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Abstract

Previous studies have proposed that selecting which hand to use for a reaching task appears to be modulated by a factor
described as “task difficulty,” defined by either the requirement for spatial precision or movement sequences. However, we
previously reported that analysis of the movement costs associated with even simple movements plays a major role in hand
selection. We further demonstrated, in right-handers, that cognitive-perceptual loading modulates hand selection by interfer-
ing with the analysis of such costs. It has been reported that left-handers tend to show less dominant hand bias in selecting
which hand to use during reaching. We, therefore, hypothesized that hand selection would be less affected by cognitive-
perceptual loading in left-handers than in right-handers. We employed a visual search task that presented different levels of
difficulty (cognitive-perceptual load), as established in previous studies. Our findings indicate that left-handed participants
tend to show greater modulation of hand selection by cognitive-perceptual loading than right-handers. Left-handers showed
lower dominant hand reaction times than right-handers, and greater high-cost movements that reached to extremes of the
contralateral workspace under the most difficult task conditions. We previously showed in this task that midline crossing
has high-energy and time costs and that they occur more frequently under cognitively demanding conditions. The current
study revealed that midline crossing was associated with the lowest reaction times, in both handedness groups. The fact that
left-handers showed lower dominant hand reaction times, and a greater number of high-cost cross-midline reaches under the
most cognitively demanding conditions suggests that these actions were erroneous.
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Introduction et al. 2012; Liang et al. 2018). The cognitive nature of this

process belies the apparent automaticity of simple reaching

Most individuals tend to prefer one hand for carrying out a
variety of unimanual tasks, including reaching for objects,
but will also choose the non-preferred hand under some con-
ditions (Fagard 2013; Scharoun and Bryden 2014). While
the process of choosing which hand to use for a given uni-
manual task is not well understood, it appears to recruit
cognitive resources to evaluate movement costs (Przybyla
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movements, and the fact that we do not consciously think
about which hand to use in most reaching situations. Never-
theless, Rosenbaum’s (1980) seminal work has demonstrated
that even simple actions, such as reaching to targets, invoke
cognitive decision making processes to plan many aspects
of the movement, including which hand to use. Rosenbaum
measured reaction time under different pre-cued condi-
tions, varying the amount of information about the impend-
ing movement that was provided to participants prior to the
“g0” signal. The results indicated that as more information
was provided prior to the movement about the direction,
distance, and which hand to use, reaction time was system-
atically reduced. In fact, this reduction was most substantial
when the hand was pre-cued, indicating the large cognitive
cost of choosing which hand to use. The complex nature of
this decision process is emphasized by the fact that biome-
chanical and accuracy costs are also taken into account when
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deciding which hand to use for a given movement (Leconte
and Fagard 2006; Przybyla et al. 2012; Coelho et al. 2013).
For example, Przybyla et al. (2012) showed that participants
increased their choice to use the non-dominant hand, under
no-vision conditions, when non-dominant hand use became
more advantageous to task performance, suggesting that a
cost-analysis might underlie arm selection processes that
occur prior to reaching movements. Similarly, Stoloff and
colleagues (2011) showed that participants increased non-
dominant hand selection when noise was introduced to one
or the other hand, which provided more direct evidence of
the cost- analysis underlying hand selection process. Thus,
deciding which hand to reach with appears to invoke cogni-
tive processes that strive to minimize a variety of movement
costs that vary depending on task goals (Gabbard and Rabb
2000; Stoloff et al. 2011; Przybyla et al. 2012).

