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Abstract

We investigated the effects of handedness on developing latent cognitive re-
sponse strategies according to situation variables. We used the findings of the
block-wise Proportion Congruency (PC) effect in which the proportion of con-
gruent trials in a given block modulates the compatibility effect in its block.
The block-wise PC effect cannot be intentionally controlled. A Simon task with
three different types of Proportion Congruency (PC) in a given block was used
to measure the block-wise PC effects. This task was administered to 24 left-hand-
ed and 24 right-handed participants. The reaction time and error rates, consis-
tent with previous studies, demonstrated that the block-wise PC effect was ob-
served in left- and right-handers. Crucially, the block-wise PC effect was more
pronounced in left- than right-handers, suggesting that left- and right-handers
unintentionally apply different cognitive strategies in response to conflict res-
olution experiences.
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1. Introduction

The dominant hand allows us to conduct daily life tasks more efficiently. This
efficiency reflects underlying neurological differences [1]. However, to date, there
is little evidence or consensus on the relationship between handedness, cognitive
functions and cerebral dominance (empirical studies in language production, spa-

tial processing and face processing [2] [3] [4], review [5] [6]), although recent stu-
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dies have provided some evidence for the relationship. Cognitive control is used
to adjust our strategies based on environmental and situational factors to achieve
the current goals. Two aspects of cognitive control have been proposed, and the
balance between them is considered sensitive to individual differences [7] [8]. These
aspects are stability, the ability to protect the current goal from disturbing infor-
mation during task execution, and flexibility, which is the ability to respond sen-
sitively to disturbing information and switch targets.

Serrien and O’Regan [9] conducted a cognitive task that required inhibition
and switching with 21 right-handed and 21 left-handed adults, based on the idea
that cognitive control depends on the balance between conflicting aspects: stability
and flexibility. The results showed that right-handed participants excelled at block-
ing disturbing information efficiently, or maintaining stability, whereas left-handed
participants excelled in task switching or maintaining flexibility. However, there
is no unanimous agreement about these findings, especially regarding the left-hand-
ed advantage in task switching or flexibility [5] [10]. Moreover, there is little accu-
mulated knowledge about this issue.

Serrien and O’Regan [9] gave participants explicit cues informing of a future
trial’s task and asked them to follow the cues and respond accurately. Specifical-
ly, the participants in the distractor-present/absent tasks were required to respond
to digits of a specific color based on the instructions for each block while ignor-
ing surrounding distractors. It was assumed that performance’s differences be-
tween distractors-present and distractors-absent trials would reflect the strength of
inhibition or stability. On the contrary, participants in flexibility assessment tasks
performed identical tasks to the previous trial (repetition trials) in half of the tri-
als and changed the task (switch trials) in the other half. The switching cost be-
tween repetition and switch trials was calculated to indicate flexibility. The indices
measured in Serrien and O’Regan’s [9] study tasks were products of the participants’
intentions.

The purpose of this study was to examine the effect of handedness on cogni-
tive control, especially implicitly applying situational cognitive strategies, by mea-
suring the extent to which unintentional different cognitive strategies are ap-
plied in response to situational factors. We focused on task-context-dependent mo-
dulation of congruency effects in the stimulus-response compatibility paradigm
[11].

The Flanker task [12], the Stroop task [13], and the Simon task [14] have con-
gruent effects known as the Flanker effect, the Stroop effect, and the Simon ef-
fect, respectively. These effects evaluate cognitive control [15] because responses
to targets in these tasks are better in congruent than incongruent trials, and the
congruent effects highlight the impact of task-irrelevant information. For exam-
ple, in the Simon task, viewers are required to identify a target when the target is
presented on the left or right side of a monitor or identify task-relevant informa-
tion while ignoring a target’s location or task-irrelevant information. The response
buttons are typically located on the left and right sides; therefore, the target pres-

entation position (task-irrelevant information) and the button position for respond-
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ing to the target match in the congruent condition, which is not the case in the
incongruent condition.

