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Introduction: Early increases in muscle strength following unilateral resistance
training are typically accompanied by strength gains in the contralateral untrained
muscles, a phenomenon known as cross-education. However, the specificmotor
unit adaptations responsible for this gain transfer remain poorly understood. To
address this gap, we recordedmyoelectrical activity from the biceps brachii using
high-density electromyography.

Methods: Nine participants performed 8-week unilateral resistance training and
were compared to nine control individuals who did no intervention. Discharge
characteristics of longitudinally tracked motor units were assessed during
maximal voluntary contractions and isometric ramp contractions at 35% and
70% of the maximal voluntary force (MVF) at baseline (T0), 4 weeks (T1), and 8
weeks (T2) post-intervention.

Results:MVF increased by 7% in untrained muscles at T1 and 10% at T2 (p < 0.05).
These gains were accompanied by significant decreases in motor unit
recruitment thresholds (p < 0.01) and higher net discharge rate (i.e., gain in
discharge rate from recruitment to peak) following intervention (p < 0.05).
Trained muscles presented greater MVF (+11%, T1; +19%, T2) with similar
motor unit adaptations, including a lower recruitment threshold (p < 0.01) and
a higher net discharge rate (p < 0.01).

Discussion: Our findings indicate that higher strength in untrained muscles is
associated with a higher net discharge rate, implying a greater spinal motoneuron
output to muscles. The present results underscore the role of motor unit
adaptations in the transfer of strength gains to non-trained muscles, offering
novel insights into the neural mechanisms underlying cross-education.

KEYWORDS

cross-education, EMG, motor unit, neuromuscular adaptations, resistance
training, strength

OPEN ACCESS

EDITED BY

Giuseppe De Vito,
University of Padua, Italy

REVIEWED BY

David M. Rouffet,
University of Louisville, United States
Zachary James Crowley-McHattan,
Southern Cross University, Australia

*CORRESPONDENCE

Ilenia Bazzucchi,
ilenia.bazzucchi@uniroma4.it

RECEIVED 16 October 2024
ACCEPTED 12 December 2024
PUBLISHED 07 January 2025

CITATION

Lecce E, Conti A, Del Vecchio A, Felici F,
Scotto di Palumbo A, Sacchetti M and
Bazzucchi I (2025) Cross-education: motor unit
adaptations mediate the strength increase in
non-trained muscles following 8 weeks of
unilateral resistance training.
Front. Physiol. 15:1512309.
doi: 10.3389/fphys.2024.1512309

COPYRIGHT

© 2025 Lecce, Conti, Del Vecchio, Felici, Scotto
di Palumbo, Sacchetti and Bazzucchi. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Original Research
PUBLISHED 07 January 2025
DOI 10.3389/fphys.2024.1512309

https://www.frontiersin.org/articles/10.3389/fphys.2024.1512309/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1512309/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1512309/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1512309/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1512309/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2024.1512309&domain=pdf&date_stamp=2025-01-07
mailto:ilenia.bazzucchi@uniroma4.it
mailto:ilenia.bazzucchi@uniroma4.it
https://doi.org/10.3389/fphys.2024.1512309
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2024.1512309


1 Introduction

Resistance training is a central component in developing and
supporting motor functionality by promoting hypertrophy, muscle
strength, and power increase (Kramer et al., 2002; Carr et al., 2019;
Pearcey et al., 2021). These improvements result from a combination
of neural and morphological adaptations in response to mechanical
overload applied to the neuromuscular system (Folland and
Williams, 2007). Initial gains are typically evident after 4 weeks
of resistance training (Del Vecchio et al., 2019a; Lecce et al., 2024b)
and primarily attributed to neural modifications (Sale, 1988; Del
Vecchio et al., 2024), including motor unit adaptations either
independently or in conjunction with morphological changes
(Duchateau et al., 2006; Ansdell et al., 2020; Škarabot et al., 2021;
Roberts et al., 2023). A typical instance of such early neural changes
is cross-education, also known as cross-transfer or interlimb transfer
(Manca et al., 2018), in which unilateral resistance training induces
gain transfers to the contralateral untrained limb (Moritani and
deVries, 1979; Manca et al., 2021; Kay et al., 2024). These gains seem
specific to strength and skill transfer, as muscle endurance does not
seem to transfer to the untrained side (Song et al., 2024).

Following relatively short-term unilateral resistance training
(~4 weeks), untrained muscles typically exhibit an average
strength increase of 7.6%, approximately half the gain observed
in the trained side (Hendy and Lamon, 2017). Specifically,
improvements in untrained muscles vary from 6% to 10% in the
upper limbs and 13%–16% in the lower limbs, depending on the type
of intervention and its duration (Latella et al., 2012; Hendy and
Lamon, 2017; Green and Gabriel, 2018; Manca et al., 2018). Notably,
8 weeks of eccentric resistance training has been shown to induce
strength transfers of up to 20% in upper limbs (Howatson et al.,
2011; Boyes et al., 2017; Green and Gabriel, 2018; Martinez et al.,
2021; Sato et al., 2021) with effects lasting more than those observed
with concentric contractions (Harput et al., 2018). Despite cross-
education being known for over a century (Scripture et al., 1894), the
precise physiological mechanisms underlying this phenomenon
remain a subject of ongoing investigation and debate (Barss
et al., 2016; Manca et al., 2018; Paillard, 2020).

According to the existing evidence, cross-education is
thought to be mediated by adaptations within the central
nervous system, particularly involving motor cortices (Frazer
et al., 2018). The bilateral access and cross-activation models
offer complementary views at the central level. The bilateral
access model suggests that a shared motor engram, accessible
by both cortices via the corpus callosum, enables cross-limb
performance improvements without concurrent bilateral
cortical activation. In contrast, the cross-activation model
proposes that unilateral training leads to simultaneous
activation of both motor cortices, facilitating interhemispheric
communication through reduced inter-hemispheric inhibition
(IHI) (Ruddy and Carson, 2013; Richmond and Fling, 2019).
Furthermore, the bilateral interaction may occur through
uncrossed corticofugal fibers failing to decussate at the
pyramidal level, together with branched bilateral
corticomotoneuronal projections innervating contralateral
homologous motor pools (Carson, 2005; Leung et al., 2018).
Reduced IHI enhances connectivity between hemispheres,
while decreased short-interval intracortical inhibition in the

untrained hemisphere increases cortical excitability,
supporting neural adaptations (Hortobágyi et al., 2011).