In an attempt to better understand this process, some
studies have focused on how workspace location of tar-
gets influences hand choice (Bishop et al. 1996; Gabbard
1998; Gabbard et al. 2001; Mamolo et al. 2004; Leconte and
Fagard 2006; Przybyla et al. 2013). It has become clear that
reaching to different locations in the workspace can elicit
different choices to use one hand or the other. Not surpris-
ingly, when reaching to the right or left lateral workspace,
individuals most commonly use the hand that is ipsilat-
eral to the target location. However, when reaching to the
workspace close to the midline, the dominant hand is used
most often; a right-handed individual will typically reach
for objects close to midline, on either side, with the right
dominant hand (Bishop et al. 1996; Mamolo et al. 2004). Yet
the tendency to cross the midline with the dominant hand
might be enhanced when the task is more “complex” (Gab-
bard 1998; Gabbard et al. 2001; Leconte and Fagard 2006;
Przybyla et al. 2013; Gonzalez et al. 2015). For example,
one will use the dominant hand to cross midline more often

when a task requires manipulation of a tool, as compared to
simply pointing to or grasping a target object (Steenhuis and
Bryden 1999; Mamolo et al. 2004; Hill and Khanem 2009).
However, the role of task “complexity” in this process has
been called into question by Bryden et al. (2000) and Bryden
and Roy (2006). They examined whether the requirement to
pick up and toss an object versus simply orient and place the
object in a slot would elicit different hand choices, but these
task conditions failed to modulate hand choice. Whereas,
object and target location in the workspace clearly modu-
lates hand choice, the role of task complexity is probably
related to how “complexity” is operationally defined in a
given study.

To better understand the role of cognitive processes in
hand selection, we previously exploited a visual memory
and search task to vary the cognitive load required under
three different conditions (Liang et al. 2018). We used 16
symbols, which were line drawings of clothing, with sub-
sets of four items colored blue, red, yellow, or brown. Par-
ticipants were shown a single symbol (line drawing) in the
middle of the workspace on a mirror positioned above the
table on which their hands rested. After viewing the symbol
for 1.5 s, a new display was shown. In the control condi-
tion, the same single symbol appeared at some location in
the workspace. In the experimental conditions, the symbol
appeared among 15 other symbols either clustered into four
different same-color quadrants of the workspace or randomly
scattered across the workspace. In either of these 16-symbol
conditions, the participant was required to visually scan the
workspace to find the previously displayed target stimulus
and reach a hand to it.

Previous research (Wilkinson and Mcllvane 2013;
Wilkinson et al. 2014; Liang et al. 2018) has demonstrated
that the different conditions presented participants with
varied cognitive-perceptual requirements (Fig. 1). In the

-

laéo @0 s Kadd M
o fie )
raViss
WINTY B

tLlesk
%o & (T P
WYy e

JONRN

TP

Fig. 1 Experimental Conditions. Figure reproduced from Liang et al.
(2018). One-symbol control condition (a) means that only the target
symbol was displayed. Clustered condition (b) means that symbols
were clustered based on internal colors (red, brown, blue, and yel-
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control condition, only one symbol was shown, requiring
neither memory of the previously displayed stimulus nor
visual scanning of competing stimuli. In the other two con-
ditions (16 symbols), the participants visually scanned the
workspace to find the previously presented stimulus. The
targets and the movements required to reach those targets
were matched across all three conditions. Therefore, any
change in the hand choices between conditions should not be
due to condition-related differences in movement costs. Our
previous study demonstrated that under the control condition
(Fig. 1a), with the least cognitive load, reaction times were
shortest, and participants crossed midline the least (Liang
et al. 2018). Because crossing midline required longer dis-
tance, time, and energy movements, this performance (i.e.,
not crossing the midline) was interpreted as optimal. Con-
sistent with findings in visual search studies (Wilkinson and
Mcllvane 2013; Wilkinson et al. 2014), as progressively
greater cognitive demands were required, participants had
greater reaction times, and made more midline crossings.
We interpreted these findings as indicating that the more
demanding conditions interfered with hand selection deci-
sions, and thus resulting in increased random choices, lead-
ing to more crossing of midline with both hands (dominant
and non-dominant). Such suboptimal performance under
the cognitive-perceptually demanding condition suggests
that cognitive processes are engaged to avoid costly actions
such as midline crossing. Our findings were consistent with
previous studies (Przybyla et al. 2012) indicating that hand
selection requires substantial cognitive resources that con-
sider various movement-related costs.