Attentional selection efficacy, i.e., visual selectivity, inferred from congruency
effects are sensitive to a task’s context as defined by a given block’s proportion of
congruent trials (e.g., [16] [17] [18] [19] review for [20]). This is known as the
block-wise Proportion Congruency (PC) effect. Experiencing incongruent trials
in laboratory settings reduces the congruency effect, and crucially, this behavior-
al modulation cannot be intentionally controlled [21] [22] [23]. However, research-
ers differ about the cause of the block-wise PC effect [21]. The attentional view is
one account of this effect, suggesting that attention shifts toward identifying task-
relevant information when incongruent trials appear more frequently (e.g., [16]
[20] [24]). In contrast, another account emphasizes learning and proposes that
stimulus-response (S-R) contingencies are employed to forecast the response most
frequently associated with a given stimulus (e.g., [25] [26] [27]). These two views
are not mutually exclusive, and they synergistically may influence the block-wise PC
effect.

Note that an expansive interpretation of the stability-flexibility view of han-
dedness in cognitive control would suggest that the block-wise PC effect reflects
the direction of stability-flexibility. In particular, the larger the block-wise PC
effect, the stronger the tendency for flexibility, whereas the smaller the effect, the
stronger the tendency for stability. Applying the findings of Serrien and O’Regan
[9] to the latent application of different cognitive strategies in response to situa-
tional factors predicts that the block-wise PC effect would be more pronounced
in left- than right-handers.

We administered the Simon task with different PCs to the right- and left-handed
participants and measured the block-level PC effect to test these predictions. Spe-
cifically, we prepared three blocks with different congruent trial proportions: 75%,
50%, and 25%. It was predicted that the Simon effect would increase as the fre-
quency of congruency trials increased, and this tendency would be more pronoun-

ced in left-handers.

2. Method
2.1. Participants

Twenty-four right-handed (8 men; mean age = 21.7 years, SD = 1.72; mean han-
dedness score = 9.58, SD = 0.64) and 24 left-handed (5 men; mean age = 20.5,
SD = 2.86; mean handedness score = —-7.71, SD = 1.77) graduate (1 = 8) and un-
dergraduate (22 = 40) students took part in this experiment. Handedness was eva-
luated using the Japanese version of the FLANDERS handedness questionnaire
[28]. Participants in the experiment were selected from a pool of participants re-
cruited in undergraduate and graduate classes of Aichi Shukutoku University. All
participants reported normal or corrected-to-normal vision. They were paid ¥500
(US$4.55) for participation. Each participant signed an informed consent form ac-

cording to the research protocol for human participants. This study was approved
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by the ethics committee of the Department of Psychology in Aichi Shukutoku Uni-
versity (No. 2017-01-r02).

2.2. Experimental Design

We manipulated three mixed variables. The first variable was a between-partici-
pant factor, comprising the handedness group consisting of left- and right-handers.
The remaining two variables were within factors, comprising the Proportion Con-
gruency (PC) factor consisting of three conditions (75%, 50%, and 25%) and the
compatibility factor consisting of congruent and incongruent conditions.

2.3. Apparatus and Stimuli

A desktop computer equipped with a 24-in TFT monitor (BenQ, L2411Z) hav-
ing a refresh rate of 144 Hz was used to present the stimuli. Presentation timing,
and response and response time recording was controlled using SuperLab version
5.05 software (Cedrus company, San Pedro, CA, USA). Participants’ responses were
recorded using a response box (Cedrus RB-530), which recorded the responses
accurately within 1 ms. A chin rest was used to maintain the distance between the
eyes and the monitor.

All stimuli were presented on a monitor with a white background. The four
target stimuli were circles with a diameter subtending a visual angle of 1.53°, drawn
with a black line and painted in red (255, 0, 0), green (0, 255, 0), yellow (255, 255,
0), or blue (0, 0, 255), respectively. The fixation point (“+”) was a cross drawn

with a black line subtending a visual angle of 0.38".