These cortical changes have potential downstream effects at the
spinal level, as indicated by increased signal amplitude in untrained
muscles (Lee and Carroll, 2007; Pelet and Orsatti, 2021) and
increased V-wave, suggesting enhanced neural drive to the
muscles (Fimland et al., 2009). A greater Hmax/Mmax ratio has
also been reported, implying greater spinal excitability
(Bouguetoch et al., 2021). These adaptations have been
hypothesized to contribute to motor unit recruitment and firing
modifications, revealing how both cortical and spinal mechanisms
contribute to the neural plasticity of cross-education (Latella et al.,
2012; Bundy and Leuthardt, 2019). Nevertheless, no modifications
in motor unit discharge rate have been observed, a finding attributed
to methodological limitations in motor unit exploration (Green and
Gabriel, 2018). These limitations could be overcome by employing
higher spatial resolution electromyography (HDsEMG) and
advanced tracking approaches (Holobar et al., 2014; Martinez-
Valdes et al., 2017; Del Vecchio et al., 2020).

Although HDsEMG has been demonstrated to be a reliable tool
in assessing motor unit response to resistance training (Del Vecchio
et al., 2019a; Elgueta-Cancino et al., 2022; Orssatto et al., 2023), no
studies have yet explored physiological adaptations underlying
cross-education by examining longitudinally tracked motor units.
To address this gap, we recorded myoelectrical activity with
HDsEMG from biceps brachii (BB), as it is recognized as the
primary muscle responsible for elbow flexion force (Dartnall
et al., 2008; Yu et al., 2022). This muscle has also been
extensively assessed in cross-education studies, demonstrating
significant adaptations in the untrained limb (Farthing and
Chilibeck, 2003; Manca et al., 2018). We aimed to investigate
changes in discharge characteristics of longitudinally tracked
motor units in response to 8 weeks of unilateral resistance
training to understand the mechanisms underlying the increase
in strength of the untrained limb.

Based on the abovementioned evidence, we expected to observe
(a) higher muscle strength, (b) lower motor unit recruitment
thresholds, and (c) augmented discharge rate driving greater
force levels in both trained and untrained limbs. Additionally, (d)
lower motor unit firing variability, an adaptation associated with
increased strength, was also hypothesized (Vila-Chã and
Falla, 2016).

2 Methods

2.1 Participants and ethical approval

The study was approved by the local ethical committee of the
University of ‘Foro Italico,’ Rome (approval n. CAR157/2023) and
conformed to the Declaration of Helsinki standards. All the
participants signed a written informed consent form explaining
the experimental procedures and potential side effects in detail
before enrolling, underlining that they could withdraw from the
protocol at any time without jeopardy. Twenty recreationally active
participants (males, n = 10; females, n = 10) were initially enrolled,
but two withdrew from the study. Therefore, eighteen participants
(males, n = 8; females, n = 10) began and concluded the 8-week
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training protocol. Following familiarization, volunteers were
randomly assigned to either intervention (INT, n = 9; females,
n = 5) or control (CNT, n = 9; females, n = 5) group by
adopting the block-randomization approach, ensuring an equal
number per group (Kang et al., 2008). They were assigned
unique alphanumeric codes to ensure their privacy and
confidentiality. Participants with metabolic disease, upper limb
musculoskeletal disorders, acute infection, uncontrolled
hypertension, those under medications that impact muscle
protein metabolism, modulate vascular tone and neural activity,
and those using contraceptives (Burrows and Peters, 2007; Elliott-
Sale et al., 2020; Reif et al., 2021) were excluded. Inclusion criteria
included an age between 18 and 35 years and good health.
Participants’ anthropometric characteristics are reported in Table 1.

2.2 Overview of the study

Participants were asked to be available for four laboratory visits,
the first for familiarization and the others for the neuromuscular tests
at the baseline (T0), at the fifth week (T1), and the 10th week (T2).
Volunteers from the intervention group were asked to perform
24 training sessions in the laboratory, split into 12 between T0 and
T1 and 12 between T1 and T2, with a total of 8 weeks of training. Five
to 7 days of wash-out prior to the neuromuscular tests were assured to
minimize muscle soreness and training-lasting effects (Amstrong,
1984; Newham, 1988; Mizumura and Taguchi, 2024). During the first
visit, volunteers received information concerning the experimental
and testing procedures and were familiarized with maximal voluntary
isometric contractions (MVICs) and trapezoidal isometric
contractions (ramps) of the biceps brachii to ensure reliable
performance of task and proper steady phase execution. The
dominant limbs were identified by employing the Edinburgh
Questionnaire (Oldfield, 1971). No measurements were done
during this first visit. Data collection started during the second
visit (T0), including the identification of the maximal voluntary
force (MVF), submaximal ramp contractions, and HDsEMG
recordings from the biceps brachii of both limbs. In addition, arm
circumferences and subcutaneous skinfold thickness (SST) were
assessed to account for changes in muscle size (Mei et al., 2002).
According to previous findings, female participants completed the test
during either the ovulatory or mid-luteal phase to minimize
fluctuations in neuromuscular activity and avoid the general
decrease in activation observed during the early follicular phase
(Tenan et al., 2013; Weidauer et al., 2020). Therefore, the test was
repeated in the same phase as the baseline (Piasecki et al., 2024).

2.3 Experimental procedures

Participants were asked to refrain from strenuous exercise and
caffeine consumption 48 h before the tests. The testing procedures
were performed after a standardized warm-up, consisting of 3 x
30 isometric BB contractions at 30%–40% MVF, separated by 30 s.
They were asked to focus on elbow flexion and to, as much as
possible, isolate the muscle contraction of the biceps brachii during
the warm-up and tests. 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 while receiving verbal
encouragement to achieve a higher peak for each contraction.
The MVF was set as the greatest value recorded across the three
MVICs and was used to set the submaximal ramp contraction target
forces. After 5 min from the last maximal trial, participants
performed a ramp contraction per target force (35% or 70%
MVF) in a randomized order and separated by 5 min. Ramp
contractions consisted of a linear force increase (ramp-up) at a
rate of 5% MVF s-1 to a target value, which was maintained for 10 s,
and a linear force decrease (ramp-down) back to the resting value at
the same rate as the increasing phase. Participants received visually
guided feedback on their force trajectory via a monitor positioned
1.5 m away. For each testing session, the target force for ramp
contractions was set as a percentage of the maximal voluntary force
measured in the same testing session, ensuring that the target force
was always based on the daily MVF.

2.4 Training protocol

The intervention group performed unilateral eccentric strength
training of non-dominant limbs three times per week in an 8-week
training period divided into 4 weeks between T0 and T1 and the
remaining 4 weeks between T1 and T2 (Figure 1). The eccentric
protocol consisted of a standardized warm-up of 3 × 10 dynamic
contractions at 30% MVF (separated by 60 s), and 2 × 4 eccentric
contraction at 50% MVF (separated by 120 s). This was followed by
four sets of six elbow-flexor eccentric contractions at 30°/s (from
140° to 40° of flexion) at 80% MVF (separated by 180 s). The non-
dominant limb was chosen for training, as suggested by previous
evidence (Farthing et al., 2007).