Participants in our previous study were exclusively right-
handed. Left-handers tend to show greater symmetry in their
motor behavior (Oldfield 1971; Bryden 1977; Borod et al.
1984), and it is, therefore, possible that they might show
different effects of cognitive loading on hand selection.
Compared to right-handers, left-handers tend to exhibit sig-
nificantly less frequent use of their dominant hand (Doyen
et al. 2001; Gurd et al. 2006), reflecting less behavioral lat-
eralization. Neural imaging studies indicate that left-handers
show less strongly and more variably lateralized activation
patterns in motor related regions and networks during vol-
untary movements, as compared to right-handers (Klop-
pel et al. 2007; van den Berg et al. 2011; Pool et al. 2014).
For example, the left hemisphere is consistently reported
to be more activated in ipsilateral hand movement tasks
than the right hemisphere in right-handers (e.g., Verstynen
et al. 2005). In contrast, left-handers showed less ipsilateral
activation in primary motor cortex (M1) than right-handed
counterparts during a repetitive finger-thumb opposition
task (Kim et al. 1993). Similarly van den Berg et al. (2011)
showed that transcranial magnetic stimulation applied to
contralateral consistently disrupted the timing of dominant
hand unimanual finger tapping in right-handers. However,

the effect is less consistent in left-handers, such that some
left-handed participants showed more disruptions when the
non-dominant (left) M1 was stimulated whereas other left-
handers showed more disruptions when the dominant (right)
M1 was stimulated (van den Berg et al. 2011). These find-
ings suggest that left-handers, at least as a group, might be
less lateralized than right-handers.

In the current study, we ask whether the differences in
neural and behavioral lateralization between left- and right-
handers result in differences in hand selection, compared to
right-handers, and how hand selection is modulated by cog-
nitive-perceptual load. Given previous reports on reduced
dominant-arm bias in left-handers, it is reasonable to pre-
dict that the left-handed participants would exhibit less fre-
quent midline crossings as the cognitive load increases. For
the reaction time measure, asymmetries favoring the right
hemisphere (left-hand advantage in reaction time) have not
been explored in left-handers (Johnstone and Carey 2016).
Based on the few studies (e.g., Barthélémy and Boulinguez
2001) suggesting left-hand advantage in left-handers linked
to right hemisphere specialization on motor preparation, we
expect shorted reaction times in the dominant left hand of
the left-handers than the dominant right hand of the right-
handed counterparts. Finally, midline crossing (contralateral
reaching) is often thought to constitute a more complex skill
that is a biomechanically less efficient action than ipsilateral
movements. Such increments in complexity and biomechani-
cal inefficiency presumeably lead to an increased difficulty
in preparation of the movement (Leconte and Fagard 2006).
We therefore predicted that longer reaction times would be
associated with a lower percentage of midline crossing in
right-handers. We further speculated that if left-handers have
weaker dominant arm bias in midline crossing as well as
a weaker left-arm advantage in reaction time compared to
right-handed counterparts, then the negative association of
reaction time with midline crossing predicted in the right-
handers may simply not apply to left-handed participants,
resulting in either a positive or zero relationship between
these two variables.

Experimental procedures
Participants

Participants were 10 left- and 10 right- handed (as indicated
by self-report) young adult participants who were enrolled
in college or who had successfully gained a college degree.
Participants were age- and gender- matched, with a mean
age of 23 years old; half were males. The sample size was
determined through power analysis based on our precedent
report (Liang et al. 2018), as well as an a priori power analy-
sis using GPower (Faul et al. 2007) indicating a sample size
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of 6 for detecting a significant effect at repeated measures
ANOVA with a power of 0.80, an alpha of 0.05 and an effect
size of 0.25. As described in the Experimental Procedure,
each participant completed 48 trials for each experimental
condition which also helped to provide representative sam-
ple. Informed consent was obtained from each participant
after the nature of the study had been explained. All proce-
dures were approved via the Institutional Review Board at
the Pennsylvania State University.

