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ABSTRACT

It remains unclear whether accurate motor performance and cortical activation differ among grasping forms
across several force levels. In the present study, a ballistic target force matching task (20, 40, 60, and 80 percent
of maximum voluntary force) with power grip, side pinch, and pulp pinch was utilized to explore the accuracy
of the forces generated as well as the muscular activity of intrinsic and extrinsic hand muscles. By using near-
infrared spectroscopy, we also examined bilateral dorsolateral prefrontal cortex (DLPFC) activation during the
preparatory phase (initial 10 s) of the task. The accuracy of the power grip and pulp pinch was relatively higher
than that of the side pinch, and the electromyographic activity of intrinsic hand muscles exhibited a similar trend
for power grip and side pinch, while the opposite muscle recruitment pattern was observed for pulp pinch. The
increment of DLPFC oxygenation across force levels differed among grasping forms, with greater activity at
relatively higher levels in the power grip and side pinch, and at relatively lower levels in the pulp pinch. Taken
together, the differential contribution of the DLPFC may be responsible for force generation depending on

different grasping forms and force levels.

(195 words)

Key words:
Force control, grasping, strength, dorsolateral prefrontal cortex
(4-5 words)



INTRODUCTION

Force generation is one of the most important factors in voluntary human movement. We produce our

force in response to external trigger or internal awareness in our daily life (Ni et al., 2006). The force

generated with external feedback relatively matches the target level, whereas the actual force, which

is intentionally generated based on the internal perception without external feedback, does not

necessarily match the intended force level. In this case, the actual force tends to overshoot at relatively

lower levels, while it tends to undershoot at relatively higher levels (Jackson & Dishman, 2000; Kumar

& Simmonds, 1994; West et al., 2005). These findings suggest that different muscle activations and

central mechanisms are reserved for externally triggered and internally guided movements (Ariani et

al., 2015; Kuhtz-Buschbeck et al., 2008; Ni et al., 2006).

The perception of the intended force is thought to be affected by central control (Lafargue & Franck,

2009; Marcora, 2009). The central motor command, a feedforward signal associated with motor effort

rather than the actual exercise intensity, is transmitted from the higher brain centers during voluntary

movement (Gandevia et al., 1993). A stronger voluntary drive of intended movements as well as

muscle contractions may be accompanied by internally guided movements (Ni et al., 2006). In human

upper limb muscles, it is known that the strength of corticomotoneuronal connections is greater in

distal muscles than in proximal muscles (Palmer & Ashby, 1992). This revealed that precise movement

accompanies greater and stronger voluntary drives derived from the cerebral cortex, whereas powerful

movement accompanies smaller and weaker voluntary drives, which may be performed unconsciously
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and is likely mediated by neural circuits at the subcortical level (Liang et al., 2011). In particular, hand

dexterity and coordination are among the key elements of personhood, and the grasping forms that we

utilize in our daily life can be divided into powerful and precise movements. For example, a power

grip that uses the gross hand is competent to generate strong force, whereas pinches that use fine hand

and finger movements are suitable for performing complex and precise movement. To achieve a

precision pinch grip, different grasping forms are used for different situation in daily life. For instance,

a side pinch using the belly of the thumb and the lateral of the index finger is used to manipulate a key,

whereas a pulp pinch using the bellies of the thumb and index finger is used to pick up objects such as

coins. It has been reported that cortical activity differs between the power grip and pinches (Ehrsson

et al., 2000; Tazoe & Perez, 2017). Furthermore, the perception of force is more accurate with pulp

pinch than with side pinch (Williams et al., 1991), so it is reasonable to hypothesize that there is a

difference in the related cortical excitability as well as motor performance among grasping forms.

However, it is unclear how cortical activity, in particular the dorsolateral prefrontal cortex (DLPFC),

differs depending on its accuracy in these grasping forms.

The cortical mechanisms underlying these power grips and pinches are of interest. Multiple cortical

areas involving the primary motor cortex (M1), supplementary motor area, sensory area, premotor,

parietal and prefrontal areas are considered candidate brain regions engaged in the planning and

exertion of voluntary movements (Ehrsson et al., 2000; Ehrsson et al., 2001; Koénig & Engel, 1995).



The DLPFC, a region that is related to both cognitive and motor functions (Faw, 2003), is also

considered one of the cortical areas involved in intended force production and control. The activation

of the frontal areas and left DLPFC, in addition to the motor-related areas, increased depending on the

amplitude of force generation or prediction during static and dynamic exercise (Asahara et al., 2018;

Dai et al., 2001; Ishii et al., 2018; Wasson et al., 2010). Using near-infrared spectroscopy (NIRS), we

have also found that the oxygenated-hemoglobin concentration in the DLPFC increased 5-10 seconds

prior to the intended voluntary movements (Asahara et al., 2016). Interestingly, in that study, the

preceding increments of oxygenated-hemoglobin concentration in the DLPFC were prominent before

intended and self-paced voluntary movements, but not with those initiated by a Go Cue. Taken together,

these findings provide evidence that the DLPFC may play a crucial role in volitional force generation

in an amplitude-dependent manner and suggest that it activates not only during the movement but also

prior to the action execution, which may reflect the preparation of the movement in advance. However,

to date there has been no clear evidence that the pre-activation of the DLPFC varies with the force

amplitudes. Furthermore, whether the pre-activation of the DLPFC differs across grasping forms is

unknown, although differential activation of the frontal areas has been reported between repetitive

power grip and pulp pinch (Ehrsson et al., 2000). Therefore, we investigated the DLPFC activation

prior to force production using an intended ballistic grip task without visual or auditory feedback in

the present study.



