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Abstract

Bilateral proprioception includes the ability to sense the position and motion of one hand rel-
ative to the other, without looking. This sensory ability allows us to perform daily activities
seamlessly, and its impairment is observed in various neurological disorders such as cere-
bral palsy and stroke. It can undergo experience-dependent plasticity, as seen in trained
piano players. If its neural correlates were better understood, it would provide a useful assay
and target for neurorehabilitation for people with impaired proprioception. We designed a
non-invasive electroencephalography-based paradigm to assess the neural features rele-
vant to proprioception, especially focusing on bilateral proprioception, i.e., assessing the
limb distance from the body with the other limb. We compared it with a movement-only task,
with and without the visibility of the target hand. Additionally, we explored proprioceptive
accuracy during the tasks. We tested eleven Controls and nine Skilled musicians to assess
whether sensorimotor event-related spectral perturbations in y (8-12Hz) and low-(8 (12-
18Hz) rhythms differ in people with musical instrument training, which intrinsically involves a
bilateral proprioceptive component, or when new sensor modalities are added to the task.
The Skilled group showed significantly reduced p and low-8 suppression in bilateral tasks
compared to movement-only, a significative difference relative to Controls. This may be
explained by reduced top-down control due to intensive training, despite this, proprioceptive
errors were not smaller for this group. Target visibility significantly reduced proprioceptive
error in Controls, while no change was observed in the Skilled group. During visual tasks,
Controls exhibited significant y and low- power reversals, with significant differences rela-
tive to proprioceptive-only tasks compared to the Skilled group—possibly due to reduced
uncertainty and top-down control. These results provide support for sensorimotor y and low-
B suppression as potential neuromarkers for assessing proprioceptive ability. The identifica-
tion of these features is significant as they could be used to quantify altered proprioceptive
neural processing in skill and movement disorders. This in turn can be useful as an assay
for pre and post sensory-motor intervention research.
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1 Introduction

Movement is both a fundamental necessity for survival and a means for creative, linguistic,
and athletic expression. Tasks like tying our shoes, playing a musical instrument, or kicking a
soccer ball require accurate and dexterous control of our bodies. Although movement has
been studied from multiple perspectives (e.g., kinematics, kinetics, muscle activation patterns,
etc.), our understanding of the complex use and integration of real-time sensory (afferent)
feedback and input from prior experiential learning (practice and memory) toward movement
planning and execution is limited [1,2]. The cohesive integration of sensorial information
from different sources is a vital component of movement planning [1,3]; apart from vision,
proprioception is another type of this sensorial information. Proprioception, denoting "the
perception of one’s self” in Latin, is used to estimate the position and movement of body seg-
ments [4].

Damage to brain regions responsible for muscle control leads to impaired movement. Simi-
larly, but less studied, damage or deterioration of proprioceptive sensing and/or processing
may also lead to impairment [5-7]. The latter complicates the assessment process of motor
deficiencies, making it difficult to know the true source of impairment. As a result, contribu-
tions to impairment from proprioceptive losses may be overlooked or underrepresented dur-
ing clinical evaluation. It is known that proprioceptive accuracy deteriorates with age [8,9],
potentially contributing to increased proneness to accidents in the elderly [10]. Proprioceptive
and somatosensory deficits have also been related to functional deficits in people with move-
ment disorders in hemiplegic cerebral palsy [5], Parkinson’s disease [11], and in stroke [7].
Additionally, these deficits predict therapy gains in chronic stroke patients [12]. A deeper
understanding of proprioception as a contributor to motor control is essential for formulating
new therapeutic approaches, developing tools, and designing interventions capable of maxi-
mizing motor functional gains in people with movement disorders.

Neural mechanisms in proprioception are under active investigation using diverse neuro-
imaging modalities, such as functional magnetic resonance imaging (fMRI) [8,13-21], posi-
tron emission tomography (PET) [13,22] and electroencephalography (EEG) [23-25],
complemented by insights from behavioral results [26-29]. These studies aim to assess: 1)
brain regions and rhythms that correlate with proprioception, and 2) changes in propriocep-
tion-related activation after a central nervous system injury or a movement disorder. In indi-
viduals with intact proprioception, processing of this information activates contralateral
sensorimotor regions, particularly the parietal cortex [17,20,25,30] and contralateral posterior
parietal cortex (PPC), as indicated by both fMRI [15] and EEG studies [25]. In individuals
with injuries, such as post-stroke, lesions in multiple brain areas, including the right supramar-
ginal gyrus [31], and parietal operculum (the secondary somatosensory cortex) [17], have been
linked to upper-limbs proprioceptive deficits.

Typical proprioception paradigms studying activation of brain regions often use passive,
illusive movement [13,16,19,20,24,32], or active movement in positional replication tasks
[18,25,30,33]; with most of these studies using memory-based unilateral tasks [18,30,33],
where participants replicate a perceived position from memory with the same hand [34,35].
However, daily activities, mostly bimanual, require bilateral integration of proprioceptive and
sensory information from multiple sensory sources. Brain activation patterns in bilateral pro-
prioceptive tasks, in which participants match positions or joint configurations of a concurrent
perceived target with the other hand [34,35], are less explored compared to unilateral tasks.
However, similar activation patterns to those in unilateral matching replication have been
observed for upper [20,30] and lower extremities [18]. Behavioral results from bilateral tasks
reveal asymmetries in proprioceptive performance favoring the non-dominant limb
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[26,27,36,37], which supports evidence of enhanced right hemisphere activation related to pro-
prioceptive processing in right-hand dominant people [14,16,25,30]. Non-dominant limb
increased proprioceptive acuity has been linked to the stabilization role of this limb during
bimanual tasks [38-40].

