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Abstract

Previous research has indicated that neural crosstalk is asymmetric, with the dominant

effector exerting a stronger influence on the non-dominant effector than vice versa.

Recently, it has been hypothesized that this influence is more substantial for proximal than

distal effectors. The current investigation was designed to determine the effects of distal

((First Dorsal Interosseous (FDI)) and proximal (triceps brachii (TBI)) muscle activation on

neural crosstalk. Twelve right-limb dominant participants (mean age = 21.9) were required

to rhythmically coordinate a 1:2 pattern of isometric force guided by Lissajous displays. Par-

ticipants performed 10, 30 s trials with both distal and proximal effectors. Coherence

between the two effector groups were calculated using EMG-EMG wavelet coherence. The

results indicated that participants could effectively coordinate the goal coordination pattern

regardless of the effectors used. However, spatiotemporal performance was more accurate

when performing the task with distal than proximal effectors. Force distortion, quantified by

harmonicity, indicated that more perturbations occurred in the non-dominant effector than in

the dominant effector. The results also indicated significantly lower harmonicity for the non-

dominant proximal effector compared to the distal effectors. The current results support the

notion that neural crosstalk is asymmetric in nature and is greater for proximal than distal

effectors. Additionally, the EMG-EMG coherence results indicated significant neural cross-

talk was occurring in the Alpha bands (5–13 Hz), with higher values observed in the proximal

condition. Significant coherence in the Alpha bands suggest that the influence of neural

crosstalk is occurring at a subcortical level.

Introduction

The ability to coordinate bimanual actions involving distal and proximal effectors is important

for many activities associated with daily living. For example, tasks such as tying shoes or but-

toning a shirt require coordinated actions between two distal (e.g., fingers, wrists) effectors,

whereas tasks such as driving a car or placing a pan in an oven often require a coordinated

effort with more proximal effectors (e.g., arms, shoulders). A large body of research has
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focused on the control of coordinated actions [1–12]. Such work has used a variety of effectors

(e.g., fingers, wrists, arms, shoulders) to examine coordination dynamics [3, 12]. However,

investigations directly comparing the coordination of distal and proximal effectors are less

common [13, 14].

The general results of research investigating the control of bimanual actions has demon-

strated only two inherently stable coordination patterns: in-phase (ϕ = 0˚) and anti-phase (ϕ =

180˚), while other relative phase (e.g., 90˚) and frequency (e.g., 1:2) patterns have proved less

stable and more difficult to perform without extensive practice [3, 15–17]. The difficulty in

performing complex bimanual tasks such as 90˚ relative phase or 1:2 multifrequency have

been attributed to a coalition of constraints that include neural crosstalk [10, 18]. Neural cross-

talk occurs when each hemisphere sends commands to the contralateral effector via crossed

corticospinal tracts, interhemispheric structures, or spinal interneurons while concurrently

sending a mirror image command to the ipsilateral effector via uncrossed corticospinal tracts,

interhemispheric structures, or spinal interneurons [10, 19, 20]. This ipsilateral influence may

add to or subtract from the activation of the contralateral effector depending on the character-

istics of the signal (e.g., excitatory or inhibitory) [10, 21, 22]. When participants are required to

produce bimanual coordination patterns with different actions (e.g., amplitude, direction, fre-

quency, force) for each effector, interference from conflicting information or a partial inter-

mingling of the control signals may account for the stability characteristics and difficulty

associated with complex relative phase or multifrequency patterns [22–24].

In a series of experiments, researchers demonstrated bimanual interference consistent with

neural crosstalk during a 1:2 bimanual force task [4, 5, 11, 25–28]. The task required partici-

pants to produce two patterns of isometric force pulses with the dominant (right) effector for

every pulse produced by the non-dominant (left) effector. Perturbations in the force and

force-velocity time series were observed for the non-dominant effector that were associated

with the activation and release of force by the dominant effector. However, similar distortions

in the force and force-velocity time series for the dominant effector that could be attributed to

force production by the non-dominant effector were not observed [4]. The results of this line

of inquiry are consistent with previous research indicating neural crosstalk is asymmetric, with

the dominant effector/hemisphere exerting a stronger influence on the non-dominant effec-

tor/hemisphere than vice versa [21, 23, 29, 30].

Research has pointed to issues related to hand dominance as the source of the asymmetry

associated with bimanual interference [29]. For example, performance differences between the

limbs can be observed in both unimanual and bimanual tasks. Individuals are more accurate

and consistent during unimanual tapping tasks with the dominant limb than the non-domi-

nant [30], individuals are more accurate at producing the spatial and temporal goals of a

bimanual task with the dominant limb than with the non-dominant limb [16, 31–33], and tra-

jectory distortions and direction reversals most often occur in the non-dominant limb [33,

34]. To further examine whether the influence of force produced by one effector on the contra-

lateral effector during a bimanual multifrequency task was the result of the effector assigned

the faster frequency or a bias associated with limb dominance an experiment was conducted

comparing performance on a 1:2 and 2:1 bimanual force tasks [5]. Note, a 2:1 bimanual force

tasks requires participants to produce two patterns of force with the non-dominant limb for

each pattern of force produced with the dominant limb. The results indicated that when the

dominant effector performed the faster frequency (1:2 task), distortions in the force and force-

velocity time series were observed for the non-dominant effector that could be attributed to

the activation of force in the contralateral effector, However, when the non-dominant effector

performed the faster frequency (2:1 task), distortions in the force and force-velocity profiles

for both effectors were observed. Distortions in the non-dominant effector, when assigned the
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faster frequency indicated that the source of interference is not limited to limb assignment

(effector producing the faster frequency) but also a function of limb dominance. Results were

less clear when left limb dominant participants performed the multifrequency tasks [35]. It has

been suggested that left limb dominant individuals do not share the same coordination biases

as right limb dominant individuals [36]. To reduce coordination biases associated with limb

dominance, the current investigation was limited to right limb dominant participants and

used a task that required the dominant limb to perform the faster frequency.