The first aim of this study was to investigate the accuracy of force generation and the involvement of

finger and forearm muscle activities during ballistic hand power grip, side pinch, and pulp pinch. Using

two-channel NIRS, the second aim of this study was to define the bilateral DLPFC activity preceding

the intended force production. We hypothesized that the accuracy of force generation would be higher

for pinches that require more precise hand manipulation, compared to the power grip, and that the pulp

pinch would be the most accurate. In addition, in the dynamic unilateral task, DLPFC activity increased

in a force-dependent manner (Ishii et al., 2018), while prefrontal activity increased more when a lower

force was exerted in the pulp pinch (Ehrsson et al., 2000; Tazoe & Perez, 2017). Therefore, we

hypothesized that pre-activation in the DLPFC would increase depending on the force levels in power

grip, and the opposite pattern might be observed in the side and pulp pinch.

METHODS

Participants

A total of 21 healthy volunteers participated in this study (10 men and 11 women; mean age 24.1 +

5.4 years). All volunteers were right-handed according to the Flinders Handedness Survey

(FLANDERS) questionnaire (9.3 £ 1.6 points) (Nicholls et al., 2013; Okubo et al., 2014). Twelve of

the participants (five men and seven women; mean age 24.8 & 6.9 years) were recruited in Protocol 1

(see below), and 14 participants (six men and eight women; mean age 25.0 & 6.5 years) were recruited



in Protocol 2. Five participants who engaged in Protocol 1 were also engaged in Protocol 2. None of

the volunteers had any known neurological or orthopedic disorders and were not prescribed any

medications. The participants provided written informed consent prior to the experiments. The

experimental procedures and protocols were performed in accordance with the Declaration of Helsinki

and were approved by the Ethics Committee of Kyoto University Graduate School and Faculty of

Medicine (Approval no. C1492).

Experimental procedures

The participants were comfortably seated in an armchair with both elbow joints flexed at

approximately 90° and relaxed on a horizontal plate attached to the armrests. The right upper limb was

placed with the forearm and wrist joint in a neutral position, and was immobilized with Velcro tape at

the wrist. The left upper limb was relaxed and placed on the horizontal plate throughout the experiment.

A light-emitting diode (LED), which was attached to a whiteboard placed 1.0 m in front of the

participants, was set at their eye-level for the Go cue.

Grip force and electromyography recordings

The force involved during power grip, side pinch, and pulp pinch during the motor tasks were recorded

using grip and pinch dynamometers (MT-130 and MT-140, respectively, SAKAI Medical Corporation

Ltd., Tokyo, Japan), which were fixed and placed at the end of in the right hand. The grip dynamometer



was adjusted for each participant’s hand so that the proximal interphalangeal joint was flexed at

approximately 90° during power grip. The pinch force during the side and pulp pinches was measured

with the thumb and index finger, and the other fingers were mildly flexed. The participants were

instructed to pinch the plate with the lateral side of the index finger and belly of the thumb in a side

pinch, and with the bellies of the thumb and index finger in a pulp pinch (Figure 1).

Surface electromyography (EMG) was recorded from two intrinsic (first dorsal interosseous [FDI] and

thenar [THENAR]) and two extrinsic (extensor carpi radialis [ECR] and flexor carpi radialis [FCR])

hand muscles in the right hand using a pair of silver-bar electrodes (10 mm in length, 1 mm in diameter,

and 10 mm in distance, Bagnoli-4 EMG System, Delsys, Boston, Massachusetts, USA). The reference

electrode was attached to the right styloid process of the ulna. The EMG signals were amplified

(x1,000) and passed through a bandpass filter between 20 and 2,000 Hz. The EMG activity with the

maximum voluntary contraction (MVC) of each muscle was recorded at the beginning of the

experiment.

NIRS recording of the DLPFC

The changes in the concentration of total-hemoglobin (total-Hb) were recorded using a two-channel

NIRS (HOT-2000, NeU Corporation, Tokyo, Japan) attached to the bilateral DLPFC. A pair of

photoemission and photodetection probes (inter-probe distance, 30 mm) was placed on the forehead



between Fpl and F3 (left side) and between Fp2 and F4 (right side) according to the 10-20 international

electrode system. The NIRS probe placement corresponds to underlying cortical areas, including the

DLPFC (Rossi et al., 2001; Herwig et al., 2003; Endo et al., 2013). Near-infrared light (wavelength

800 nm) reflected through the cerebral tissue was sampled and recorded at a rate of 10 Hz.