2.5 Force signal recording

The elbow-flexion force was evaluated with an isokinetic
dynamometer (Kin-Com, Chattanooga, Tennessee). Participants
were seated in the dynamometric chair and stabilized by chest
and waist straps. The upper arm was parallel to the trunk, with
the forearm halfway between supination and pronation, with an
elbow flexion of 90° (Figure 1). The lever arm center of rotation was
aligned with the distal lateral humerus epicondyle, and the wrist was
secured in a cuff attached to the load cell. 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 ramp contractions
needed to be visually guided, a trapezoidal pattern was shown to
participants during the contraction. A minimum/maximum error

TABLE 1 Anthropometric comparisons at baseline.

Group

INT (n = 9) CNT (n = 9) p-values

Age (years) 24.4 ± 1.6 24.5 ± 1.6 0.891

Height (m) 1.67 ± 0.11 1.72 ± 0.07 0.190

Mass (kg) 61.8 ± 19.1 69.9 ± 19.1 0.269

BMI (kg·m-2) 21.8 ± 2.5 23.1 ± 4.8 0.464
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margin of 3% MVF was displayed along the entire trapezoidal force
trajectory, which represented the target force value for participants
to follow. This interval was designed to help participants remain
within the specified margin of error.

2.6 High-density surface electromyography
recordings (HDsEMG)

HDsEMG signals were recorded from the BB one limb at a time
with an adhesive grid of 64 electrodes [13 rows x five columns; gold-
coated; diameter: 1 mm; inter-electrode distance (IED): 8 mm; OT-

Bioelettronica, Turin, Italy]. 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, as previously
described (Lecce et al., 2023b). The IZ 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 (Huang et al., 2019) over the muscle belly,
using a disposable biadhesive with layer holes adapted to the

FIGURE 1
Experimental setup (A) The arm was placed on a dynamometer at 90° of elbow flexion with HDsEMG grids recording the signals. (B) Myoelectrical
signals were decomposed into individual motor unit discharge patterns, and the tracking procedure was used to identify the samemotor units across the
testing sessions during the offline analysis [representative example: identified MU #2 at T0 showed a positive association with identified MU #4 at T1, r =
0.91]. (C) Trapezoidal isometric contractions were adopted to assess individual motor unit characteristics by identifying the recruitment and
derecruitment thresholds (RT and DT), the averaged discharge rate (DRMEAN) and the discharge rate at recruitment (DRR), plateau (DRP), and
derecruitment (DRD). (D) Testing sessions were repeated at baseline (T0), after 4 weeks (T1), and after 8 weeks (T2). The 8-week training protocol was split
into two periods lasting 4 weeks each and included eccentric contractions at 80%MVF, which refers to the baseline in the first stage and to T1 in the
second stage. The image was created with Biorender.
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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 and 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.

2.7 Force and HDsEMG analysis

The 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. Trapezoidal contractions presenting
countermovement action or pre-tension were discarded from the
analysis (Lecce et al., 2023a). 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 (Holobar and Zazula, 2007) implemented in the
DEMUSE software working in MATLAB (MathWorks Inc. Natick,
United States). This decomposition procedure can identify motor unit
discharge times over a broad range of forces (Holobar and Farina,
2014). An experienced investigator manually analyzed all the identified
motor units and retained only those characterized by a high pulse-to-
noise ratio [>30 dB] (Holobar et al., 2014). Briefly, the manual analysis
consists of inspection and editing procedures after automatic
decomposition, involving the examination of motor unit spike trains
during the whole contraction, discarding those motor units with a
pulse-to-noise ratio below the reference threshold [30 dB] for accuracy
(Del Vecchio et al., 2020; Hug et al., 2021).

The recruitment [RT] and derecruitment thresholds [DT] were
identified as the absolute (N) and the relative force (% MVF) at
which motor units were activated and deactivated, identifying the
first and the last spikes, respectively (Del Vecchio et al., 2019a). The
average discharge rate was computed from the series of discharge
times identified by the automatic decomposition, providing the
discharge number per second for each motor unit across the
whole activity time (DRMEAN). This parameter was related to the
average neural drive (cumulative neural activity) of motoneurons
(Del Vecchio et al., 2019b; Del Vecchio et al., 2024). The discharge
rate for each motor unit was also assessed during the recruitment
(i.e., the average of the first four action potentials, DRR), during the
plateau (i.e., the average of the first 10 action potentials, DRP), and at
derecruitment (i.e., the average of the last four action potentials,
DRD). The net discharge rate (Net-DR) was calculated as the gain in
the discharge rate from motor unit recruitment to the target force of
ramp contractions, as previously indicated (Del Vecchio et al.,
2019a; Nuccio et al., 2021; Lecce et al., 2024a).

The interspike interval variability (ISIv) of motor units and the
coefficient of variation of force (CovF), defined as the percent ratio
between the standard deviation and the mean force ([SD/mean]x100),
were calculated over the central 8 s of the plateau phase of ramp
contractions discarding the first and the last 1-s period to minimize
fluctuations due to the ramp-up/ramp-down transitions. The association

between these two variables was also computed to account for the change
in force steadiness relative to firing variability (Tracy et al., 2005; Enoka
and Farina, 2021). The input-output gain of motoneurons was
additionally estimated by computing the association between the
change in motor unit discharge rate (Δ-DR) and the relative force
exerted (Δ-Force) during the ramp-up phase of contractions. This
analysis estimates the input-output gain of the motoneurons as it
reflects the extent of the gain in motor unit discharge rate from the
activation to the target force (i.e., Net-DR) relative to the change in
exerted force. A change in this association indicates amodification in the
motoneuronal output to a certain level of synaptic inputwhen the system
requires to exert force (Del Vecchio et al., 2019a; Ferguson and Cardin,
2020; Casolo et al., 2021; Lecce et al., 2024).

Motor units were longitudinally tracked across the intervention
(T0, T1, and T2) to ensure the reliability of motor unit comparisons.
This technique is based on the correlation value of the two-
dimensional action potential waveforms (Martinez-Valdes et al.,
2017). Only motor units with a high correlation value were
considered for the analysis (arbitrary R > 0.8). Since our setup
included three timelines, the percentage of tracked motor units
drastically decreased as we performed a first tracking procedure (T0
- T1) and a second procedure (T1 - T2), considering only those
motor units matched at the first stage. Tracking procedures were
performed between the same contraction intensity trials (e.g., 35%
MVF: T0 - T1) for measurement reliability.