Recently, it has been hypothesized that there is a more pronounced bilateral interference in

homologous proximal effectors compared to homologous distal effectors [13, 14]. The hypoth-

esis was based upon neuroanatomical evidence indicating cortical and subcortical areas of the

brain are distinctly connected with distal and proximal effectors of the body [37–42]. In addi-

tion, the number of commissural fibers connecting muscles through the corpus callosum (CC)

and in the spinal cord is higher for proximal effectors than for distal effectors [37, 38, 43–45].

Note, research has pointed to interhemispheric interactions through the CC as a possible

source of interference observed in complex bimanual tasks [10, 20, 22, 46]. The CC is the pri-

mary structure for exchanging information between the hemispheres, which is necessary to

coordinate actions between two effectors successfully. Impaired CC function is often associ-

ated with a decrease in bimanual coordination [47, 48]. Subcortical structures have also been

found to contribute to the integration or cancellation of bimanual control signals. For exam-

ple, an fMRI study has indicated subcortical areas such as the putamen and the anterior cere-

bellum were consistently activating when performing bimanual actions [49], and

electromyography (EMG) evidence has indicated increased bilateral coherence between the

homologous muscles in the alpha bands (5–13 Hz) [11, 50]. Moreover, uncrossed ventrome-

dial corticospinal tracts are associated with the control of proximal effectors, while the crossed

lateral corticospinal tracts are associated with the control of distal effectors [39–42]. Therefore,

it is possible that bimanual actions involving proximal effectors are exposed to greater interfer-

ence than distal effectors [13, 14].

Recent experiments comparing bimanual interference in proximal and distal effectors used

a task that required participants to trace a sinewave pattern with their dominant proximal

(shoulder and elbow) or distal (wrist and fingers) effector with a joystick while the non-domi-

nant effector was inactive (unimanual control), produced a secondary movement task with

distal effector, or produced secondary movement task with proximal effector [13, 14]. Yet, the

studies only assessed the performance of the dominant limb. It should be noted that bimanual

interference typically results in greater perturbations, trajectory distortions, and/or direction

reversals in the non-dominant limb [4, 21, 26, 33, 34]. Additionally, when you compare results

between experiments using the same task with various effectors, different and sometimes con-

flicting results are reported. For example, in an experiment using distal effectors to learn a new

coordination pattern, changes in intrinsic dynamics were reported [12]. However, no such

changes were observed in a follow-up experiment using proximal effectors [3]. The lack of

change suggests differences in how the brain controls and learns coordination tasks using dif-

ferent effectors. Thus, many questions related to distal and proximal effector influence on

bimanual interference remain unanswered. Therefore, the purpose of the current investigation

was to determine the effects of distal ((First Dorsal Interosseous (FDI)) and proximal (triceps

brachii (TBI)) muscle activation on bimanual interference using a multifrequency force task.

It has been suggested that force may modulate the strength of neural crosstalk with more

bimanual interference associated with higher levels of force production [28, 51]. Thus, coordi-

nation tasks that require force production instead of movement may magnify bimanual inter-

ference and provide further details regarding constraints that impact bimanual coordination

involving distal and proximal effectors. In addition, muscle activity of the involved muscles
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was analyzed using electromyography (EMG). More specifically EMG-EMG wavelet coher-

ence was used to determine the influence of neural crosstalk on coordination stability and to

identify the source (cortical, subcortical) of neural crosstalk [11]. EMG-EMG wavelet coher-

ence is based on the cross-correlation between two EMG signals in the frequency domain and

is measured on a scale from 0 to 1. It provides a method to identify periods of common neural

input to two effectors [52, 53]. In addition, it can be used to identify the source of neural cross-

talk by examining what is happening in specific frequency bands during periods of interfer-

ence. Significant coherence in the Alpha band (5–13 Hz) indicate subcortical influences, while

coherence in Beta (13–30 Hz) and Gamma (30–60 Hz) bands indicate cortical origins [54, 55].

This technique may provide important insights regarding differences between the activation of

distal and proximal effectors during the performance of bimanual actions.

Understanding differences between the neural control of distal and proximal effectors and

the effects of neural crosstalk is essential for both practical and theoretical purposes. For exam-

ple, recovery of both hand (distal) and arm (proximal) function in stroke patients is a top pri-

ority in clinical practice and research [56]. Rehabilitation protocols utilizing bimanual actions

as a therapeutic modality for stroke rehabilitation are common [57–59]. Such protocols are

based upon principles of neural crosstalk, also called cross-education or cross-facilitation [19,

60], and use techniques such as mirror therapy [61], robotic assistive devices [62], and tran-

scranial magnetic stimulation (TMS) [63]. Interestingly, differences in such treatment

approaches have been observed between distal and proximal muscles [62, 64, 65]. As such, fur-

ther research is warranted to fully understand the differences in proximal and distal muscle

activation on neural crosstalk.

