was self-paced,
so the subject had ample time to plan the movement and/or to decide which arm to use. We
did not ask subjects to verbally report their arm choice. We recorded their movement as
explained earlier in Experimental Setup (Section 2.2). Each participant was given one
second to complete each reach. Each trial was initiated by an audio-visual go-cue that
occurred after the participant maintained the right and left cursors in their respective start
circles for 300 ms. For motivation, points were awarded on the basis of final position
accuracy. However, these points were not translated into monetary reward at study
completion. Final cursor regions that were within 1.75 cm, 3.5 cm, and 5.25 cm of the center
of the target were awarded 10 points, 3 points, and 1 point, respectively. At the end of each
trial, feedback about the accuracy score and cursor path were displayed for 1 second. This
cursor path was shown in the form of small circles (1 cm in diameter) that corresponded to
cursor locations sampled during the trial at 130 Hz. Note that the vision group saw the
cursor and between trials, whereas for the no-vision group, the cursor disappeared after
breaching the start circle and reappeared after trial completion.

2.5 Data Analysis
The Flock of Birds system recorded displacements of joints and limb segments with a
maximum static and dynamic measurement error of approximately 2 mm3. These kinematic
data were processed with custom software programmed in IgorPro (WaveMetrics, Inc.,
USA). The data were smoothed using an 8 Hz dual-pass Butterworth filter and differentiated
to yield velocities and accelerations of limb joints and segments. Tangential hand velocities
were used to identify movement onsets and terminations. Movement onset was defined by
the last minimum prior to the 5% threshold of maximum tangential velocity. Likewise,
movement termination was defined by the first minimum following 5% threshold of peak
tangential velocity (Sainburg, 2002).

In order to quantify and statistically analyze the effects of visual feedback and region of
workspace on sensorimotor performance of the dominant and non-dominant arm, we used
non-choice reaches in order to have an equal number of reaches to all possible targets. We
divided the workspace into three distinct regions: left (columns 1–4), middle (column 5) and
right (columns 6–9) as shown in Figures 2–4. We quantified two kinematic variables to
assess movement accuracy and quality under non-choice groups. Movement accuracy was
quantified as final position error (FPE), which was defined as the shortest distance between
the final position of the cursor center (index finger) and the center of the target: FPE = ((xe −
xt)2 + (ye − yt)2)0.5, where (xe, ye) and (xt, yt) are the 2-dimensional Cartesian coordinates of
the final position of the cursor (index finger) and the center of the target, respectively.
Movement quality was indexed by hand path linearity deviation (HPLD), which was defined
as the ratio between the minor and major axes of movement. The major axis was the farthest
distance between any two points given on the hand path, and the minor axis was the farthest
distance perpendicular to the major axis from any given point on the hand path. Note that
HPLD reflects interjoint coordination because differences in HPLD vary as a function of the
coordination between limb segments during reaching (Sainburg, 2002). Both FPE and
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HPDL were subjected to a 3-way mixed model ANOVA with arm (left/right) and condition
(vision/no-vision) as between-subject factors, and workspace region (left, middle or right) as
a within-subject factor. We used Tukey HSD for all post hoc tests.

In order to assess the effects of visual feedback and workspace region on arm choice, we
used only choice reaches. We first computed the average frequency of dominant and non-
dominant reaches to each target across subjects and identified the midline of reaching
frequency (RF Midline) using a linear approximation to points in space that yielded 50% of
right arm reaches at each row of targets (see Figure 4). This RF Midline divided the
workspace into left and right regions of reaching frequency. Both the percentage of space
reached with the dominant right arm (Right Arm Space) and the frequency of right arm
reaches (Right Arm 3RF) were subjected to simple t-tests in order to determine the effects of
visual feedback on arm choice. We quantified the offset of the RF Midline from the midline
(RF Midline Offset) at each row of targets. This RF Midline Offset was computed as the
percentage of the distance between the midline of the body and the extreme left or right
target at each row. In order to quantify effects of both visual feedback and target distance
amplitude, we subjected RF Midline Offset to 2-way ANOVA with row (A/B/C/D) as a
within subjects factor and visual feedback condition (vision/no-vision) as a between-subject
factor. We used Tukey HSD for all post hoc tests.