2.8 Statistical analysis

The Shapiro-Wilk test was used to assess the data distribution
normality. Between-group comparisons were performed at baseline
using independent sample t-tests for the average number of identified
and tracked MUs, SST, and MVF. The average number of identified
motor units, SST, CovF at 35% and 70% MVF, MVF, and the ΔMVF,
were compared with paired samples t-tests to account for the within-
participant dependence in PRE-POST intervention evaluations.
Differences in the DRMEAN, DRR, DRP, DRD, Net-DR, ISIv, RT, and
DT across the timelines for each groupwere assessed usingmixed-effect
linear regression analysis to incorporate the whole sample of extracted
motor units, which preserves variability within and across participants
simultaneously to the greatest extent (Wilkinson et al., 2023). Group,
limb, time and the interaction between these were considered fixed
effects, with a random intercept for each participant [e.g., discharge rate
~ group x limb x time + (1 | Participant ID)]. Bonferroni corrections
were conducted in case of significant interaction, and the estimated
marginal means with 95% confidence intervals between pre and post-
intervention were computed. The association between the change in the
discharge rate and force during the ramp-up phase of contraction was
computed as the analysis of the input-output gain of motoneurons (Del
Vecchio et al., 2019a; Casolo et al., 2021). In order to examine whether
changes in the maximal voluntary force (Δ-MVF) were associated with
the change in the average net discharge rate (Δ-Net-DR), linear
regression analyses were performed between these variables. The
coefficient of determination was also computed to assess the
strength of the association for the following variables: a) the ΔMVF
in trained and untrained limbs; b) the mean ISIv and CovF. Slope
comparisons were performed using ANOVAs (Andrade and Estévez-
Pérez, 2014). Cohen’s d was used as the effect size for significant results
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in the t-tests. To estimate the proportion of variance a specific predictor
explains while controlling for random effects, partial eta squared was
computed for significant results of mixed-effect analysis as previously
suggested (Correll et al., 2022). The statistical calculations were done
using jamovi 2.3.18 (The jamovi project, Sydney, Australia) and SPSS
25.0 (IBM Corp., Armonk, NY, United States). A p < 0.05 was
considered a statistically significant result. Data are reported as the
mean ± SD in the text.

3 Results

Anthropometric data of both INT and CNT groups are reported
in Table 1. A complete statistical report, including results for both
the intervention and control groups, is uploaded as
supplementary material.

3.1 MVF, CovF, SST, and limb circumferences

Between-group comparisons at baseline revealed similarMVF of
both the dominant (INT, 260 ± 107 N vs. CNT, 266 ± 99 N; p =
0.421) and non-dominant (INT, 244 ± 92 N vs. CNT, 250 ± 93 N; p =
0.393) limbs. Similarly, no differences were observed comparing SST
of the dominant (INT, 4.5 ± 2.3 mm vs. CNT, 5.1 ± 2.2 mm; p =

0.217) and non-dominant (INT, 5.2 ± 2.3 mm vs. CNT, 5.9 ±
2.9 mm; p = 0.294) limbs. In addition, no differences were found in
limb circumference between-group comparisons of the dominant
(INT, 27.6 ± 3.7 cm vs. CNT, 28.1 ± 4.0 cm; p = 0.259) and non-
dominant (INT, 27.5 ± 3.3 cm vs. CNT, 27.8 ± 4.0 cm; p =
0.394) sides.

In the intervention group, trained limbs presented an increase in
MVF of 11% at T1 [ΔMVF = +28 N [14, 41], p < 0.001, d = 1.93
(Figure 2A)] and 19% at T2 [ΔMVF = +46 N [33, 58], p < 0.001, d =
3.38 (Figure 2A)]. A statistically significant difference was also
observed between T1 and T2, with an increase of approximately
7% [ΔMVF = +18 N [5, 31], p < 0.001, d = 1.86 (Figure 2A)]. In the
untrained muscle, MVF increased by 7% at T1 [ΔMVF = +17 N [2,
32], p = 0.001, d = 1.76 (Figure 2B)] and 10% at T2 [ΔMVF = +26 N
[10, 42], p < 0.001, d = 2.00 (Figure 2B)], with no significant
differences between T1 and T2 (p = 0.107).

We found statistically significant associations between MVF of
trained and untrained limbs T0 (R2 = 0.93, p < 0.001), T1 (R2 = 0.92,
p < 0.001), and T2 (R2 = 0.90, p < 0.001) (Figure 2C). In trained
limbs, we observed significant differences in ΔMVF when
comparing the increase observed in 8 weeks (T0-T2) compared
to the two individual interventions separately [T0-T1, ΔMVF =
+8.5% [3.1, 13.9], p = 0.007, d = 1.21; T1-T2, ΔMVF = +12.2% [7.3,
17.2], p < 0.001, d = 1.90 (Figure 2D)]. In contrast, untrained limbs
only present a significant difference comparing 8 weeks (T0-T2) to

FIGURE 2
The increase in the MVF in trained and untrained limbs Box plots with individual markers for the absolute values of themaximal voluntary force (MVF)
across intervention for trained (A) and untrained (B) limbs, with a scatter plot displaying the association between these values (C). Delta (%) of the increase
in MVF reported for trained (D) and untrained (E) sides between each timeline, with the association between these values as a scatter plot (F). In box plots,
red markers represent male individuals, whereas green markers represent female individuals.
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the last 4 weeks of intervention [T1-T2, ΔMVF = +7.1% [4.0, 10.2],
p < 0.001, d = 1.21 (Figure 2E)], confirming that the magnitude of
increase from the fourth to the eighth week was not significant.
Nevertheless, the association between ΔMVF was statistically
significant across all the timelines [p < 0.01 (Figure 2F)].

Trained limbs presented a significant decrease in the CovF-35%
at T1 (ΔCovF = −0.66% [-0.74, −0.58], p = 0.03, d = 1.07) and T2
(ΔCovF = −1.16% [-1.31, −1.01], p = 0.001, d = 2.08), with significant
differences between the fourth and the eighth week
(ΔCovF = −0.50% [-0.66, −0.34], p = 0.04, d = 0.87). Similarly,
CovF also decreased at 70% MVF for trained limbs at T1
(ΔCovF = −0.45% [-0.53, −0.37], p = 0.03, d = 0.71) and T2
(ΔCovF = −0.95% [-1.12, −0.78], p < 0.001, d = 1.59), with
significant differences between T1 and T2 (ΔCovF = −0.50%
[-0.68, −0.32], p = 0.02, d = 0.83). Compared to the baseline,
untrained limbs exhibited significantly lower CovF at 35% MVF
at T1 (ΔCovF = −0.58% [-0.69, −0.47], p = 0.03, d = 1.03) and T2
(ΔCovF = −0.69% [-0.80, −0.58], p = 0.008, d = 1.22), with no
significant differences between T1 and T2 (p = 0.150). CovF also
declined at 70%MVF in the untrained limbs at T1 (ΔCovF = −0.30%
[-0.39, −0.21], p = 0.03, d = 0.51), T2 (ΔCovF = −0.53%
[-0.62, −0.44], p = 0.003, d = 0.83), with no significant
differences between T1 and T2 (p = 0.163).