Stimulus materials

As in previous studies (Wilkinson and Mcllvane 2013; Liang
et al. 2018), stimuli werel6 line drawing picture symbols
taken from the Mayer Johnson Boardmaker symbol set
(PCS; Mayer-Johnson 1992). They were divided into four
subsets of symbols (Fig. 1b or c) that shared an internal
color: four items worn on the feet (brown), four worn on the
torso (blue), four summertime items (red), and four inclem-
ent weather items (yellow). Semantic or categorical relations
within each set of symbols were loose and their physical
shapes were quite dissimilar. For instance, within the sum-
mertime item set, the baseball cap and the swimsuits were
both red, but differed in shape.

Experimental set-up and data collection

We followed the same protocol used in our previous study
(Liang et al. 2018). Participants sat in a raised chair and
faced a horizontal workspace (Fig. 2a). Arms rested on and
were gently strapped onto air sleds, to minimize the effects
of friction and gravity, and thus diminish the potential for
fatigue to influence our findings. A mirror, positioned above
the workspace, reflected stimuli that were projected by an
overhead television. Although the participants’ hands were
beneath the mirrored workspace, their location relative to the
display was indicated via small cursors (green crosses) on
the mirror surface (Fig. 2b), such that when the participant
moved their hands the cursors moved in tandem. Partici-
pants’ hands were placed under the mirrored surface rather
than over the stimulus display to allow the participants to
see the display at all times without occlusion by their own
hands. We chose the starting hand positions as were used
in a number of hand choice studies (Przybyla et al. 2012;
Coelho et al. 2013). These hand positions are comfortable
for the horizontal table set-up, and provide symmetric access
to all stimuli from a midline to lateral axis for each hand.
The stimuli were displayed with custom software written
in REALDbasic (REAL Software). A six-degree-of-freedom
Trackstar (Northern Digital Technology) magnetic tracking
system sampled limb positions and orientations at a rate of
116 Hz. For motion tracking, we digitized the bony struc-
tures in each limb as described in Liang et al. (2018).
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Fig.2 Schematics of the experimental apparatus (a) and task (b).
Figure reproduced from Liang et al. (2018). There was an array of
either 1 or 16 symbols (see Fig. 1 for details). FOB, Fight of Birds
sensor. Cursors (green) representing left and right hand positions
were displaced 30 cm to the center of the workspace. The Picture
Communication Symbols© 1981-2016 by Tobii Dynavox. All Rights
Reserved Worldwide. Used with permission. Boardmaker® is a trade-
mark of Tobii Dynavox

We processed the data with custom programs written in
IgorPro (WaveMetrics). We low-pass filtered the displace-
ment data at 8 Hz with a third-order dual-pass Butterworth
filter before differentiation to obtain velocity and accelera-
tion profiles. Because there were minor oscillations of the
cursors in the start circle, we defined the start of each reach
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as the first minimum in tangential velocity that was under 8%
of the maximum velocity for that trial. Likewise, we defined
the end of each reach as the first minimum following peak
velocity that was below 8% of maximum velocity. The start
and end point of movement were verified manually, and cor-
rected if necessary.

Experimental procedure

Identical to our previous study (Liang et al. 2018), the task
was a 0-delay identity matching to sample task. When partic-
ipants had placed their hands within the two green circles on
the reflected display, a “sample” appeared in the midline of
the display. This sample was one of the line drawings from
the set of 16 symbols. The sample was displayed for 1.5 s
and then disappeared, being replaced by one of the choice
arrays for the experimental conditions. The participants’ task
was to move whichever hand they wanted to the line draw-
ing in the choice array that was identical to the sample they
had just seen, and no further instruction was given. Correct
selections resulted in the ringing of a chime and an accumu-
lation of “points” presented on the computer screen.