Research on sensorimotor brain rhythm modulation in bilateral and unilateral propriocep-
tive tasks is limited. Investigating physiological aspects of proprioception using EEG during
active moments presents challenges due to the spatial resolution of EEG, resulting in mixed
activity from close cortical areas responsible for movement and sensation [41,42]. Despite
these challenges, careful experimental design and clever comparison of features can help the
study of these neural correlates. Marini [25] demonstrated evidence of mu (u) power modula-
tion during a unilateral proprioceptive-memory task, yet studies on processing of propriocep-
tive information during bilateral tasks are lacking. Further, the involvement of other frequency
bands, such as the beta band (), known for participating in several sensorimotor and cogni-
tive processes [43,44], remains an unexplored aspect for these tasks.

Skill training, such as in playing musical instruments (piano, guitar, etc.) presumably opti-
mizes proprioceptive processing or limb position sense [45,46], especially bilateral propriocep-
tion—understanding the position of one limb relative to the other—, and motor processing
[47]. Proficiency in playing instruments relies on efficiently understanding hand positions rel-
ative to the other, the body (intrapersonal), and the instrument (extrapersonal) [48]. For exam-
ple, young pianists exhibit enhanced wrist proprioception [46]. String instrument players
show changes in the motor cortex hand representations [49], and changes in white matter
architecture, associated with more efficient processing of sensorimotor information [50].
These adaptations contribute to faster reactions to sensory stimuli and better integration of
information from multiple sensory sources [47].

Considering these insights, we developed an EEG study to examine and compare neural
correlates during a simple, active movement task involving bilateral intra-personal concurrent
targets (always present in the workspace without relying on memory). Two distinct cohorts of
participants were recruited, healthy adults (Controls) and those trained in playing musical
instruments (Skilled). This study aims to understand adaptive mechanisms of sensory infor-
mation processing attributable to dexterous training, and differences in power modulation for
these groups related to multi-source sensory integration. This is done by assessing oscillatory
brain activity associated with bilateral distance matching in the p (8-12 Hz) and low-beta (12-
18 Hz, low-B) band, subset of beta band known to be related to upper extremity control and
afferent signal processing [51].

Participants performed repetitions of a hand-distance-matching task where the non-domi-
nant (ND) hand (known for increased proprioceptive accuracy,[26]) set target distances to be
matched with the dominant hand, restricted to a single dimension (distance from the body).
This task was performed with and without visual confirmation of the target distance set by the
guiding hand, hereafter known as Bilateral Distance Matching (BDM) and Bilateral Distance
Matching with vision (BDM-v). These tasks sought to capture information about setting a per-
ceived (proprioceptive or visuo-proprioceptive) target and translating it into a motor com-
mand executed by the opposite hand. Additionally, participants perform a reaching task (No
Target Distance, NTD) without a proprioceptive target to match, allowing discrimination of
electrophysiological differences related to bilateral proprioceptive matching during active
movement versus active movement alone. In all the experimental tasks, participants move
their hands in a constrained workspace while wearing a) motion tracking sensors on their
hands that provide precise and dynamic movement locations, used to compute distance mis-
match in proprioceptive tasks as matching error; and b) EEG electrodes on the scalp for simul-
taneously recording their electrical brain activity. Vision of the matching hand is occluded in
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all repetitions of NTD, BDM and BDM-v, while vision of the guiding hand is occluded in
BDM and not in BDM-v. All movements are active and time-limited but allow the participants
to decide important aspects of movement (pseudo-self-paced), with no assistance from a robot
or other external device.

We hypothesize that bilateral proprioception matching will involve modulation of contra-
lateral (with respect to the matching hand) u band power (as seen in [25] for unilateral tasks)
and low-p band power (involved in sensorimotor processes for upper extremities, [43,44,52]).
The effect of visuo-proprioceptive integration will be represented by modulation of p and low-
B band power [14,15,25,53], and will be accompanied with smaller proprioceptive errors
[1,53]. In behavioral assessments we expect the Skilled group to have a higher proprioceptive
accuracy (lower distance error) compared to the Controls group [46]. Moreover, their neural
correlates will be significantly different from the Control group.

2 Methods

2.1 Participants

A group of 20 healthy individuals (6 females, 14 males; mean age 35.1 + 16.5 years) partici-
pated in the study. All participants were right-handed (self-reported) and had no known neu-
rological disorders at the time of the study. Recruitment was performed on the University of
Idaho Campus with recruitment including people from the School of Music. Participants
naive to musical instrument playing, or with no history of consistent musical instrument prac-
tice in the last 5 years (self-reported) were grouped as the ‘Control group’ (n = 11, 3F/8M,

32.2 + 15.4 years of age); while those with considerable (professional) musical training in string
instruments and piano were grouped together as the ‘Skilled group’ (n = 9, 3F/6M, 38.6 +18.0
years of age). Participants in this group reported regular practice in the last 5 years, averaging
12.6 + 5.8 hours of weekly practice. The Skilled group were adept at piano (n = 8) or guitar

(n = 1), with an average music experience of 30.9 £ 18.9 years. Information about these partici-
pants is presented in Supplementary Information 3 (S1 Table). These instruments were
selected due to the important bilateral proprioception component required to play them profi-
ciently [48]. The experiment was performed at the Integrated Research and Innovation Center
at the University of Idaho and approved by the Institutional Review Board of the University of
Idaho (#21-191). All participants provided written informed consent prior to participation in
the study.

