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Introduction: How the human brain coordinates bimanual movements is not

well-established.

Methods: Here, we recorded neural signals from a paralyzed individual’s left

motor cortex during both unimanual and bimanual motor imagery tasks and

quantified the representational interaction between arms by analyzing the tuning

parameters of each neuron.

Results: We found a similar proportion of neurons preferring each arm during

unimanual movements, however, when switching to bimanual movements, the

proportion of contralateral preference increased to 71.8%, indicating contralateral

lateralization. We also observed a decorrelation process for each arm’s

representation across the unimanual and bimanual tasks. We further confined

that these changes in bilateral relationships are mainly caused by the alteration of

tuning parameters, such as the increased bilateral preferred direction (PD) shifts

and the significant suppression in bilateral modulation depths (MDs), especially

the ipsilateral side.

Discussion: These results contribute to the knowledge of bimanual coordination

and thus the design of cutting-edge bimanual brain-computer interfaces.

KEYWORDS

motor imagery, brain-computer interface (BCI), primary motor cortex (M1), bimanual arm
movement, neuronal representation

1. Introduction

Brain-computer interfaces (BCIs) are sophisticated artificial systems that aim to restore
upper arms functionality in persons with tetraplegia (Lebedev and Nicolelis, 2017). Under
intracortical BCIs, the participants can control external devices, such as computer cursors
(Hochberg et al., 2006; Simeral et al., 2011; Pandarinath et al., 2017) and robotic limbs
(Hochberg et al., 2012; Collinger et al., 2013; Wodlinger et al., 2015; Flesher et al., 2021;
Handelman et al., 2022), to perform some activities of daily living. The frontiers of BCIs
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demonstrated the use of multi-area neural signals to enable
the participant to perform the volitional self-feeding task with
bimanual arms (Handelman et al., 2022). To further advance
BCI technology in clinical applications, several neurophysiological
studies have focused on bimanual arm movements, which studies
knowledge about bimanual coordination in the brain (Mooshagian
and Snyder, 2018; Mooshagian et al., 2018; Cross et al., 2020).

It’s widely convinced that motor neurons in the primary
motor cortex (M1) area encoded movement kinematics of
the contralateral arm, such as velocity and target position
(Georgopoulos et al., 1982; Truccolo et al., 2008; Bundy et al.,
2018). Interestingly, the directional tuning to the ipsilateral arm was
also observed in motor neurons during ipsilateral movements and
most neurons were activated when using either the ipsilateral or
contralateral arm (Tanji et al., 1988; Donchin et al., 1998; Kermadi
et al., 1998), suggesting the mixing coding of bilateral movements
in M1. One important question is whether neural representation
varied between the contralateral and ipsilateral movements. Many
neurophysiological studies with non-human primates reported that
a large number of M1 neurons responded similarly using either
arm or thus the outputs in M1 were not lateralized (Kermadi et al.,
1998; Donchin et al., 2002; Ames and Churchland, 2019). Some
of them observed strongly correlated tunings for the ipsilateral
and contralateral movements in a group of M1 neurons (Steinberg
et al., 2002; Rokni et al., 2003) which can be attributed to similar
tuning parameters (Steinberg et al., 2002; Cisek et al., 2003; Rokni
et al., 2003). However, others observed that only a small number
of neurons exhibited a strong bilateral correlation (Ames and
Churchland, 2019).

It has been shown that M1 neurons exhibited bimanual-
related activity and had a complex directional tuning to the
bimanual movements (Donchin et al., 1998, 2002; Kermadi et al.,
1998; Cisek et al., 2003; Rokni et al., 2003). Studies on the
neural representation of bimanual movements proposed that no
significant lateralization was found in M1 during unimanual arm
movement (Donchin et al., 2002; Ames and Churchland, 2019), yet
the lateralized responses were observed in many M1 neurons when
simultaneously using both arms (Donchin et al., 2002; Steinberg
et al., 2002; Rokni et al., 2003; Ames and Churchland, 2019). Some
of studies have suggested that such changes in lateralization were
mainly attributed to the high similarity between bimanual and
contralateral representations and the modified ipsilateral tuning
(Donchin et al., 2002; Steinberg et al., 2002; Rokni et al., 2003), like
the largely suppressed modulation depths (MDs) and/or preferred
direction (PD) shifts on the ipsilateral side. However, a more
detailed analysis with a postural perturbation task (Cross et al.,
2020) further explored the relationship between arms and argued
that most neurons maintained the PDs for each arm across the
unimanual and bimanual movements. They also showed that the
MDs for both arms were suppressed to similar degrees during
bimanual movements. By investigating the directional tuning of
bimanual movements, researchers can describe how M1 units
represent the bimanual movements and, consequently, fit the
neural activity to decoding models that enable bimanual control in
monkey (Ifft et al., 2013) and human (Handelman et al., 2022).

It’s still debated how neural activities interact for bimanual
movements in M1. Moreover, most of these studies were conducted
with non-human primates. We then asked whether the hypotheses
could also apply to those in humans. In this study, we set up

a human-based BCI system and recorded neural activities in
the participant’s left M1 area during unimanual and bimanual
motor imagery tasks. We supported that the M1 outputs are
not lateralized during unimanual movements, yet changed to
prefer the contralateral arm during bimanual movements. Then,
we analyzed the neural activities of bilateral arms and showed
a decorrelation process between ipsilateral and contralateral
arms when switching to bimanual movements. Furthermore, we
suggested that such changes are mainly due to the modification of
tuning parameters.