Experimental protocols

In Protocol 1, we conducted a power grip force-matching task to compare the accuracy of grip force

by movement type with visual feedback. At the beginning of the motor task, the maximum voluntary

force (MVF) of the power grip was measured for 2-3 s, and 20, 40, 60, and 80 percent of the MVF

were defined as the target force levels. The display was placed 1.5 m in front of the participants, on

which the target force levels (a horizontal line) and the actual force levels recorded from a grip

dynamometer were displayed in real time. Force-matching tasks consisted of ballistic (reaching the

target levels within 1 s) and static (maintaining the force levels for 2-3 s) movements with visual

feedback.

In Protocol 2, participants performed a force-matching task without visual or auditory feedback using

power grip, side pinch, and pulp pinch to compare the differences in muscle and DLPFC activity as

well as force accuracy with grasping form and force levels. The MVF for each grip was measured at

the beginning of the motor task. Similar to Protocol 1, 20, 40, 60, and 80 percent of the MVF for each



grip were defined as the target levels. After confirming the resting state of the participants from the

surface EMG and NIRS signals, the Go cue was provided using an LED light (Figure 2A). The

participants were asked to take sufficient time (more than 10 s) before the volitional and self-paced

force generation of the power grip or pinches. A metronome set at 60 beats-per-minute was used

throughout the experiment (at rest or performing a motor task) to confirm the duration. They were also

instructed to perform the motor task with ballistic movement (within 1 s). Neither visual nor auditory

feedback regarding the generated force was provided to the participants. The order of the target force

levels and grasping forms was randomized in individual participants. We also confirmed in the control

session without the motor task that the metronome and LED light had no significant influence on the

NIRS signals of the DLPFC.

In both protocols, sufficient trials were performed before recording to familiarize the participants with

the motor task. An illustration of a selected force level was provided to the participants during the

experiment to ensure the target force level of the upcoming task (Figure 2B).

Data analysis

Force signals and EMG activities were recorded using the data acquisition software (LabChart. AD

Instruments, Sydney, Australia) for the PowerLab analog-to-digital converter (PowerLab 7/30, AD

Instruments, Sydney, Australia) at a sampling rate of 2000 Hz. For the force signals, the mean value
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of the force during the steady phase (1 s) under the static condition (Protocol 1) and the peak value of

the force under the ballistic condition (Protocols 1 and 2), as well as the integrated EMG activity, were

calculated and presented as a percentage of MVF (%MVF). We calculated the error in the actual force

level from the target force level for each condition. The EMG signals were rectified, and the integral

value was calculated as the duration from the onset of the EMG activity to the peak of the force signal.

The onset of the EMG signal was defined as the time at which the amplitude increased by more than

100 % from the baseline level (time = 0).

Each baseline value of the resting state NIRS signal (concentration of total-Hb) was determined as the

mean amplitude over 10 s prior to the Go cue of the motor task, and the changes from the baseline

amplitudes were then expressed as the relative changes from the baseline (A mMmm). In the time

course, the preparatory phase was defined as the time from the Go cue until EMG onset, and the

average value of the relative changes during the preparatory phase was calculated for the 10 s

immediately before the EMG onset (from -10 to 0 s) for each task. Apart from the data for each force

level, the data of 20 and 40 % MVF (low force level), or those of 60 and 80 % MVF (high force level)

were pooled and averaged for further investigating the difference in the concentration of total-Hb

between relatively low and high force levels.
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Statistical analysis

Data were analyzed using JMP Pro 16.1 software (SAS Institute Incorporation, Cary, North Carolina,

USA). Two-way analysis of variance (ANOV A) with repeated measures was used to compare the error

between ballistic and static movements with visual feedback in Protocol 1 (factors: target force level,

movement type). Then, to compare the effect of visual feedback on the accuracy of force generation,

a two-way factorial ANOVA was used between the error of ballistic power grip force with (n=12) and

without visual feedback (n=14) (factors: target force level, feedback). For the EMG data of each

muscle, two-way ANOVA with repeated measures (factors: target force level, grasping form) was

performed to examine the influence of the grasping form at different force levels. The relationship

between EMG data (% MVC) and the actual force levels (% MVF) was also analyzed using the

Pearson coefficient of correlation. Regarding the NIRS data, the average values of the concentration

of total-Hb were analyzed using two-way ANOV A with repeated measures (factors: target force level,

laterality). To compare the NIRS data among grasping forms, two-way ANOVA with repeated

measures (factor: grasping form, laterality) was performed for each target force level. Significant

results were followed by a post-hoc multiple comparison with Bonferroni correction. The correlation

between the actual generated force and activation of the bilateral DLPFC was analyzed using Pearson’s

correlation coefficient. The level of the statistical significance was defined as P < 0.05. Results are

presented as the mean + SE.
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RESULTS

The accuracy of force generated

The averaged data of the actual power grip force and errors in the Protocol 1 (n = 12) and Protocol 2

(n = 14) are shown in Table 1. There was a significant difference in the error to the target force level

between the static and ballistic conditions (¥ (1,11) = 20.2, P <0.0001), and the error under the ballistic

condition was larger than that under the static condition. We did not find any significant differences

between the target force levels and interaction. There was no significant difference between the error

under the ballistic condition with and without visual feedback across the target force levels and the

interaction effect.