Experimental conditions and session design

As in our previous study in right-handers (Liang et al. 2018),
all participants received 48 trials for each condition. The
positions of the stimuli were pseudorandomized between
trials, such that participants could not predict the target loca-
tion on any given trial. The influence of practice effects on
the performances of interest was also minimized. Trials of
the same condition were grouped into a block. Each of the
16-symbol conditions had an associated one-symbol condi-
tion, resulting in four blocks of 48 trials (total =192 trials).
The order of these sessions was quasi-randomly counter-
balanced, such that a one-symbol condition (control) was
always presented first; otherwise, the order in which par-
ticipants experienced the 16-symbol conditions (clustered/
distributed) was counterbalanced.

Data analysis

Four independent variables were examined: experimental
condition (control, clustered, distributed), target column,
hand (dominant, non-dominant hand), and handedness
group (left- and right-handed). Target column was defined
spatially and was adjusted for hand dominance of each hand-
edness group. Specifically, for columns from left to right
(columns 1-4), the four spaces ipsilateral (closest) to the
dominant hand were identified as ipsilateral column (col-
umn 1 for left-handers, column 4 for right-handers), the four
spaces medial to and on the same side of dominant hand
as ipsimedial column (column 2 for left-handers, column 3

for right-handers), the four spaces medial to, but not on the
same side of the dominant hand (column 3 for left-handers,
column 2 for right-handers), and the four spaces contralat-
eral to (farthest) to the dominant hand as contralateral col-
umn (column 4 for left-handers, column 1 for right-handers).
Target column was included as an independent variable to
examine whether visual-perceptual characteristics (experi-
mental condition) influenced the production of ipsilateral
versus contralateral reaches and their temporal performance
(reaction time) within and between left- and right-handers.
Outcome measures were proportion of midline cross-
ings (percentage) and reaction time (seconds). Reaction
time was the time between the imperative “go” signal and
the beginning of movement. It is thought to reflect cogni-
tive processes in movement preparation, in which the more
complex the task condition is associated with longer reac-
tion time (Rosenbaum 1980). Repeated measures ANOVA
examined the influence of the four independent variables on
the outcome measures. We next examined the linear rela-
tionship between reaction time and the percentage of con-
tralateral reaches, and therefore used R (Core Team, 2014)
and Ime4 (Pinheiro et al. 2018) to perform a linear mixed
effects analysis. As fixed effects, we entered reaction time of
each participant into the model as our predicting variable. As
random effects, we had intercepts for participants to account
for any non-independence by assuming a different “baseline”
percentage of contralateral reaches for each participant.

Results

Cognitive load modulates hand selection more
in left-handers

Figure 3 shows the proportion of hand reaches averaged
across participants for each hand and for each target, for each
condition. Each circular pie-graph represents the percent-
age value of one target. The column positions are displayed
in a right-hand coordinate system for direct between-hand
comparison. Thus, the right-most column is ipsilateral (IL in
Fig. 3) to the dominant hand, regardless of whether that hand
is the right (right-handers), or left hand (left-handers). The
proportion of reaches with the dominant hand is shown in
black, with the non-dominant hand in grey. The upper panels
show the results for left-handers while the lower panels show
data for right-handers. “Control” panels show the results for
the control condition, with “Clustered” panels for the clus-
tered condition, and “Distributed” panels for the distributed
condition. Thus, the degree of cognitive load of the task is
ordered from left (“Control” panels; low cognitive load) to
right (panels “Distributed”; high cognitive load).

Three distinct patterns should be noted (Fig. 3). First,
for both groups the dominant hand (black) reached across
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Fig.3 Proportion of Contralateral Reaches (Midline crossing) by
Both Hands across Conditions, in Left- and Right-handed Partici-
pants. Means were computed across participants (n=10 for each
handedness group). Each target is shown as a circular pie-graph
(light grey area for non-dominant hand, and black area for dominant
hand). The results for each display condition: control, clustered and