2.2 Experimental setup

The goal of the experiment was to determine the neural correlates of proprioception during
bilateral hand distance matching tasks. For this, the participant is prompted via unique audi-
tory cues to make non-dominant (left-) hand movements to set a target (horizontal distance
from the body), and to match this horizontal distance with the dominant (right-) hand. During
the experiment, we recorded a) brain signals, with a non-invasive full-head EEG acquisition
system [54], and b) precise hand movements with a camera-based motion tracking system
[55].

2.2.1 Workspace. Participants were seated comfortably in a chair, centered in front of a
table that delimited the workspace. The proximity of the chair to the 91x91x72.5 cm (width x
depth x height) table allowed equal range of motion for both arms within the workspace (Fig
1B and 1C). The view of the workspace was occluded by a retractable structure with dark cloth
that minimized perception about the position of their limbs in space, ensuring that partici-
pants would not get information about their limb positions based on touch between their arm
and the cloth. This cloth draped around the participant’s neck (Fig 1B and 1C) and allowed
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Fig 1. Experimental setup. a) Data collection hardware schematic for experimental setup. b) Experimental workspace front view, partial vision occlusion
apparatus and motion capture marker frames shown. c¢) Experimental workspace, top view. d) EEG montage and selection of spatial features. Blue region
represents the contralateral sensorimotor area.

https://doi.org/10.1371/journal.pone.0299873.9001

rapid switching between experimental modalities (vision occluded/partially occluded). The
experiment was conducted in a space with controlled lighting and sound.

2.2.2 Motion capture data acquisition. A 4-camera motion-tracking system (Optitrack
Flex-13 cameras with Motive software) [55] was used to capture precise hand movements dur-
ing various tasks of the experiment. An aluminum structure with 4 posts around the experi-
mental table held each camera (Optitrack Flex 13, 120 frames per second) at a height of 115
cm from the table’s surface. Cameras tracked reflective markers that were located on the par-
ticipant’s hands. The position of each marker was given with respect to a coordinate frame on
the table (x-axis positive to the right, y-axis positive up, z-axis positive into the subject, see Fig
1A and 1C). A mean tracking error of 0.235 mm was observed during calibration. We used
three sets of reflective markers, placed on the dorsum of both hands of the participant (shown
in Fig 2A). These include: a) one marker on the tip of the middle finger of each hand, b) a
unique configuration of 3-4 markers (3 for the dominant hand, 4 for the non-dominant hand)
on the base of the phalanges, fixed to a small custom 3D printed square tile with depressions
for the spherical markers, worn as a ring, and c) adhesive markers on the dorsal surface of two
MCP joints (middle and little finger). In the Optitrack Motive software, all 3 marker sets on
each hand are connected as a rigid body, allowing more accurate tracking of the fingertip,
which is used to indicate the extension distance of the hands in this study. The onset of each
trial (i.e., the moment in time when the participant heard the auditory cue to move the hand)
was used to trigger motion-capture data recording, and to mark the data with a unique identi-
fier state sent by the BCI2000 software via the appConnector module [56].

2.2.3 EEG setup and data acquisition. 32-channels of referential EEG were recorded at
512Hz, using a g.Hiamp [54] and BCI2000 data acquisition software [56]. Active Ag/AgCl-
ring electrodes were placed using positions from the 10-10 standard International EEG mon-
tage (Fig 1D), with ground at anterior frontal zero (AFz) and reference at the left earlobe. Elec-
trode impedances were maintained below 20kQ). Participants were cued to move hand(s),
pause and retract hand(s) via auditory cues (300 ms duration, synthesized female voice
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Fig 2. Marker location and proprioceptive matching and replication errors. a) Marker location on right (dominant)
and left (non-dominant) hands. b) Example of proprioceptive matching error calculation for bilateral distance
matching (left) and unilateral distance replication (right) tasks. c¢) Stimulus presentation and hardware retriggering. d)
Delay of hardware retriggering versus BCI2000 stimulus.

https://doi.org/10.1371/journal.pone.0299873.g002

commands or tones of 500 and 1500 Hz), presented with the BCI2000 Stimulus Presentation
module [56]. The speaker was placed centrally behind the participant, to avoid any sound loca-
tion bias. Additionally, we used a hardware re-triggering approach to ensure that the stimulus
onset precisely recorded the moment when the stimulus was heard, rather than when it was
scheduled to be played (Fig 2C and 2D). This approach uses auditory cues that are transmitted
as stereo signals, with the left channel carrying the spoken (or tone) cue to the speaker; and the
right channel carrying a tone burst (75 ms duration, [500-1500] Hz freq. range) that is cap-
tured by a microcontroller (Teensy 2.0, ATMega32U4). The microcontroller instantaneously
captures and converts the incoming tone into a digital TTL pulse, and transmits it to the EEG
acquisition system via a BNC cable (Fig 1A). This is recorded as a digital I/O trigger channel in
sync with the EEG data. This real-time auditory signal conversion was made possible with the
help of a modified version of the Audiomath library [57] and the Teensy 2.0 USB-microcon-
troller board. We used unique tones to record the onset of different conditions.

