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Higher dominant muscle strength
Is mediated by motor unit
discharge rates and proportion of
common synaptic inputs

Edoardo Lecce®3, Alessandro Del Vecchio?3, Stefano Nuccio?, Francesco Felici® &
llenia Bazzucchi'™

Neural determinants explaining the asymmetrical force and skill observed in limb dominance still

need to be comprehensively investigated. To address this gap, we recorded myoelectrical activity

from biceps brachii using high-density surface electromyography in twenty participants, identifying
the maximal voluntary force (MVF) and performing isometric ramp contractions at 35% and 70%MVF
and sustained contractions at 10%MVF. Motor unit discharge characteristics were assessed during
ramp contractions, the proportion of common synaptic input to motoneurons was calculated with
coherence analysis, and the firing rate hysteresis (AF) was used to estimate spinal motoneuron intrinsic
properties. The dominant limbs presented a greater MVF compared to the non-dominant side (+ 9%,
p=0.001), with similar relative recruitment and derecruitment thresholds of motor units (p>0.05).

The discharge rate was significantly higher on the dominant side (p <0.001), along with a greater
proportion of common synaptic input (+ 14%, p=0.002). No significant differences were observed in the
AF (p>0.05). Our findings suggest that greater strength on the dominant side is associated with higher
neural drive to muscles due to a greater proportion of common synaptic inputs rather than differences
in motoneuron intrinsic properties. These results underscore neural asymmetries at the motor unit
level, corresponding to different mechanical outputs underlying limb dominance.

Limb dominance is recognized as the preferential strength and skill within a single limb, implying asymmetrical
neuromuscular control. While between-limb differences in gross motor properties, such as limb strength,
the symmetry index, and balance, have been broadly investigated in various muscle groups!, the underlying
physiological mechanisms contributing to these disparities remain relatively underexplored. Researchers have
sought to elucidate the primary neuromuscular properties contributing to this phenomenon with numerous
and heterogeneous results, spanning from differential motor unit discharge synchronization impacting force
steadiness?, the influence of corticospinal neuron involvement in simple tasks, which is greater in the non-
dominant hands®, and the different intra-muscle synergies involved in simple and complex tasks®.

Previous surface electromyography (sSEMG) results revealed no limb differences in motor unit recruitment
for the biceps brachii (BB)>. Evidence also indicates wider sEMG signal amplitudes in the pectoralis major,
anterior deltoid, and triceps brachii on the dominant side across different contraction intensities®. Nevertheless,
conflicting findings concerning motor unit discharge characteristics have been reported. It has been indicated
that tibialis anterior (TA) from both sides present a similar discharge rate explored with high-density surface
electromyography (HDsEMG)”. However, lower motor unit discharge rates® and recruitment thresholds in the
first dorsal interosseus (FDI) have been observed on the dominant side’. It is also unclear whether dominant
and non-dominant limbs present significant differences in force steadiness, as the FDI seems to exhibit more
steadiness on the dominant side’, whereas comparable force steadiness has been found in TA”!'? and quadriceps!.

Previous research has highlighted greater common synaptic input in the dominant lower limb muscles'?,
while an opposite trend has been observed in hand muscles, with a similar proportion of common synaptic input
during isometric contractions and even less common input on the dominant side during isometric rotational
tasks'®. Such differences may result from the differential distribution of common synaptic inputs between
muscle groups, as well as the flexible coordination required for fine motor tasks implicating either or both a
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lower proportion of common input and multiple sources of common input!4-'¢. Distinct laterality of neural
networks supporting actions in right and left-handed participants, indicating significant differences between
these individuals!” and between the dominant and non-dominant sides'® have also been suggested in previous
evidence.

The abovementioned findings lay the groundwork for different suggestions: i) motoneurons receive different
proportions of common synaptic inputs based on the muscle and task; ii) distinctive laterality of neural
networks may suggest a differential organization of motor patterns likely reflected in the motor unit discharge
and recruitment behavior [limiting factor: it seems that network laterality is dependent on handedness rather
than limb-dominance]; and iii) further differences may emerge from the analyses within the other frequency
bandwidths accompanying plausible dominance in the force steadiness. To test these hypotheses, we assessed
motor unit characteristics and estimates of the proportion of common synaptic inputs to motoneurons by
recording myoelectrical activity from the biceps brachii on both sides, as no studies have currently investigated
this muscle for this purpose. Furthermore, since the contribution of the intrinsic motoneuron properties to limb
dominance is underexplored, we estimated the persistent inward currents (PICs) using recordings obtained
with high-density surface EMG (HDsEMG)'®’. By integrating these approaches, we aim to explore motor unit
determinants underlying limb dominance with a comprehensive analysis.

Based on existing literature®>!217, we expected to observe on the dominant side: (a) higher discharge rates,
(b) a greater proportion of common synaptic inputs, and (c) larger PICs. Additionally, we hypothesized greater
absolute recruitment and derecruitment thresholds in the dominant limbs, as these typically exhibit higher
maximal force outputs!.

Methods

Participants and ethical approval

The study was approved by the local ethical committee of the University of ‘Foro Italico, Rome (Approval n.
CARI157/2023) and conformed to the Declaration of Helsinki standards. Twenty-three recreationally active
participants were enrolled (males: n=11, age: 24.1+ 1.1 years, height: 178.2+5.4 cm, body mass index [BMI]:
24.1+2.5 m kg™ females: n=12, 24.3 £2.2 years, height: 164.9+5.5 cm, BMI: 19.9+2.0 m kg™2) and assigned
unique alphanumeric codes to ensure privacy respect and confidentiality. Informed consent was obtained from
all the participants. The exclusion criteria included metabolic disease, upper limb musculoskeletal disorders,
acute infection, uncontrolled hypertension, medications that impact muscle protein metabolism, the ability to
modulate vascular tone and neural activity, and the use of contraceptives?!. The inclusion criteria were an age
between 18 and 35 years and a good health state.

