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Abstract 

Previously untrained individuals tend to increase maximal and rapid strength during 

the initial resistance training stages. Muscle activation and coordination are neural 

mechanisms contributing to the increased mechanical output. However, how the 

force production characteristics are accompanied by changes in activation of agonist 

muscles as well as coordination of muscles with different functional roles is not fully 

understood. This study investigated the time course of adaptations following 6 weeks 

of resistance training, evaluating every two weeks a leg-press isometric maximum 

voluntary contraction. Peak force (PF), rate of force development (RFD), rate of EMG 

rise (RER) of the agonist muscles and intermuscular coherence between synergist 

or antagonist pairs of muscles were evaluated. In result of a dynamic squat program, 

the maximal and rapid leg-press isometric force increased after the 6-week period 

(p = 0.011 and p = 0.015, respectively), although improvements at specific intervals of 

RFD at specific time points were observed. Regarding knee extensor activation, gen-

erally decreased RER was observed only for rectus femoris and not for the monoar-

ticular portions of quadriceps. Additionally, intermuscular coherence analysis revealed 

increased coupling between rectus femoris and the monoarticular portions of quad-

riceps after training, and adaptations between agonist muscles acting in different 

joints as well as between agonist and antagonist muscle at specific time points were 

observed concerning specific bands. This is the first study to characterize the time 

course of intermuscular coordination adaptations during the early phase of strength 

training in previously untrained individuals, bringing new insights into the neural 

mechanisms of muscle recruitment following resistance training in what concerns to 

coordinative strategies in the control of muscles with different functional roles.
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Introduction

Strength training induces increased capacity of force production that emerges from 
neuromuscular adaptations. Previously untrained individuals present lower maximal 
[1,2] or rapid force [3–5] than trained ones, which has been shown to be related to 
muscular adaptations, such as changes in muscle size [6,7] and architecture [8–10], 
but also to neural factors. More precisely, strength trained individuals have shown to 
be capable of producing greater voluntary activation of muscles during maximal force 
production [1,2,4,11] presenting adaptations spanning from the cortex to the spinal 
cord, as reduced intracortical inhibition and changed corticospinal pathway [12,13], or 
motor unit recruitment with increased discharge rate [14,15].

During the first weeks of training, adaptations seem to be mainly related to neural 
mechanisms, while muscular adaptations present greater relevance after 6–8 weeks 
of training [16,17]. For example, during this initial training stage, increased cortico-
spinal excitability and reduced short-interval cortical inhibition as well as reduced 
activation of the antagonist muscles were observed after only 2 weeks of isotonic 
wrist flexion training [18]. Also, changes in the activation of stabilizers during elbow 
flexions after 3 weeks [19], increased voluntary activation and rate of activation of the 
plantar flexors [20] or decreased recruitment threshold of motor units and increased 
discharge rate [15] after 4 weeks were observed. However, how these specific 
adaptations emerge overtime is still not entirely understood, and it may be crucial 
to a more effective strength training prescription. For example, different methods of 
strength training have demonstrated to promote different acute adaptations in muscle 
activity assessed by electromyography (EMG) in groups with different training back-
ground [21] which may lead to distinct long-term adaptations. Additionally, strength 
adaptations of untrained individuals during initial strength training stages seem to be 
influenced by the pre-existing strength level [22].

The use of heavy loads is recommended to increase maximal strength [23,24]. 
Additionally, it has been suggested that training programs with heavy loads promote 
increases not only in maximal capacity of force production but also in rapid force 
production measured by rate of force development (RFD) which is the rate at which 
the force-time curve increases in explosive contractions [25–27]. Also, when analyzing 
specific time points of this curve, it is possible to distinguish the origin of adaptations. 
On one hand, the initial 50–100ms have been related to neural adaptations as greater 
firing frequency [14,15,28,29] or greater rate of agonist muscle activation [4,5,30,31]. 
On the other hand, muscular adaptations as muscle thickness, cross-sectional area 
and muscle architecture [31–34] seem to be associated to adaptations in late RFD.