2.2.4 Auditory cues. Auditory cues were provided with the Stimulus presenter app mod-
ule of BCI2000 [56]. The auditory cues prompted the participants during the experiment with
either synthesized voice commands or tones. Unique tones indicated bilateral matching phase
(frequency 500 Hz with duration 75 ms) and unilateral distance replication phase (frequency
1500Hz with duration 75ms).
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a)

2.3 Paradigm design

Our hand position matching tasks are similar to those used in studies that measured proprio-
ceptive accuracy and hand motion [34,58,59]. Participants performed bilateral and unilateral
proprioceptive tasks presented sequentially, with and without partial visual occlusion of the
workspace. In this paper we will only analyze results from bilateral matching tasks (BDM and
BDM-v). Both groups of participants also completed another vision occluded task in which no
matching was performed, this task consists of dominant (right) hand motion only and was
used to reference the analysis of neural correlates of bilateral proprioception, with the aim of
removing neural correlates of active motion.

In the proposed bilateral hand distance matching task (BDM and BDM-v), participants
were asked to accurately pair the perceived reach (horizontal) distance of the non-dominant
hand with the dominant hand. In the unilateral distance replication task (UDR and UDR-v),
the goal was to recreate the reach distance of the dominant hand from memory after it had
recently been held and retracted from a location. This distance resulted from the attempted
matching in the bilateral matching task. For the visual modality, participants are allowed to
only see the guiding hand in the target distance setting phase (TDS, Fig 3A). The position indi-
cator used to assess placement accuracy was the marker on the tip of the middle finger.

At the start of each trial, both hands were placed (prone) at the reference (or home) position
(arms opened at shoulder’s width with the palms resting at the edge of the table, shown in Fig
3A, Baseline phase). The first cue (spoken word “left”) indicated non-dominant hand move-
ment (Fig 3A, TDS phase). For this phase participants had been instructed to repeatedly extend
and retract their non-dominant (left) hand straight out at their own pace, while keeping their
hand above the table without touching it. A randomized period between 2 and 3 seconds after
the “left” cue, a “wait” cue instructed them to rest that hand on the table while maintaining the
z position (horizontal distance) at the time of the cue. One second after the “wait” cue, a
unique tone instructed them to extend their dominant hand (occluded from view and resting
on the table) to try and match the fingertip extension of their non-dominant hand (Fig 3A;
BDM, BDM-v). They had 2 seconds to perform this matching, before they were cued to relax
both hands bringing them back to the home position. This was followed by a second unique
tone, cueing them to replicate the extension distance of the dominant hand (occluded from
view, relying on unilateral proprioception) from the previous bilateral matching task (Fig 3A;
UDR, UDR-v). After allowing 2 seconds for replicating, the “relax” command directs the par-
ticipants to bring their dominant hand to the home position. The trial ends with a randomized
inter-trial rest period of 1 to 2 seconds.

TDS(Target Distance Setting): cue = word Wait: Cue = beep  : Motion capture trigger b)
BDM/BDM-v: Cue = Stereo beep Relax: Cue = word NTD: Cue = word
UDR/UDR-v: Cue = Stereo beep Done: Cue = word Relax (End): Cue = word
Start BDM UDR End Start End
TDS BDM-v UDR-v ! NTD !
Baseline Wait Relax Relax . Baseline '
1s [2-3]s | 1s | pE | 1s | 2s | [0-11s, _ 1s | [2-3]s 4
Time (s) g Time (s)
Mu . ey et {‘ T e Rl “H

Fig 3. Timing for one trial of the experimental paradigm. a) Timing schema for bilateral (BDM, BDM-v) and unilateral (UDR, UDR-v) proprioceptive
matching tasks. b) Timing schema for the movement without proprioceptive matching (NTD) task.

https://doi.org/10.1371/journal.pone.0299873.g003
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Task modes with and without vision were randomly interspersed as blocks of 11 trials each.
A total of 132 proprioceptive trials were collected in a single session with 12 blocks of 11 trials;
66 repetitions in total for each task in both modalities (vision occluded, and vision not
occluded). For these tasks, the dominant hand was always kept occluded from view. The non-
dominant hand was either made a) visible (in 50% of the blocks; BDM-v and UDR-v tasks), or
b) kept occluded (in BDM and UDR tasks). In addition, we also interspersed 3 blocks of 22
short trials (66 repetitions), with only dominant hand movement without proprioceptive
matching (NTD, occluded from view), corresponding to Fig 3B, for use as a reference in the
analysis.

The experiment was performed in a single session of 90 minutes, with rests between blocks
to ensure engagement and motivation. Three minutes of practice trials were performed prior
to commencing data collection, allowing participants to be acquainted and comfortable with
each condition and its cues.

2.4 Analysis

2.4.1 Motion capture data analysis. Trajectory data for each hand location was sorted by
experimental task (BDM, BDM-v; first green shaded time periods in Fig 3A). Repetitions con-
taminated by artifacts were removed by visual inspection. Trials with erroneous movement or
with motion tracking system noise were flagged and removed. An average of 1.7 + 2.8 repeti-
tions were removed from the BDM task and 1.6 + 2.8 were removed from the BDM-v task for
all participants.

To quantify participant’s proprioceptive accuracy and assess their ability to perceive dis-
tance discrepancies between hands (guiding and matching hands), proprioceptive matching
errors were derived. These errors were computed using averaged samples of extension distance
(z position in Fig 1C) during the last 24 samples (100 ms) for each trial. The analysis of errors
was confined to one dimension to simplify the analysis of EEG signals.