2. Materials and methods

2.1. Participant

The participant was a 72 year-old right-handed man with a
C4-level spinal cord injury, leading to his sensory and motor
disability below the shoulder. Surgical procedures, postoperative
nursing care, and data acquisition were performed 2 years after the
injury at the Second Affiliated Hospital Zhejiang University School
of Medicine (Hangzhou, Zhejiang, China). Data analysis was
conducted at Zhejiang University (Hangzhou, Zhejiang, China).

2.2. Experimental setup and data
recording

Two 96-channel Utah microelectrode arrays (Blackrock
Microsystems, Salt Lake City, UT, USA) were implanted into his
arm and hand knob M1 areas on 27 August 2019. During the
recording sessions, two patient cables ran from the connectors
on his head to the NeuroPort data acquisition system (Blackrock
Microsystems). The motor imagery tasks were displayed on the
computer monitor in front of the participant (Figure 1A).

Single-unit activity has been recorded from electrodes for
this study since day 258 after surgery. Sessions of ipsilateral,
contralateral, and bimanual arm movements were performed
across 3 days. Two more sessions only for the ipsilateral and
contralateral arm movements were collected on other 2 days.

2.3. Paradigm

As shown in Figure 1C, at the beginning of a trial, the
participant received the acoustic and visual cues to prepare for
1,000–1,500 ms (Prepare phase). In the next 2,000 ms, a yellow
circle appeared at the center position as the start position and
then moved to the peripheral targets. The participant was cued to
imagine moving the arm along the yellow trajectory (Go phase),
and then to relax for 1,500 ms when reached the peripheral targets
(Rest phase).

A single session consisted of ipsilateral (left), contralateral
(right), and bimanual blocks. Blocks were presented in
pseudorandom order. Within a block, 8 repetitions of one set
of movements were performed. Each set of movements contains 8
possible target positions for ipsilateral and contralateral blocks or
16 possible configurations for bimanual blocks (Figure 1E).
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FIGURE 1

Setup of the experiment. (A) The participant was implanted with two 96-channel microelectrode arrays in his left M1 area. The neural signal was
recorded with the NeuroPort system from the arrays during the motor imagery task. (B) Example panel of the spike activities for 96-channel arrays
during a recording session. Each sub-panel displayed the spikes for a channel, and each color except for black indicated a sorted neuron. (C) Task
schematic. The participant performed motor imagery for the center-out reaching task with the ipsilateral arm, the contralateral arm, and the
bimanual arms in different blocks. Each trial contains a Prepare phase, a Go phase for imagery of arm movements from the center target (yellow
circles) to the peripheral targets (green circles), and a Rest phase. Text and colored shapes were displayed as the movement cues. (D) Blocks of
different movement types recorded on each day were presented in a pseudorandom order. (E) Overview of 8 peripheral targets on a circle for the
unimanual trials and 4 peripheral targets for each arm for the bimanual trials.

2.4. Data analysis

2.4.1. Single-unit analysis
Single units were sorted for each session (Figure 1B). Spike

counts were recorded, binned with 20 ms bins, converted into the
firing rate (Hz), and then smoothed with a 300 ms Gaussian kernel
(Ames and Churchland, 2019; Rastogi et al., 2020; Willett et al.,
2020). Neurons with mean firing rates over 1 Hz over all blocks
performed on a day were preselected to have a reasonable estimate
of the directional modulation (Willett et al., 2020).

The single-neuron activity was first analyzed by peri-event
time histogram (PETH). Single-unit PETH of neuronal discharge
activity, aligned with the target onset in the Go phase, was
constructed by mean firing rates for each trial type, respectively
(Georgopoulos et al., 1982; Donchin et al., 2002). We then
computed the baseline firing rate for each neuron, defined as the
mean firing rate during the Prepare phase. Each neuron’s neural
response for a specific target configuration was measured as the
difference between the mean firing rate during the Go phase and the
baseline (Donchin et al., 2002; Rokni et al., 2003). After the neural
response was calculated, the modulation ratios were determined by
the ratio between the absolute neural response and the standard

deviations (SDs) of the baseline. We considered a unit to be task-
related for the arm used if the modulation ratio was over 1 for at
least a target configuration of the movement (Tanji et al., 1988; Ma
et al., 2017).

2.4.2. Arm preference analysis
To assess the lateral preference for each neuron, we compared

the maximum absolute neural response for the contralateral arm
to that for the ipsilateral arm. The strength of lateralization for a
neuron was defined as the contralateral preference index (Donchin
et al., 2002; Ames and Churchland, 2019; Gardner et al., 2022):

Contralateral Preference Index =

Max (
∣∣Response∣∣ ,Contra)−Max (

∣∣Response∣∣ , Ipsi)
Max (

∣∣Response∣∣ ,Contra)+Max (
∣∣Response∣∣ , Ipsi) (1)

Here, a unit only modulates with the contralateral arm
movements if the index is 1 while it only modulates with the
ipsilateral arm movements if the index is −1. The neural response
of a unit is identical regardless of the arm used if the index is 0.

We then assessed whether the outputs of M1 ensembles
were lateralized during the unimanual and bimanual movements.
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A paired t-test was used to compare the distribution of preference
index across neurons to the null distribution. It’s also used to
quantify whether a statistically significant change existed in the
lateralization for M1 ensembles across the unimanual versus
bimanual movements. The statistical significance was defined as
p-values < 0.05.