Methods

Participants

Twelve young adults (Mean age = ±21.9, SD = ± 3.03; Male = 4, Female = 8) volunteered to

participate in the experiment. Based upon previous research only right limb dominant individ-

uals were recruited. The Edinburgh Handedness Inventory was used to confirm all partici-

pants were right limb dominant [66]. The Institutional Review Board at Texas A&M

University approved the procedures, and participants provided written informed consent

before participation in the study.

Apparatus

Separate experimental setups were designed to test coordination of force production between

non-dominant and dominant limbs using both distal (FDI) and proximal (TBI) muscles. For

the distal setup, a custom mirror-image apparatus was designed for each limb to isolate FDI

contractile force of the index finger towards the thumb (Fig 1). The seat and test table height

were adjusted so that the subjects’ hands rested comfortably on the table in front of them

approximately shoulder width apart. Each hand was placed flat on a testing table with the

medial side of each index finger placed against a force transducer. The thumb was hooked

around a barrier with an adjustable span for varied hand size to open the gap between the

index finger and thumb. A separate barrier between the index and middle fingers isolated FDI

contractile force against the transducer and prevented subjects from using their whole hand or

wrist to modulate force. Velcro straps were used to secure the index finger to the apparatus.

For the proximal setup, a custom mirror-image apparatus was designed for each limb to

isolate TBI contractile force used to extend the lower arm at the elbow (Fig 1). The height of

the chair and table were adjusted so that both elbows could rest comfortably on the testing

table slightly below shoulder level (Fig 1). The elbows rested in a padded cup that provided a
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positive stop, fixing the elbow in position. A force transducer mounted directly above the

elbow cup was adjusted to the height of the wrist. The positive stop of the padded elbow cup

and static force transducer location isolated force production to elbow extension via TBI

contraction.

The forces exerted against the transducers were converted into a voltage representing the

instantaneous value of the applied force. The voltages were recorded using an AD converter

(NI USB-6210 Board, National Instruments Corp, Austin, TX, USA) installed on the computer

programmed to sample at 200 Hz. A force template and a cursor representing the applied

forces were displayed on a 50-inch canvas using a projector directly in front of the participants.

A wireless electromyography (EMG) system (Delsys Inc., Boston, MA, USA) was utilized to

record the neural input from the triceps brachii muscles (TBI) and the first dorsal interosseous

(FDI) muscles. The EMG signals were sampled at 2000 Hz and synchronized with the real-

time force values.

Procedure

Before entering the testing room, participants were assigned to start in either the distal or

proximal condition. In the distal condition, participants sat at a table with their forearms rest-

ing on a testing table. The arms were positioned shoulder-width apart while the fingers were

resting against force transducers. Participants were asked to abduct their non-dominant and

dominant index fingers to push against force transducers mounted on the right and left sides

of the testing table. In the proximal condition, participants were asked to place their forearms

against corresponding force transducers. The force transducers were adjusted so that the par-

ticipant’s wrist contacted the load cell to produce isometric force using the non-dominant and

dominant proximal effectors. The elbow was positioned at a 90˚ angle while the wrists were in

a neutral position. Participants were required to maintain the correct position throughout

each trial.

Participants’ maximum voluntary contraction (MVC) with both distal and proximal effec-

tors were measured. Participants followed verbal instructions to activate their distal and

Fig 1. Experimental setup. (a) Illustration depicting experimental setup for bimanual task utilizing distal (FDI), and (b) proximal (TBI)

muscles.

https://doi.org/10.1371/journal.pone.0275997.g001
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proximal effectors from baseline to maximum over a 2-s period and to maintain the maximal

force for approximately 3 s. The MVC force was calculated as the mean force based on three

MVC trials and rounded to the lowest integer. The maximum force required for the coordina-

tion task was set at 20% MVC.

Participants were required to rhythmically produce a pattern of isometric force on the left

side transducer with the non-dominant effector that was coordinated with the pattern of iso-

metric forces produced on the right-side force transducer with the dominant effector in a 1:2

force coordination pattern using Lissajous display information to guide performance. Lissa-

jous display information consisted of a Lissajous plot that incorporated a goal template and a

cursor indicating the forces produced by both effectors. The Lissajous display was generated

by plotting two Sine functions in a 2-dimensional plane. The cursor moved from left to right

as force was produced with the dominant effector and from bottom to top as force was pro-

duced by the non-dominant effector. The goal template illustrated the specific pattern of

required forces to produce the goal pattern (Fig 2). Participants were instructed to follow the

general shape of the template with the cursor. Following the template with the cursor resulted

in the production of two patterns of force with the dominant effector for every pattern of force

produced by the non-dominant effector (Fig 2). After any trial in which the average frequency

of the dominant effector was below 1.0 Hz, the experimenter encouraged the participants to

increase the speed with which they produced the patterns of force without disrupting the goal

pattern. Participants performed ten practice trials for each condition (distal and proximal) in a

counterbalanced order. Upon completing all practice trials, participants were given four test

trials to assess bimanual performance of the 1:2 pattern. Surface EMG was placed on the mus-

cle belly of the acting effectors to record neural input during the testing trials. The order of

testing trials was also counterbalanced. All trials were 20 s with a 10 s rest period between trials,

and each condition was separated by a 2 min rest period.