3. Results
3.1 Effects of visual feedback on dominant and non-dominant arm performance

In order to test the effects of visual feedback on arm performance, subjects made reaches in
one of 4 non-choice groups, which were formed by fully crossing our 2 levels of arm (left/
right) with our 2 levels of feedback (vision/no-vision). Figure 2A shows final position error
averaged across subjects for each arm and for each target in the vision condition. The
diameter of each half circle (gray for left, black for right) represents the amplitude of the
error averaged across subjects. The dominant right hand showed slightly smaller errors for
approximately 60% of the targets across the workspace. There were no differences between
the arms for one-third of the targets, and three targets showed slightly smaller errors for the
left arm (D2, C4 and C6). Figure 2B shows the corresponding plot for final position error in
the no-vision condition. Without visual feedback, the left arm showed substantially smaller
errors for 90% of the targets, while the right arm showed slight advantages for only 1 target
(3%). For the purpose of statistical analysis, we collapsed data across targets in three regions
of space: left (columns 1–4), middle (column 5), and right (columns 6–9).

Figure 2C shows the average final position error for the left and right arms in each region for
both vision and no-vision conditions. A 3 (regions) X 2 (arms) X 2 (conditions) ANOVA on
final position error revealed a significant interaction between arm and condition, F(1,28) =
5.21, p = .03. Right arm accuracy depended more on the presence or absence of visual
feedback, such that right arm movements became substantially less accurate under no-vision
conditions relative to left arm movements (see Figure 2). These results are consistent with
previous research reporting similar final position accuracy for the left and right arms under
vision (Carson et al., 1990; Imanaka et al., 1995) and left-arm superiority under no-vision
conditions (Guiard et al., 1983; Bagesteiro and Sainburg, 2002; Sainburg, 2002; Sainburg
and Wang, 2002; Lenhard and Hoffmann, 2007; Goble and Brown, 2008).

We next quantified deviations from hand-path linearity as a reflection of intersegmental
coordination (Sainburg et al, 1999). Figures 3A and 3B show linearity deviations averaged
across subjects for each arm and for each target in vision and no-vision conditions,
respectively. Figure 3C shows linearity deviations averaged across targets in each region
(left, middle, and right) for both feedback conditions (vision and no-vision). Another 3-way
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mixed model ANOVA with region as a within-subject factor, and arm and condition as
between-subject factors revealed a significant interaction between arm and region, F(2,56) =
17.20, p < .0001. This interaction reflects a larger left arm dependence on the region of
space for linearity deviations: Left arm movements to the right region were substantially less
straight for reaches irrespectively of visual feedback conditions. These findings are
consistent with our previous studies (Sainburg and Kalakanis, 2000; Sainburg, 2002), which
indicated that direction dependent curvatures of left arm movements reflect deficits in
intersegmental coordination.

Overall, our findings for non-choice reaches toward targets across the workspace indicate
that interlimb differences in both movement accuracy and coordination depend on visual
feedback. In the case of accuracy, there were no interlimb differences for reaches made with
visual feedback, but we found left arm advantages under no-vision conditions. In the case of
linearity deviation, we showed a significant right arm advantage in the center region, which
was not present under the no-vision condition. These performance differences in accuracy
and curvature provided the basis for the dependent variables in the next phase of the study.
We hypothesized that movement accuracy and coordination might inform the decisions that
subjects make about which arm to use when reaching across the workspace.

3.2 Effects of visual feedback on arm selection
In order to test the effects of visual feedback on arm selection, subjects reached in one of
two choice groups. The vision group saw a cursor that reflected position of the tip of the
finger during each reach. The no-vision group did not see a cursor during the movement.
Subjects were presented with one target on each trial and reached to that target with
whichever hand they chose.