Overview of the study

The participants were asked to be available for two laboratory visits, the first for familiarization and the second
for the neuromuscular tests and data collection, which were separated by 48-72 h. During the first visit,
volunteers received information on experimental and testing procedures. They were familiarized with maximal
voluntary isometric contractions (MVICs), sustained contractions, and trapezoidal isometric contractions
(ramps) using the biceps brachii, and the dominant limb was identified using the Edinburgh Questionnaire??. No
measurements were performed during the familiarization. Data were acquired during the second visit, including
maximal voluntary force (MVF) and submaximal ramp contractions. High-density surface electromyography
(HDsEMG) grids were placed on the biceps brachii, and the myoelectrical activity of both limbs was recorded,
one limb at a time. Female participants performed the test during either the ovulatory or mid-luteal phase
to reduce neuromuscular activity fluctuations and to avoid a documented decrease in general activation
attributed to the early follicular phase. This approach ensures minimal motor unit parameter variability across
female participants?®. Dominant and non-dominant limbs were randomly assessed within the session across
participants.

Experimental procedures

The volunteers were asked to refrain from strenuous exercise and caffeine consumption 24-48 h before the tests?*.
The arm circumference and subcutaneous skinfold thickness (SST) were assessed to verify whether the expected
differences in force output could be attributed to muscle size. Each measurement was performed three times,
and the average value was used to ensure accuracy. The neuromuscular test was performed after a standardized
warm-up, consisting of 3x30 isometric biceps brachii contractions at a low intensity of the perceived MVF
(30-40% MVF) separated by 30 s. The participants were asked to focus on isolating the BB intervention as much
as possible during the warm-up and testing procedures. Consequently, the participants performed three MVICs
with 180 s of rest between trials, and they were asked to push as hard as possible for 5 s, receiving a strong verbal
incitation to ensure maximal focus for all trials?%. The MVF was identified as the peak value recorded across the
three MVICs to set the relative target force (%MVF) in submaximal contractions. Five minutes after the last
maximal trial, the participants performed ramp contractions in a randomized order separated by 5 min. The
ramps consisted of a linear force increase at a rate of 5% MVF s™! to a target value (35% or 70% MVF), which was
maintained for 10 s; then, the linear force decreased back to the resting value at the same rate as the increasing
phase. Sustained contractions at 10% MVF were performed five minutes after the last ramp contraction and
lasted 1 min (Fig. 1A).

Force signal recording

The force output was assessed with an isokinetic dynamometer (Kin-Com, Chattanooga, Tennessee). The
participants were seated in the dynamometric chair and stabilized by chest and waist belts. The upper arm
was parallelly positioned to the trunk, and the forearm was halfway between supination and pronation, with
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Fig. 1. Experimental setup. (A) HDSEMG recordings were obtained from participants’ biceps brachii during
trapezoidal (35-70% MVF) and sustained (10% MVF) contractions in visually guided tasks. The force
trajectory was displayed on a monitor in real-time. (B) Cumulative discharge patterns were identified with the
decomposition process for all motor units to obtain the smoothed discharge rate of single motor units, with
35% MVF as a representative contraction. (C) Instantaneous discharge rates of motor units across the task were
identified to estimate discharge parameters, exemplified by motor unit 1 (MU#1) from the same 35% MVF
contraction. (D) Coherence was estimated in sustained contractions using the frequency domain analysis. The
delta (8, 0-5 Hz), alpha (a, 5-15 Hz), and beta (B, 15-35 Hz) bandwidths were identified. (E) The paired motor
unit method was used to assess the firing rate hysteresis by calculating the difference between the control unit
discharge rate at recruitment and derecruitment time of the tested unit (AF) from pairs of identified motor
units. The earliest recruited unit is classified as the control unit, whereas the other is the tested unit. The
unit-wise value was calculated by summing multiple AF results from more possible pairs and dividing by the
number of AF included. (F) Coherence was calculated with non-overlapping 1-s Hanning windows within

the central 20-s interval. This process involves correlating multiple pairs of motor unit spike trains from all

the possible combinations (a maximum of 100 random permutations). An equal number of motor units was
ensured for between-limb comparisons. Coherence increased consistently with the inclusion of more motor
units, with each step leading to higher coherence values. This visual example highlights that different coherence
values can arise from the discharge rate correlation, even when discharge rates and the number of motor units
are similar. The image was realized with biorender.com.

elbow flexion of 90°. The distal lateral epicondyle of the humerus was aligned with the dynamometer lever arm
center of rotation, and the wrist was secured in a cuff attached to the load cell, which consisted of four strain
gauges. The analog force signal was sampled and amplified at 2048 Hz with an external analog-to-digital (A/D)
converter (EMG-400, OT-Bioelettronica, Turin, Italy) and synchronized with the electromyogram. Since the
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trapezoidal contractions needed to be visually guided, a trapezoidal pattern was shown to participants during
the contraction, with a minimum/maximum error of 3% MVF (+ 1.5% MVF).

