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Abstract. [Purpose] Arm choice is an unconscious action selection performed in daily life. Even if hemiparetic
stroke patients can use their paretic arm, they compensate for their movements with their non-paretic arm, leading
to decreased function of their paretic arm. Therefore, we need to encourage stroke patients to actively use their
paretic arm. For this purpose, it is imperative to understand the process of selection of the left or right hand by
patients. Here, we conducted a scoping review to summarize the findings of previous studies on factors and brain
regions related to choice of arm. [Methods] We used PubMed/Medline, EBSCO, and the Cochrane Library to obtain
research literature according to the PRISMA Extension for Scoping Reviews guidelines. [Results] Twenty-five of
the 81 articles obtained from the search met the defined criteria. Cost, success, and dominance were investigated as
relevant factors for arm choice. We also extracted articles examining the relationship between the posterior parietal
and premotor cortex activity and arm choice. [Conclusion] From these results, we considered ways to facilitate the
use of the paretic arm, such as the use of virtual reality systems or exoskeletal robots to modulate the reaching cost

and success rates, or non-invasive brain stimulation methods to modulate brain activity.
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INTRODUCTION

A hemiparetic arm after stroke is a factor that significantly reduces patients’ quality of life because it impairs activities
of daily living (e.g., reaching and grasping objects)"). Stroke patients can recover some function of the paretic arm through
rehabilitation and use it with effort?). However, they gradually stop using the paretic arm and compensate with the healthy
arm because the use of the paretic arm is difficult and requires intense effort. This is called “learned non-use” and is problem-
atic because it interferes with retention and further recovery of paretic arm function®. To avoid this problem, it is important
to know how to facilitate the choice of the paretic arm over the non-paretic arm by understanding how the brain chooses
the arm, since patients occasionally do not use the paretic arm even though they are able to use it. Hidaka et al. reported
that stroke patients subsequently improved the functioning and frequency of use of the paretic arm when some frequency
of paretic arm use is maintained®. In contrast, Han et al. reported that a decrease in the frequency of arm use might lead to
a reduction in the cortical motor areas, resulting in a loss of function in the paretic arm and a further decrease in arm use
frequency?. In summary, it is important to overcome learned non-use by devising a rehabilitation program to influence the
patient to select the paretic arm by referring to the basic factors of arm choice.

In behavioral decision-making, target choice has been well studied and review papers of excellent quality exist> . How-
ever, no review has focused on effector choice. In target choice, information that contributes to the choice exists mainly in
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the external target space. In contrast, in effector choice for the same target, the cost factors are considered to exist outside
and inside the body. Hence, target and effector choices may involve different neural mechanisms. In this study, we conducted
a scoping review focusing on effector choice, especially arm choice, which is particularly useful for rehabilitation. We also
summarized the current known factors, neural mechanisms, and brain regions related to arm choice. This scoping review
aimed to provide insights on new rehabilitation methods that could facilitate paretic arm use.

METHODS

We searched for articles using three electronic databases (PubMed/MEDLINE, EBSCO, and the Cochrane Library [CEN-
TRALY]) based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews
(PRISMA-ScR) guidelines. The following search terms were used in the databases: (“arm choice” [Title/Abstract] OR “arm
selection” [Title/Abstract] OR “hand choice” [Title/Abstract] OR “hand selection” [Title/Abstract]) AND “reaching” [Title/
Abstract]). The search was conducted up to February 27, 2022.

The first and second authors selected and analyzed the articles according to the PRISMA-ScR checklist flow (Fig. 1).
The eligibility criteria were original articles, written in English, which described factors related to arm choice in reaching
movement. The exclusion criteria were studies involving athletes in specific sports and children aged below 18 years, review
articles, books, and dissertations. We reviewed the titles and abstracts of all articles extracted using the search terms. After
screening the articles, based on the eligibility and exclusion criteria, we retrieved those that possibly met the criteria. We
checked their eligibility and only included articles that met the criteria. Factors determining the choice included the cost
factor for easier reach, success factor for better reach, and, if these were the same, dominance and perturbation factors from
other external inputs and nervous system variations. Therefore, the factors were classified into four categories (cost, success,
arm dominance, and brain activity) based on the research summaries of the eligible articles. We categorized previous articles
according to these four factors to evaluate how to facilitate paretic arm choice in rehabilitation. The following data were
extracted from eligible articles: authors, year of publication, participants, sample size, and study description (experimental
details and main results).