2.4. Procedure

Participants were tested individually in a small, dimly lit room. They were given
explicit instructions to continue staring at the central fixation point during the
task. They were also explained about the correspondence between the colors and
responding hands (described below). This explanation was repeated each time a
new block was presented. The viewing distance from participants’ eyes to the
monitor was 45 cm, maintained by the chin rest.

The trial schedule was as follows. First, 500 ms after a warning tone and the
central fixation point were presented, one of four possible color circles was pre-
sented for 150 ms along with the fixation point, 3.57° horizontally to the left or
right of it. Participants were required to discriminate the color of the target cir-
cle as soon and as accurately as possible. Half of the participants were asked to
press the buttons located on their left or right with their right index finger if the
target circle was blue or yellow and with their left index finger if the target circle
was red or green. The other half of the participants were assigned the opposite
correspondence between colors and the responding hand. A buzzer presented
immediate feedback if a response was incorrect. A millisecond timer started at
the onset of the target and stopped at the response. Only trials between 150 ms

and 1000 ms were recorded as reaction times. The subsequent trial started one se-
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cond after a response or no response for one second after presenting the tar-

get. Figure 1 shows an example of stimulus presentation and response buttons.

Figure 1. An example of stimulus presentation and response buttons in the Simon task.
The target (the circle drawn by the vertical lines) is presented in a right visual field. The
buttons used in this experiment are the ones located on the left and right. When the circle
drawn by the vertical lines is red, then the red color corresponds to the left button (see
text), which is an incongruent condition in this example.

Three block-types, each consisting of 64 trials having different proportions of
congruent trials (75%, 50%, and 25%), were presented. The four types of targets
appeared 16 times in each block. Each participant responded to four consecutive
blocks of each of the three types of blocks, or a total of 12 blocks (768 trials). A
practice block of 32 trials having 50% congruent trials preceded the experimental
trials. The order of performing the three types of blocks was counterbalanced
among the participants of each handedness group.

Participants reported whether they noticed a change in the proportion of con-
gruent/incongruent trials by block after the experiment and what had changed if
they did notice a change. No participants correctly reported a change.

3. Results
3.1. Reaction Times
Mean individual reaction times for correct responses were calculated for each

participant. Figure 2 shows mean reaction times and standard errors in each ex-

perimental condition for left- and right-handers.
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Figure 2. Mean reaction times for correct responses under each experimental condition
in left- and right-handers. Error bars indicate standard errors. “PC75” indicates that the
proportion congruent trials were 75% in a given block, similar to “PC50” and “PC25.”

We conducted a three-way mixed analysis of variance (ANOVA) based on the
experimental design, which indicated a significant main effect of compatibility,
H1,46) = 29.809, p < 0.001, 775 = 0.393, indicating a Simon effect (9.9 ms). None
of the other main effects were significant (handedness, F1,46) = 0.065, p = 0.799,
15 =0.001; PC, A2,92) = 2.300, p=0.106, 775 = 0.048). There was a significant
two-way interaction between PC and compatibility, A2,92) = 103.737, p < 0.001,
nﬁ = 0.693, demonstrating a block-wise PC effect. Specifically, the Simon effect
was larger in the PC75 condition (33.9 ms; /1,138) = 165.475, p < 0.001, ni =
0.545) than in the PC 50 condition (9.6 ms; /1,138) = 13.402, p < 0.001, 77;23 =
0.089), whereas a reverse Simon effect appeared in the PC25 condition (-13.9 ms;
F(1,138) = 27.973, p< 0.001, 775 =0.169).