High-density surface electromyography (HDSEMG)

HDSEMG signals were recorded from the BB with an adhesive grid of 64 electrodes [13 rows x 5 columns;
gold-coated; diameter: 1 mm; inter-electrode distance (IED): 8 mm; OT-Bioelettronica, Turin, Italy; Fig. 1A].
After skin preparation (shaving, light skin abrasion, and 70% ethanol cleansing), the muscle perimeter was
identified through palpation and marked with a surgical pen. The grid orientation was based on recordings from
a 16-electrode array (IED 5 mm, OT-Bioelettronica, Turin, Italy), and the innervation zone (IZ) was identified
to estimate the fiber direction?*. The 1Z was located by identifying the inversion point in the action potential
propagation direction proximally (toward the BB proximal tendon) and distally (toward the BB distal tendons)
along the electrode column. The grid was placed right over the IZ on the muscle belly, using a disposable
biadhesive with layer holes adapted to the HDSEMG grids (SpesMedica, Battipaglia, Italy). The foam layer holes
were filled with a conductive paste (SpesMedica, Battipaglia, Italy) to ensure skin-electrode contact. Reference
electrodes were positioned on the ulna [styloid process], the acromion skin surface, and the medial malleolus.
HDsEMG signals were recorded in monopolar mode, converted to digital data by a 16-bit multichannel amplifier
(EMG-Quattrocento, OT Bioelettronica, Turin, Italy), amplified (x150), sampled at 2048 Hz, and band-pass
filtered (10-500 Hz) before being stored for offline analysis.

Force and HDSEMG analysis

The recorded force signal was converted to newtons (N), and gravity compensation was used to remove the
offset. The signal was low-pass filtered with a fourth-order, zero-lag Butterworth filter with a cut-off frequency
of 15 Hz. Only trapezoidal contractions without any countermovement action or pre-tension were analyzed.
Before decomposing into individual motor unit action potentials, the monopolar EMG recordings were band-
pass filtered at 20-500 Hz (second-order, Butterworth). The raw HDSEMG signals were decomposed using
the convolutive blind-source separation method [BSS]* implemented in the DEMUSE tool software working
in MATLAB (MathWorks Inc. Natick, United States). This decomposition procedure can identify motor unit
discharge times over a broad range of forces (Fig. 1C,D)?. An experienced investigator manually analyzed all
the identified motor units and retained only those characterized by a high pulse-to-noise ratio [PNR > 30 dB]%".
The manual analysis consists of inspection and editing procedures after automatic decomposition, involving
examination of motor unit spike trains during the whole contraction, discarding those motor units with a PNR
below the reference threshold following the manual process (30 dB), interspike interval of length <25 ms or > 250
ms (instantaneous spike frequency>40 Hz or <4 Hz, respectively) or interspike interval variability (ISIv) >30%
to nsure maximal accuracy?.

The recruitment and derecruitment thresholds (RT and DT, respectively) were identified as the absolute (N)
and the relative (%MVF) force values at which motor units were activated and deactivated, identifying the first
and the last spikes?®. The average discharge rate was computed from the series of discharge times identified by
decomposition, obtained by calculating the discharge number per second for each motor unit (DR, ;) across
the entire activity time at all contraction intensities [10-35%-70% MVF]. The motor unit discharge rate was
estimated during the recruitment (DRy), plateau (DR;), and derecruitment (DR},) phases of ramp contractions
by averaging four consecutive spike frequencies for each phase. The ISIv was assessed during the sustained
phases in the ramp contractions [35%MVF-70%MVF] and the central 20-s of steady contractions [10%MVF].
Recruitment and dercruitment thresholds and the discharge rate at recruitment, plateau, and derecruitment
were assessed only in trapezoidal contractions (35-70% MVF), as these have been validated for these analyses?.

Since significant differences between groups may arise not from an inherent distinction in the limbs themselves
but from the distribution of identified motor units expressing a specific characteristic across individuals®®, we
characterized recruitment and discharge patterns by associating the derecruitment threshold and DR;, to the
recruitment threshold, as previously indicated?’. This approach enables a normalized analysis of recruitment and
discharge patterns independent of the number of identified motor units, thereby allowing accurate comparisons
between groups (i.e., between limbs).

The coefficient of variation of force (CoVF), defined as the percent ratio between the standard deviation
and the mean force ([SD/mean] x 100), was calculated over the central 20 s of sustained contractions and
the central 8 s portion of trapezoidal contractions discarding the first and the last 1-s period to minimize
fluctuations due to the ramp-up/ramp-down transitions?’. The limb symmetry index was calculated as follows:

non—dominant MVF . . .
(m) x 100, broadly used for comparing the balance degree in force production between

limbs'.

We additionally computed the association between the change in motor unit discharge rate (A-DR) as a
function of the relative force exerted (A-Force) during the ramp-up phase of contractions, reflecting the
motoneuron output response to synaptic input?®?°. This analysis provides an indirect estimation of the
motoneuronal input-output gain within a pool, reflecting the gain in motor unit discharge rate from activation to
the target force, relative to the change in exerted force determined by all sources of input to spinal motoneurons,
as previously indicated?>?8. Specifically, the activation of a given motoneuron, supporting force exertion from a
certain output level (recruitment as % MVF) to the target force, is supported by a varying synaptic input, which
is transmitted as neural drive to muscles®®*!. By computing the regression across the motoneuron pool, it is
possible to indirectly estimate the input-output gain within motoneurons in the same individual as the change in
neural drive in response to the estimated synaptic input?®?*32, Modifications in the input-output function imply
differences in the gain of motoneurons when the system requires force generation, along with variations in the
slopes of this function!*282%,
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Coherence estimation

To estimate the level of common synaptic input, we performed the coherence analysis between cumulative
spike trains of the motor units. Coherence represents the correlation between two signals at a certain frequency,
with 0 indicating no correlation and 1 indicating perfect correlation'®. This analysis was performed exclusively
within the central 20-s window of the 1-min sustained contractions at 10% MVE, excluding the initial ramp-up
portion?’, as the common modulation of motor unit discharge rate is generally lower during the recruitment
but typically higher during steady contraction phases®. Indeed, motor units do not fire concurrently when
asynchronously recruited, whereas a higher degree of correlation is observed when motor units fire together
due to the shared synaptic input from the central nervous system?*. This window was also selected as we found
the maximum number of concurrently active units for most participants. Furthermore, coherence values are
mathematically influenced by the motor unit discharge rate’, as higher spike frequencies directly elevate
coherence values. Currently, no methods are available to adjust for this dependency. For each iteration
(number of units), all the unique combinations of motor units were tested up to a maximum of 100 random
permutations® and computed in all cases with non-overlapping 1-s Hanning windows on steady pattern of force
exertion at a constant discharge rate.