Figure 3A and B show the absolute value of the actual force generated (kgf) and relative value to 100 %

MVF, respectively. The numerical values of 100 % MVF were 33.2 + 8.1 kgf with power grip, 7.4 +

2.4 kgf with side pinch, and 5.9 £ 2.1 kgf with pulp pinch. The absolute values were obviously larger

for the power grip than pinches, but the relative value to 100 % MVF was similar among grasping

forms. The error rate was significantly differed among the target force levels (F ,39)= 10.2, P <

0.0001) and was also significantly different among the grasping forms (F (2, 26)= 4.6, P = 0.0115)

(Figure 3C). No significant interaction was detected between the target force level and grasping form.

Post-hoc analysis of the grasping forms revealed that the error in the side pinch was significantly larger

than that in the power grip (P < 0.001). Among the target levels, a post-hoc analysis revealed that the
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error in the 20 % MVF was larger than that in 60 and 80 % MVF, and the error in the 40 % MVF was

larger than that in 80 % MVF (P < 0.005, respectively).

EMG activity

Table 2 shows the mean EMG activity for each muscle. In all four muscles, the EMG activity

significantly varied across the target force levels (FDI; F'3,39) = 16.7, THENAR; F' 3,39)=29.9, ECR;

F 3,39=29.7, FCR; F 3,39= 13.9, P < 0.001), and among the grasping forms (FDI; F (2, 26) = 9.7,

THENAR; F (2,26)=23.4, ECR; F 2,26)=91.8, FCR; F (2,26)=13.1, P<0.001). There was no interaction

between the target force level and grasping form in any of the muscles. Regarding the intrinsic hand

muscles, post hoc analysis of the grasping forms revealed that the EMG activity of FDI was

significantly smaller in the side pinch than that in the pulp pinch (P = 0.0001), and the EMG activity

of THENAR was significantly smaller in the pulp pinch than in the power grip and side pinch (P <

0.0001, respectively). On the other hand, the EMG activity in the extrinsic hand muscles ECR and

FCR were significantly larger in the power grip task than in the side and pulp pinches (P < 0.005,

respectively), especially in the case of the ECR.

As shown in Figure 4, there was a significant positive correlation between the EMG signals and the

actual force in all grasping forms and muscles (P < 0.05). In the power grip, the EMG activity of the

THENAR and ECR tended to be larger than that of the FDI and FCR. The EMG activity of THENAR
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was larger than that of FDI in the side pinch and, conversely, the EMG activity was larger in FDI than

that of THENAR in the pulp pinch.

The DLPFC activation prior to the hand grips

The time course of the changes in the total-Hb concentration in the bilateral DLPFC is shown in Figure

SA. The average duration from the auditory cue to EMG onset was 12.7 £ 2.0 s (mean £ SD). In the

control session, the average changes in the total-Hb did not significantly differ from baseline on both

sides (P = 0.48). In contrast, in the preparatory phase of the motor tasks, the total-Hb concentration

was significantly increased from baseline before the visual cue (P = 0.00015). However, there was no

significant difference among the target force levels generated between the left and right sides of the

DLPFC, and interaction effect for each grasping form (Figure 5B). The two-way ANOVA of grasping

form x laterality for each force level revealed that, In 20 % MVF, the DLPFC activation was

significantly different among grasping forms (F (226) = 6.4, P = 0.0028). Post-hoc analysis of the

grasping forms revealed that the total-Hb concentration in the power grip was significantly smaller

than that in the pulp pinch (P = 0.0052). For other target force levels, there was no significant

difference among the grasping forms, laterality, and interaction effect.

To explore any difference in the DLPFC activation between force levels, we then compared the data

between relatively low (20 and 40 % MVF) and high (60 and 80 % MVF) force levels in each grasping
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form (Figure 6A). The total-Hb concentration between low and high force levels showed no significant

difference with the power grip task, while it was significantly different with side pinch (F (1, 13) = 4.8,

P < 0.05) and pulp pinch (¥ ¢,13) = 5.6, P < 0.05). A significant difference was not detected between

the left and right sides of the DLPFC nor in the interaction between the target force level and laterality.

Interestingly, the increment in total-Hb concentration was significantly larger with a high force level

in the side pinch, while it was larger with a low force level in the pulp pinch, suggesting a distinct

difference between the pinches. The two-way ANOVA of grasping form x laterality revealed a

significant difference in the total-Hb concentration with a low target force level among the grasping

forms (F' (2.26)= 5.8, P = 0.0049), and post-hoc analysis revealed that DLPFC activation in the power

grip tended to be smaller than that in the pulp pinch (P = 0.018). No significant difference was detected

with a high target force level.