Crucially, the interaction between PC and compatibility differed according to
handedness, A2,92) = 4.927, p = 0.009, 775 = 0.097. Simple interactions in each
handedness group showed that the block-wise PC effect was more pronounced
in left-handers, /2,92) = 76.937, p< 0.001, 77§ = 0.626, than right-handers, F(2,92)
= 31.728, p < 0.001, ni = 0.408. Specifically, as shown in Figure 2 the Simon
effect was similarly large in both handedness groups for the 75% than in the 50%
PC condition. In contrast, the reverse Simon effect was larger in left (-19.7 ms:
F(1,138) = 27.874, p< 0.001, 775 = 0.168) than right-handers (8.2 ms: A1,138)
=4.841, p=0.030, 775 =0.034).

In order to examine the variation of the Simon effect according to the indi-
vidual PC conditions of the participants by handedness, Figure 3 shows the Si-
mon effect of all participants as a function of PC conditions. It was apparent that
the Simon effect shifted more strongly in the negative direction as the PC became
smaller for the left-handers than for the right-handers.

To indirectly confirm this trend, the difference in the Simon effect between

the PC75 and PC25 conditions was calculated for each participant. Total mean
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Figure 3. The Simon effect (reaction times) as a function of PC conditions in all participants for each

handedness group. “PC75” indicates that the proportion congruent trials were 75% in a given block, sim-
ilar to “PC50” and “PC25.”

score for all participants (n = 48) was 47.80 ms (SD = 26.63). The number of
participants who indicated above the mean score was 17 out of 24 in the left-
handers, whereas it was 7 out of 24 in the right-handers, *(1) = 6.750, p < 0.01.
These results were consistent with the results obtained from ANOVAs with reac-

tion times as well as the trends that can be read from Figure 3.

3.2. Error Rates

Error rates in each experimental condition were calculated for each participant.
Figure 4 shows mean error rates and standard errors in each experimental con-
dition for left- and right-handers.

The error rates results were generally similar to reaction times results. A three-
way mixed ANOVA was conducted on error rates. Similar to reaction time re-
sults, there was a two-way interaction between PC and compatibility, F2,92) =
53.788, p < 0.001, ni = 0.539, indicating a block-wise PC effect. Importantly,
this interaction differed according to handedness, F2,92) = 5.974, p = 0.004,
77;23 = 0.115. The simple interactions in each handedness group showed that the
block-wise PC effect was larger in left, /(2,92) = 47.802, p < 0.001, 775 =0.510,
than right-handers, F2,92) = 11.960, p < 0.001, 775 = 0.206. Moreover, as
shown in Figure 4, the Simon effect in the PC75 condition was larger in left
(9.9 %, H1,138) = 48.454, p < 0.001, 775 = 0.260) than right-handers (4.7%,
F(1,138) = 11.026, p = 0.001, ni = 0.074). Furthermore, the reverse Simon ef-
fect in the PC25 condition was larger in left (-=7.5%, K1,138) = 27.775, p < 0.001,
775 = 0.168) than right-handers (-4.0%, A(1,138) = 7.770, p = 0.006, 7; =
0.053).
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Figure 4. Mean error rates under each experimental condition in left- and right-handers. Error bars

indicate standard errors. “PC75” indicates that proportion congruent trials were 75% in a given
block, similar to “PC50” and “PC25.”

4. Discussion

We investigated the effect of handedness on unintentional cognitive strategy ap-
plication in response to situational demands by focusing on the Simon effect’s
modulation based on the block-wise proportion congruency (the block-wise PC
effect). We assumed that the block-wise PC effect reflects the ease of unintention-
ally applying cognitive strategies based on the conflict frequency (incompatible
trials) in a given block. We expanded the theory of handedness-based stability and
flexibility of cognitive control [9] and predicted that the block-wise PC effect would
be more prominent in left- than right-handers. This study’s results supported this
prediction.

This study provides initial evidence that left- and right-handers unintention-
ally apply different cognitive strategies in response to situational demands. The
block-wise PC effect reflects “stability-flexibility” because experiencing conflicts
and resolutions in a given block modulated cognitive strategies. In the present
study, the block-wise PC effect obtained from reaction time and error rates was
larger in left-handers than in right-handers, suggesting that left-handers are more
sensitive to situational factors, i.e., experiences of conflicts and their resolutions.
Conversely, right-handed people were better at maintaining independence from
situational factors.