2.4.3. Bilateral correlation analysis
We characterized each neuron’s relationship between the

contralateral and ipsilateral arm during the unimanual and
bimanual tasks. A neuron’s relationship between arms was
defined as the Pearson’s correlation coefficient between the
mean firing rates of each target configuration (i.e., tuning
curve) for the contralateral and ipsilateral arm movements. As
shown in Figure 1E, two groups of movement directions were
analyzed: for the unimanual trials, each arm movement in 8
directions (Unimanual-8-direction) and 4 directions (Unimanual-
4-direction) corresponding to those of the bimanual trials
(Bimanual-4-direction). For M1 ensembles, we used the t-test to
compare the means of distributions of correlation coefficients (cc)
for both unimanual and bimanual tasks to the null distribution.
p-values < 0.05 was used to define statistical significance.

2.4.4. Tuning parameters
We then further quantified the changes in correlation by

analyzing the directional tuning of ipsilateral and contralateral
movements across unimanual versus bimanual tasks. The neuron’s
characteristics of directional tuning were quantified as tuning
parameters, including both the MDs and the PDs (Georgopoulos
et al., 1982; Donchin et al., 2002; Rokni et al., 2003; Ifft et al., 2013;
Cross et al., 2020). The neuron’s MD of each arm movement was
defined as the difference between the maximum and minimum
neural responses. We used the t-test to compare the means of
distributions of MDs across unimanual versus bimanual tasks.
The neuron’s PD of each arm movement was determined by
the movement direction with the maximum neural response. We
computed the difference between contralateral and ipsilateral PDs
(1PD) across unimanual versus bimanual tasks. Both 8-direction
and 4-direction data were analyzed for the unimanual task.

2.4.5. Neural decoding using support vector
machines

To extract the neural pattern from the population-level
responses, we used the linear Support Vector Machine classifiers
(SVMs) on the neural responses to classify each trial’s movement
direction for each session. Two SVM classifiers were trained for
a unimanual session to classify the movement directions for each
arm; one SVM classifier was used to decode the 16 configurations
of targets for a bimanual session. To further evaluate whether the
outputs of M1 ensembles were lateralized in the bimanual task, for
each bimanual session, we trained two more SVM classifiers for
the 4 movement directions of bimanual contralateral and ipsilateral
arms, respectively. We used leave-one-out cross-validation, with
each iteration using a different trial for testing and the rest for
training. The prediction accuracy of each movement type was
computed with the Top-N approach. The paired t-test was used
to judge whether there were statistically significant differences
between the prediction accuracy for the two arm movements. We
used p-values < 0.05 to define statistical significance.

FIGURE 2

Classification of the 136 neurons with the mean firing rate > 1 Hz
across three tasks. A neuron was judged to be task-related to a
specific movement if its modulation ratio was higher than one
during this specific movement. Most neurons (86.0%) were
considered 3-task-related. Further analysis was compiled from the
neural activity of 3-task-related neurons.

3. Results

As shown in Figure 1, we recorded neural signals from the
array implanted in the arm area of left M1 while the patient
performed both unimanual and bimanual motor imagery tasks. The
other array implanted in the hand knob area was not included
due to a lack of single units. The patient randomly performed
ipsilateral (left), contralateral (right), and bimanual tasks for 3
sessions. Two extra sessions only with ipsilateral and contralateral
arm movements were recorded for offline classification.

For the three sessions’ data, we first selected 136 neurons with
mean firing rates over 1 Hz across the unimanual and bimanual
sessions performed each day (Figure 2). Most of them (117/136,
86%) like neurons in Figure 3 showed a significant increase in
discharge frequency within the Go phase for at least a specific
movement direction for each task and were classified as 3-task-
related neurons. We then investigated how these neurons changed
their firing pattern across these three tasks and how a single brain
region represents bimanual arm movements.

3.1. Neuronal responses biased to the
contralateral arm during bimanual
movements

To determine whether lateralized neuronal representation
exists, we computed the arm preference index for each neuron
(see Section “2. Materials and methods”) based on their changes
in neural responses across contralateral and ipsilateral movements.
As shown in Figure 4A, we compared each neuron’s maximum
absolute neural responses during contralateral and ipsilateral
movements for both unimanual and bimanual tasks. In general,
the responses for ipsilateral and contralateral movements were
linearly correlated for both conditions. However, the response
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FIGURE 3

Example of the representative neurons in the unimanual and bimanual tasks. (A) A typical neuron with a contralateral preference in both the
unimanual and bimanual tasks. It also showed strongly correlated activity for each arm movement which can be quantified as the high correlation
coefficient (cc = 0.95) between their tuning curves. When switching to bimanual movements, it remained strongly correlated between arms
(cc = 0.89) even though substantive changes were observed in both MDs and PDs of ipsilateral-related activity. Top row the peri-event time
histograms (PETHs) during ipsilateral (left column) and contralateral movements (middle column) performed on the same day. Each subplot of
PETHs was aligned on the appearance of the go cue (left gray line in each subplot). The averaged firing rate in the unimanual task was depicted in
the right column, for 8 movement directions of ipsilateral trials (blue squares) and of contralateral trials (yellow dots); Bottom row same as in the top
row, PETHs for the same neuron in the bimanual task (left column). The average firing rate in the bimanual task was depicted in the heatmap in the
middle column and the line chart in the right column. (B) The other type of neuron with ipsilateral preference during unimanual movements but it
inverted preference during bimanual movements. The representation of ipsilateral and contralateral arm movements was decorrelated with
decreased cc that changed from 0.57 to 0.22. These changes can be attributed to the PD shifts and great suppression in bilateral sides.

is more biased to the contralateral side in the bimanual task
than in the unimanual task (slope = 1.24 for the bimanual task
versus slope = 1.15 for the unimanual task). The slightly stronger
neural response when using the contralateral versus ipsilateral
arm during both tasks was also confirmed at the population
level as shown in Figure 4B, which depicts the mean neural
responses across neurons for each arm during both tasks. We
found the ipsilateral to contralateral ratio was 92.4% during the
unimanual task but decreased to 82.1% during the bimanual task.