Figures 4A and 4B show the distributions of reaching frequencies, averaged across subjects
for each target and for each hand under vision and no-vision conditions, respectively. Each
pie chart reflects the percentages of total reaches made by either the left arm (light gray) or
the right arm (dark gray). For reaches made with visual feedback, the dominant right arm
was not only chosen exclusively for the targets in the right and center regions of the
workspace but also was chosen for some of the left-region targets close to the midline (see
Figure 4A). Subjects reached the right arm more to target D4 and to targets D3, C3, C4 and
B4 with equal frequency, relative to the left arm. In general, the number of right arm reaches
that subjects made into the left region of workspace increased with the distance of the target
from the body. This pattern of reaching both supports and extends similar findings that have
reported data sampled with fewer targets and, by extension, lower spatial resolution
(Gabbard and Rabb, 2001; Stins et al., 2001; Gabbard and Helbig, 2004; Mamolo et al.,
2004).

Our data also indicate that the no-vision group displayed a different pattern of reaches, when
compared to the vision group (see Figure 4B). Both groups reached almost exclusively with
the right arm to the targets in the right and the center regions of the workspace. However,
under the no-vision condition the number of right arm reaches to left-region targets was
equal or greater than left arm reaches. Thus, the right-arm reaching frequency was at least
fifty percent for only one target in the left workspace (4D), whereas it reached or exceeded
fifty percent for four targets in the left workspace under visual conditions (B4, C4, D4, and
D3).

In order to quantify these patterns of reaching between vision and no-vision conditions, we
computed the following parameters: (1) percentage of reaches made with the right arm
(Right Arm RF); (2) percentage of targets reached more frequently by the right arm (Right
Arm Space); and (3) the offset between the midline of reaching frequency and the midline of
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the body (RF Midline Offset) for each row of targets (see Methods). Figure 5 shows the
mean and standard errors for these measures across subjects and targets. Right Arm RF was
significantly lower for the no-vision group (59.2% ± 3.8%, M ± SE) compared to the vision
group (68.0% ± 5.1%), t(1,15) = 15.36, p = .02 (see Figure 5A). Right Arm Space was also
significantly lower in the no-vision group (61.8% ± 1.6%) relative to the vision group
(68.2% ± 2.4%), t(1,15) = 5.06, p = .04 (see Figure 5B). These differences were driven by a
modulation of reaching frequencies between vision and no-vision groups for targets located
farther from the body (see Figures 4A and 4B). In Figure 5C, we show the average RF
Midline Offset computed for each row of targets, separately. A mixed model ANOVA on
RF Midline Offset with feedback condition as a between-subject factor and target row (A–
D) as a within-subject factor revealed a main effect of condition, F(1,7) = 23.76, p < .0001,
such that the RF Midline Offset was greater for the vision group. There was also a main
effect for target row, F(3,7) = 20.96, p < .0001; RF Midline Offset increased as the target
rows moved farther from the body. These main effects were qualified by an interaction
between row and condition, F(3,42) = 3.99, p < .014. Post-hoc analysis showed that this
interaction was driven by the fact that there were no significant differences in RF Midline
Offset between visual feedback conditions for the two target rows closest to the body (row
A: p > .99; row B: p = .13, Tukey HSD), but there were significant differences between
feedback conditions in the two target rows farthest from the body (row C: p = .011; row D: p
= .0002, Tukey HSD).

Our main finding was that occlusion of visual feedback substantially affected which arm
was chosen during the choice reaching task. The left arm was chosen more frequently under
no-vision compared to vision conditions. In addition, the point in the workspace where
subjects transitioned from primarily left arm reaches to primarily right arm reaches shifted to
the right under no-vision conditions.