For the bilateral matching task (tasks BDM and BDM-v) matching error, ey, was computed
as the absolute value of the horizontal distance difference between the left (non-dominant, tar-
get) and right fingertips (Fig 3A). Global proprioceptive errors were computed as the median
error across trials for each experimental task (BDM, BDM-v).

2.4.2 EEG data analysis. Data was processed in Matlab (R2019a, The Mathworks, Nat-
wick, MA), using EEGLAB [60] and custom functions. EEG data was down-sampled to 256
Hz, high-pass filtered with a cutoff frequency of 0.5Hz (Hamming Windowed Sinc FIR filter
with automatic estimation of filter length [60]), followed by line noise removal (60Hz and har-
monics, using the CleanLine plugin [61]). EEG channels were inspected and flagged for
removal if they contained more than 5 seconds of flat activity (no channels were flagged from
this experiment). Data was then re-referenced to the common median reference, followed by
removal of transient high-amplitude artifacts using an objective artifact subspace reconstruc-
tion method [62]. Data was then re-referenced to the common median reference again, prior
to further denoising.

Next, we used independent component analysis—AMICA [63], and EEGLAB IClabel plugin
[64] to automatically identify and remove signal components that contain artifacts. The
denoised data was epoched (-1 to 2 seconds) into trials, with the hardware re-triggers indicat-
ing time zero for each experimental task. Lastly, at the trial level, we used a custom function to
automatically remove trials with artifacts based on pre-specified statistical metrics (Average
amplitude and Kurtosis across trials). On average for all participants, 2 + 1.6 repetitions were
removed for the NTD task, 2 + 1.9 repetitions were removed from the BDM task, and
1.45 + 1.4 repetitions were removed for the BDM-v task.
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2.4.3 Event Related Spectral Perturbation (ERSP). We computed ERSPs [65] to analyze
the spectral content of the EEG data of electrodes overlapping the contralateral (left) sensori-
motor area [13,51] and assess its relationship with proprioception and movement. The Morlet
wavelet convolution [41] was used to compute time-frequency decomposition using kernels
from 2 to 35Hz, with 4 cycles for lower frequencies and 10 cycles for higher frequencies.
Resulting time-frequency maps were baseline normalized using the gain model (i.e., a division
with the baseline mean power), baseline period being -600 to -100 ms with respect to the start
of the trial. Thus, the ERSP was computed as the average event-related variation across trials
(in dB) compared to the respective baseline [65,66].

The extracted features are the mean ERSP over time ranges of interest, frequency bands of
interest (1 and low-f bands) and regions of interest (ROIs) (Fig 1D). There is evidence of p
band modulation in unilateral proprioceptive tasks [25] and the impact of the B band in pro-
cessing of sensory information [43,44] with the low-f playing a significant role in upper-limb
sensorimotor activity [43]. Movement termination stage (offset, 400 to 800 ms) was the period
of interest for the analysis since it reflects the end of the extension distance matching process.
This interval was selected prior to the data analysis and was based on a typical average move-
ment response after an auditory command [67-69], for example, see [25]. These features were
extracted for all the experimental tasks (NTD, BDM, BDM-v). Specific combinations of fea-
tures regarding experimental tasks, time ranges of interest, groups, and ROIs were used to
address different research questions.

2.5 Statistics

Two-way mixed model ANOVAs were used to perform comparisons of proprioceptive errors,
distance targets set by the non-dominant (ND) hand, and ERSP features for the w and low-f
bands. The within factor was the task (NTD and BDM, or BDM and BDM-v for ERSP features,
and BDM and BDM-v for kinematic variables), while the between-factor was the group (Con-
trols and Skilled). ANOVA models were fit after testing for normality (Shapiro Wilks Test).

The main effect of the group (between) variables was assessed using non-paired t-tests
(comparison of same task, between groups), and within effect was assessed using a paired t-
test (comparison of the same group, between tasks). Pairwise post-hoc comparisons were cor-
rected for multiple corrections using the False Discovery Rate (FDR) method [70]. We consid-
ered FDR adjusted p-values < 0.05 (adj-p) to be significant. For effect size calculation, Hedges’
g (g) was used due to the sample size (computed as the corrected difference of means divided
by the pooled standard deviation). Effect size is defined as very small (0.01 to 0.2), small (0.2 to
0.5), medium (0.5 to 0.8), large (0.8 to 1.2), very large (1.2 to 2), and huge (> 2) [71].

3 Results
3.1 Behavioral results

We tested proprioceptive accuracy, as determined by the proprioceptive errors (e, in mm),
for the bilateral task with and without target visibility (BDM-v and BDM). Fig 4 presents the
proprioceptive errors of both groups in both tasks. The mixed-effect ANOVA shows a signifi-
cant interaction between group and task (F(18,1) = 5.9, p = 0.025) for the comparison of errors
derived from the tasks. Subsequent subsections further test these results, based on post-hoc
comparisons.