Previous evidence demonstrated that the correlation between cumulative motoneuron trains of discharges
increases monotonically with the number of motor unit spike trains used for calculations®**’. Thus, the function
representing the coherence value as a function of the number of motor neuron spike trains is a monotonically
increasing function (Fig. 1F). The rate of the increase in coherence depends on the proportion of common input
relative to independent input, with a steeper increase when more common input is present®’. Therefore, when
a similar number of motor units are used for the estimation, differences in coherence represent differences in
the strength of common input between these units*®. An equal number of motor units must be analyzed to
accurately compare dominant and non-dominant limbs?. This was achieved by excluding motor units with
higher interspike interval variability (>30%), lower pulse-to-noise ratios (<30 dB), or abnormal discharge
rate values (e.g., >30 Hz at 10% MVF) within the identified pool following previous evidence®**. Therefore,
coherence calculations were performed using an equal number of motor units for each individual, ensuring that
the same number of motor units was used for the dominant and non-dominant limbs within each participant
(e.g., ID1: dominant limb, 5; non-dominant limb, 5; ID2: dominant limb, 4; non-dominant limb, 4). By doing so,
only 17 participants satisfied these criteria.

Coherence values ( C) were transformed into standard z-scores by first converting them into Fisher’s values
[FZ=atanh (v/C)] and then normalized to the variance of estimation [Z=FZ / 1/2L] where L is the
number of segments used to calculate coherence without overlapping (e.g., 20 windows of 1 s, L=20). This
process ensures the normalization of coherence results, conferring robustness and reliability of comparisons!?.
The estimated bias was identified as the mean z-coherence values within the 100-250 Hz range and subtracted
from coherence functions where no coherence was expected®®, and significant coherence was considered when
the z score was greater than 1.22 (95% confidence limit)'. Averaged values obtained within & [delta, 0-5 Hz], a
[alpha, 5-15 Hz], and P [beta, 15-35 Hz] frequency bandwidths were analyzed (Fig. 1B).

Paired-motor unit method

The persistent inward currents were estimated using motor unit onset-offset hysteresis (AF) from pairs of motor
units identified by correlating their discharge rates®. The correlation was performed within consecutive 500-ms
windows using the rate-rate correlation, which provides an index of common modulation of two concurrently
active motor units. This process includes plotting the average discharge rate for each window in 500-ms bin*°
of both reference and test units for the duration of the ramp. Correlations with values less than r=0.7 do not
meet the assumption of shared synaptic input*’. Hence, only motor unit pairs with r>0.7 were considered for
the analysis.

The observed discharge events for each motor unit were converted into instantaneous discharge frequencies
and fitted with a fifth-order polynomial function’. The earliest recruited motor unit was designated as control,
while the other was considered the test unit®. AF was calculated as the difference in the discharge rate of the
control motor unit at the times of recruitment and derecruitment of the test motor unit (Fig. 1E). When more
than two motor units were identified for possible pairs, this process included a calculation of the sum of AF
divided by the number of pairs [e.g., three pairs = (AF, + AF, + AF,)/3] to obtain the unit-wise*!. Thus, the same
motor unit could be the reference for one pair and the tested for another. The present approach assumes that
PICs in the reference unit are fully activated before the test motor unit is recruited, which has been reported
to take up to 2 s in human motoneurons'. Therefore, the analysis did not consider possible motor unit pairs
showing a difference in recruitment time <2-s. In addition, a test unit must be derecruited at least 1.5-s before
the reference unit for accurate calculations and not overestimate AF*.,

Although evidence based on simulation results has suggested that steady phases of contraction could
affect the estimate of the PICs*, recent in vivo research has consistently demonstrated that trapezoidal ramp
contractions are highly reliable for estimating the persistent inward currents. These studies employed both iEMG
and HDsEMG across various experimental conditions in a range of 10-40% MVE, confirming the robustness of
both triangular and trapezoidal contractions with different plateau phase durations for this type of physiological
assessment04143, Calculating AF requires low-threshold motor units to approximate synaptic input, which is
difficult to decompose successfully at higher contraction intensities due to the superimposition of larger, higher-
threshold motor units in the HDSEMG signals*!. Therefore, AF values obtained at the 70% MVF were not
considered and are reported only for completeness of information in the result section.
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10%MVF | 35%MVF | 70%MVF | Total
D 125 136 93 354
ND | 114 144 91 349
Total | 239 280 184 703

Table 1. Distribution of identified motor units. No between-limb differences were observed in the number of
identified motor units per participant.