Fig 2. Task description. (a) Simulated goal coordination pattern for non-dominant and dominant limb during 1:2 coordination task, with (b)

corresponding Lissajous template for 1:2 task. Note, the calculation for relative phase is also included.

https://doi.org/10.1371/journal.pone.0275997.g002
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Measures and data reduction

All data reduction was performed using MATLAB (R2020a). A low-pass filter with a second-order

dual-pass Butterworth was applied to clean the noise in the force signal. The cutoff frequency for the

low-pass filter was set as 10 Hz. A 3-point difference algorithm was used to compute force-velocity

and acceleration signals from the limb’s force time series. Then, the signals were normalized to a

range from -1 to 1 by their maximum (positive or negative) values for each half cycle.

Unimanual force measures. Force harmonicity is used to quantify the distortion in force

time series [4, 11, 26, 67]. Harmonicity quantifies the harmonic nature of force produced by

each effector for every half cycle based upon zero-crossings. An index of harmonicity is com-

puted using non-overlapping windows between pairs of force-velocity zero-crossings [68].

When the force acceleration trace of each half-cycle only contained a single peak, the value of

harmonicity was set to 1. When an inflection occurred in the half-cycle force acceleration

trace, harmonicity was computed as the minimum ratio to maximum acceleration. When the

half-cycle acceleration trace switched direction (crossed from positive to negative or vice

versa) within this window, the harmonicity value was set to 0. Next, the harmonicity value for

a trial was averaged from the harmonicity from each half cycle. A harmonicity index of 1 indi-

cates a harmonic force production time series where bimanual interference is less likely to

occur. In contrast, a harmonicity index of 0 indicates that bimanual interference has likely

impacted the bimanual force production for the effector.

Inter-peak interval, inter-peak interval variability, and phase angle velocity were also calcu-

lated. Inter-peak interval was computed as the mean of all inter-peak intervals within a trial.

Inter-peak interval variability was defined as the standard deviation of the inter-peak intervals

within a trial. The inter-peak intervals and inter-peak intervals variability indicated the tempo-

ral accuracy and the temporal stability between two consecutive force peaks (inter-peak

interval = forcepeakn+1 –forcepeakn). Phase angle velocity was computed to determine the

speed of force pulse per second. The phase angle (θn) for each effector (n = r, l) was computed

for each sample of the normalized force time series as follows (Eq 1):

yn ¼ tan� 1

dXn
dt

Xn

 !

ð1Þ

where Xn is the normalized force of the non-dominant and dominant effector and dXn/dt (d

represents derivative) is the instantaneous normalized force velocities for the dominant and

non-dominant effector. Then, the phase angles θn for individuals were unwrapped by finding

multiples of 2π and adding appropriate multiples of 2π to each data point following the jump.

Phase angles were determined for both the non-dominant and dominant effectors. A 3-point

difference algorithm computed phase angle velocity. The phase angle velocity of a dominant

effector in 1:2 condition should be roughly two-fold of the non-dominant effector.

Bimanual measures. Two independent temporal measures of bimanual coordination

were calculated, one based on point estimates of mean cycle duration (inter-peak interval

ratio) and the other based on the effector’s continuous phase angles (phase angle slope). Inter-

peak intervals for the dominant and non-dominant effectors were used to determine point

estimates of mean cycle duration and compute a ratio of the dominant effector cycle duration

to the non-dominant effector cycle duration. This measure provides a temporal measure of

goal attainment independent of effector coordination tendencies and actual effector force tra-

jectories. An inter-peak ratio of 2.0 would indicate that the interval for the dominant effector

was twice that of the non-dominant effector.

Regression analyses of the continuous relative phase angles (see calculation methods above)

for the dominant and non-dominant effectors were calculated to determine the slope of the
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unwrapped non-dominant and dominant effector phase angles across the trial for each partici-

pant. This measure is intended to examine the continuous spatial-temporal coordination of

the effector forces. The average slope and R2 were then determined. The slope and R2 of the

unwrapped dominant effector phase angle to non-dominant effector phase angles provide a

continuous measure of bimanual goal attainment. As with the inter-peak interval ratio, the

goal phase angle slope ratio for the 1:2 is 2.0, with no variability.

To determine the accuracy of the task performance, absolute error (AE) was calculated by

comparing the relative phase angle (RP) to the goal phase angle. The point-estimate approach

(Fig 2) was utilized to compute the RP for the 1:2 tasks. A 3-point difference algorithm was

used to identify the peak within each cycle for the non-dominant and the dominant limb.

Then the RP was calculated as follows (Eq 2):

tRðnþ 1Þ � tLðnÞ
tRðnþ 1Þ � tRðnÞ

� 360 ð2Þ

Where tR represents the instantaneous time for the dominant limb, and tL means the instanta-

neous time for the non-dominant limb. The peaks used in the calculation served as critical

points to assess the accuracy of the temporal relationship between two active effectors. For the

1:2 task, the RP between the two effectors at the peaks should be 180˚ if the temporal relation-

ship of force production was accurate. Then RP were averaged for a trial, and AE was calcu-

lated by taking the absolute value of the subtraction between the RP and the goal phase angle

(180˚ for the 1:2). A smaller number indicated more accurate movements between two effec-

tors (Fig 2). In addition, force time series, force velocity time series, force-force, and force-

force velocity were plotted to provide an example for a comparison between distal and proxi-

mal effector’s bimanual performance (Fig 3).