We also analyzed the distributions of target distances. The mixed-effect ANOVA showed
no significant interaction between the task and group (F(18,1) = 1.164, p = 0.28). However, a
significant main effect of group was identified using a two-way ANOVA (F(18,1) = 10.6,

p = 0.002). No significant effect of task was observed (F(18,1,) = 2.22, p = 0.144). The location
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Fig 4. Comparison of proprioceptive groups for bilateral task with and without visibility of the target. The Skilled
group shows a tendency to make smaller errors in the bilateral task, while keeping targets closer to the body. The
Controls group showed a significant reduction in error with visibility of the target, while the Skilled group did not
show a significant change when the target was visible. Significant differences are indicated with a horizontal line and
an asterisk.

https://doi.org/10.1371/journal.pone.0299873.g004

of the guiding hand with respect to the origin of coordinates from the Motion Capture System
in the Z component was (Controls: 484.6 + 30.6 mm; Skilled: 507.9 + 14.8 mm) for the BDM
task and (Controls: 470.3 + 32.6 mm; Skilled: 499.0 £ 14.1 mm) for the BDM-v task (greater
values indicate positions closer to the body). This suggests that in general, the Skilled group
kept their distance targets closer to the body during both tasks.

3.1.1 Effect of music instrument training on proprioceptive error. The subsequent
main effect comparison between groups shows no significant effect for the BDM task (adj-

p =0.22, g = 0.81) nor for the BDM-v task (adj-p = 0.94, g = 0.10). However, a trend was noted
for the BDM task in which the Skilled group showed smaller and less variant errors

(12.41 £ 6.67 mm) compared to the Control group (19.89 + 11.12 mm) for the bilateral task
without target visibility (BDM, Fig 4).

3.1.2 Effect of visual input on proprioceptive accuracy. Subsequent post-hoc within
group comparisons were performed to determine the impact of visual input on bilateral pro-
prioceptive ability. We compared (Fig 4) the matching error within groups when the proprio-
ceptive target hand is visible (BDM-v) versus occluded (BDM). The Control group accuracy
improved significantly (from 20.52 mm to 16.11 mm) when the target was visible (paired,
right tailed t-test, adj-p = 0.02, g = 0.74), whereas the Skilled group did not show a significant
change (adj-p = 0.87, g = -0.53). When vision is not occluded (BDM-v), proprioceptive match-
ing errors for the Control and Skilled groups BDM-v are similar (16.11 mm for controls, 15.69
mm for Skilled). This suggests that the Controls group may rely more on vision for proprio-
ceptive accuracy compared to the Skilled group.

3.2 Neural correlates of active bilateral proprioception

The neural correlates of proprioception and movement were estimated for p and low-f bands
in the sensorimotor regions of the cortex, for the offset period, as described in the Methods
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section. The following sections show baseline normalized values expressed in dB, where a sup-
pression in band power, relative to the baseline period (i.e. < 1), is seen as a negative dB value,
and vice versa. A larger suppression has a larger negative value.

3.2.1 Movement -with and -without-proprioceptive matching: less u and low- band
suppression in the contralateral sensorimotor cortex in Skilled group. We assessed the
ERSP features for the two groups, Control and Skilled, for the Bilateral task and the task with-
out proprioceptive matching (BDM & NTD)-specifically during the offset period (presented
in Fig 5, for p and low-p bands). A significant interaction was found between the two factors,
group (Skilled and Control) and task (BDM and NTD), for p (F(18,1) = 4.7, p = 0.044). No sta-
tistically significant interaction was observed for low-B (F(18,1) = 3.67, p = 0.07). These out-
comes were assessed through two-way mixed ANOVA models.

Post-hoc comparisons for the p band showed no significant differences between groups for
the NTD task (p-adj = 0.33, g = 0.63), and the BDM task (p-adj = 0.09, g = -0.81). When com-
paring this feature between tasks within the same group, no significant difference was found
for the Control group (p-adj = 0.08, g = -1.12). However, a significant difference was observed
for the group of skilled participants (p-adj = 0.001, g = -2.60), depicted in Fig 5A.

Post-hoc feature comparisons in the low-f band between groups revealed no significant dif-
ferences for either the NTD task (p-adj = 0.43, g = 0.40) or the BDM task (p-adj =0.2, g =
-0.53). However, a significant distinction was observed in the within-factor comparison for the
Skilled group (p-adj = 0.005, g = -1.88), whereas no differences were found for the Control
group (p-adj = 0.1, g = -0.83). This suggests less suppression in the group of skilled participants
for both frequency bands.

In general, across all participants, we note that the p and low-B suppression is less during
bilateral matching compared to free arm reaches. This implies that proprioception plays a role
in modulation of sensorimotor cortical activity. Additionally, these results indicate specific
changes in both frequency bands, particularly within the Skilled group.

3.2.2 Effect of proprioceptive target visibility: Contralateral sensorimotor cortex
shows p and Low-§ power reversal when target is visible; Controls show a larger reversal.
Next, we evaluated differences in cortical u and low-f§ power between the visual and nonvisual
bilateral matching tasks (BDM-v and BDM, as illustrated in Fig 6). In both cases, the two-way
mixed models for the p and low- bands exhibited statistically significant interactions of fac-
tors (w: F(18,1) = 6.2, p = 0.02; low-B: F(18,1) = 10.8, p = 0.004).
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Post-hoc pairwise comparisons indicate no significant effect between the groups for the
band for the same task (BDM: p-adj = 0.09, g = -0.81; BDM-v: p-adj = 0.25, g = 0.49). However,
a significant effect was noted for the difference between tasks within the Control group (p-
adj = 0.03, g = -0.97), while no such effect was observed for the Skilled group (p-adj = 0.31,

g = 0.48), as shown in Fig 6A.