We calculated the arm preference index for each neuron, which
was defined as the difference between the maximum absolute
neural responses during contralateral versus ipsilateral movements,
and plotted them in Figure 4C. As the distribution shown in
Figure 4C, among the 117 neurons, nearly an equal number
of neurons are with ipsilateral versus contralateral preference
(58 versus 59 neurons) during unimanual movements, while the
number of neurons with a contralateral preference increased
to 84 (71.8%) in the bimanual task. The averaged preference
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index (Figure 4D) for M1 ensembles was close to zero during
unimanual movements while it was significantly different from
zero during bimanual movements (Unimanual: mean = 0.01,
median = 0.02, p > 0.01 for unimanual movements and null
distribution; Bimanual: mean = 0.10, median = 0.09, p < 0.01 for
bimanual movements and null distribution; t-test). These results
revealed that the M1 outputs were not lateralized during unimanual
movements yet changed to prefer the contralateral arm during
bimanual movements.

We then investigated how single neurons altered their
preference across unimanual and bimanual movements. We found
a substantial of neurons (38.5%) with a contralateral preference
during unimanual movements, which remained the preference
when switching to bimanual movements (Figure 4C, upper
right quadrant). An example neuron of this type is shown in
Figure 3A, which illustrated the contralateral preference during
both unimanual movement (top row) and bimanual movement
(bottom row). Actually, the ipsilateral modulation was suppressed
almost to zero during bimanual movement while the representation
for the contralateral movement was largely unchanged. Another
commonly observed neuron type was with an ipsilateral preference
during unimanual movements but exhibited an inverted preference
during bimanual movements (33.3%, Figure 4C, upper left
quadrant). An example of this type is shown in Figure 3B, which
showed ipsilateral preference during unimanual movements (top
row) but changed to contralateral preference during bimanual
movements (bottom row). As shown in its tuning curves, neural
modulation was larger when using the ipsilateral arm than
using the contralateral arm in the unimanual task. However,
large suppression was found in bilateral arm modulations in the
bimanual task, especially for the ipsilateral side which decreased
almost to zero. We also found a small group of neurons with
an ipsilateral preference for both tasks (16.2%, Figure 4C, lower
left quadrant). Only a small portion of neurons preferred the
contralateral arm during the unimanual movements but inverted
the preference to ipsilateral when using both arms simultaneously
(12.0%, Figure 4C, lower right quadrant). These results indicate
that a large population of neurons with ipsilateral preference during
unimanual movements switched to the contralateral side during
bimanual movements, which could be the reason why the neural
ensemble representation is biased to the contralateral side during
bimanual movements.

3.2. Decoding analysis revealed the same
contralateral preference during bimanual
movements

We further asked whether the amount of information
contained in the population was also biased toward the
contralateral arm during bimanual movement. To that end,
we employed a decoding analysis (see Section “2. Materials and
methods”), in which the information contained was quantified as
the prediction accuracy for a specific movement type. For each
block of a movement type, we trained a linear SVM classifier
to predict the target positions based on neural responses. For
unimanual movement, the decoding results for example ipsilateral
and contralateral blocks are shown in Figures 5A, B, respectively.

Quantitatively, there is no significant difference between the
prediction accuracies for ipsilateral and contralateral movement,
regardless of whether top-1 to top-4 accuracies were considered
(Figure 5C and Table 1). These results are consistent with the
population proportional results shown above. We then used
the same approach to assess the population-level information
for the bimanual task. For bimanual movement, we plotted the
prediction results on an example block according to the movement
directions of the ipsilateral (Figure 5D) and contralateral arms
(Figure 5E). Prediction accuracies across bimanual blocks were
shown in Figure 5F. We noticed that the classification in each
group of ipsilateral directions (the small squares in Figure 5D)
was much better than the groups with the same contralateral
directions (the small squares in Figure 5E), indicating the main
contribution of the separation was from the contralateral arm.
To further quantify the evidence, we trained two more classifiers
for each bimanual block, one for predicting ipsilateral and one
for contralateral directions. One example prediction result for the
bimanual task showed much better prediction performance for
the contralateral arm (comparing Figure 5G for ipsi-direction and
Figure 5H for contra-direction). The prediction accuracy for the
bimanual contralateral arm achieved 86.46% while the accuracy
for the bimanual ipsilateral arm was only 40.10% (Figure 5I,
p < 0.001, t-test). These results demonstrated that population-level
signals contained information related to the movements of bilateral
arms in the unimanual task, but mainly represent the information
related to the movements of the contralateral arm when using both
arms simultaneously, suggesting the contralateral preference of M1
population-level signals during bimanual movements.