4. Discussion
We tested the hypothesis that arm selection choices should depend upon an interaction with
sensorimotor performance asymmetries associated with handedness and with the demands of
the given task. We tested this hypothesis in a targeted reaching paradigm by manipulating
the region of workspace of presented targets and by manipulating visual feedback
conditions. The first manipulation modified the geometric and dynamic requirements of the
task for each arm, increasing the index of difficulty as the targets were presented further
from the starting hand position. The two visual feedback conditions modified sensorimotor
performance asymmetries, an effect predicted by previous literature (Guiard, et al., 1983;
Carson et al., 1990; Imanaka, et al., 1995; Bagesteiro and Sainburg, 2002; Sainburg, 2002;
Sainburg and Wang, 2002; Lenhard and Hoffmann, 2007; Wang and Sainburg, 2007; Goble
and Brown, 2008). We predicted that arm choice would be reflected by an interaction
between these two manipulations. Indeed, the relative performance of the non-dominant arm
improved under no-vision conditions. These findings extend previous research by showing
that the relative accuracy advantage of the left arm under no-vision conditions is present
across the entire reachable horizontal workspace. Furthermore, our findings indicated that
the rate of left-arm reaches increased in accordance with these left-arm performance
advantages. In the sections that follow, we address these findings in turn. We conclude by
discussing their implications for models of hand selection.

4.1 Removing vision affects relative limb performance
Our results confirm that removing visual feedback modulates the final position accuracy of
both left- and right-arm reaches. While the accuracy of both arms was attenuated in no-
vision conditions, this effect was more severe for the right arm. This interaction resulted in
clear left-arm accuracy advantages for reaches made without visual feedback. This pattern
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contrasted the statistically equivalent left- and right-arm accuracy we observed when visual
feedback was available (see Figure 2C). Taken together, these outcomes indicate that
removing visual feedback improves the relative sensorimotor performance of the left arm.

These findings are important contributions to our understanding of motor lateralization. We
have previously shown evidence that the two hemisphere/limb systems might be specialized
for distinct motor control process — the dominant system for coordinating limb and task
dynamics and the non-dominant system for postural stabilization (Sainburg, 2002; Sainburg,
2012). A key feature of this model is that the dominant system achieves better coordination
by predictive control of limb and task dynamics. Such predictions have been shown to
depend on visual information from previous movements (Ghez et al, 1995; Sainburg, 2002;
Yadav and Sainburg, 2011). We have also provided evidence that the non-dominant system
relies on impedance-control mechanisms that are largely mediated by proprioceptive
mechanisms (Barnett and Harding, 1955; Gottlieb, 1996; Gottlieb, 1998; Ghez et al., 2007;
Schabowsky et al., 2007). In accordance with this idea, recent studies have demonstrated a
non-dominant arm advantage in the absence of visual feedback in tasks that require
matching movement distance (Yamauchi et al., 2004) or position (Goble et al., 2006).

Furthermore, some previous reports showed the non-dominant arm advantage in the final
position accuracy in reaching movements without visual feedback (Bagesteiro and Sainburg,
2002; Sainburg 2002; Lenhard and Hoffmann, 2007). Our current findings are not only
consistent with these results, but they also imply that the relative accuracy advantage of the
non-dominant arm under no-vision conditions persists across the workspace. Interestingly, it
also varies with workspace location, may account for some reported inconsistencies in
previous studies that have compared interlimb differences in reaching accuracy under vision
and no-vision conditions for movements to more restricted regions of the workspace (see
Carson et al., 1990 for review).

4.2 Arm selection depends on visual feedback conditions
Previous research has shown that people generally prefer ipsilateral reaches to contralateral
reaches, using the left arm to reach to the left workspace and the right arm to reach to the
right workspace; see Peters (1996) and Gabbard and Rabb (2000) for reviews. However, this
tendency is asymmetric across the workspace. For example, right-handers make more
contralateral reaches to targets close to the body midline with their dominant arms (Gabbard
and Rabb, 2000; Stins et al., 2001; Gabbard and Helbig, 2004; Mamolo et al., 2004). Our
current results confirmed this pattern across a much larger range of horizontal workspace,
but also found that the pattern is modulated by both visual-feedback conditions and distance
of the target from the body.