midline to the contralateral targets (CL, CM) more than did
the non-dominant hand (grey). Second, as the cognitive load
of the task increased, there were more hand reaches into
contralateral hemispace by both dominant (black) and non-
dominant (grey) hands. Thus, the size and number of the
black pie-slices in the CM and CL columns is largest for
the “Distributed” panels in Fig. 3, and the size and number
of the gray pie-slices in the IM and IL columns is larger for
the “Distributed” panels. Finally, left- and right- handers
showed differences in these patterns. Specifically, left-hand-
ers seemed to reach more across midline into the farthest
column (CL in Fig. 3) with their dominant hand more than
did right-handers, most noticeable in the highest cognitive
load condition (“Distributed”). This is represented by the
larger and more numerous black pie-slices in column CL in
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distributed. Upper panels represent results of left-handed participants,
whereas lower panels were for right-handed participants. CL con-
tralateral to dominant hand, CM contramedial to dominant hand, IM
ipsimedial to dominant hand, /L ipsilateral to dominant hand. Error
bars in the current and the following bar graphs are standard errors

“Distributed”, than for right-handers in “Distributed”. One-
way ANOVA indicated that the visual differences between
left- and right-handers observed in Fig. 3 reached statistical
significance, such that left-handers reached to the farthest
column with their dominant hand significant more than
right-handers did when the cognitive load was the highest,
F(1,19)=4.817, p=0.042 (Fig. 4).

Visual display complexity modulates reaction time
in both handedness groups

Reaction time has been shown to reflect the complexity of
cognitive processes during motor planning (Rosenbaum
1980). Mixed 3 x2x2 ANOVA (condition, within subjects;
hand, within subjects; handedness group, between subjects)
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Fig.4 The Proportion of Dominant Hand Reaches to the Column (CL
in Fig. 3) that is Farthest to the Dominant Hand by left- and right-
handers. Control condition=only the target symbol was displayed;
clustered condition =symbols were clustered based on internal colors
(red, brown, blue, and yellow); distributed condition =adjacent sym-
bols were not sharing any internal colors

revealed significant effects of conditions, hand, condition
by hand interaction, and three-way interaction. Consistent
with our prediction of the main effect of conditions, reac-
tion times were increased gradually from low to medium,
and then to high cognitive load conditions. However, the
3-way interaction, F(2, 36)=8.634, p=0.01, r/; =0.324,is
best explained by conducting separate two-way ANOVAs
for the dominant and non-dominant hands. Post hoc two-way
ANOVA within only the dominant hand (Fig. 5) showed
a significant main effect of condition, F(2,36) = 52.338,
p<0.001, ;1[% = (0.744, such that cognitive load increased
reaction time, as expected. There was also a significant
between-group difference, F(1,18) = 7.297, p = 0.015, n}f

left-handed

Elright-handed

Reaction Time

control clustered distributed

Fig.5 Reaction Time across Conditions and Between groups. Con-
trol condition=only the target symbol was displayed; clustered con-
dition =symbols were clustered based on internal colors (red, brown,
blue, and yellow); distributed condition=adjacent symbols were not
sharing any internal colors. Error bars in the current and the follow-
ing bar graphs are standard errors

= 0.288, such that left-handers reacted significantly faster
than right-handers using their dominant hands, regardless
of conditions. Post hoc two-way ANOVA within only the
non-dominant revealed only a significant main effect of con-
dition, F(2,36) = 52.338, p <0.001, ’1,2, = 0.744. Thus, the
non-dominant hands of the two handedness groups behaved
similarly and showed an increase in reaction time across
conditions, such that greater cognitive load was associated
with larger reaction times.

To better understand the interaction between handedness
groups and hands, we conducted an additional post hoc
test, in which we collapsed data across conditions, which
similarly effected within both hands and both groups. This
two-way ANOVA (hand, within subjects; handedness group,
between subjects) indicated a significant interaction between
hand and group, F(1,19)=9.930, p=0.002. Further post-hoc
analysis within hand showed that left-handers were signifi-
cantly faster than right-handers when they used their domi-
nant hands, F(1,19)=8.892, p=0.008, 71; = 0.356 (Fig. 6),
but not when using their non-dominant hands. In fact, as
shown in Fig. 6, there is an insignificant trend for the non-
dominant hand of right-handers to be slightly quicker (lower
reaction times) than left-handers.