In trained limbs, the SST significantly decreased at
T1 [ΔSST = −0.58 mm [-0.76, −0.39], p = 0.04, d = 0.28
(Table 2)] and T2 [ΔSST = −0.80 mm [-0.96, −0.63], p = 0.01,
d = 0.36 (Table 2)]. Significant differences were also observed
between T1 and T2 for the same parameter [ΔSST = −0.22 mm
[-0.36, −0.07], p = 0.04, d = 0.09 (Table 2)]. Furthermore, the trained
limb circumferences significantly increased from the baseline to
T1 [ΔLC = +0.93 cm [0.63, 1.23], p = 0.01, d = 0.25 (Table 2)] and T2
(ΔLC = +1.81 cm [1.55, 2.06], p = 0.001, d = 0.52 (Table 2)].
Additionally, the increase in circumference observed between
T1 and T2 was statistically significant (ΔLC = +0.88 cm [0.61,
1.14], p = 0.002, d = 0.24 (Table 2)]. Untrained limbs presented
consistent subcutaneous skinfold thickness and limb circumferences
across T0, T1, and T2 (p > 0.05). No significant differences were

found in the control group for the abovementioned
variables (p > 0.05).

3.2 Motor unit identification

The number of the whole pool of identified motor units was
866 from all participants, 439 from the intervention and 427 from
the control group, with no between-group differences at T0 (p =
0.627), T1 (p = 0.328), and T2 (p = 0.893). In addition, no within-
group differences were observed in the number of identified motor
units in the intervention (T0 - T1, p = 0.923; T0 - T2, p = 0.572; T1 -
T2, p = 0.968) and control (T0 - T1, p = 0.627; T0 - T2, p = 0.157; T1 -
T2, p = 0.150) groups. Of these, 103 (~12%) were tracked across
sessions, 56 motor units for the intervention and 47 for the control
group. Per participant, 6.2 ± 1.78 motor units were tracked for the
intervention and 5.2 ± 1.56 for the control group, with no between-
group differences (p = 0.225). The number of identified and tracked
motor units, classified by group, limb, and timeline, is reported
in Table 3.

Compared to previous results investigating longitudinally
tracked motor units following resistance training (Del Vecchio
et al., 2019a), a lower percentage of tracked motor units was
found due to more testing sessions (T0, T1, T2). This implicates
a decrease in the number of possible motor units that can be tracked
from the whole motor unit sample.

3.3 Motor unit adaptations

Changes in motor unit recruitment and derecruitment
thresholds are reported in Table 4, whereas discharge rate
comparisons are reported in Table 5. All the reported data refer
to longitudinally tracked motor units as these reflect reliable
intervention effects, whereas results from the whole sample may
depend on the number of identified motor units (i.e., distribution)
expressing specific properties following the decomposition process

TABLE 2 MVF, SST, and limb circumference.

Trained limb

T0 T1 T2 Significance

MVF (N) 244 ± 92 272 ± 99 290 ± 97 *#$

SST (mm) 5.2 ± 2.3 4.6 ± 1.9 4.4 ± 2.1 *#$

LC (cm) 27.5 ± 3.3 28.4 ± 3.8 29.3 ± 3.6 *#$

Untrained limb

T0 T1 T2 Significance

MVF (N) 260 ± 107 277 ± 112 286 ± 117 *#

SST (mm) 4.5 ± 2.3 4.7 ± 2.1 4.6 ± 2.0 none

LC (cm) 27.6 ± 3.7 27.7 ± 3.8 27.8 ± 3.7 none

CovF, coefficient of variation of force; LC, Limb circumference; MVF, maximal voluntary force; SST, subcutaneous skinfold thickness; T0, baseline; T1, after 4 weeks; T2, after 8 weeks. Within-

group comparisons were performed with paired-sample t-tests. *, significant T0 - T1 result; #, significant T0 - T2 results; $, significant T1 - T2 results. Data are reported as the mean ± SD.

Frontiers in Physiology frontiersin.org07

Lecce et al. 10.3389/fphys.2024.1512309

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1512309


(Maathuis et al., 2008; Martinez-Valdes et al., 2017; Goodlich
et al., 2023).

A significant group × limb × time interaction was observed for
the absolute motor unit recruitment threshold (F2, 281.34 = 5.13, p =
0.003, pη2 = 0.15) and derecruitment threshold (F2, 281.22 = 4.42, p =
0.01, pη2 = 0.10). Post hoc analysis indicated a significant decline in
recruitment threshold for trained limbs following the first 4 weeks
[ΔRT = −9 N [-13, −4], p < 0.001 (Table 4)], after 8 weeks
[ΔRT = −16 N [-20, −11], p < 0.001 (Table 4)], and between the
fourth and eighth weeks [ΔRT = −7 N [-9, −5], p = 0.001 (Table 4)].
Untrained limbs also presented a decrease in recruitment threshold
after the first 4 weeks (ΔRT = −6 N [-10, −1], p = 0.002 (Table 4)] and
8 weeks (ΔRT = −10 [-14, −5], p < 0.001 (Table 4)], but no significant
changes were observed between the fourth and eighth weeks (p =
0.115). Similarly, the absolute derecruitment threshold for trained
limbs decreased significantly following the first 4 weeks
(ΔDT = −6 N [-11, −1], p = 0.01 (Table 4)], after 8 weeks
(ΔDT = −12 N [-17, −6], p < 0.001 (Table 4)], and between the
fourth and the 8 weeks (ΔDT = −6 N [-8, −3], p = 0.001 (Table 4)].
Untrained limbs exhibited a reduced derecruitment threshold after
the first 4 weeks (ΔDT = −8 N [-12, - 3], p = 0.01 (Table 4)] and
8 weeks (ΔDT = −9 N [-14, −3], p = 0.004 (Table 4)], but no

significant differences were found between the two
timelines (p > 0.05).

We observed a significant group x limb × time interaction for the
relative motor unit recruitment threshold (F2, 274.35 = 4.46, p = 0.01,
pη2 = 0.11) and relative derecruitment threshold (F2, 281.34 = 3.93, p =
0.02, pη2 = 0.09). Post hoc results revealed a significant reduction in
the relative recruitment threshold for trained limbs after the first
4 weeks [ΔRTr = −6% [-7, −5], p < 0.001 (Table 4)], after 8 weeks
(ΔRTr = −12% [-14, −11], p < 0.001, Table 4), and between the
fourth and the eighth weeks [ΔRTr = −6% [-7, −5], p < 0.001
(Table 4)]. Untrained limbs also presented a reduced relative
recruitment threshold following the first 4 weeks [ΔRTr = −5%
[-6, −4], p < 0.001 (Table 4)] and 8 weeks [ΔRTr = −6% [-7, −5], p <
0.001 (Table 4)], with no significant differences between the fourth
and the eighth weeks (p > 0.05). Post hoc analysis for the relative
motor unit derecruitment threshold indicated a significant decrease
for trained limbs following 4 weeks (ΔDTr = −5% (-6, −3], p < 0.001
(Table 4)], after 8 weeks [ΔDTr = −11% [-13, −8], p < 0.001
(Table 4)], and between the four and the eighth weeks
[ΔDTr = −6% [-7, −5], p < 0.001 (Table 4)]. In addition,
untrained limbs exhibited a significant decline in the relative
derecruitment threshold after the first 4 weeks [ΔDTr = −5%

TABLE 3 Number of identified and tracked motor units.