Correlation analysis revealed a negative correlation between the actual force level and left DLPFC

activation with pulp pinch (» =-0.33, P = 0.012), while there was no significant correlation with side

pinch. With the power grip, on the other hand, the actual force level positively correlated with bilateral

DLPFC activation (left: »=0.32, P =0.016; right: » = 0.32, P = 0.018) (Figure 6B).
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DISCUSSION

In the present study, we utilized ballistic power grip, side pinch, and pulp pinch tasks to investigate

the accuracy of intentionally generated force, the related intrinsic and extrinsic hand muscle activations,

and the changes in cortical activities in the bilateral DLPFC at different target force levels. The major

findings from this investigation are as follows: 1) without visual feedback, the accuracy of power grip

and pulp pinch was relatively higher than that of the side pinch. Considering the fact that the absolute

value of force was comparable between side and pulp pinches but was quite different between power

grip and pinches, it seemed that the pulp pinch involved the most precise force control among these

grasping forms, 2) EMG activity of intrinsic hand muscles exhibited a similar trend for power grip and

side pinch, while the opposite pattern in the recruitment of these muscles was observed for the pulp

pinch; and 3) DLPFC activation in the preparatory phase was observed in all motor tasks, while the

increment in oxygenation was different and displayed opposite results between relatively low and high

force levels in side and pulp pinches. Taken together, it is suggested that the accuracy of the generated

force, as well as intrinsic hand muscle activities, may vary among different grasping forms, even when

using a similar thumb and index finger combination for pinching (side and pulp pinches). The

characteristics of motor performance and associated EMG activity in pulp pinch showed distinct

differences to those in power grip and side pinch, suggesting that differential activities of the DLPFC

prior to the intended force generation contribute to the precise force control. To the best of our

knowledge, this is the first study to demonstrate both DLPFC activation prior to single-shot and
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ballistic force generation, and the resulting accuracy of the generated force and associated EMG

activities with power grip and pinches.

The accuracy of the intentionally generated force

Regarding the motor performance of force generation, some reports have investigated the accuracy of

the actual force produced at different force levels (Cooper et al., 1979; Jackson & Dishman, 2000;

Kumar & Simmonds, 1994; Li et al., 2020; Miyamoto et al., 2020a, 2020b; West et al., 2005). In

conditions where visual or auditory feedback is not available, the generated force tends to overshoot

at relatively lower levels, while it tends to undershoot at relatively higher levels (Jackson & Dishman,

2000; Kumar & Simmonds, 1994; Li et al., 2020). Kumar and Simmonds (1994) have reported that

there was no significant difference between perceived and objective strength effort with 40 % MVF,

suggesting that it would be the most accurate force when individuals perform approximately half of

their maximum effort. In the present study, we confirmed that the force generated with visual feedback

with both static and ballistic movements were quite accurate (Table 1). However, without visual

feedback, the results were not necessarily consistent with those of these previous studies, and the force

generated tended to be larger than those in previous studies for all grasping forms and force levels.

The slight difference between the previous and present studies might be due to the difference in the

muscle contraction mode used in the motor tasks. It has been shown that the force generated with

ballistic movements and associated muscular activities are larger than those generated with static
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movements, even though the same target force levels are intended (Miyamoto et al., 2020b). The

magnitude of force production is affected by the recruitment and firing rates of the motor units. It has

been reported that the increased firing rate and the decreased recruitment threshold under ballistic

conditions (Masakado et al., 1995), resulted in an increase in surface EMG amplitudes (Yoneda et al.,

1983). In addition, the rapid muscle contraction associated with ballistic movement requires an

enhanced rate of force development (Semmler, 2002). This rapid force development is related to the

synchronization of motor units, and the synchronization is thought to be important under ballistic

conditions (Farina & Negro, 2015; Semmler, 2002). However, the high synchronization of motor units

causes an increase in the amplitude of EMG and a decrease in the stability of the produced force (Yao

et al., 2000). Therefore, it is suggested, especially at lower target force levels, that the lower accuracy

with ballistic contraction might be related to the synchronization of the motor units.

Although the overshoot of generated forces decreased depending on the increment of force levels in

all three grasping forms in the present study, the accuracy with the side pinch was significantly lower

than that in the power grip task, and tended to be lower than that with the pulp pinch (Figure 3B and

C). The pinches required more precise and detailed adjustment during force generation because the

absolute value of the MVF in pinches was considerably smaller than that in the power grip (Figure

3A). Because the two pinches were almost equal in maximum muscle strength, the pulp pinch could

generate intentional force more accurately than the side pinch, even with the same precision grip using
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the thumb and index finger (Kozin et al., 1999). On the other hand, participants made a comparable

number of errors (% MVF) with the power grip and pulp pinch, suggesting that the pulp pinch is more

precise in generating the intended force than the power grip in terms of absolute magnitude of force.

It also suggested that the perception of the intended force was similar and independent of the absolute

value, although the contribution of related muscles and central mechanisms might be different among

these grasping forms.