3.3. Strong correlations disappeared
when switching to bimanual movements

Although the neural population was biased to contralateral
encoding during bimanual movements, the ipsilateral movement
was still represented, which can be indicated by the above
chance level decoding accuracy (Figure 5I). We then wondered
if single units changed their relationship between bilateral arm
representations across unimanual and bimanual tasks, which
was quantified as the correlation coefficient (cc) between their
tuning curves for both arms. As shown by the example neurons
in Figure 3, the tuning curves for ipsilateral and contralateral
movement were usually well-correlated in unimanual tasks
(cc = 0.95 and 0.57 for the top row in Figures 3A, B respectively).
This is also true for the population as shown in Figures 6A, B,
where the distribution of the cc skewed mostly rightward; around
47.0% of neurons in Figure 6B had a strong positive correlation
(cc > 0.75) during the unimanual task, which indicated congruent
directional tuning between two arms. However, when switched
to the bimanual task, the correlation of bilateral tunings sharply
decreased. For example, the cc of the neuron shown in the bottom
row of Figure 3B reduced to 0.22. At the population level, the
skewed distribution significantly changed to uniform as shown
in the scatter plot in Figure 6C and boxplots in Figure 6D
(Unimanual-8-direction, mean = 0.43, median = 0.51; Unimanual-
4-direction, mean = 0.41, median = 0.70; Bimanual: mean = 0.07,
median = 0.15, t-test, p < 0.001); only 12.8% of neurons with a
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FIGURE 4

M1 units had similar neural responses for the ipsilateral and contralateral arm movements in the unimanual task but changed to prefer the
contralateral arm in the bimanual task. (A) Scatter plot of the maximum absolute responses of the neurons during the ipsilateral versus contralateral
arm movements. The blue squares plot the 117 3-task-related neurons in the unimanual task. The lines with the shaded regions represent the best fit
line and 95% confidence interval for unimanual (y = 1.15x–0.34, R2 = 0.77; green) and bimanual (y = 1.24x–0.08, R2 = 0.88; orange) movements.
(B) Means of the maximum absolute responses for the unimanual ipsilateral (blue), unimanual contralateral (yellow), bimanual ipsilateral (red), and
bimanual contralateral movements (purple). Bars and error bars depict the means ± SD. (C) Scatter plot and histogram of the arm preference index
of the neurons during the unimanual versus bimanual arm movements. Each square represents a single neuron. (D) Boxplots of the median, the
25th, and 75th percentiles of the contralateral arm preference index for the data in panel (C). The squares represent the mean. Error bars indicate the
SD. *p < 0.05, **p < 0.01, t-test.

strong positive correlation and no significant difference was found
between the distribution for bimanual movements and the null
distribution (t-test, p > 0.05). The above results demonstrated
a decorrelation process between ipsilateral and contralateral arm
movements for M1 ensembles when switching to bimanual
movements.

3.4. Decorrelation between arms can be
attributed to the alternation in tuning
parameters

The above results showed that the tuning curves for each
arm were decorrelated in the bimanual task. Intuitively, the
decorrelation for neurons in Figure 3 are mostly attributed to
the great suppression in ipsilateral modulation. Actually, shifts
in directional tuning also existed on either the ipsilateral or
the contralateral side like the neuron shown in Figure 3B. We

further characterized the relationship between decorrelation and
the changes in tuning parameters, including both MDs and PDs for
each neuron.

For unimanual MDs, the example neurons in Figure 3A
depicted a strong positive correlation between the tuning curves
of both arms due to the similar bilateral MDs (cc = 0.95,
ipsilateral MD = 27.03 versus contralateral MD = 31.32 during
unimanual movements; the top row in Figure 3A). In contrast,
other neurons like the one in Figure 3B differed significantly; the
ipsilateral MD was almost 2 times greater than contralateral MD
(ipsilateral MD = 15.92 versus contralateral MD = 8.01 in the
unimanual movements; the top row in Figure 3B). In general,
the distributions for the ipsilateral and contralateral MDs are
highly overlapped in the unimanual task as shown in Figures 7A,
B. When switched to the bimanual task, both distributions
shifted leftward (i.e., lower MDs) relative to those for unimanual
movements, especially for the ipsilateral side (Figure 7C). This
was quantified in Figure 7D, in which the average MDs
showed an overall significant decrease for bimanual movements
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TABLE 1 Offline prediction accuracy (mean ± SD) using support vector machines (SVMs) for the unimanual and bimanual tasks.

Top-N accuracy Ipsilateral Contralateral 16 configurations Ipsi-direction Contra-direction

Top-1 32.50± 9.59% 40.31± 8.93% 35.16± 10.22% 40.10± 5.76% 86.46± 2.26%

Top-2 56.25± 11.32% 60.29± 8.03% 54.43± 13.45%

Top-3 68.44± 10.56% 75.63± 8.74% 67.45± 12.41%

Top-4 80.94± 8.22% 85.31± 5.91% 73.44± 12.91%

FIGURE 5

Offline discrete prediction for the unimanual and bimanual center-out tasks. (A) The support vector machine classifiers were used to classify each
trial’s movement direction using the neural responses. Example confusion matrix of offline prediction results on an ipsilateral block. Each square (i, j)
in the matrix is colored by the percentage of trials that target j was classified as target i. (B) The same as in panel (A), showing results from a
contralateral block performed on the same day. (C) Top-N accuracy of unimanual trials obtained by the SVM classifiers, for each ipsilateral and
contralateral block, respectively. Each diamond represents the mean prediction performance for a block. (D,E) As in panels (A,B), for the
classification results predicted by another SVM classifier for a bimanual block. The confusion matrices were shown according to the direction of the
ipsilateral and contralateral arm movements. (F) As in panel (C), for the bimanual center-out trials. (G) Confusion matrix for the same bimanual block
in panels (D,E), using the SVM classifier with a 4D output for the direction of ipsilateral arm. (H) As in panel (G), for the direction of contralateral arm.
(I) As in panels (C,F), for the mean prediction performance of the SVM classifiers with 4D output for the bimanual trials. The classifiers were trained
on all the selected neurons for each block. ***p < 0.001, t-test.

(Unimanual-4-direction: mean = 4.40 and 4.58, median = 3.27 and
3.36, for ipsilateral and contralateral arms; Bimanual: mean = 2.10
and 3.76, median = 1.73 and 2.60, for ipsilateral and contralateral
arms, t-test, p < 0.001).