35%MVF 70%MVF Total Tracked

T0 T1 T2 T0 T1 T2

INT-TL 50 47 46 33 31 27 234 32 (13%)

INT-UL 42 45 44 30 29 28 218 24 (11%)

CNT-ND 46 42 43 29 28 28 216 28 (13%)

CNT-D 41 39 33 28 30 27 198 19 (10%)

Total 178 171 167 121 116 113 866 103 (12%)

CNT, control group; INT, intervention group; D, dominant limb; ND, non-dominant limb; T0, baseline; T1, after 4 weeks; T2, after 8 weeks; TL, trained limb; UL, untrained limb.

TABLE 4 Recruitment and derecruitment threshold adaptations.

Trained limbs

T0 T1 T2 Significance

RT (N) 99 ± 49 90 ± 40 83 ± 40 *#$

DT (N) 92 ± 52 86 ± 40 80 ± 38 *#$

RTr (%) 40 ± 12 34 ± 10 27 ± 8 *#$

DTr (%) 37 ± 13 32 ± 10 26 ± 7 *#$

Untrained limbs

RT (N) 101 ± 54 95 ± 54 91 ± 49 *#

DT (N) 91 ± 55 83 ± 50 82 ± 45 *#

RTr (%) 39 ± 12 33 ± 11 32 ± 12 *#

DTr (%) 35 ± 13 30 ± 12 29 ± 13 *#

DT, derecruitment threshold; DTr, relative derecruitment threshold; RT, recruitment threshold; RTr, relative recruitment threshold; T0, baseline; T1, after 4 weeks; T2, after 8 weeks. Within-

group comparisons were performed with mixed-effect linear regression model. *, significant T0 - T1 result; #, significant T0 - T2 results; $, significant T1 - T2 results. Data are reported as the

mean ± SD.
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[-6, −4], p < 0.001, Table 4] and 8 weeks [ΔDTr = −5% [-7, −4], p <
0.001 (Table 4)], with no significant differences between the two
timelines (p > 0.05).

A significant group x limb × time interaction was identified for
the motor unit DRMEAN (F2, 281.93 = 3.39, p = 0.03, pη2 = 0.08). Post
hoc analysis indicated a significant increase exclusively in trained
limbs after the first 4 weeks [ΔDR = +3.4 pps [2.3, 4.6], p = 0.003
(Table 5)], 8 weeks [ΔDR = +5.8 pps [4.6, 7.0], p < 0.001 (Table 5)],
and between the two timelines [ΔDR = +2.4 pps [1.3, 3.5], p = 0.01
(Table 5)]. A significant group x limb × time interaction was also
observed in motor unit Net-DR (F2, 282.77 = 8.21, p < 0.001, pη2 =
0.19). Post hoc analysis revealed a significant increase in Net-DR for
trained limbs following 4 weeks [ΔDR = +3.1 pps (2.5, 3.7), p = 0.01
(Table 5)], 8 weeks [ΔDR = +5.3 pps [4.3, 6.3), p < 0.001 (Table 5)],
and between the fourth and the eighth weeks [ΔDR = +2.2 pps (1.7,
2.7), p = 0.01 (Table 5)]. Untrained limbs also presented a significant
increase in the Net-DR following the first 4 weeks [ΔDR = +3.1 pps
(2.5, 3.8), p = 0.01 (Table 5)] and 8 weeks [ΔDR = +3.8 pps (2.9, 4.7),
p < 0.001 (Table 5)], with no differences between these two timelines
(p = 0.352).

We observed a significant group x limb x interaction for DRR (F2,
282.36 = 4.32, p = 0.01, pη2 = 0.08), DRP (F2, 281.78 = 10.27, p = 0.002,
pη2 = 0.13), and DRD (F2, 279.15 = 5.94, p = 0.003, pη2 = 0.10). Post hoc
comparisons indicated a significant decrease in motor unit DRR

exclusively for untrained limbs following 4 weeks (ΔDR = −3.1 pps
(-4.5, −1.7), p = 0.02 (Table 5)) and 8 weeks (ΔDR = −3.4 pps
(-4.7, −2.0), p = 0.01 (Table 5)), with no differences between the two
timelines (p = 0.403). Post hoc analysis for motor unit DRP showed a
significant increase only for trained limbs following 4 weeks (ΔDR =
+2.6 pps (1.4, 3.8), p = 0.02 (Table 5)), 8 weeks (ΔDR = +4.1 pps (2.5,
3.8), p < 0.001 (Table 5)), and between week 4 and 8 (ΔDR =
+2.2 pps (1.1, 3.3), p = 0.01 (Table 5)). Post hoc comparisons
indicated a significant decrease in motor unit DRD only for

untrained limbs following 4 weeks (ΔDR = −3.0 pps (-4.0, −1.9),
p = 0.02 (Table 5)) and 8 weeks (ΔDR = −2.5 pps (-3.6, −1.5), p =
0.008 (Table 5)), with no differences between the two timelines
(p = 0.365).

A group × time interaction was found for ISIv (F2, 280.57 = 11.76,
p < 0.001, pη2 = 0.16). Post hoc analyses revealed a significant
decrease in ISIv for trained limbs after 4 weeks (ΔISIv = −6.5%
(-7.8, −5.2), p = 0.001), after 8 weeks (ΔISIv = −9.5% (-10.8, −8.3),
p < 0.001), and between the fourth and the eighth weeks
(ΔISIv = −3.0% (-4.2, −1.9), p = 0.001). Furthermore, the
untrained limb presented a significant decrease in ISIv following
4 weeks (ΔISIv = −3.9% (-5.4, −2.4), p = 0.004) and 8 weeks
(ΔISIv = −4.6% (-6.2, −3.91, p < 0.001), with no differences
between the fourth and the eighth weeks (p = 0.401).

No changes were observed in the control group for motor unit
properties (p > 0.05).

3.4 Neuromechanical associations

The relationship between interspike interval variability and the
coefficient of variation of force (i.e., firing and force fluctuation) was
statistically significant across all time points and intensities for both
limbs (Figure 3). At 35% MVF, trained limbs demonstrated a strong
to very strong coefficient of determination at T0 (R2 = 0.92, p <
0.001), T1 (R2 = 0.66, p = 0.007), and T2 (R2 = 0.87, p < 0.001), with
no significant differences in slopes (p = 0.818). Similarly, untrained
limbs exhibited strong to very strong association at T0 (R2 = 0.85, p <
0.001), T1 (R2 = 0.69, p = 0.01), and T2 (R2 = 0.79, p = 0.007), with
consistent slopes across time points (p = 0.875). At 70% MVF,
trained limbs presented a strong to very strong coefficient of
determination at T0 (R2 = 0.82, p < 0.001), T1 (R2 = 0.68, p =
0.005), and T2 (R2 = 0.77, p = 0.001), with no differences in slopes

TABLE 5 Discharge rate adaptations.