EMG activity during ballistic force generation tasks with three grasping forms

Both intrinsic and extrinsic hand muscles are thought to be engaged in the hand motor tasks such as

power grip and pinches. Intrinsic hand muscles are involved in precise hand manipulation, including

movement direction and speed, while extrinsic hand muscles are primarily related to joint stability

(Adewuyi et al., 2016). When performing a sustained grasping task, the synchronization of the

extrinsic hand muscles increased during the power grip task compared to during the pinch task, and

this increased with the magnitude of the generated force (Zhang et al., 2021). The results of the present

study showed that the EMG activities of extrinsic hand muscles (ECR and FCR) were significantly

larger during the power grip task than those during side and pulp pinches over a wide range of

generated force levels. Therefore, in line with previous studies, we found that these extrinsic hand

muscles worked together to ensure wrist joint stability in the case of the ballistic grasping task.

Particularly, the EMG activity of the ECR increased gradually depending on the increase in force level
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and showed larger increments than those of the FCR irrespective of the grasping form, suggesting that

the extensor rather than flexor muscles play a role in the grasping task.

Apart from the power grip, pinches need precise adjustment of the generated force, and the

involvement of intrinsic hand muscles is considered to be important for force generation and control.

The intrinsic hand muscles FDI and THENAR, which are associated with thumb and index finger

movements, respectively, showed increased activity in accordance with increments of the force level.

Interestingly, with side pinch the increment of EMG activities in FDI and THENAR were similar to

that with power grip, while the contribution of FDI became larger when performing pulp pinch (Figure

4). Using transcranial magnetic stimulation, we previously examined the effects of training on force

control in pulp pinches (Liang et al., 2007). The results showed that the improvement in force control

was associated with the excitability change in the M1 of FDI but not in that of THENAR, suggesting

that FDI is crucial for precise force control for holding during pulp pinch. In line with this previous

study, the activation of the FDI was larger in the pulp pinch than in the side pinch, suggesting that the

FDI might play a role in precision force control in pulp pinch using the thumb and index finger.

Interestingly, through motor learning, the modulation of EMG activity by FDI was transferred to the

untrained hand, and the contralateral M1 excitability was similarly modulated (Liang et al., 2007).

This suggested that the internal models for force prediction and control were improved, therefore, it is
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expected that higher brain functions, aside from the M1 activity, might be involved in the force control

of pinches.

The DLPFC activation in the preparatory phase of hand grips

The central mechanism related to force control consists of a feedforward signal descending from higher

brain centers and a feedback signal based on afferent sensory inputs. As previous reports investigating

the central mechanisms related to force generation have often provided the external feedback to the

participants or used a sustained static or repetitive force generation task, they reflect the effects of not

only a feedforward signal but also sensory feedback. On the other hand, under ballistic conditions

without visual or auditory feedback, such as the one used in the present study, the contribution of

sensory feedback might be minimized, and therefore, the feedforward control might be emphasized.

Descending commands for motor output predominantly arise from the M1, and the activation of

neurons in the M1 reflects the magnitude of the exerted muscle activity (Kakei et al., 1999; Perez &

Cohen, 2009). However, the M1 is thought to be involved in the regulation of the force pulses

production but not in the selection of force amplitude, and areas such as the basal ganglia,

supplementary motor cortex, anterior cingulate cortex, and DLPFC are thought to regulate the

selection of force amplitude (Vaillancourt et al., 2007). In addition, the prefrontal cortex,

corresponding to the DLPFC, is activated several seconds before movement onset in volitional

movement, but not in passive movement (Asahara et al., 2018; Asahara et al., 2016; Ishii et al., 2018;
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Ishii et al., 2016; Pedersen et al., 1998). This suggests that the prefrontal cortex, particularly the

DLPFC, is involved in the feedforward control of force selection and generation. In line with these

previous studies, the present study has also demonstrated a distinct increase in the DLPFC activation

from early in the preparation phase across several force levels, although it appeared to differ among

the grasping forms.

The DLPFC might also be associated with the magnitude of the generated force (Ehrsson et al., 2000;

Ehrsson et al., 2001; Vaillancourt et al., 2007; Wasson et al., 2010) and force control (Jin et al., 2019).

Interestingly, we observed a greater increase in the pre-activation of the bilateral DLPFC when the

intended target force levels were relatively lower in the pulp pinch, while it occurred when the intended

target force levels were relatively high in the side pinch. In addition, there was a significant weak

positive correlation between activation in the DLPFC and the actual force levels in the power grip task,

and a negative correlation in the pulp pinch task. Taken together, the DLPFC activity increases when

generating relatively higher forces in power grip and side pinch, which are easy to exert power, and

relatively lower forces in pulp pinch, which requires more precise control of the hand (Kozin et al.,

1999). This suggests that activation in the DLPFC might differ in a task precision-dependent manner.