EMG measures. All surface EMG signals were band-passed and filtered at 5–500 Hz (4th-

order Butterworth). After the high pass filtering process, EMG-EMG wavelet coherence was

determined using high-pass filtered at 250 Hz rectified (HPRECT) signals [50, 52, 69]. Morlet

Fig 3. Example performance. (a—e) Example of one cycle of the 1:2 multifrequency task performed with distal effectors and (f—j) one cycle of the task

performed with proximal effectors. The figure includes (a, f) non-dominant and dominant effector forces time series, (b, g) non-dominant and dominant

effector force velocity time series, (c, h) force-force plots, (d, i) force-force velocity for dominant effector, and (e, j) force-force velocity for non-dominant

effector.

https://doi.org/10.1371/journal.pone.0275997.g003
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wavelet transform was utilized to calculate the EMG wavelet frequency domain [70, 71]. Wave-

let and cross-wavelet spectra were plotted using Matlab functions developed by Torrence and

Compo [72]. The wavelet coherence spectrum [73] was quantified as localized correlation

coefficients in the wavelet time-frequency space as follows (Eq 3):

WCSðs; tÞXY ¼
jSðs� 1WXYðs; tÞÞj2

Sðs� 1jWXðs; tÞj2Þ:Sðs� 1jWYðs; tÞj2Þ
ð3Þ

where s represents the dilation parameter (scale shifting), τ represents the location parameter

(time shifting), Wxy represents the complex cross wavelet transform of signals X and Y, and S

is naturally designed as a smoothing operator with a similar footprint as the Morlet wavelet

[74]. The wavelet coherence spectrum shows the correlation between the common frequencies

of two signals with values ranging from 0–1. Wavelet peak coherence was quantified for three

frequency bands: 5–13 (Alpha band), 13–30 (Beta band), 30–60 Hz (Gamma band) [54, 55].

Statistics

Unimanual measures (harmonicity, inter-peak interval, inter-peak interval variability, and

phase angle velocity) for each effector were analyzed in an Effector (distal, proximal) × Limb

(non-dominant, dominant) two-way ANOVAs repeated measure on all independent variables.

A paired t-test was used to compare the difference of the bimanual dependent variables (AE,

the mean inter-peak interval ratio, and the mean phase angle slope) between distal and proxi-

mal effectors. In addition, EMG-EMG coherence was analyzed in the Effector (distal, proxi-

mal) × Frequency bands (5–13, 13–30, 30–60 Hz) two-way ANOVAs repeated measure on

Effector and Frequency bands. Bonferroni’s procedure was used for all post hoc analyses. The

Pearson correlation was performed to identify the association between EMG-EMG coherence

and harmonicity in the non-dominant effectors. Statistics were performed with the PASW Sta-

tistics 18.0 package (SPSS Inc, Chicago, Illinois). The alpha level for all statistical tests was 0.05.

Results

Unimanual measures

Harmonicity. The analysis indicated a main effect of Effector, F(1, 11) = 17.198,

p = 0.002, η2p = 0.610, Limb, F(1, 11) = 111.935, p < 0.001, η2p = 0.911, and Effector × Limb

interaction, F(1, 11) = 21.241, p< 0.001, η2p = 0.659. A post hoc approach was further used to

compare the mean between effectors (distal, proximal) for each limb, and the result indicated a

significant difference between distal and proximal effector in the non-dominant limb. Fewer

force distortions were observed in the non-dominant limb while using distal effectors

(M = 0.550, STD = 0.118) as compared to proximal effectors (M = 0.250, STD = 0.244)

(p< 0.001). The lower value of harmonicity (0–1) indicates more adjustments, hesitation, and

perturbation occurred during the force production (Fig 4).

Inter-peak interval (IPI). The analysis indicated a main effect of Limb, F(1, 11) =

176.206, p < 0.001, η2p = 0.941. The Limb effect, as would be expected for the 1:2 task, indi-

cated longer inter-peak intervals for the non-dominant effector (results, considering both

effector groups) compared to the dominant effector (Fig 4).

Inter-peak interval variability (IPIV). The statistical analysis indicated that there was no

significant main effect of Effector, F(1, 11) = 2.231, p = 0.163, Limb, F(1, 11) = 2.482,

p = 0.143, and Effector × Limb, F(1, 11) = 0.247, p = 0.629. This result indicated that partici-

pants can stably produce the goal coordination pattern (Fig 4).
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Phase angle velocity (PAV). The analysis indicated a main effect of Limb, F(1, 11) =

125.202, p < 0.001, η2p = 0.919. However, no significant main effect was detected in Effector

and Effector × Limb interaction. This indicates that participants performed the task correctly

regardless of the effectors used in the task (Fig 4).