The critical difference between the limb selections that individuals made under vision and
no-vision conditions was the location in the left workspace at which our right-handed
subjects switched from using mostly dominant reaches to mostly non-dominant reaches.
This “switch-point” migrated closer to the body-midline under no-vision compared with
vision conditions. The fact that the switch-point shifted under no-vision condition is
important because the relative accuracy of the left arm also improved when we removed
visual feedback (see Figures 2C and 3C). This correspondence between left-arm choices and
left-arm performance is consistent with our hypothesis that asymmetries in interlimb
performance might inform the decision to use one arm or the other. Moreover, it suggests
that arm selection may be influenced by consideration of interlimb performance differences.

These results indicate an interaction between hand choice and visual feedback conditions,
such that the non-dominant arm is selected more under no-vision conditions than it is under
vision conditions. However, it should be stressed that in both cases, the dominant arm is
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actually selected more than the non-dominant arm. Feedback conditions simply modulate
these choices in accord with the relative performance advantages of each arm. Thus,
removing vision did not reverse the overall tendency of right-handers to prefer the right
hand for this task. Instead, the magnitude of this general right-hand choice decreased when
we removed vision, and this decrease appeared to be driven by an increase in left-hand
reaches to targets left of the body midline. We therefore take our findings to suggest that
arm selection is modulated by the relative sensorimotor performance between the arms. In
addition, arm choice was modulated by movement distance, a substantial task demand that
altered the index of difficulty of the required movement. In fact, the horizontal “switch-
point” between right and left arms depended on the distance of the reach from the body.
Previous studies on arm choice have typically used a limited number of targets placed across
the workspace at equal distances from the body (Gabbard and Rabb, 2000; Stins et al., 2001;
Gabbard and Helbig, 2004; Mamolo et al., 2004). Our current findings confirm the influence
of target distance on hand selection choices: The degree of offset between the workspace
midline and the reaching frequency midline was greatest for the two target rows farthest
from the body. Moreover, our full array of targets provided enough resolution to determine
that the differences in reaching frequency offset between the vision and no-vision groups
was also greatest for the farthest two target rows (see Figure 5C). These results indicate that
larger target amplitudes drove the “switch-point” migration toward the body-midline.

4.3 Models of hand selection
Based on evidence that damage to the left hemisphere impairs various goal-directed
movements, Liepmann (1905) proposed a left-hemisphere dominance for motor planning in
right-handers. This led to the view that individuals should prefer the dominant arm for
performing all unimanual tasks. Recent research has updated this view, suggesting instead
that circuits in both hemispheres contribute to the planning and control of reaches with each
arm (Sainburg, 2002). This perspective has motivated exploration of plausible
neuromuscular variables that might distinguish the dominant and non-dominant motor
control systems.

Earlier attempts to find such variables have largely yielded equivocal results. Some work
has suggested that the dominant and non-dominant systems differ mainly in terms of the
facility with which they exploit sensory feedback for making movement corrections.
Consistent with this idea, some studies have reported dominant-arm advantages for error
correction based on visual feedback (Flowers, 1975; Elliott et al., 1994; Elliot et al., 1995).
However, other studies have not been able to substantiate those results (Roy and Elliott,
1986; Carson et al., 1990; Carson et al., 1992; Shabbott and Sainburg, 2008). Studies that
have tested other dominant-system specializations like motor planning, initiation, and
sequencing, have also yielded inconsistent findings (Todor and Kyprie, 1980; Carson et al.,
1990; Carson et al., 1993; Elliott et al., 1994; Carson et al., 1995). Yet other researchers
have continued to characterize handedness mainly in terms of choice, a tradition established
much earlier by Oldfield (1971) and Bryden (1977). The current study links these
performance- and preference-based views by relating accuracy and coordination to arm
selection in the same experimental paradigm.