These findings enhance the generalizability of the stability-flexibility view of
the handedness in cognitive control. As mentioned, Serrien and O’Regan [9] pro-
posed this idea based on findings regarding situations in which participants con-
ducted tasks under explicit instructions. In contrast, our experiment revealed that
viewers unintentionally apply different cognitive strategies in response to their

perception of a task situation, regardless of external instructions. We demonstrat-
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ed that the stability-flexibility view of handedness might also apply to situations
where there is no external instruction.

However, a crucial question remains unanswered; what causes the uninten-
tional application of different cognitive strategies depending on handedness in
response to situational demands? One explanation might be the physiologically
and functionally superior interhemispheric communication in left-handers [29]
[30] [31]. Left-handers might have more task processing resources allowing them
to develop cognitive strategies in response to a situation because of their supe-
rior interhemispheric interactions.

Another reason for the application of different cognitive strategies by handed-
ness might be due to the degree of laterality. A recent functional magnetic reson-
ance imaging study by Johnstone, Karlsson, and Carey [32] indicated that the he-
mispheric superiority for verbal information processing and the right-hemispheric
superiority for facial and nonverbal information processing is less pronounced in
left- than right-handed people, which cannot be explained by the right hemisphere’s
language dominance. These exciting findings suggest that left and right hemisph-
eres’ involvement in different functions is more bilateral in left- than right-handers.
The increased bilateral involvement of left-handers might facilitate their access to
ample processing resources from both hemispheres when performing a task, and
the increased processing resources might result in unintentionally developing
cognitive strategies.

We examined the Simon effect’s visual field differences in left- and right-handed
groups to identify if the increase in bi-hemispheric involvement of left-handers
influenced the current study’s results. Interestingly, a clear right visual field (VF)
advantage for the Simon effect was observed in right-handers, (left VF = —2.8 ms
vs. right VF = 23.7 ms: A1,46) = 16.577, p < 0.001, 77§ = 0.265). In contrast, no
VF difference in the Simon effect was observed for left-handers (left VF = 10.8
ms vs. right VF = 7.7 ms: A1,46) = 0.218, p = 0.643, 77§ = 0.005). Therefore,
these results of the post hoc analyses supported the possibility that differences in
the degree of bi-hemispheric involvement by handedness lead to the application
of different cognitive strategies.

Further research is needed to increase the generalizability of the idea that
handedness determines the application of different unintentional cognitive strate-
gies. Specifically, it is necessary to investigate this effect using stimulus-response
(S-R) compatibility paradigms with feature overlap between the response set and
irrelevant stimulus dimensions other than the Simon task (Type 3 S-R compati-
bility in the dimensional overlap model’s taxonomy of Kornblum, Hasbroucq, &
Osman) [33]. It is worth noting that manipulating the PCs in a given Simon task
block creates a situation in which response-button presses ipsilateral to the tar-
get location side increases (or decreases) under conditions in which congruent
trials are more (or less) frequent. In other words, specific task-relevant informa-
tion about a target presented in the lateral VF is strongly associated with the
specific button press side. Therefore, the block-wise PC effect observed in the

Simon task is more closely related to stimulus-response contingency (learning ac-
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count of the block-wise PC effect) than observed in the Flanker task or the Stroop
task, which have characteristics of stimulus-stimulus compatibility (Type 4 S-R
compatibility in the taxonomy of Kornblum et al) [33].

In conclusion, this study demonstrated the left-hander’s advantage for the
block-wise PC effect in the Simon task, suggesting that left- and right-handers
unintentionally apply different cognitive strategies in response to conflict resolu-
tion experiences. These findings supported the stability-flexibility view of han-
dedness in cognitive control. Furthermore, the present findings suggest that fu-
ture cognitive studies, as well as laterality studies, should take into account the

potential cognitive strategy biases depending on handedness.
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