We then examined whether the MD suppressions in the
ipsilateral and contralateral sides were at similar levels. As
shown in Figures 7E, F, we computed the MDs difference
between ipsilateral and contralateral arms for each neuron
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FIGURE 6

Neural activity for ipsilateral and contralateral arm movements was decorrelated across the unimanual and bimanual tasks. (A) For each neuron, we
computed the cc between the tuning curves for 8 movement directions of each arm in the unimanual task. (B) Same as in panel (A), but for the
4-direction data in the unimanual (green) and bimanual (orange) tasks. (C) Scatter plot of the cc in panel (B) for each neuron. 47.0% (55/117) of the
neurons had a strong positive correlation (cc > 0.75) between the tuning curves for the two arms in the unimanual task while it declined to 12.8%
(15/117) in the bimanual task. (D) Boxplots illustrated the median, the 25th, and 75th percentiles, and outliers outside the extremes (black diamonds)
for the cc in panels (A,B). The squares represent the mean. Error bars indicate the SD. Overall, these results revealed that the strong correlation
between the ipsilateral- and contralateral-related activity disappeared in the unimanual versus bimanual tasks. ***p < 0.001, t-test.

FIGURE 7

Both the ipsilateral and contralateral modulation depths (MDs) were significantly suppressed across unimanual and bimanual tasks, especially the
ipsilateral side. (A) Distribution of MDs for ipsilateral and contralateral arms during unimanual movements, for unimanual-8-direction data. (B) Same
as in panel (A), but for the 4-direction data. (C) Same as in panels (A,B), but for bimanual movements. (D) Boxplots of MDs across neurons.
(E) Comparison of MDs between arms during the unimanual versus bimanual movements for unimanual-8-direction and bimanual data. (F) Similar
to panel (E), but for unimanual-4-direction and bimanual data. The significant suppression of the MDs of both arms was observed during the
bimanual versus unimanual task. While the distributions of MDs for both arms were similar during the unimanual task, the shifts in MDs during the
bimanual task led to the larger MDs in the contralateral versus ipsilateral sides in the bimanual task. **p < 0.01, ***p < 0.001, t-test.

and showed that the number of neurons with a larger
contralateral MD had a substantial increase (59 versus 79
among the 117 neurons for unimanual-4-direction versus

bimanual movements; Figure 7F). Moreover, the mean
of contralateral MDs became significantly larger than the
ipsilateral ones in the bimanual task (Unimanual-4-direction:
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mean = 0.08, median = 0.05; Unimanual-8-direction: mean = 0.08,
median = −0.05; Bimanual: mean = 1.66, median = 0.65;
p < 0.001, t-test; right columns in Figures 7E, F). These
results revealed that the bimanual coordination results in the
suppression of bilateral modulation, especially for the ipsilateral
side.

Next, we investigated how the PDs change across unimanual
and bimanual tasks. As shown in Figure 8A, the ipsilateral and
contralateral PDs showed great similarity in the unimanual task
(top and middle rows) but lost alignment when switching to the
bimanual task (bottom row). The heatmaps in Figure 8A depicted
that 46.2% of the neurons exhibited the same PDs for bilateral arms
in the unimanual task but decreased to 30% when using both arms
simultaneously (diagonal panels; 54/117 and 34/117 neurons for
unimanual-4-direction and bimanual data).

We further quantified how single units altered their PDs
across unimanual and bimanual tasks. As shown in the heatmap
in Figure 8B, the bimanual movements resulted in PD shifts
on both sides, which altered by 67.7 ± 5.5◦ and 66.9 ± 6.07◦

for ipsilateral and contralateral arms (mean ± SEM). These
indicated the same degree of neuronal PD shifts on both
sides. The same results can also be obtained at the single-
unit level as the classification results depicted in the pie chart
in Figure 8B; 29.1% of neurons exhibited significant PD shifts
on the ipsilateral side while 29.9% exhibited contralateral PD
shifts.

We then wondered if these alternations in PDs for ipsilateral
and contralateral arms result in changes in the bilateral
relationship, which was quantified as the difference between
contralateral and ipsilateral PDs (1PD) across unimanual versus
bimanual tasks. For example, the neuron in Figure 3A had
identical PDs when using either the ipsilateral or contralateral
arm, (1PD = 0◦) but its bilateral PDs were perpendicular
in the bimanual task due to the PD shift in the contralateral
side (1PD = 90◦). In contrast, the second example neuron
in Figure 3B exhibited opposite PDs in the unimanual task
(1PD = 180◦) and the difference decreased in the bimanual
task (1PD = 90◦) due to the changes in PDs of both arms.
The distribution of the heatmaps in Figure 8C skewed mostly
leftward, indicating the increased 1PD across unimanual and
bimanual tasks, which changed from 61.5 ± 6.0◦ to 83.8 ± 6.0◦

(mean ± SEM). For single units, the pie chart showed the
statistical results that over half of neurons (58.1%) exhibited
changes in 1PD across unimanual and bimanual tasks; while
20.5% had larger 1PD in the unimanual task, more neurons
(37.6%) had larger changes in PD when switching to the bimanual
task.

Generally, these results indicated that the bilateral directional
tunings were highly correlated during unimanual movements,
but were decorrelated when using both arms simultaneously.
These changes can be attributed to the suppression of MDs for
ipsilateral and contralateral arms, especially the ipsilateral side,
and the increased bilateral PD shifts (1PD) across the two tasks
contributed by similar-level PD shifts for both arms.