Recent work from our lab has provided evidence that handedness arises from hemispheric
specializations of the dominant and non-dominant systems for dynamic coordination and
control of limb impedance for postural stabilization, respectively (see Sainburg 2002;
Sainburg and Eckhardt, 2005; Sainburg 2012 for reviews). Our current findings indicate that
hand selection results from an interaction between asymmetries in sensorimotor
performance (here manipulated by visual feedback conditions) and task demands. This
implies rather efficient action-selection process that takes into account a variety of intrinsic
and extrinsic task conditions. This idea is consistent with the recent finding that right-
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handers can be induced to use the right hand less when the chances of task success are
systematically manipulated in a computer-based task (Stoloff et al., 2011). Interestingly,
Oliveira et al (2010) reported that temporarily disrupting activity in posterior parietal cortex
using rTMS can increase ipsilateral reaches, a finding that was taken to suggest that hand
choice might reflect a “competitive” decision process. Our current findings, indicating a link
between arm performance and arm selection, confirm and extend these results by indicating
that limb selection clearly takes account of both performance asymmetries and task
demands.

Previous explanations for arm choice have attributed selection patterns to the proximity of
the hand to an intended target (Helbig and Gabbard, 2004) or to attentional biases due to the
fact that the visual target stimuli in each hemifield are initially processed in the hemisphere
that controls the ipsilateral limb (Verfaellie et al., 1984; Verfaellie and Heilman, 1990). It
has also been suggested that the bias for ipsilateral reaches may be driven by reaction-time
advantages predicted by the well-known Simon effect. in which shorter times are associated
with responses (arm choices in this case) that are spatially compatible with the target
(Hommel, 1993). However, these explanations do not predict the asymmetry of limb
selection across the workspace, nor do they account for the feedback-induced changes in
selection patterns we observed here. In fact, previous work has shown that performance
advantages of ipsilateral reaches persist when visual stimuli are hemifield-reversed using a
mirror, suggesting that advantages for ipsilateral reaches arise from movement-dependent
factors rather than intrahemispheric attentional processing benefits (Carey et al., 1996).

Overall, the above explanations of hand selection do not account for the strong bias to reach
across the midline with the dominant arm. Moreover, these studies have often accounted for
this bias by saying that it simply results from a habitual pattern of arm use, developed
through parental modeling early in life (see Sainburg, 2010 for review). However, our
current findings indicate that hand choices reflects a process that accounts for current
sensorimotor and task conditions. Nevertheless, it should be stressed that the failure of
visual feedback conditions to reverse the bias in selecting the dominant arm for midline
targets does suggest that other factors also affect arm selection choices. Indeed, this might
be as simple an explanation as a habitual bias for using the dominant arm. However, the
research cited above by Stoloff et al. (2011) and Oliveira et al. (2010) suggest that the
pattern of choices could be reversed if the performance advantages for the non-dominant
arm were larger. Further research is necessary to test this hypothesis.
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Highlights

• We proposed that handedness is based on hemispheric differences in neural
control

• We examined if sensorimotor performance asymmetries give rise to active hand
choices

• We modulated sensorimotor performance asymmetries by occlusion of visual
feedback

• We found hand preference to change respectively to performance asymmetries

• We concluded that sensorimotor performance asymmetries predict hand choice
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Figure 1.
Experimental setup.
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Figure 2.
Final position error (FPE) averaged across subjects: (A) vision condition for each target; (B)
no-vision condition for each target; (C) vision and no-vision conditions averaged across
target regions.
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Figure 3.
Hand path linearity deviation (HPDL) averaged across subjects: (A) vision condition for
each target; (B) no-vision condition for each target; (C) vision and no-vision conditions
averaged across target regions.
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Figure 4.
Reaching frequency averaged across subjects for each target: (A) vision condition; (B) no-
vision condition. Note shift of the midline of reaching frequency (RF Midline) towards the
midline of the body under no-vision condition.
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Figure 5.
(A) Reaching frequency of the right arm (Right Arm RF) averaged across targets and
subjects; (B) Percentage of the workspace reached with the right arm more frequently (Right
Arm Space) averaged across targets and subjects; (C) Offset of the midline of reaching
frequency (RF Midline Offset) from the midline of the body under vision and no-vision
conditions.
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