Bimanual measures

AE. A paired samples t-test detected a significant difference in AE between distal effectors

(M = 20.657, STD = 10.791) and proximal effectors (M = 31.936, STD = 20.225) to produce the

Fig 4. Unimanual measures. (a) Force harmonicity, (b) mean inter-peak interval, (c) standard deviation of inter-peak interval, and (d) phase

angle velocity. The error bars represent standard error of the mean (SEM) and � depicts a statistical significance level of less than 0.05. Note that

harmonicity for the non-dominant effector was significantly lower for the proximal condition compared to the distal condition.

https://doi.org/10.1371/journal.pone.0275997.g004
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1:2 coordination pattern (t = -2.571, p = 0.026). This result suggested that participants were

more accurate when producing the task with distal effectors than proximal effectors (Fig 5).

EMG-EMG coherence. The repeated ANOVA analysis indicated a main effect of Effector,

F(1, 11) = 10.885, p = 0.007, η2
p = 0.497. The overall EMG-EMG coherence in all frequency

bands tended to be higher when performing the 1:2 coordination pattern with proximal effec-

tors than performing with distal effectors. However, the analysis failed to detect the main effect

of Frequency bands and Effector × Frequency bands interaction. A paired sample t-test was

conducted to test whether EMG-EMG coherence differed in the alpha bands between distal

and proximal effectors. The result indicated a significant difference (p = 0.022) in the alpha

Fig 5. Bimanual measures. (a) Absolute error for distal and proximal effector, (b) EMG-EMG coherence for distal and proximal effector in the

alpha (5–13 Hz), beta (13–30 Hz), and gamma (30–60 Hz) frequency bands, (c) phase angle slope ratio, and (d) inter-peak interval ratio. The �

indicates a significance level less than 0.05.

https://doi.org/10.1371/journal.pone.0275997.g005
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band coherence between using distal effector (M = 0.322, STD = 0.039) and using proximal

effectors (M = 0.358, STD = 0.024) to produce the bimanual coordination task (Fig 5).

The mean phase angle slope (MPAS). A paired samples t-test also failed to indicate the

difference in MPAS between the distal and proximal effector. The slope ratio between the non-

dominant effector and the dominant effector was nearby 2.0 for distal effectors (M = 1.946,

STD = 0.118) and for proximal effectors (M = 1.996, STD = 0.168). This result further indi-

cated that participants were able to produce the goal coordination pattern regardless of the

effector group. (Fig 5).

The mean inter-peak interval ratio (MIPIR). A paired samples t-test failed to detect the

difference in MIPIR between distal and proximal effectors. The IPI ratio between the domi-

nant effector and the non-dominant effector was approaching to 2.0 with distal effectors

(M = 1.941, STD = 0.102) and proximal effectors (M = 1.905, STD = 0.107). This result indi-

cated that participants were able to achieve the goal pattern ratio predefined by the nature of

the 1:2 coordination pattern between the effectors regardless of the proximity to the midline of

the body (Fig 5).

Correlation. The Pearson correlation analysis indicated that harmonicity of the non-

dominant effector is inversely correlated with EMG-EMG coherence (ρ = -0.548, p = 0.006

(2-tailed)) (Fig 6).

Discussion

It has been hypothesized that the influence of neural crosstalk on bimanual coordination is

stronger for proximal effectors than for distal effectors [13, 14]. The current investigation was

designed to determine the effects of distal (FDI) and proximal (TBI) muscle activation on neu-

ral crosstalk when participants were required to produce a 1:2 multifrequency force pattern.

Task performance

Research has indicated that a 1:2 multifrequency task can pose difficult challenges for the cen-

tral nervous system (CNS) [16, 49, 75]. However, many of the difficulties associated with coor-

dinating multifrequency patterns appear to be circumvented, or at least minimized, when

integrated feedback information (e.g., Lissajous displays) is provided [76]. Based upon two

global measures of goal attainment (i.e., inter-peak interval ratio and phase angle slope ratio),

the results of the current investigation are consistent with previous research demonstrating the

effectiveness of Lissajous displays in facilitating the performance of complex bimanual coordi-

nation patterns. Regardless of the effector group (distal, proximal) used to perform the task,

participants could effectively produce the 1:2 multifrequency with Lissajous displays (Fig 5).

Despite the effective task performance with both distal and proximal effectors, the results

indicated participants were more temporally accurate when performing the task with their dis-

tal effectors than with their proximal effectors. It is not surprising that individuals are more

accurate with their distal (fingers) than proximal (arms) effectors, given that distal effectors

(e.g., FDI) are often associated with the control of fine motor skills [77] while proximal effec-

tors (e.g., TBI) are often associated with the control of gross motor skills [77].

In general, the accuracy of motor skills is often associated with how well the neural system

can integrate sensory information with the desired motor outputs [78]. The process of percep-

tual-motor integration is often found to be greater for effectors involved in the control of fine

motor skills than effectors controlling gross motor skills [78]. Previous research has also indi-

cated that coordination of bimanual actions is predominantly dependent on the process of per-

ceptual-motor integration [2, 7]. As such, distal effectors may have an advantage when
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required to produce precise actions when compared to proximal effectors. Indeed, research

has indicated more accurate control of force with distal than proximal effectors [14, 79].