No significant effects were found for features in the low-f band for the same task between
groups (BDM: p-adj = 0.19, g = 0.42; BDM-v: p-adj = 0.15, g = -0.53). When assessing the
effect of group between tasks, a significant difference was noted in the Control group (p-
adj = 0.0006, g = -1.27), but not in the group of Skilled participants (p-adj = 0.81, g = -0.06).

This outcome suggests greater modulation of sensorimotor cortical power (y and low-f3
bands) specifically in the visual task for the Control group, compared to the task without visual
feedback. Additionally, no power changes were noted in the low-f band for the Skilled group.

4 Discussion
4.1 Behavioral results

4.1.1. People skilled (Skilled group) in playing musical instruments showed no
enhanced bilateral proprioceptive accuracy compared to the unskilled controls group.
Playing a musical instrument requires dexterous movement and complex interaction of pro-
prioception and other sensory modalities [47,48]. Enhanced dexterity seen in skilled people
[45] likely reflects the effect of consistent skill practice, which also improves finger strength
and individuation [72], and is related to increased proprioceptive acuity [45,46].

In the task where the bilateral target was hidden from view (BDM) (Fig 4), no differences
were found between groups. The anticipated increase in bilateral proprioceptive matching
accuracy for Skilled participants aimed to highlight a heightened proprioceptive sense of hand
position in space, particularly when blindly mirroring hand positions [45,47]. Confirming this
effect may necessitate a larger sample size, as a noted trend favoring the Skilled group’s match-
ing accuracy could indicate a small effect that was not discerned with the current data (Fig 4).
However, this emerging pattern could also be affected by proprioceptive bias related to specific
limb configurations, given that the skilled group consistently placed targets closer to their
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bodies, a behavior associated with more accurate positional estimations as documented for the
elbow [26,28], and knuckles [59]. The Skilled group’s consistent tendency to position their
hands closer to the body might stem from their training, suggesting that they try to use familiar
positions [48] to favor their proprioceptive accuracy, overseeing instructions that aimed to
position targets randomly (see section 2.3).

Additionally, in our experiment participants were strictly directed to exclusively match hor-
izontal distances with the body as a reference point. However, the task lacked control for possi-
ble deviations from the horizontal line, and the computation of errors was confined to the
horizontal dimension. This specific constraint introduces a potential confounding factor in
our results, given the established knowledge that targets closer to the middle line tend to yield
more accurate responses [26,28,29,38]. An approach assessing positional matching in two
dimensions would provide a more comprehensive understanding of the group’s matching per-
formance, as well as a more accurate depiction of proprioceptive matching differences between
groups.

4.1.2 The unskilled controls group uses vision to improve bilateral matching. In the
tasks where the bilateral target was visible (BDM-v) the Control group’s performance was
closer to the Skilled group (Fig 4). This suggests that people can improve their accuracy in pro-
prioceptive matching of a bilateral hand position when they can see their target hand position,
rather than when they are only using their proprioceptive sense [1,25,53]; despite setting more
distant targets (i.e., more elbow extension) than the Skilled group. These results support the
role of vision as a predominant sensory modality for reaching gestures [15,25,73,74]. When
planning movement, vision relates the objective points using an extrapersonal framework for
reference, and proprioception provides information about the initial positions of joints [1]
using the body landmarks as reference (intrapersonal framework) [59].

On the other hand, the Skilled group did not show a significant difference in proprioceptive
accuracy when the target was visible versus when it was not visible. This suggests that such
skill training may lead to an improved and efficient integration of multi-sensory inputs.
Vision, being still predominant, is perhaps used in rapidly recalling learned proprioceptive
patterns that reduce proprioceptive drift, as observed in trained piano players [48].

4.2 Neural correlates of bilateral proprioception during movement

Proprioceptive processing has been linked to activity in the sensorimotor region [13,51],
where beta oscillations (13-30 Hz) have been correlated with sensorimotor processing and
transmission [43,44,51,75]. In particular, the low-beta band (< 20Hz) plays a significant role
in upper limb sensorimotor activity [52]. Sensorimotor processing and transmission follow
the somatotopic organization [76,77], and is typically observed bilaterally over sensorimotor
areas, with a larger involvement of the contralateral sensorimotor cortex [78-81]. The func-
tional role of beta oscillations is debated, but in resting state its presence is considered to mark
the ‘status quo’ or state of equilibrium [82,83], and/or sensorimotor integration for motor con-
trol [43,44,84], temporal anticipation [85], and error monitoring [86].

Beta oscillation is known to decrease with movement [43,82], referred to as the event
related desynchronization (ERD) or beta suppression, and reemerges after movement offset,
referred to as event related synchronization [43,51]. Beta suppression is associated more with
top-down control, such as releasing inhibition and allowing movement initiation and execu-
tion [43,44]. The amount of  suppression has been shown to modulate with aspects of uncer-
tainty in motion, such as timing [87], effector to use [88], and direction of motion [89]; with
increased suppression associated to tasks that need more top-down control and vice versa.
Such increased top-down control with increased beta suppression can be seen in studies of
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complex tasks [90], aging [91-93] and Parkinson’s Disorder [94]. Less top-down control and
less beta suppression is seen in studies of motor learning that have more automatic or trained
movements [95,96].

Our study outcomes align with the previous work discussed above, adding support to these
existing models of neural oscillations in sensation and movement and adding evidence further
linking proprioceptive processing and beta suppression, as discussed in the following sections.