Reaction time is negatively related
to the percentage of contralateral reaches
by dominant hand

Because we found that the main significant difference in
reaction time between the two handedness groups occurred
for the dominant hand, and because most contralateral
reaches were produced with the dominant hand, we exam-
ined how reaction times were related to the percentage of
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Fig.6 Reaction Time in Dominant (D)- Versus Non-dominant (ND)
Hands in Both Handedness Groups
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contralateral reaches when using the dominant hand. A
preliminary analysis of handedness group was conducted
in which handedness (left- versus right-handers) was added
as a fixed effect to assess if it (alone or with reaction time)
was associated with the percentage of contralateral reaches.
Handedness group was never a significant variable to
account for the variances (Fig. 7). We therefore removed the
handedness variable from the equation to preserve degrees
of freedom/power, and all analyses were conducted only
with reaction time. Linear mixed model revealed a signifi-
cant negative relationship such that the shorter the reaction
time, the higher chance an individual reached across mid-
line, regardless of handedness groups.

Discussion

We have recently shown that right-handed participants
crossed midline more and spent more time to respond when
the cognitive demands of a memory-search-and-reach task
increased (Liang et al. 2018). Because reaches across mid-
line were more costly in terms of time, distance, energetics,
and error (Przybyla et al. 2012; Liang et al. 2018), we inter-
preted these results as evidence that reaches across midline
reflect erroneous choices that emerge when cognitive deci-
sion making is impeded. The current study confirmed that
left-handers also tend to make more choices to cross mid-
line, under cognitively demanding task conditions. This task
difficulty-dependent pattern in both left- and right-handers
reinforces the cognitive-perceptual explanation for decision
making during reaching movements. However, in contrast
with previous literature indicating that left-handers tend to
show a weaker bias in hand selection, in the current task,
left-handers were more likely to use the dominant hand to
cross midline than were right-handers, particularly under
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Fig. 7 Relationship between reaction time and the percentage of con-
tralateral reaches by the dominant hand
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high cognitive load conditions. The choice to cross midline
emerges when cognitive decisions about hand choice are
impeded by other cognitive demands, suggesting that this
choice is erroneous.

Consistent with this proposition, we previously showed
that cross-midline reaches have high-energy and time costs
and that they occur more frequently under cognitively
demanding conditions (Liang et al. 2018). The fact that the
incidence of cross-midline reaches varied inversely with
reaction time supports this proposition, suggesting that
when processing times are lowest, the likelihood of errone-
ous choices increases. In fact, the current study revealed
lower dominant arm reaction times in left-handers than in
right-handers, and showed that left-handers made a greater
incidence of high-cost movements that reached to extremes
of the contralateral workspace under the most cognitively
demanding task conditions. The fact that left-handers
showed overall lower dominant hand reaction times, and a
greater number of high-cost cross-midline reaches under the
most cognitively demanding conditions suggests that in our
task, the cognitive conditions interfered with hand choice
greater in left-handers than in right-handers.

Hand selection

Perhaps the most interesting result of the current study
was that left-handers tended to use their dominant hand
more often than did right-handers. In fact, they made sig-
nificantly more dominant hand reaches into the most lateral
region of the contralateral workspace than right-handers
did. These findings seem to contradict previous studies that
have reported less pronounced use of the dominant hand in
left-handers as compared to right-handers (Oldfield 1971;
Bryden 1977; Borod et al. 1984). However, previous stud-
ies have either used questionnaires about common daily
activities, or studied tasks with varying motor complexi-
ties, but did not vary cognitive load between conditions
(e.g., Borod et al. 1984; Calvert and Bishop 1998; Mamolo
et al. 2004, 2005). In contrast, our task varied the cogni-
tive load of the task, without changing the motor demands
between conditions. In our study, when cognitive costs were
low, both left- and right-handers showed similar patterns of
hand choice. However, when cognitive load was the highest,
left-handers chose to make the most motorically demand-
ing movements, crossing midline with the dominant arm
to the most contralateral targets in the workspace. That is,
despite the greater mechanical, distance, and time costs, left-
handers increased the use of their left hand to cross midline.
This pattern was substantially weaker in right-handers. We
also found that contralateral reaches were associated with
reduced reaction times in both handedness groups, and that
left-handers had the lowest reaction times with their domi-
nant hands. Because crossing midline in this task is more
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motorically costly, and because the incidence of midline
crossing with either hand increases with cognitive loading,
we previously concluded that midline crossing reflected an
error in hand choice (Liang et al. 2018). In fact, these errone-
ous choices were increased as more cognitive resources were
required by the task, thereby competing with motor planning
(Liang et al. 2018).