35%MVF 70%MVF
D ND P D ND P
DR, (PPS) | 19.0£4.7 [ 17.0442 | <0.001 | 21.9+59 | 18944 |<0.001
DR, (pps) 145545 | 127+3.8 | <0.001 | 14847 |12.8%4.0 |0.001
DR, (pps) 19.544.9 | 17945 | 0.003 |228+57 |20.5+5.0 |<0.001
DR, (pps) | 11.6£3.6 | 10.4+2.6 | 0.009 |13.9+51 |12.0+38 |<0.001
ISV (%) 23.6+7.4 | 23.9+72 | 0764 |28.6%7.9 |27.8+80 |0.483
RT (N) 80£39 | 69+30 |<0.001 148466 |123+57 | <0.001
DT (N) 68+33 |59+29 |0.009 |147+62 |126%57 | 0.006
RTr (%) 28459 | 267+52 | 0.707 | 52.5+10.8 | 47.9+10.4 | 0.110
DTr (%) 241465 [ 23.1468 | 0.876 |52.0+10.7 [49.2+89 |0.882

Table 2. Myoelectrical parameters during ramp contractions. Significant results are reported in bold. Data are
displayed as the mean +SD.

Statistical analysis

The Shapiro-Wilk test was used to assess the normality of the data distribution. All the data were normally
distributed. The average number of identified motor units was evaluated using independent-sample t-tests. The
MVE arm circumference, SST, CoVF, coherence, and averaged AF comparisons were assessed with paired sample
t-tests to account for differences between related measurements (within-participant), reducing variability and
improving statistical precision compared to a one-way ANOVA or independent-sample t-test, which assumes
independent observations. The proportion of differences in coherence between the dominant and non-dominant
limbs was calculated as the coherence ratio within each bandwidth ([x—y]/x), where x is the coherence for the
dominant limbs whereas y is the coherence for the non-dominant limbs. To compare limb differences in the
DRy anp DRy, DRy, DR, ISIy, absolute and relative RT and DT, motor unit AF, and sex differences for AE, mixed-
effect linear regression analysis was employed to incorporate the whole sample of extracted motor units, which
preserves variability within and across participants simultaneously to the greatest extent. Limb, contraction
intensity, and the interaction between these were considered fixed effects, with a random intercept for each
participant [e.g., RT ~limb x intensity + (1 | Participant ID)]. Bonferroni corrections were performed to account
for multiple comparisons when statistically significant. Correlations between i) interspike-interval variability
and CoVE ii) discharge rates and recruitment thresholds, iii) recruitment and derecruitment thresholds, and iv)
CoVF and each coherence bandwidth were calculated using Pearson’s correlation analysis. One-way ANOVAs
were performed to test the difference in the slopes between the dominant and non-dominant sides**. The effect
size for significant results of the t-tests was calculated using Cohen’s d, whereas partial eta squared was computed
for significant results of the mixed-effect analysis to estimate the proportion of variance a specific predictor
explains while controlling for random effects, as previously described*. The statistical analyses were performed
using SPSS 25.0 (IBM Corp., Armonk, NY, United States) and jamovi 2.3.28 (The jamovi project, Sydney,
Australia). A p<0.05 was considered statistically significant. The data are reported as the mean + SD in the text.

Results
The distributions of the identified motor units are summarized in Table 1, whereas comparisons of the
myoelectrical parameters are reported in Table 2.

Motor unit identification, MVF, and anthropometrics

A total of 703 motor units were identified after decomposition: 349 from non-dominant limbs and 354 from
dominant limbs. No differences were found in the average number of identified motor units per participant
across the whole sample (D, 14.75+2.87; ND, 14.54+3.57, p=0.82), as well as at 10% MVF (D, 5.20+1.38; ND,
4.75£1.62, p=0.29), 35% MVF (D, 5.66+1.20; ND, 6.0+1.79, p=0.45), and 70% MVF (D, 3.87+1.26; ND,
3.79+0.97, p=0.79). As mentioned in the methods section (coherence estimation), only 146 motor units were
considered for the analysis at 10%MVF (73 per limb), identified in 17 participants.

Concerning the maximum mechanical output, significant differences were observed in the MVF between
the dominant (283+108 N) and non-dominant (257+97 N, p=0.001, d=0.25) limbs, with a limb symmetry
index of 91.2 +8.7%. No significant differences were observed in the limb circumference (D, 28.6 £4.41 cm; ND,
28.4+4.21 cm, p=0.142) or SST (D, 5.12+2.67 mm; ND, 5.56 +2.54 mm, p=0.102).
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Motor unit properties

The absolute recruitment threshold was significantly higher in the dominant than in the non-dominant limbs at
both 35% MVF (p<0.001, pn?=0.07) and 70% MVF (p < 0.001, pn?=0.12), whereas no significant differences were
found in the relative recruitment thresholds (p>0.05). Similarly, the dominant limbs presented higher absolute
derecruitment thresholds at 35% MVF (p=0.009, pn?>=0.03) and 70% MVF (p =0.006, pn?>=0.05), whereas the
relative derecruitment thresholds were comparable between limbs (p>0.05). DR, ., Was significantly higher
in motor units of dominant limbs across all contraction intensities (10% MVE, p=0.001, pnz =0.14; 35% MVE,
£<0.001, pn?=0.07; 70% MVE p<0.001, pn?>=0.13). Additionally, motor units from the dominant muscles
displayed a higher discharge rate during each ramp phase at 35% MVF (DR, p<0.001, pn*=0.06; DR, p=0.003,
pn2=0.05; DR, p=0.009, pn*=0.06) and 70% MVE (DR, p<0.001, pn2=0.07; DR,, p<0.001, pn?=0.08; DR,
£<0.001, pn?=0.06).