RESULTS AND DISCUSSION

The initial search identified 81 articles from the three databases. The 25 articles that met the eligibility and exclusion
criteria were included in the analysis, excluding duplicate articles (Table 1). The 25 studies were categorized into four factor
categories based on their research outlines—seven were related to cost factors (motor/cognitive costs), nine were related to
success factors (including one overlapping article with other factors), seven were related to dominance factors (including two
overlapping articles with other factors), and four were related to the brain activity associated with arm choice. One study did
not belong to any of the factor categories.

With regard to the cost factor (motor/cognitive), four papers reported that the arm with the smaller motor cost tended to be
selected’~19). Motor cost is generally calculated from reaching trajectory data by inverse kinematic and dynamic analyses®- 1.
The right arm is selected more often for targets on the right side. Conversely, the left arm is selected more often for targets on
the left side due to its proximity to the target and the smaller motor cost required to reach it. Schweighofer et al. performed

Articles identified through database
searching Additional articles
PubMed (n = 41) identified through
EBSCO (n =28) other sources
Cochrane Library (n = 10) (n=2)

| |

Articles after duplicates removed
(n=55)

Articles excluded
(n=27)

Articles assessed for
eligibility n =28

Articles excluded due to
no description of the
relevant factor of arm-
choice (n =3)

Articles included
n=25

Included )( Eligibility ] Screening )| Identification

Fig. 1. Flow diagram of the searched, screened, and included articles.
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the reaching task by selecting either the left or right arm to reach a target presented at one of 12 target positions on a circle
centered on the starting position of the reach?. They estimated the motor cost of reaching for each of the left and right arms by
performing an inverse kinematic analysis on the reach trajectory data. The right arm had a smaller motor cost to reach into the
distal right and proximal left spaces, while the left arm had a smaller motor cost to reach into the distal left and proximal right
spaces than that of the other arm on the horizontal plane. The results suggested that the arm choice tended to be in accordance
with this motor cost characteristic. Habagishi et al. applied velocity-dependent resistance to the dominant arm using a robotic
arm in a reaching task that involved arm choice. The choice rate of the dominant arm was significantly decreased compared
to that of the other arm'?). Even in simple single-arm reaching movements, it has been shown that movement is controlled to
minimize the motor cost!!. It is possible that arm choice is also determined to minimize motor cost. Bakker et al. examined
the effects of fixing the participant’s head or gaze direction in various positions on arm choice on the left and right sides!?.
Consequently, they reported an increase in the frequency of choice of the contralateral arm to the head or gaze direction.
They described that the change in the gaze and head direction possibly led to misperception of visual information, such as
the target position, and miscalculation of movement preparation, such as the reaching trajectory and cost. In addition, Bakker
et al. examined the effects of acceleration in the left-right direction on arm choice by sliding the participant’s chair sideways
during an arm choice task'®. They observed an increase in the probability of arm choice contralateral to the direction of
acceleration. They discussed the effect of the acceleration of the body on the calculation of the reaching trajectory and cost.
Moreover, Liang et al. reported that cognitive costs affected arm choice!#). They presented multiple marks on a display and
set a task in which participants were asked to reach the same mark as the immediately pre-presented mark with a choice of
either the left or right arm. In that visual search task, they set three levels of difficulty and examined the effect of cognitive
cost on arm choice. They reported that the greater the cognitive cost, the more ambiguous the arm choice tendency became.
We thought that the larger cognitive costs associated with visual information processing possibly made the optimal arm
choice more difficult.

With regard to the success factor, successfully reaching a target is a reward for behavior and reinforces the choice of that
arm. Reportedly, the arm with the higher reaching success rate is more likely to be chosen® 1. Stoloff et al. used a virtual
environment to decrease the reaching success rate in the dominant arm and increase that in the non-dominant arm, unnoticed
by the participants'>). They reported a decrease in the choice rate of the dominant arm and an increase in the choice rate
of the non-dominant arm. In addition, they observed that reaching accuracy was related to reaching success. Generally,
reaching accuracy is defined as the error at the end position, the trajectory’s linearity, and tinter-joint coordination during
the reach. Reportedly, the arm with the more accurate reach is chosen!®'®. These authors reported that the dominant arm
had a higher choice rate than the non-dominant arm, which was related to a smaller error at the endpoint and a linear reach
trajectory. Furthermore, some studies used a task that combined reaching and grasping and/or pouring water into a cup'®-22.
The studies of the grasping and pouring movements suggest that factors such as cup handle orientation are related to arm
choice, independent of the cost of the reach. These studies suggest that the success factor is related to the choice of arm. As a
mechanism for behavioral choice, it has been shown that behavior is selected to maximize the summed reward??). This model
suggests that behavior choice learning proceeds through a process in which, after performing a certain behavior, positive
feedback reinforces the choice of that behavior, and negative feedback inhibits the choice of that behavior.