Trained limbs

T0 T1 T2 Significance

DRMEAN (pps) 16.7 ± 4.5 20.2 ± 4.0 22.6 ± 4.3 *#$

DRR (pps) 13.4 ± 3.6 12.9 ± 2.9 12.9 ± 3.2 none

DRP (pps) 18.2 ± 4.4 20.8 ± 4.3 23.0 ± 3.3 *#$

DRD (pps) 10.8 ± 2.8 11.1 ± 3.2 11.1 ± 2.8 none

Net-DR (pps) 4.8 ± 3.2 7.9 ± 4.8 10.1 ± 5.8 *#$

Untrained limbs

DRMEAN (pps) 20.6 ± 5.6 20.1 ± 4.2 20.6 ± 4.1 none

DRR (pps) 16.7 ± 4.6 13.6 ± 4.7 13.3 ± 4.1 *#

DRP (pps) 21.4 ± 5.2 21.4 ± 4.7 21.8 ± 4.3 none

DRD (pps) 14.5 ± 3.1 11.5 ± 3.6 11.9 ± 0.7 *#

Net-DR (pps) 4.7 ± 3.4 7.8 ± 4.9 8.5 ± 5.3 *#

DRD, discharge rate at derecruitment; DRMEAN, mean discharge rate; DRP, discharge rate at plateau; DRR, discharge rate at recruitment; Net-DR, net discharge rate; T0, baseline; T1, after

4 weeks; T2, after 8 weeks. Within-group comparisons were performed with mixed-effect linear regression model. *, significant T0 - T1 result; #, significant T0 - T2 results; $, significant T1 -

T2 results. Data are reported as the mean ± SD.
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FIGURE 3
The association between themean interspike interval variability and coefficient of variation of force Scatter plots of the relationship between the ISIv
and CovF are displayed for trained and untrained limbs at 35%MVF (A, B) and 70%MVF (C, D). Eachmarker represents a single participant value, reflecting
the average ISIv for motor units and CovF at T0, T1, and T2. Tracking procedures ensure the reliability of comparisons.

FIGURE 4
Input-output gain of motoneurons Scatter plot of the input-output gain of the Δ-DR (plateau minus recruitment) as a function of the Δ-Force
(plateau force minus recruitment threshold force) reflecting the input-output gain of motoneurons of trained (A) and untrained (C) limbs. Each circle
represents amotor unit, and each color refers to a timeline. Slope comparisons between T0, T1, and T2 are displayed for each participant’s trained (B) and
untrained (D) limbs. Each colored marker represents a single participant’s slope value. Data are reported as the mean ± SD.
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(p = 0.673). Untrained limbs also exhibited a strong to very strong
coefficient of determination at T0 (R2 = 0.64, p = 0.008), T1 (R2 =
0.84, p < 0.001), and T2 (R2 = 0.91, p < 0.001), with consistent slopes
across the timelines (p = 0.681).

The input-output gain of motoneurons, measured as the
association between the change in discharge rate and exerted
force during the ramp-up phase of contractions, was not altered
by resistance training in both limbs for the intervention group (p >
0.05 (Figure 4)). Similarly, the control group showed no significant
differences (p > 0.05). In trained limbs, we found a strong linear
association between the change (i.e., delta) in the net discharge rate
and the maximal voluntary force between T0 and T1 (R2 = 0.81, p <
0.001 (Figure 5A)), T0 and T2 (R2 = 0.74, p = 0.002 (Figure 5B)), as
well as between T1 and T2 (R2 = 0.84, p < 0.001 (Figure 5C)).We also
found a strong linear association between the change in the net
discharge rate and the maximal voluntary force in the untrained side
between T0 and T1 (R2 = 0.82, p < 0.001 (Figure 5D)), T0 and T2
(R2 = 0.78, p = 0.001 (Figure 5E)), as well as between T1 and T2 (R2 =
0.72, p = 0.003 (Figure 5F)).

4 Discussion

The main finding of this study is that strength increases in the
untrained muscles were accompanied by specific adaptations in
motor unit properties. Notably, we observed an increase in the net
discharge rate in the untrained limb, reflecting a greater net
motoneuron output to the muscle. This parameter is particularly

relevant as it represents the gain in discharge rate from when a
motor unit is activated to reaching the target force, an adaptation
also occurring on the trained side. Higher muscle strength was also
accompanied by a lower recruitment threshold and reduced
interspike interval variability, indicative of an increased
cumulative motor unit contribution to force exertion and
enhanced regularity in the discharge activity in both limbs.
Furthermore, these modifications were observed in longitudinally
tracked motor units, which ensures the robustness of our findings by
offering a unique perspective of neuromuscular adaptations
underlying cross-education.

The number of longitudinally tracked motor units was lower
than in previous studies investigating resistance training adaptations
(Del Vecchio et al., 2019a). This discrepancy is primarily attributed
to the analyzed muscle (biceps-brachii in the present study) and the
number of tracking sessions (three timelines), both of which have
been reported to influence the number of identified and tracked
motor units (Del Vecchio et al., 2020). Indeed, the decomposition of
HDsEMG signals from biceps brachii typically implicates lower
identified motor units compared to other muscles (e.g., tibialis
anterior), and the likelihood to reidentify the same motor units
decreases with the increase in the number of sessions.

The force output of dominant and non-dominant biceps brachii
was consistent with values expected from recreationally active
individuals (Casolo et al., 2021). The significant strength gains
observed in trained muscles after four and 8 weeks of
intervention, 11% at T1 and 19% at T2, aligned with established
neuromechanical adaptations associated with resistance training

FIGURE 5
Association between Δnet discharge rate and ΔMVF Scatter plots displaying the association between the change in the net discharge rate of motor
units (i.e., the gain in the discharge rate from recruitment to target force) and MVF for trained (A–C) and untrained (D–F) sides. Each marker represents a
single participant value, reflecting the average change in the net discharge rate ofmotor units andMVF for all regressions. Tracking procedures ensure the
reliability of comparisons by averaging the net discharge rate of the same motor units.
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(Folland and Williams, 2007) and were accompanied by significant
increases in limb circumference across testing sessions. Untrained
limbs also presented a noteworthy enhancement in MVF with no
changes in limb circumference, comparable to that observed in
previous investigations exploring cross-education in the biceps
brachii (Green and Gabriel, 2018; Manca et al., 2018). These
findings support prior research indicating that initial strength
increases are predominantly driven by neural adaptations
(Folland and Williams, 2007; Balshaw et al., 2017), underscoring
the significant role of eccentric contraction in eliciting cross-
education effects (Altheyab et al., 2024). Nevertheless, similar
force output between T1 and T2 in untrained limbs suggests that
primary adaptations supporting cross-education occur in the first
4 weeks of resistance training.