Interspike interval variability and force steadiness

Motor units from both sides showed similar interspike interval variability in both the ramp contractions (35%
MVE p=0.764; 70% MVE, p=0.483) and sustained contractions (10% MVE, p=0.140). Similarly, no differences
were observed in the coefficient of variation of force during ramp contractions at 35%MVF (ND, 2.63 +1.15%;
D, 2.50 £1.14%, p=0.589) and 70% MVF (ND, 3.16 +£1.34%; D, 3.07 £1.41%, p=0.705), as well as in sustained
contractions at 10% MVF (ND, 2.24+0.97%; D, 1.98+0.54%, p=0.267). A significant (positive) association
between the ISIv and the CovF% was found in both limbs at 10% MVF (ND: r=0.75, p=0.008; D: r=0.82,
p<0.0001), 35% MVEF (ND: r=0.84, p<0.0001; D: r=0.81, p<0.0001), and 70% MVF (ND: r=0.73, p=0.0001;
D: r=0.61, p=0.002), with no differences in the slope comparison [p>0.05 (Fig. 2)].

Recruitment and discharge patterns

At 35% MVE a positive association between the recruitment and derecruitment thresholds was observed in
both non-dominant (r=0.82+0.16, all p<0.01) and dominant (r=0.81+0.22, all p<0.01) limbs, with similar
slopes (p=0.581). Furthermore, an inverse association between the mean discharge rate and the relative
recruitment threshold was observed in both non-dominant (r= -0.77+0.25, all p<0.01) and dominant (r=
-0.68 £0.26; all p<0.05) limbs, with no differences in the slope comparison (p=0.374) but different intercepts
(p<0.01). Similarly, a positive association between the recruitment and derecruitment thresholds was observed
at 70% MVF for both limbs (ND, r=0.75+0.23, all p<0.05; D, r=0.75%0.24, p<0.05 in all participants), with
no significant differences in the slopes (p=0.746). Both limbs also showed inverse relationships between the
discharge rate and recruitment threshold (ND, r= -0.76+0.27; all p<0.01; D, r= -0.74+0.25; all p<0.01) with
comparable slopes (p=0.535) and different intercepts (p <0.01).

Coherence

First, participants presented most of the coherence values above the significant threshold values (z-score > 1.22),
with at least one coherence value above the thresholds in each analyzed bandwidth. Significant differences
were found in the § bandwidth [ND: 3.74+0.66, D: 3.97+0.71, p<0.001, d=1.57 (Fig. 3)], whereas no
significant differences were observed in the a [ND: 1.92+0.36, D: 1.97+0.34, p=0.896 (Fig. 3B)] and p [ND:
1.42+0.25; D: 1.45+0.22, p=0.965 (Fig. 3C)] bandwidths. The coherence ratio revealed that the dominant limb
presented ~ 14% greater values than its contralateral side in the §-bandwidth. No significant association was
found between the delta bandwidth and the CoVF for the dominant (p=0.403) and non-dominant (p =0.429)
sides. However, significant positive correlations were observed between alpha and beta coherence with the CoVF
in the dominant (a, r=0.70, p=0.002; B, r=0.80, p <0.001) and non-dominant (a, r=0.65, p=0.003; B, r=0.78,
p=0.001) limbs. No significant differences were observed in the slope comparisons for each association.

Firing rate hysteresis

In the present analysis, 231 unit-wise comparisons (35% MVE, n=142; 70% MVE, n=89) were identified, roughly
49% of the whole sample (referring to ramps). For high-intensity contractions (70%MVF), three participants did
not satisfy the requirements for comparing unit-wise and were not considered. The discharge rate hysteresis was
similar between dominant and non-dominant limbs at both contraction intensities [35% MVF: ND, 2.48 +1.38
pps; D, 2.63+ 1.65 pps, p=0.494 (Fig. 4A); 70% MVF: ND, 2.16+ 1.30 pps; D, 2.52 + 1.62 pps, p =0.223 (Fig. 4B)].
The mean participants’ persistent inward current was also similar between dominant and non-dominant limbs
at 35%MVF (p=0.970) and 70%MVF (p=0.366), as displayed in Fig. 5A,B. No between-limb differences were
also observed in the male (p=0.163) and female (p =0.628) groups. Nevertheless, females presented consistently
higher AF than males (Fig. 4C) for both the dominant (+1.18 pps, p=0.009, pn?=0.44) and non-dominant
(+1.11 pps, p=0.01, pn?>=0.39) limbs. Results referring to 70% MVF contractions were reported only for
information completeness, as this intensity level has not been validated for estimating PICs with the paired
motor unit method. Therefore, comparisons for sex differences were only performed at the 35% MVE.

Input-Output gain of motoneurons

The analysis of the input-output gain of motoneurons revealed no significant differences in the slopes calculated
for the dominant and non-dominant limbs [p=0.763 (Fig. 5)]. These findings indicate that, at comparable
levels of synaptic input received, the motoneuronal pool transmits similar levels of neural drive to the muscles.
However, this does not imply that the dominant and non-dominant limbs receive equivalent levels of common
synaptic input or that their neural drive is comparable in absolute terms. Consequently, while the relationship
between synaptic input and neural drive (as represented by the slopes) appears comparable, our results also
indicated significant differences in the absolute values of the proportion of common inputs and the discharge
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Fig. 2. Force and discharge fluctuations The interspike interval (ISI) variability and coefficient of variation
(CoV) of force for both the dominant and non-dominant sides are presented using box and whisker plots at
10% MVF (A), 35% MVF (B), and 70% MVF (C). The association between ISI variability and the CoV of force
is illustrated with a scatter plot for both limbs across all contraction intensities. Each marker represents an
individual’s average value. D dominant limbs, ND Non-dominant limbs.

rate (motoneuron output). Thus, the observed similarity in input-output gain should be interpreted as reflecting
comparable transmission of synaptic input through neural drive3"°.