In the current study, left-handers made the most “wrong
decisions” when their reaction times were lowest, suggest-
ing reduced planning, prior to movement. It is plausible that
our manipulation of the spatial organization of the visual
symbols may have been a sensitive or cognitively demanding
factor during decision making such that the cognitive loads
it elicited may have affected the left-handers more than the
right-handed counterparts. One explanation might be that
our visual search task biased the left hemisphere, regardless
of handedness, thus allowing more efficient visual-motor
processing when right-handers used the dominant arm than
when left-handers used the dominant arm. Consistent with
this hypothesis, Kingstone and colleagues (1995) exam-
ined split brain patients performing visual search tasks, and
showed that strategic visuospatial attentional processes are
preferentially lateralized to the left cerebral hemisphere.
This interpretation is supported by the trend for the right
hand of left-handers to show longer reaction times (Fig. 6)
than the left hand of right-handers, although this trend did
not reach statistical significance.

Reaction time

Reaction time, across conditions, was faster in the domi-
nant hand of the left-handers than that of the right-handers.
Previous studies report that the right-handers exhibit reac-
tion time asymmetry favoring the left hand during reach-
ing to unpredictable visual targets, suggesting hemispheric
asymmetry of motor planning processes (e.g., Carson et al.
1995; Mieschke et al. 2001; Barthélémy and Boulinguez
2002), although there is evidence of right-hand advantage
(e.g., see review by Marzi et al. 1991) or symmetry between
the hands. Studies on reaction time in left-handers are very
limited. Barthélémy and Boulinguez (2001) reported that
both left- and right-handers exhibited left hand advantages
in reaction time for making judgements about the trajecto-
ries of a moving visual stimulus. They concluded that these
advantages resulted from right hemisphere specializations
which were independent of handedness. In contrast, Velay
and Benoit-Dubrocard (1999) reported no reaction time dif-
ferences between left- and right-handers in reaching behav-
iors. Kilshaw and Annett (1983) reported shorter reaction
times for left-handers than right-handers performing a peg-
board task. Our data were consistent with this, indicating
significantly shorter reaction times for left-handers, but only

for the dominant hand. Unfortunately, it is impossible for us
to resolve these apparent discrepancies with the current data.

Conclusion

When increased task difficulty associated with visual-per-
ceptual characteristics of target and its surrounding symbols
was exerted, left- and right-handed participants were com-
parable and exhibited consistently midline crossing. These
findings reinforce our previous hypothesis that the choice
not-to-cross-midline recruits substantial cognitive resources.
However, under the most cognitively demanding conditions,
left-handers showed greater use of their dominant hand to
cross midline and make more costly movement, even to the
extremes of the workspace. These results support the prop-
osition that left-handed individuals are not always mirror
images of right-handers in terms of hand selection, nor are
they identical to right-handers in terms of reaction time in
dominant hand reaches. Instead, our current results suggest
that hand selection in left-handers tend to be more affected
by cognitive loading. It is possible that this difference in the
effect of cognitive-perceptual load between left-handers and
right-handers might result from an interaction with other lat-
eralized brain mechanisms, such as left hemisphere laterali-
zation of strategic visuospatial attentional processes. How-
ever, further research is necessary to test this hypothesis.
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