With regard to dominance factors, a high rate of dominant arm choice has been reported for targets around the left and
right centers?®). In addition, left-handed individuals reported a higher probability of selecting an arm for a target farther
from the target than the other arm and showed a less consistent arm choice than right-handed individuals?>- 29, Furthermore,
two studies conducted tasks in which stroke patients were asked to select either the paretic or non-paretic arm to reach the
target?”> 28, These studies reported that patients with dominant arm paralysis had less reduction of paretic arm use than
patients with non-dominant arm paralysis of similar severity. These studies suggest that the habitual factor in selecting the
dominant arm is related to arm choice. Reportedly, there are two mechanisms of action choice: a goal-directed process, in
which choice is made by calculating the determinants for optimal choice in a given environment, and a dominant process,
in which dominant behavior is selected independent of the environment??. In the case of arm choice, we consider that the
goal-directed process, which is related to cost and success rate factors, and the dominant process, which is associated with
the dominant arm, are related to arm choice. In particular, the dominant process has a large influence on arm choice process
and possibly increases the probability of dominant arm choice when time limits prevent the calculations of the goal-directed
process or when the cost is in equilibrium around the left-right center of the target3?.

With regard to the brain activity associated with arm choice, some studies reported that activity in the pre-motor and pos-
terior parietal cortexes are associated with arm choice®' 3. Hamel-Thibault et al. reported a significant correlation between
the delta band intertrial coherence of the contralateral premotor cortex at the target presentation and the arm choice rate’!.
Fitzpatrick et al. reported increased activity in the contralateral posterior parietal cortex for left-arm choice and the contra-
lateral posterior parietal and dorsal premotor cortex for right-arm choice after target presentation, compared to the condition
that predetermined the reaching arm without arm choice®®. Oliveira et al. used single-pulse transcranial magnetic stimulation
to provide a noise stimulus to the left or right posterior parietal cortex 100 ms after target presentation during the arm choice
task3?. They reported that stimulation of the left posterior parietal cortex decreased the probability of right-arm choice and
increased that of left-arm choice. Moreover, Hirayama et al. used transcranial direct current stimulation to simultaneously
perform anodal or cathodal stimulation on the left and right posterior parietal cortexes®?). Right-arm choice decreased and
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left-arm choice increased significantly in the conditions in which cathodal stimulation and anodal stimulation were performed
on the left and right posterior parietal cortexes, respectively, compared to the arm choice rate of the pre-stimulation condition.
These results suggest that the premotor and posterior parietal cortexes are possibly involved in arm choice. The calculation
of desired trajectories, necessary for estimating motor costs, is thought to be related to the posterior parietal cortex33 39,
Moreover, the posterior parietal cortex has been reported to integrate various sensory data, such as somatosensory and visual
information, and send out important information for motor planning®”-3®). These findings suggest that the posterior parietal
cortex has an important role in selecting the optimal arm by calculating multiple sensory inputs. Furthermore, the premotor
cortex is a higher-order motor-related area responsible for motor planning® 4%, Thus, we consider that arm choice is decided
by a process in which the various factors related to arm choice are integrated in the premotor cortex, and the motor plans for
the left and right arm are generated based on this information. Furthermore, neural activity related to action selection has been
observed in the premotor cortex in studies of action selection, in which multiple targets are selected by reaching with a single
arm> *D. This suggests that the premotor cortex could be particularly important for arm choice as it integrates information
on relevant factors.

Finally, one study did not belong to any of the factor categories. Tani et al. provided auditory stimulation to either the
left or right ear of the participants 100 ms after the target was presented during a reaching task with arm choice*?. In the
condition with auditory stimulation to the right ear, the rate of choice of the right arm was significantly increased compared to
the no sound condition, suggesting that auditory stimulation affects arm choice. Although the mechanism by which auditory
stimuli affects arm choice is unknown, this result suggests that various sensory information inputs are related to arm choice.

This study has some limitations. First, this was not a systematic review, and no quality rating of included articles was
conducted. Second, we only included publications written in English, potentially leading to missing evidence from other
languages.

In conclusion, factors related to arm choice were classified into cost (motor and cognitive), success, and dominance fac-
tors. Furthermore, the posterior parietal and premotor cortexes were reported as brain regions related to arm choice. In future
studies, we plan to propose interventions to facilitate the use of the paretic arm in stroke patients based on the results of this
review. As specific interventions, the use of the paretic arm could be promoted using an exoskeletal robot or a virtual reality
system*>* to decrease the motor cost or increase the success rate of the paretic arm. Moreover, changing the activity of the
posterior parietal and premotor cortexes of stroke patients by using non-invasive brain stimulation techniques, such as tDCS
and tACS, may effectively increase the use of the paretic arm*>).
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