Cortical activation during task execution may differ between power grip and precise pinches. Muri

and Lemon (1983) reported a population of M1 neurons innervating the intrinsic hand muscles activate
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during pulp pinch tasks but not during power grip tasks, even when similar background EMG is

exhibited in primates. In humans, corticospinal excitability is greater in the pulp pinch than in the

power grip, and this difference occurs at the cortical level (Tazoe & Perez, 2017). Activation in other

cortical areas such as the ventral premotor cortex (PMv), the rostral cingulate motor area, and the

posterior parietal and prefrontal cortices was also stronger during the pulp pinch than during the power

grip (Ehrsson et al., 2000). Similar to these reports, we found differences in the DLPFC activity

between power grip and pulp pinch, and further revealed that such differential increments in the

excitability of the DLPFC, which depended on the force levels, could be observed at the preparatory

phase of the movements. During a repetitive force-matching task using pulp pinch, Ehrsson et al.

(2001) have reported that larger increases in the activation of the frontal area could be observed with

smaller force (0.39 kgf, 5 % MVF) than that with larger force (1.7 kgf, 23 %MVF), both of which

were relatively lower forces. We extended on previous studies by showing the force-dependent

activation of the DLPFC during the preparatory phase of the motor task and over a wide range of force

levels (2.1~ 4.7 kgf, 20-80 % MVF). Given the fact that the error (% MVF) of power grip and pulp

pinch was similar, the absolute error (kgf) should be smaller in pulp pinch than power grip, suggesting

more accurate force control in the pulp pinch. Therefore, the differences in the cortical activity between

the power grip and pulp pinch might be characterized by increased activity at relatively lower force

levels in the pulp pinch, just as there are neurons in the M1 and PMv with increased firing rates at

weaker forces in the pulp pinch (Maier et al., 1993). Probably, it reflects that the gross hand movement
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of power grip might be mainly controlled at the subcortical level (Muri & Lemon, 1983), while the

fine hand movement of pinches needs more cortical control, especially in the case of pulp pinch.

Moreover, we have also demonstrated, for the first time, the difference in cortical activation patterns

between the side pinch and pulp pinch, although the identical thumb and index finger are used in both

grasping forms. The increments in the DLPFC excitability, as well as the engagement of the intrinsic

hand muscles in the side pinch were similar to those in the power grip, but were not similar to those in

pulp pinches. This suggests that the side pinch is a grasping form that, no longer a precision grip, is

suitable for exerting a strong force similar to a power grip, and the central mechanisms of similar

pinches using the same fingers may not necessarily coincide.

Clinical relevance

Proper force generation is one of the most important factors for avoiding excessive fatigue and

enabling smooth movements (Hermsdorfer et al., 2003). In daily life and rehabilitation, various

grasping forms, such as power and precision grip, are used. The present study revealed that the

accuracy of force generation differed depending on the grasping form, and this difference might be

due to EMG engagement. Therefore, it may be necessary to pay attention to the grasping forms when

assessing hand dexterity during manipulation of an object in patients with central or peripheral nerve

system diseases, who often have lower dexterity due to muscle weakness and paralysis. DLPFC
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activation was also influenced by grasping form, especially depending on the type of grasping form.

The DLPFC is a cortical area involved in both motor and cognitive functions (Faw, 2003). We have

recently reported that the magnitude of grip force can be an indicator potentially reflecting the

consciousness during awake craniotomy (Umaba et al., 2022), suggesting that the accuracy of force

generation reflects, at least in part, the individual’s cognitive state. Therefore, it might be possible to

examine the relationship with cognitive function by evaluating the accuracy of force output as well as

the maximum voluntary force generation.

Limitations

The present study has several limitations. First, the index of total-Hb concentration was utilized for

exploring the DLPFC activation. The Total-Hb concentration consists of oxygenated-Hb and

deoxygenated-Hb concentrations, and the oxygenated-Hb concentration depends on regional blood

supply and is associated with increased neural activity in the corresponding brain regions. In contrast,

the deoxygenated-Hb concentration has little to no affect, regardless of exercise intensity (Endo et al.,

2013). Therefore, the results of the present study may mainly reflect changes in oxygenated-Hb

concentration. Second, although the participants in the present study were instructed to concentrate

solely on the preparation of different force levels, we could not exclude the effects of motor imagery

on performance or cortical activation. Because we have shown that imagery of a cycling exercise had

no significant effect on the prefrontal oxygenation (Asahara et al., 2016), it seemed that the effect of
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motor imagery here would be minimum if any. Finally, the increments in DLPFC activity might be

affected by paying attention to external stimuli such as the LED light (visual) and metronome

(auditory) in the motor task. To exclude these possibilities, we conducted control trials in the present

study and confirmed no significant changes in the DLPFC oxygenation and, therefore, suggested that

the preceding DLPFC activation was devoted to movement preparation in the force generation task.

CONCLUSIONS

The present study demonstrates for the first time the central command-related and force-dependent

changes in the DLPFC activity among different grasping forms. Our findings suggest that the pre-

activation of DLPFC reveals a feedforward regulation for force control and it is more prominent in a

precise motor task such as pulp pinch.
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FIGURE LEGENDS

Fig. 1 Experimental setup and positioning for each grasping form.