Symmetric and asymmetric neural crosstalk

Although it is well documented that individuals are often more accurate when performing fine

motor actions compared to gross motor actions [14, 79], the current investigation may provide

behavioral and neurophysiological evidence to account for these differences. Due to neuroana-

tomical differences between the neural organization of distal and proximal effectors (e.g., a dis-

tinct connection between brain and body, number of commissural fibers connecting muscles

Fig 6. EMG-EMG coherence and harmonicity correlation. EMG-EMG coherence in the alpha bands is significantly correlated with

harmonicity of non-dominant effector combined from both groups. The negative value of correlation coefficient indicates an inverse

relationship between EMG-EMG coherence and harmonicity of non-dominant effector. The strength of the correlation is moderate to

vigorous.

https://doi.org/10.1371/journal.pone.0275997.g006
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through the CC and spinal cord, the influence of uncrossed ventromedial corticospinal tracts

and crossed lateral corticospinal tracts) [37–42], proximal effectors are likely influenced more

by neural crosstalk than distal effectors [13, 14]. Consistent with the possibility that proximal

effectors are more susceptible to neural crosstalk, lower force harmonicity was observed for

the non-dominant proximal effector than distal effector (Fig 4). Note, harmonicity is a mea-

sure that has been used to reflect neural crosstalk [4, 28]. The results indicated more adjust-

ments, hesitation, and/or perturbations occurred in the non-dominant proximal effector than

the non-dominant distal effector. However, harmonicity for the dominant effector was not sig-

nificantly different between distal and proximal effectors (Fig 4). This result is consistent with

the notion that neural crosstalk is asymmetric, with the dominant effector/hemisphere exert-

ing a stronger influence on the non-dominant effector/hemisphere than vice versa [21, 23, 80,

81].

Numerous investigations have demonstrated performance asymmetries associated with

limb dominance with the dominant limb more accurate and stable than the non-dominant

limb [4, 21, 23, 33, 80–83]. It has been suggested that the dominant hemisphere exerts a stron-

ger influence on the non-dominant limb than vice versa [21, 23, 80, 81]. Consistent with this

view, researchers successfully simulated a neural crosstalk model for bimanual interference

based on the left (non-dominant) effector receiving an attenuated mirror image of the com-

mands dispatched to the right (dominant) effector [21]. The simulation successfully repro-

duced characteristics associated with asymmetric bimanual circle including a deterioration of

the circular trajectories and a weakening of the phase coupling between the effectors when

movement frequency was increased [21]. The results of the current investigation are consistent

with the neural crosstalk model [21]. That is, distortions in the non-dominant limb force and

force-velocity time series that were associated with the production of force by the dominant

limb were observed. However, distortions in the forces produced by the dominant limb that

could be attributed to forces produced by the non-dominant limb were not observed (Figs 3

and 4). It is important to note, however, that the current investigation used a multifrequency

force task in which the dominant limb was assigned the faster frequency (1:2).

In an experiment designed to determine whether the influence of force produced by one

limb on the contralateral limb was the result of the limb assigned the faster frequency or a bias

associated with limb dominance, performance between a 1:2 and 2:1 multifrequency force task

for right limb dominant participants was compared. The results indicated that the source of

interference was not limited to limb assignment but also a function of limb dominance. A sim-

ilar investigation used a 1:2 bimanual force task with symmetric and asymmetric force require-

ments [28]. The results indicated that distortions in the forces produced by the non-dominant

effector that could be associated with forces produced by the dominant effector occurred

regardless of the condition (symmetric, asymmetric) or which effector produced the greater

force. However, distortions in the dominant effector were only observed when the non-domi-

nant effector was required to produce 5 times more force than the dominant effector to per-

form the required coordination pattern. Overall, the results of this line of research indicate

that neural crosstalk affects both effectors, however, it may manifest differently for the non-

dominant and dominant limbs.

It is possible that individuals are more efficient at inhibiting, compensating, and/or overrid-

ing neural crosstalk with the dominant limb than with the non-dominant limb [82, 84, 85].

Support for such a possibility can be found in research indicating that bimanual interference

can be reduced with extended practice [86, 87]. Note, however, the current investigation only

provided participants approximately 5 minutes of practice with each effector group before the

test trials. If, however, we consider the frequency in which the dominant limb is used in activi-

ties of daily living (i.e., amount of practice), it is possible that individuals have become more
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resistant to the effects of neural crosstalk with the dominant effector than with the non-domi-

nant effector. Research should further explore this possibility.

Muscle activation and neural crosstalk

The results of the EMG-EMG coherence analysis are also consistent with the possibility that

proximal effectors are more susceptible to neural crosstalk than distal effectors. More specifi-

cally, EMG coherence between two homologous muscles was used as a measure of common

neural input [11, 88]. Neural crosstalk is a mirror image command sent to homologous mus-

cles of the contralateral effector [10, 21, 22]. It conveys the same information to both effectors

from common neural input. Therefore, higher EMG coherence is consistent with higher levels

of neural crosstalk. A recent experiment using EMG-EMG coherence indicated higher coher-

ence between the EMG signals when two effectors were producing the same actions compared

to when each effector produced disparate actions [11]. In the current investigation, the inter-

muscular EMG coherence was significantly higher for the proximal condition than the distal

condition in the Alpha band (5–13 Hz) (Fig 5), supporting the notion that neural crosstalk is

stronger for proximal effectors than distal effectors.