4.2.1 The Skilled group showed reduced power suppression relative to movement only,
compared to the Controls group. The Skilled group of participants had prior guitar or
piano training, which has a dominant bilateral proprioceptive element. We were able to test
whether the amount of p and low-f modulation differed with prior proprioceptive skill train-
ing when compared to the Controls group. Our findings revealed differences in both bands.
Notably, the difference in power suppression between movement only and those with blind
bilateral matching was larger for the Skilled group (Section 3.2.1, Fig 5). This result is concor-
dant with the literature that shows increased p suppression in unilateral proprioceptive tasks
[25], and reduced P suppression in cases of reduced top-down control; including less complex
tasks [90-92] or after training [95,96]. This is potentially facilitated by other structural and
functional changes in the brain of trained instrument players, such as increased cortical repre-
sentation of hands for string instrument players [49], and fiber connectivity that allows more
efficient somatosensory processing [50,97], and multisensory integration [47,98].

4.2.2 Power suppression in skilled people is not affected by target visibility; modulated
significantly in Controls. When comparing the neural features in BDM and BDM-v for the
Skilled and Control groups (Section 3.2.2, Fig 6), we observe that the pt and low- suppression
is equivalent for the Skilled group in the two tasks, while low-f suppression is significantly
reduced for Controls (in some cases increased compared to baseline, Fig 6B). This may indi-
cate that the Skilled group is less affected by target visibility in the bilateral proprioceptive task
and can efficiently integrate the visual information with the proprioceptive information for the
ensuing hand movement [47,48]. Similar multisensory integration has previously been associ-
ated with musical instrument training [47]. Elevated low-f for BDM-v in Controls (Fig 6) may
be related to enhanced multisensory integration demanded by the task. Marini et al., [25]
showed a similar reduction in p suppression in tasks that included visual input in a unilateral
proprioceptive task. This result also matches their behavioral proprioceptive accuracy in BDM
vs BDM-v (Fig 4), where the Skilled group makes equivalent errors in BDM and BDM-v, while
the Controls makes slightly larger errors in BDM, which become comparable to the errors of
the Skilled group in BDM-v.

5 Conclusions

The study presented here investigated the neural features of proprioception during bilateral
reaching tasks, where the participants attempted to bilaterally match a reaching distance using
proprioceptive information perceived from their ND hand, both with and without target visi-
bility. Two participant groups completed the tasks: a Skilled group with several years of musi-
cal instrument training (that includes a bilateral proprioceptive training element), and a
Control group with no history of proprioceptive training. We hypothesized that the Skilled
group would achieve lower matching errors in the experimental tasks due to their propriocep-
tive training, and that we would identify neural features related to the observed behavioral dif-
ferences between the groups.

Contrary to expectations, the Skilled group did not surpass the Control group in bilateral
matching errors when vision was occluded, prompting the need for larger sample size, and
refined experimental restrictions for further validation. Interestingly, with target visibility,
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only the Controls group significantly reduced their matching errors, confirming the impor-
tance of vision integration in proprioceptive tasks, especially without specialized training.

In the analysis of contralateral sensorimotor features within the p and low-f bands, our
comparisons of y align with findings presented in the literature for unilateral matching tasks.
Additionally, comparisons of low-f band power yield evidence of this band’s crucial role in
processing proprioceptive information during bilateral tasks. The modulation of low-f band
power during movement for the Control group appears linked to several functional aspects of
proprioceptive processing. Power in this band demonstrated modulation relative to task com-
plexity (more suppression with a more complex task), integration of multi-source sensorimo-
tor information (increased power with more converging sources), and proprioceptive
uncertainty.

The Skilled group showed similar levels of low-B power during bilateral proprioceptive
tasks, with less overall suppression compared to the Controls group. This reduced suppression
may be attributable to less top-down control and less proprioceptive uncertainty, a result of
enhanced efficiency in multisensory integration resulting from years of proprioceptive motor
training. Notably, no differences in low- power suppression were observed in bilateral tasks
with and without target visibility for the Skilled group, in contrast to Controls. This suggests
that the role of vision remains dominant after training, but when not available, training can
heighten the influence of proprioceptive information while refining the use of low-f§ power
modulation during movement. This finding further highlights the role of low-f activity on the
contralateral-sensorimotor cortex in processing and integration of multisource sensory
information.

6 Limitations and future directions

This study provides valuable insights into cortical power modulation, proprioceptive training,
and movement-sensory integration. However, the results presented in this article, especially
those of kinematic nature, are limited by having a relatively small sample size and by design
constraints, such as restricting movements to only one dimension and not controlling the
position of the workspace for the ND (guiding) hand during the tasks. In future studies, it
would be useful to a) Replicate the study on a larger sample for better generalizability, b)
Explore comprehensive kinematic analysis involving multiple dimensions of space and their
relation to neural features, ¢) constraint the ND target distance using positional references that
do not elicit sensory feedback; so participants only set targets within a desired range, and d)
Perform the experiment with reversed hand roles to assess the influence of hand dominance
on bilateral proprioceptive tasks.

In addition to these, it is relevant to a) expand investigation to include other cortical
regions, especially the ipsilateral sensorimotor area (related to matching hand); to gain a
broader perspective on sensorimotor processing, and b) Examine how multiple sensory
modalities integrate, assessing connectivity, during bilateral proprioceptive tasks.

Addressing these limitations and pursuing the suggested future directions will enhance our
understanding of the roles of cortical power modulation and proprioceptive training in move-
ment and sensory integration.
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