Fig. 2 (A) The time course in Protocol 2. The participants were asked to perform volitional force
generation at their own pace more than 10 s after the Go cue (the LED light). The duration of force
generation was within 1 s. (B) The specific target force level to generate was instructed randomly using
this illustration. Only the target force level to generate was colored (for example, 60% of the maximum
voluntary force).

Fig. 3 (A) The numerical value, (B) the relative value to 100 % MVF, and (C) the error from each
target level in power grip, side pinch, and pulp pinch without visual feedback. MVF; maximum
voluntary force. * P <0.005.

Fig. 4 The correlation between the EMG activity and the actual force levels. Data are presented for
each (A) intrinsic (FDI and THENAR) and (B) extrinsic (ECR and FCR) hand muscles. The dotted
lines indicate the approximate straight lines for each participant, and the bold lines indicate the
approximate straight lines for whole participants. FDI; first dorsal interosseous muscle, THENAR;
thenar muscle, ECR; extensor carpi radialis muscle, FCR; flexor carpi radialis muscle, EMG;

electromyography, MVC; maximum voluntary contraction, MVF; maximum voluntary force.

Fig. 5 (A) The time course of the averaged changes in the total-Hb at 1 s intervals. The EMG onset
was defined as the time of 0 s, and the preparation phase was defined as the time from the Go cue to
the EMG onset. (B) Averaged value during the preparatory phase (-10 s to 0 s). DLPFC; dorsolateral
prefrontal cortex, total-Hb; total-hemoglobin, MVF; maximum voluntary force, EMG;
electromyography.

Fig. 6 (A) The averaged value during the preparatory phase. (B) The correlation between the averaged
value of total-Hb changes (above; left DLPFC, below; right DLPFC) and the actual force levels. The
circles indicate relative low force levels (20-40% MVF) and the triangles indicate relative high force
levels (60-80% MVF). There was a positive weak correlation with both the DLPFC in the grip task,
and a negative weak correlation with the left DLPFC in the pulp pinch task. MVF; maximum voluntary
force, total-Hb; total- hemoglobin, DLPFC; dorsolateral prefrontal cortex. * P < 0.05.
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Table 1. The actual force levels and the error from target force levels (%MVF) for power grip with

and without visual feedback.

20 %MVF 40 %MVF 60 %MVF 80 %MVF
Mean 193+£0.3 38.9+04 58.8+0.3 79.0£0.5

With FB (static) [18.7-20.0] [38.0 — 39.8] [58.2 - 59.5] [77.9 - 80.1]
(n=12) Error -0.7+0.3 -1.1+04 212403 -1.0+£0.5
[-1.3-0.0] [-20--0.2] [-1.8—--0.5] [-2.1-0.0]
Mean 20.7+0.5 43.5+1.2 61.1+1.0 80.3+ 1.1

With FB (ballistic) [19.5-21.8] [40.7 — 46.4] [58.9-63.3] [77.7 - 82.8]
n=12) Error 0.7£0.5 3512 1.1+1.0 03=1.1
[-0.5—1.8] [0.7-6.3] [-1.0-3.3] [-22-2.8]
) o 313+4.4 457+54 62.0+54 774+57

Without FB (ballistic) ~ Mean [21.3-41.2] [33.7-57.7] [49.8 — 74.2] [64.5—90.2]
(n=14) Error 113+44 57+54 20+54 2.6+5.7

° [1.3-21.2] [-6.3—17.7] [-10.1 - 14.2] [-15.5-10.2]

Values are means + SE [95% confidence intervals]. FB; feedback, MVF; maximum voluntary force.

* P <0.05.
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Table 2. The averaged EMG activity (%MVC) of each muscle at different target force levels.

20 %MVF 40 %MVF 60 %MVF 80 %MVF
FDI Power grip 13.8+25 17.5+2.8 225+39 36.0+4.8
Side pinch 9.5+19 16.1 £3.1 20.8+4.8 28.1+54 |>I<
Pulp pinch 154+37 309+6.2 359+7.8 393+75
THENAR Power grip 26.1+29 32.1+4.0 433+5.6 55.6+6.2
Side pinch 229+4.1 26.7+4.1 383+6.2 45.7+7.1 | *
*
Pulp pinch 13.0+2.1 20.1+3.1 273+£55 324+44
ECR Power grip 239+29 33.1+3.5 36.4+3.6 49.7+4.1 |>k
Side pinch 11.7+£1.8 144+19 18.8+£2.6 13.0£3.5 *
Pulp pinch 85+1.0 125+1.6 174+£22 23.0+£3.5
FCR Power grip 88+ 1.8 109+ 1.8 12.8+2.3 16.8+2.9 |>l<
Side pinch 7.6+23 83+23 93+22 10.3£2.3 *
Pulp pinch 7.5+2.2 89+22 9.6+2.2 122+3.0

Values are means = SE. EMG; electromyography, MVC; maximum voluntary contraction, MVF;
maximum voluntary force, FDI; first dorsal interosseous muscle, THENAR; thenar muscle, ECR;

extensor carpi radialis muscle, FCR; flexor carpi radialis muscle. * P < 0.005.
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