4. Discussion

In this study, we investigated how bimanual arms coordinate
in human M1. Our results contribute to the findings (Donchin
et al., 2002; Ames and Churchland, 2019) that the M1 outputs
are not lateralized during unimanual movements, yet when using
both arms simultaneously, the representation shifts to contralateral
side. We found a reduction in the correlation between each arm’s
representation across the unimanual and bimanual movements.
Moreover, we identified that these changes can be attributed to
the modification in tuning parameters, including MDs and PDs.
These results provide further proof to the hypotheses of bimanual
coordination obtained in physiological studies with non-human
primates.

Our results are consistent with the suggestion that the ipsilateral
modulations were separable (Donchin et al., 2002; Rokni et al.,
2003; Diedrichsen et al., 2013; Ifft et al., 2013; Ames and
Churchland, 2019; Berlot et al., 2019; Cross et al., 2020; Willett
et al., 2020), suggesting a bilateral encoding of movement direction
in the motor cortex. We demonstrated a BCI system with a
72 year-old patient with tetraplegia that was implanted with a
microelectrode array in the arm area of his left M1 to record
the neural signals during the motor imagery tasks. Most recorded
neurons (117/136) in our study responded to both the unimanual
and bimanual movements like the two typical neurons in Figure 3
which exhibited selectivity for the movement directions or the
specific arm used. Actually, as depicted in Figure 4, neuronal
responses exhibited separability for bilateral arms even across
unimanual and bimanual tasks. These clinical results supported the
mixed representation in the unilateral motor cortex and argued the
opinion proposed by the classic electrical stimulation study (Leyton
and Sherrington, 1917; Penfield and Boldrey, 1937; Sessle and
Wiesendanger, 1982) that the limb movements were contralaterally
mapped in the human body.

Our results support the idea that the neuronal responses in
M1 were not lateralized during unimanual movements (Donchin
et al., 2002; Ames and Churchland, 2019; Willett et al., 2020), and
provided further evidence that neuronal responses biased to the
contralateral side when switching to bimanual movements. While
prior non-human studies with digit movements (Tanji et al., 1988;
Aizawa et al., 1990) observed fewer ipsilateral-related activities in
M1, it was disagreed by the fMRI studies with digit movements
(Diedrichsen et al., 2013; Berlot et al., 2019) and other studies with
arm movements (Donchin et al., 1998, 2002; Kermadi et al., 1998,
2000; Steinberg et al., 2002; Cisek et al., 2003; Rokni et al., 2003).
In our study, like in non-human studies (Donchin et al., 2002;
Ames and Churchland, 2019), we showed a similar proportion
of neurons with either arm preference, indicating a similar level
of neural responses for bilateral sides in the unimanual task. For
the neural population, we proposed a similar level of prediction
performance for the bilateral arms which also supported the non-
lateralization. These results are consistent with the clinical study
with movements across the whole-body parts regardless of using
digits or arms (Willett et al., 2020). While the lateralization in
the unimanual task has been investigated in several studies, we
further proposed that the M1 outputs are biased to the contralateral
side when using bimanual arms simultaneously at both the single-
unit and population resolution. This change can be attributed to
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FIGURE 8

The same degree of preferred direction (PD) shifts for ipsilateral and contralateral sides across unimanual and bimanual tasks. (A) Top row
Distribution of PDs for the ipsilateral (blue) and contralateral (yellow) arm movements, for the unimanual-8-direction data. Middle row and bottom
row Same as in the top row, but for the unimanual-4-direction data (middle row) and the bimanual data (bottom row). (B) Top row and middle row
Distribution of the PD shifts for ipsilateral (y-axis) and contralateral (x-axis) arms across unimanual versus bimanual tasks, for 8-direction (top row)
and 4-direction data (middle row). Bottom row Classification of neurons according to the degree of ipsilateral and contralateral PD shifts across
tasks, for 4-direction data in the middle row. While the bronze squares represent the neurons with the same ipsilateral and contralateral PD shifts
across unimanual and bimanual tasks, blue squares and yellow squares represent those with larger ipsilateral PD shifts and larger contralateral PD
shifts, respectively. (C) Top row and middle row Distribution of 1PD during unimanual (x-axis) versus bimanual (y-axis) movements, for 8-direction
(top row) and 4-direction data (middle row). Bottom row Classification of neurons according to the degree of 1PD during the two tasks, for
4-direction data in the middle row. Similar to panel (B), the neurons with the same 1PD in the unimanual and bimanual tasks are marked with
bronze squares, and other neurons with larger 1PD in unimanual or in bimanual tasks are marked with green and orange squares, respectively. The
above results show that the ipsilateral and contralateral sides exhibited the same degree of PD shifts across unimanual and bimanual tasks and these
shifts contributed to the larger 1PD in the bimanual versus unimanual tasks.

the one-third of neurons (33.3% of 117) like that in Figure 3B
exhibiting an ipsilateral preference during unimanual movements
but exhibiting inverted preference during bimanual movements.

Our results supported the findings (Steinberg et al., 2002;
Rokni et al., 2003; Diedrichsen et al., 2013; Cross et al., 2020)
that the ipsilateral and contralateral representations were correlated
in M1 during unimanual movements, but few provided direct
comparisons in the bimanual task. Our results of correlated
directional tunings of bilateral arms were consistent with prior
studies concerning the PDs of neuronal response properties,
however, a non-human study with a cycling task concerning the
temporal information of response properties proposed the limb-
dependent hypothesis. A possibility is that the neurons might
preserve direction selectivity when using either arm but delayed in
conveying information from the ipsilateral side. In a near-infrared
spectroscopy study (Shibuya et al., 2008), delayed oxygenation
was observed in the ipsilateral M1, suggesting the time lagging in
the ipsilateral tuning which might contribute to the decorrelated
bilateral arm response found in the cycling task. For bimanual
movements, while Rokni et al. (2003) proposed that the neurons
lost their correlation in the bimanual task due to a substantial

suppression in ipsilateral amplitudes and PD shifts, Cross et al.
(2020) argued that there’s a small reduction in activation and little
shifts in PDs for both arms during bimanual movements. Here,
we provided detailed results about bilateral directional tunings and
suggested that there is a significant decorrelation process between
arms when switching to bimanual movements.