Significant EMG coherence in the Alpha band suggests a subcortical origin for neural cross-

talk [11, 50]. Other studies have also highlighted the contribution of the subcortical structures

(e.g., cerebellum, basal ganglia, and spinal interneurons) and uncrossed corticospinal tracts to

the performance of bimanual tasks specified by coupling temporal features [13, 14, 39–42, 47,

48, 89–94]. The nature of the 1:2 bimanual coordination task requires the dominant effector to

produce the actions twice as fast as the non-dominant effector. Thus, the successful perfor-

mance of the 1:2 bimanual coordination task could be associated with how well the temporal

relationship between the effectors is calibrated. Consequently, the subcortical areas may play a

predominant role in calibrating the timing information during the current bimanual task [48].

To further understand the relationship between neural crosstalk and EMG coherence, a sta-

tistical analysis was performed to examine the correlation between the harmonicity in the

non-dominant effector and the coherence values in the alpha band. The results indicated a sig-

nificant inverse correlation between the two variables (Fig 6), suggesting that an increase in

neural crosstalk is associated with greater force distortions in the non-dominant effector. This

suggestion is consistent with several investigations demonstrating consistent and identifiable

distortions in the non-dominant effector attributed to the activation and release of force by the

dominant effector [4, 5, 26, 28, 35, 95].

The spectral-frequency graphs (Fig 7) show the dynamics of the coherence intensity in a

trial. The color gradient indicates that the coherence was stronger for the proximal effectors

than the distal effectors. Note, the color code represents the strength of the coherence on a

scale of 0 (blue) to 1 (red). Furthermore, the periods associated with the most substantial

coherences were intermittent rather than continuous. These periods appear to be coincident

with the dominant effector’s activation and release of force (Fig 7; yellow arrows). From a theo-

retical standpoint, if some fraction of the force command from one effector is diverted to the

other effector, then the same information would be conveyed to homologous muscles of both

limbs when the command is dispatched [10, 21]. This would result in periods of shared neural

drive with the initiation or release of the force command. This observation is consistent with

the kinematic results of the current study (Fig 3) as well as previous work demonstrating force

distortions in the force and force-velocity time series for the non-dominant effector that was

associated with the activation and release of force by the dominant effector [4, 5, 11, 25]. In

addition, research has indicated this influence continues to act on the non-dominant limb

until the dominant limb achieves peak force velocity [4]. Interestingly, research examining the
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Fig 7. EMG analysis. (a) Sample non-dominant and dominant distal (FDI) effector EMG Amplitude, (b) the corresponding EMG-EMG Wavelet Spectrum

for distal effector. (c) Sample non-dominant and dominant proximal (TBI) effector EMG Amplitude, (d) the corresponding EMG-EMG Wavelet Spectrum for

proximal effector. Note, the arrows indicate areas where high coherence occurred relative to behavior and the color code represents the strength of the

coherence on a scale of 0 (blue) to 1 (red).

https://doi.org/10.1371/journal.pone.0275997.g007
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tri-phasic pattern of muscle activation during isometric contractions found that the initial

burst in the agonist muscle terminates when peak velocity is achieved [96].

Although the current study did not indicate a cortical origin for neural crosstalk, cortical

influence may play a role in mediating the synchronization of a bimanual task. A recent inves-

tigation using EEG-EMG coherence revealed a significant coherence in the Beta band during a

discrete bimanual task [88]. Neural activity in the beta bands is consistent with a cortical influ-

ence. In addition, studies investigating bimanual performance among split-brain patients

often demonstrate the importance of CC during bimanual actions [47, 48, 97, 98]; these studies

also suggest the CC’s contribution is task-dependent. Thus, the properties associated with the

task (easy vs. difficult; discrete vs. continuous) may produce different cortical and subcortical

interactions when synchronizing bimanual actions. In contrast, careful observation of Fig 7,

especially at the instants marked by the yellow arrows, shows greater pockets of significant

coherence in the Beta band for proximal (Fig 7) than the distal effector (Fig 7). This observa-

tion suggests that the lack of statistical significance differences in the Beta bands between effec-

tor groups may have been caused by the intermittence of the frequency features of the signals.

Future studies should attempt to consider time-dependent statistical analyses for group

comparisons.

Summary

The present experiment was designed to determine the effects of distal (FDI) and proximal

(TBI) muscle activation on neural crosstalk. Participants were able to effectively produce the

goal bimanual coordination pattern (1:2) with both proximal and distal effectors. However,

spatiotemporal accuracy with greater when performed with the distal effectors (FDI) com-

pared to proximal effectors (TBI). Consistent with the asymmetric nature of neural crosstalk,

the analysis of harmonicity indicated greater distortion in force produced by the non-domi-

nant effector for both effector groups. However, harmonicity was lower for the non-dominant

effector in the proximal condition than for the distal effector indicating more bimanual inter-

ference for proximal than distal effectors. The intermuscular EMG coherence results showed

significantly higher bimanual communication in the Alpha bands (5–13 Hz) for proximal than

distal effectors. A correlation analysis between the intermuscular EMG coherence and harmo-

nicity indicated that bimanual interference is inversely associated with bimanual communica-

tion. These results provide behavior and neurophysiological support that neural crosstalk is

stronger for proximal than distal effectors and may have important implication for rehabilita-

tion protocols designed for recovery of hand and arm function.
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