The observed strength enhancements were accompanied by
various motor unit adaptations. First, the recruitment threshold
was significantly lower in trained limbs, resulting in an earlier
activation of the motor unit pool, which aligned with prior
findings (Del Vecchio et al., 2019a). Similar effects were observed
in the contralateral homologous muscle, supporting the hypotheses
regarding the influences from contralateral networks affecting
neural activity on the untrained side (Lee and Carroll, 2007;
Leung et al., 2018). Furthermore, motor unit recruitment
threshold is known to depend on the relative share of the
synaptic input to motoneurons and their intrinsic threshold
properties (Heckman et al., 2009). It has been suggested that
changes in the distribution of excitation levels activating motor
units are often a result of neural adaptations to resistance training
(Dideriksen and Del Vecchio, 2023), leading to a lower excitatory
input required for motor unit activation. Since cross-education has
been associated with gain transfer occurring at spinal and
supraspinal levels, it is plausible that lower recruitment
thresholds observed in both limbs stem from either or both
enhanced synaptic input and intrinsic threshold properties
(Heckman et al., 2009; Del Vecchio et al., 2019a; Škarabot et al.,
2021; Dideriksen and Del Vecchio, 2023). In addition, lower
derecruitment thresholds were observed, likely depending on the
type of resistance training and, similarly to recruitment, the intrinsic
threshold properties of motor units (Heckman et al., 2009). Our
results indicate that chronic eccentric-contraction training
significantly decreased recruitment and derecruitment thresholds,
supporting previous findings investigating the effects of acute
eccentric contractions on motor unit properties (Dartnall et al.,
2009; Hayman et al., 2024).

The lower ISIv accompanied by increased strength in both limbs
potentially depends on the hormonal response typically observed
following strength training (Handelsman et al., 2018). This
adaptation is associated with reduced potential dispersion during
firing activity (Guo et al., 2022), resulting in a decreased firing
fluctuation and aligning with previous evidence indicating reduced
firing variability in response to resistance training (Vila-Chã and Falla,
2016). Lower interspike interval variability was also accompanied by
enhanced force steadiness (lower CovF), supporting findings involving
the strong association between these two variables (Dideriksen et al.,
2012; Enoka and Farina, 2021). Indeed, both limbs exhibited strong
ISIv-CovF relationships, which were not altered by resistance training,
highlighting that gain transfer regards not only muscle strength but also
force steadiness.

The higher discharge rate observed during the plateau phase of
contractions in trained limbs likely stems from the enhanced neural
drive required to generate higher absolute forces, as suggested in
previous studies (Del Vecchio et al., 2019a). In contrast, we found a
consistent discharge rate at the plateau and a lower discharge rate at
recruitment in untrained limbs. It is plausible that these divergent
responses depend on a differential modification in musculotendinous
stiffness, which has been demonstrated to decrease in trained muscles
(Grosset et al., 2009). This reduction affects neuromechanical delay
and motor unit discharge rates at the activation by altering the stretch
response of the muscle-tendon unit as muscle fibers depolarize (Del
Vecchio et al., 2018; Del Vecchio et al., 2019a). Indeed, lower
musculotendinous stiffness is associated with a higher discharge
rate at recruitment to compensate for the slack in passive
component response (Stein and Parmiggiani, 1979; Linden et al.,
1991; Pasquet et al., 2005). Considering lower recruitment thresholds,
it is plausible that motoneuron starts sending action potentials at a
lower excitatory input in both limbs (Del Vecchio et al., 2019a;
Dideriksen and Del Vecchio, 2023). This suggests that the
discharge rate at recruitment may be lower in conditions of
consistent muscle stiffness. Instead, trained muscles will maintain a
similar discharge rate at recruitmentwith decreased stiffness. This also
aligns with the hypothesis that resistance training elicits increased rate
coding gain (i.e., the sensitivity of motoneurons to increase their spike
frequency from recruitment to the plateau), resulting in a steeper rise
in discharge rate once motoneurons begin firing, explaining the gain
in the discharge rate from the activation to plateau (i.e., net discharge
rate) achieved through differential discharge adaptations on both
trained and untrained sides (Dideriksen and Del Vecchio, 2023).

The input-output gain of motoneurons was not altered by
training, a finding aligning with previous evidence (Nuzzo et al.,
2017; Del Vecchio et al., 2019a). The similar association between the
change in discharge rate and exerted force implies a similar
motoneuron output to a neural input following the intervention
(Devanne et al., 1997). This suggests that the observed discharge
adaptations may occur to reach a greater absolute force, underlining
that mechanical modulations of both trained and untrained limbs
are associated with corresponding changes in motor unit discharge
characteristics. Indeed, both sides presented a higher net discharge
rate, which is the gain in the discharge rate from when the
motoneuron starts firing to the value of the target force.
Furthermore, the strong association between the change in the
net discharge rate and MVF highlights that the increase in
muscle strength is strongly related to this parameter in both
limbs. These findings support the evidence that greater muscle
force is strongly associated with higher net spinal motoneuron
output to muscles (Del Vecchio et al., 2019a; Nuccio et al., 2021).

In summary, our results indicate that unilateral resistance
training of the biceps brachii results in significant
neuromechanical adaptations, evidenced by higher maximal
voluntary force and changes in motor unit characteristics in both
trained and untrained limbs. The main findings include an increase
in net discharge rate, lower recruitment thresholds, and reduced
interspike interval variability, all indicative of neural adaptations
occurring in both limbs, with untrained limbs presenting
enhancements in the first 4 weeks of unilateral resistance
training. The strong association between the increase in maximal
strength and the net spinal motoneuron output to muscles
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underscores that changes in motor unit discharge characteristics
potentially mediate the observed gains. These results also underline
the role of neural adaptations in early strength improvements,
potentially contributing to the cross-education phenomenon.

5 Limitations and future studies

Although the differential adaptations of motor units tracked
before and after training have been characterized in the present
study, it was not possible to directly assess spinal and central
modulation to determine these changes, representing the main
limitation in identifying multiple possible sites of adaptations.
Another limitation is that cross-education was explored over a
relatively brief period. To address this, future studies could
include more time points within the first 4 weeks to better assess
the kinetics of neural modifications. Future investigations involving
the concurrent measurement of brain activity and spinal output may
provide novel insights into the neural adaptations to unilateral
strength training. Additionally, exploring the long-term
sustainability of cross-education effects and their applicability to
diverse populations will contribute to a more comprehensive
understanding of this phenomenon.
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