Our conclusion provides further evidence that the changes
in the bilateral relationship across unimanual and bimanual
movements can be attributed to the suppression of MDs for both
arms, especially the ipsilateral side (Figure 9). We supported
the suggestion (Cross et al., 2020) that MDs of ipsilateral and
contralateral sides were similar during unimanual movements,
though other non-human studies for M1 (Steinberg et al., 2002;
Rokni et al., 2003) and PMC (Willett et al., 2020) showed a
nearly 50% reduction in ipsilateral modulations. For bimanual
movements, our results supported the notion (Rokni et al., 2003)
that the bimanual coordination contributed to a reduction in
MDs for both arms, especially the ipsilateral side (Figure 7D);
therefore, the contralateral MDs became significantly larger than
the ipsilateral ones for neural ensembles (Figures 7E, F). However,
these results argued the findings in a recent study with a postural
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FIGURE 9

We observed that the outputs of the M1 area were not lateralized when using either arm and the directional tunings for ipsilateral and contralateral
arms were highly correlated. However, when switching to bimanual movements, there was a decorrelation process and the outputs were biased to
the contralateral side. We speculate that the changes in the bimanual relationship can be attributed to the alternation of tuning parameters, such as
the increased 1PD contributed by both the ipsilateral and contralateral sides and the significant suppression in bilateral MDs, especially the ipsilateral
side.

perturbation task which proposed that the ipsilateral-related and
contralateral-related modulation was suppressed at a comparable
degree.

Our finding that the same-level PD shifts in bilateral sides
contributed to the increased 1PD is the other reason for the
decorrelation process (Figure 9). Our results for similar changes in
PDs for ipsilateral and contralateral arms across tasks (Figure 8B)
argued the prior finding (Cisek et al., 2003; Rokni et al., 2003; Ifft
et al., 2013; Cross et al., 2020) that the shifts in ipsilateral PDs
were larger than contralateral ones. Our results also showed that the
PD shifts in bilateral arms resulted in increased 1PD (Figure 8C),
which supported the results obtained in previous studies (Rokni
et al., 2003). However, our results argued the findings in another
study which found that most M1 neurons maintained their PDs
when using both arms simultaneously (Cross et al., 2020).

A plausible explanation for these changes in the bilateral
relationship across unimanual and bimanual tasks is that the
corpus callosum induces a local inhibition in M1. With the callosal
afferent inputs, single units’ response properties are altered to
enable bimanual coordination which could be quantified as tuning
parameters. In our study, the suppression in ipsilateral discharge
frequency and bilateral PD shifts (1PD) are two factors of changes
in the lateralization and decorrelation process. Indeed, previous
clinical studies with callosal participants showed that the normal
participants had a better performance in controlling bimanual
arms simultaneously and revealed the essential role of the corpus
callosum in bimanual coordination (Serrien et al., 2001; Kennerley
et al., 2002).

Like other motor imagery studies (Aflalo et al., 2015;
Alimardani et al., 2018), one limitation of our study would
be that the recorded signals represent mixed visual cues and
motor imagery, which we could not distinguish. Further study
with no sensory cue or other modality like auditory cue could
tell apart these effects. The visual cues, however, served as
control variables and held constant throughout the unimanual and
bimanual imagery tasks. Therefore, the changes observed across
two tasks in single units and population decoding results cannot

be simply explained by visual signals. It is also important to
note that the subject (who cannot move his arms) in our study
imagined all discrete arm movements, while most prior works were
conducted with non-human primates (with freely moving arms)
during attempted movement. The volitional state engaged in these
paradigms are distinct (but hard to measure), which may contribute
to the different findings among these works (Rastogi et al., 2020).
Additionally, as the participant received no feedback (neither for
the experimenters) during the experiment, the imaginary process
depends on how he engaged in the task. However, to make sure the
participant performed the task as close as we instructed, we used
offline decoders to verify the intended movements are decodable
and visualized the prediction results during the experiment. The
decoding results in our paper were similar to those in prior works
with attempted movements, revealing that our participant was at
least engaged in the task.

Our study focused on the bimanual coordination in human left
M1 of a participant with tetraplegia and proposed further evidence
for how bilateral arms coordinate that obtained previously in
non-human primates. These provided the possibility for bimanual
control with only a single brain region under BCI systems and may
contribute to the development of future clinical neuroprosthetics
systems that enable paralyzed individuals to regain the bimanual
upper arms function and perform natural behaviors of daily life.
There’s a tendency for BCIs to control multiple limbs and perform
precise interlimb tasks. As for future clinical applications, including
more participants and adding blank control groups with simple
observation or audio cues may help tease out the contamination
of sensory input. Moreover, online decoding with closed-loop
paradigms (Orset et al., 2021), intra-cortical microstimulation
(ICMS) with tactile feedback (Collinger et al., 2018; Flesher et al.,
2021), and effective training methods like adding biased feedback
(Mladenovic et al., 2022) or training with error amplification
(Marchal-Crespo et al., 2017) may help to improve the performance
of BCI systems and thus facilitate the recovery of their arm
function.
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