Discussion
The main finding of this study was that greater muscle strength of dominant limbs is associated with a higher
proportion of common synaptic inputs and motor unit discharge rates. Higher discharge rates do not seem to
depend on intrinsic motoneuron properties, as no differences in firing rate hysteresis were observed. These
results suggest that the higher discharge rate observed in dominant muscles primarily depends on the greater
proportion of shared synaptic inputs to the dominant motoneuron pool, implying a higher neural drive to
muscles (Fig. 6).

The dominant limbs presented greater maximal voluntary force, suggesting higher mechanical output
capacity than the contralateral side (approximately + 9%), consistent with established limb-symmetry indices"’.
Although underlining an asymmetrical force production, our findings align with the expected differences
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Fig. 3. Coherence analysis in the frequency domain Coherence profiles are presented as line plots across all
bandwidths. The mean values are depicted as bold lines, with the shade areas within SD. The mean coherence
(z-coherence) results are displayed for dominant and non-dominant sides using box plots for each bandwidth.
Each marker represents a single participant’s result. The rows correspond to specific bandwidth analyses: 6
[0-5Hz (A)], a [5-15 Hz (B)], B [15-35 Hz (C)]. D dominant limbs, ND Non-dominant limbs. The significant

value is reported as a dotted line at the value of z score=1.22 (95% confidence interval). A p<0.05 was
considered statistically significant.

between the dominant and non-dominant sides. Nevertheless, different neurophysiological mechanisms may
explain the different extent of muscle strength observed between limbs.

First, motor units from dominant biceps brachii are activated and deactivated at a higher absolute force
compared to its contralateral homologous muscle, whereas comparisons of relative recruitment and derecruitment
thresholds revealed no inter-limb disparities. This evidence suggests higher absolute force at which motor units
start discharging action potentials may depend on the larger maximal force output of the dominant limbs, which
differs from previous research indicating greater recruitment thresholds in non-dominant muscles [FDI muscle,
iEMG, and HDsEMG]*°. However, since the observed results may depend on the number (i.e., distribution) of
identified units displaying specific properties?>?*8, we characterized the activation and deactivation patterns.
The positive association between the recruitment and derecruitment thresholds observed on the dominant and
non-dominant sides aligns with previous studies?***4, confirming no between-limb differences in the level of
force at which motor units are activated relative to that at which they are deactivated. Nevertheless, the higher
force levels of the dominant side implicated motor units were identified at greater absolute threshold forces, as
the superimposed electrical activity of multiple motor units contributes to the increasing force output. In turn,
the higher force-generating capacity of these motor units further amplifies the overall muscle force, which may
result in greater contribution from the higher threshold units on the dominant side>*>!,

Scientific Reports|  (2025) 15:8269 | https://doi.org/10.1038/s41598-025-92737-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

AF (pps)
&

>

(7]
o
1

N
T

ADischarge rate (pps)
3 o 3
L L 1

35%MVF B 70%MVF #

ns ns ns
8_
o] O
% &7
Q.
2 4-
L
< 24
0_
1 1 | | 1 1 1
ND ND D ND D
0.01
8- 81
Ty 6 = 6
Q. Q.
2 4- 2 44
L L.
< 5 <,
0- 0-
Dominant Non-dominant

Fig. 4. Firing rate hysteresis Scatter plots were used to display the discharge rate hysteresis at 35% (A) and 70%
MVFE (B) as participants’ mean AF and unit AF. No differences (ns) were observed in the persistent inward
current amplitude. There were significant differences in male and female motor units on both sides (C) at 35%
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Fig. 6. Neuromuscular differences underlying limb dominance in the biceps-brachii. Dominant muscles
exhibit greater maximal voluntary force (MVF) compared to the non-dominant side, together with a greater
proportion of common synaptic input (PCSI) and a higher motor unit discharge rate (DR). These findings are
independent of intrinsic motoneuron properties, estimated through firing rate hysteresis (AF), depending on
the intrinsic motoneuron excitability relying on sodium and L-calcium membrane channels. This suggests that
different proportions of shared common synaptic inputs primarily govern the higher neural drive to dominant
muscles. The observation of similar limb circumferences (grith) between the dominant and non-dominant
sides indicates that muscle size is not a determining factor in limb dominance.

Our results also indicate significant disparities in discharge properties between the dominant and non-
dominant sides. In contrast to previous research”’, we found that the mean discharge rate was significantly higher
in motor units from dominant muscles than the contralateral side across the three contraction intensities [10%,
35%, and 70% MVF]. Additionally, we found that the discharge rate was consistently higher in the dominant
limbs across all ramp phases [recruitment, plateau, and derecruitment], implying a greater neural drive on the
dominant side*®. Nonetheless, the association between the motor unit discharge rate and the relative recruitment
threshold revealed an inverse correlation in all participants, aligning with previous evidence describing similar
relationships in controlled contractions?**. In addition, the similar slopes but different intercepts indicate a
higher neural drive delivered by the motoneuronal pool at all contraction intensities*>*°.

The interspike interval variability was comparable between the dominant and non-dominant limbs, indicating
similar firing fluctuations at all contraction intensities. This finding does not support previous evidence
reporting higher variability in motor units from the non-dominant side’. However, the influence of the analyzed
muscle may imply differential fluctuations in the discharge rate [FDI versus BB], as larger muscles have been
reported to display lower discharge fluctuations, plausibly leading to similar between-limb values®. In addition,
the similar coefficient of force variation observed in our study aligns with previous evidence underlining the
absence of between-limb disparities in force steadiness'!. A significant positive association between alpha
and beta coherence with the coefficient of variation of force was also observed, supporting previous research
indicating a strong relationship between these variables>>**. Furthermore, a similar association between the ISIv
and the coeflicient of variation of force implies that dominant and non-dominant limbs exhibit comparable force
steadiness in response to a certain fluctuation in discharge rate. These observations are supported by evidence
highlighting the positive association between force and firing fluctuations™.

Coherence analyses revealed higher 6 coherence values, with up to 14% more than those observed in non-
dominant limbs. Since the analysis included the same number of motor units, our results suggest that the biceps
brachii on the dominant side receive a higher proportion of shared synaptic input®’, potentially explaining the
observed higher neural drive®"%. Indeed, 8 coherence is related to the common drive, which has been directly
associated with the motoneuron output to the muscle (discharge rate), implicating a higher neural drive for
force exertion®*31:3746, In contrast to previous studies, which reported a lower proportion of common inputs
on the dominant side during isometric rotational tasks but similar between-side coherence during isometric
contractions of the FDI'3, we observed a higher level of common synaptic input. These discrepancies may be
attributed to a differential distribution of common synaptic inputs across muscle groups, depending on their
function and the task performed. Smaller distal muscles involved in fine motor tasks may rely on a lower
proportion of common input or multiple sources of common input to allow for more flexible recruitment of
motoneurons, facilitating finer motor control'*~16. For instance, tasks such as pinching or isometric rotational
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contractions require reduced common input to ensure precise control of motor unit recruitment'®. In contrast,
larger proximal muscles, such as the biceps brachii, engaged in gross motor tasks rather than finer movements, are
likely to rely on greater common input. This would increase the common modulation of motor units, enhancing
neural drive and force output required for such tasks!*~!¢. This study is the first to compare the proportion of
common synaptic input between the dominant and non-dominant biceps brachii. Further research is needed
to confirm these findings across different tasks and muscle groups. Nevertheless, no significant differences were
observed in the a and p bandwidths, reflecting similar common inputs from sensory afferences, sensorimotor
signals, and corticomuscular integration?”%,

Conversely to what we hypothesized, dominant and non-dominant limbs presented similar estimates of the
persistent inward current, which suggests comparable motoneuron intrinsic properties'®. Paired motor unit
analysis has been broadly used for comparing estimates of the persistent inward currents***! with high levels of
accuracy in detecting their contribution to motoneuron intrinsic properties, even in intervention experimental
designs?!. PICs have been associated with the non-linearity behavior of the motoneuron discharge activity due
to their influence on the initiation and amplification of the neural drive'>*. However, although we found a
greater discharge rate on motor units from the dominant side, these do not seem to depend on the intrinsic
properties of the motoneurons. Therefore, it is plausible that the greater discharge rate and force output observed
in the dominant limbs primarily depend on the proportion of common synaptic inputs rather than different
intrinsic properties of motoneurons innervating muscles. Furthermore, our results support that females present
higher PICs than males?, which we confirm to be higher in both the dominant and non-dominant limbs. These
findings align with previous results indicating greater motor unit discharge rate in female individuals in low-
contraction intensities??, thereby implicating the strict relationship between the intrinsic threshold properties
of motoneurons and their resulting discharge rate!®20:40:50, Nevertheless, when males and females were analyzed
separately, the dominant and non-dominant biceps brachii showed similar estimates of persistent inward
currents, indicating comparable intrinsic motoneuron properties both across the entire sample and within each
Sex.

The similar PIC estimates between the dominant and non-dominant sides suggest that motoneurons on
both sides similarly amplify synaptic input, resulting in a comparable neural drive when equivalent synaptic
input is delivered to the motoneuronal pools'®3:%. To investigate this, we estimated the input-output gain
across the motoneuronal pool as a measure of responsiveness to synaptic input!®?®?°. Our findings revealed
that the relationship between estimated synaptic input and motoneuronal output (discharge rate) was
consistent across sides. These results do not indicate equivalent levels of common synaptic input or neural drive
between the dominant and non-dominant limbs. Instead, the similar slopes reflect comparable modulation of
motoneuronal responses to synaptic input*'#¢, with greater neural drive to muscles likely dependent on a higher
proportion of common inputs on the dominant side. This finding is supported by previous evidence referring
to the motoneuronal pool as a spatial filter, amplifying shared components of synaptic input while suppressing
independent noise®®, thereby transmitting correlated signals to muscles as neural drive!®3*3!, Together, these
observations suggest that the greater muscle force observed on the dominant side is associated with a higher
proportion of common synaptic input. Although the discharge behavior of motor units is non-linear, the
estimation of the input-output gain can provide meaningful information once a comparable contribution from
the intrinsic properties of the motoneurons is confirmed!*>°.

Even though it is untypical to observe different muscle compositions and myosin-chain expression between
dominant and non-dominant limbs within the same individual®>*’, as well as in the contractile properties in both
the lower and upper limbs>4-, the absence of direct muscle biopsy measurements prevents us from asserting
that muscle properties are not involved in the dominance of one limb over the other, even at comparable muscle
size.

In conclusion, our findings demonstrate that dominant muscles presented greater force output, accompanied
by a higher proportion of common synaptic inputs to motoneurons and higher neural drive to muscles.
Importantly, this higher neural drive is not attributable to differences in intrinsic motoneuron properties, as
estimates of the persistent inward currents were comparable between dominant and non-dominant limbs.
Furthermore, the analysis of the input-output function suggests that motoneurons generate a similar output for
a certain level of synaptic input received from the pool on both sides. However, the dominant side receives a
greater proportion of common synaptic input, leading to a higher neural drive to muscles, which implies greater
maximal voluntary force. These findings highlight the role of the proportion of common synaptic input in driving
superior motor output in the dominant limbs, which is independent of intrinsic motoneuron characteristics.

Data availability
The data supporting the findings of this study are available upon reasonable request from the corresponding
author.
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