As previously described, although several studies have characterized the input 
from the Central Nervous System (CNS) to the agonist muscle during strong contrac-
tions, few studies have evaluated the intermuscular coordination patterns during force 
production. Changed agonist-antagonist relationship has been demonstrated following 
a period of strength training, with the antagonist muscle usually decreasing its activity 
[1,35,36] although it depends on the elicited task and the mode of contraction [11]. 
Furthermore, global coordination has been assessed through the extraction of muscle 
synergies, namely with the comparison of individuals with and without strength training 
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experience [37,38], although only one study has observed the effects of a strength training program [39]. Nevertheless, 
other approach has been used to assess specific neural mechanisms of motor control between pairs of muscles, the inter-
muscular coherence (IMC). IMC quantifies the degree of synchronization between EMG signals from different muscles at 
the same frequency, reflecting shared neural input or functional connectivity within the neuromuscular system [40–42]. IMC 
is typically computed as the cross-spectrum between two EMG signals and captures linear, iso-frequency coupling, rather 
than interactions across different frequency bands. As such, IMC provides information on frequency-specific common drive 
between muscles. Although frequency bands in EMG coherence analyses are often labelled using terminology derived from 
electroencephalography (EEG) and particularly corticomuscular coherence research (alpha-, beta- and gamma-bands), 
these bands do not reflect the same neurophysiological basis as cortical oscillations. Instead, in the context of IMC, these 
frequency ranges are used as functional descriptors that index frequency-specific common neural inputs to motor neuron 
pools arising from spinal and supraspinal sources [40,41,43]. Their use is based on empirical observations showing that 
different EMG frequency ranges are associated with distinct origins of neural drive and motor control strategies, rather 
than on a direct transposition of cortical rhythms. Nevertheless, strength trained individuals have presented lower IMC in 
beta band (15–35 Hz) between synergist muscles [44] as well as lower corticomuscular coherence [45]. Additionally, one 
study evaluating the adaptations in IMC between synergist muscles with 14 weeks of strength training showed that during 
submaximal contractions at 70% of maximum voluntary contraction (MVC), increased IMC in gamma band (> 40 Hz) may 
be found, as well as sporadic peaks at MVC [46]. Concerning the relationship between agonist and antagonist muscles, 
strength trained individuals showed higher suppression of corticomuscular oscillations in beta band than endurance trained 
ones [47], although there is lack of research around this topic.

Current research still lacks to describe the adaptations with strength training in agonist-antagonist IMC during maximal 
force production, and even relationships between synergist muscles are not fully understood. Additionally, the timings 
of these adaptations during the initial stages of strength training are not known, and it may be useful to understand how 
different mechanisms contribute differently overtime. Thus, the main purpose of this study is to establish the time course 
of adaptations in muscle activation and coordination in maximal and rapid strength capacity of untrained individuals during 
the initial stage of strength training. To characterize the neural mechanisms involved in changes concerning maximal and 
rapid force production, muscle activation and coordination measured by IMC between synergist as well as antagonists 
during a maximal isometric task will be assessed. We hypothesize that maximal and rapid force production will increase 
with training and that the associated mechanisms will likely be explained by an increased initial activation of knee exten-
sor muscles as well as changed IMC between muscles with different functional roles, which may reflect an adaptation in 
global motor control during maximal force production.

Methods

Participants

Eleven participants were included in this study (age: 22.6 ± 3.1 years; height: 176.4 ± 7.9 cm; weight: 70.5 ± 14.9 kg). The 
participants were healthy men without history of musculoskeletal injuries within the last 6 months. Although all participants 
were active physical education students, they did not have any resistance training background. All participants provided 
informed written consent and the recruitment took place between September 2022 and July 2023. This study was approved 
by the Faculty’s Ethics Committee (CEIFMH N.º: 24/2021) and all procedures adhered to the Declaration of Helsinki.

Data collection

Experimental approach.  Aiming to assess the effect of resistance training in the ability of the neuromuscular system 
to generate force and to assess the time course of intermuscular coordination adaptations, participants were included in a 
high-bar back-squat training program.
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Each participant was requested to go to the laboratory on six occasions. The first session was used to familiarize 
the participants with the testing tasks as well as with the back-squat exercise. The remaining five sessions were sim-
ilar between them and were used to evaluate the mechanical and neuromuscular outputs. The first of these sessions 
took place one week after the familiarization session and was used as baseline (BSL), after which the participants were 
instructed to maintain their regular physical activity without adding resistance training exercises. After three weeks of 
resistance training abstinence, the participants were evaluated again, with this session accounting as the beginning of the 
training period (W0). After W0, the participants started the training program and were evaluated every two weeks. Thus, 
the third, fourth and fifth evaluation sessions were conducted after two (W2), four (W4) and six weeks of training (POS), 
respectively. The evaluation session after the sixth week was the final session that evaluated training adaptations corre-
sponding to the training program end.

Resistance training.  The training program lasted six weeks with three training sessions per week, which resulted in 
18 training sessions. The resistance training program consisted in 5 sets of 10 repetitions with 2 minutes of rest between 
sets [48] of back-squats. The exercise intensity was set at 75% of 1 repetition maximum (1RM) of the back-squat. The 
participants were instructed to perform the exercise with the concentric phase following a controlled eccentric phase. 
In the final repetitions of the last sets the researcher could spot the participants, and in sets at which the researcher 
help was needed in 2 or more repetitions, the load was decreased by 2,5 kg for the subsequent set. During the training 
program the relative load was maintained, with absolute load progressions every two weeks relatively to the back-squat 
1RM determined during the evaluation sessions.

1RM Determination.  For the squat 1RM determination, we used a progressive loading squat test. The squat was 
performed with a high-bar position, and a squat depth corresponding to a knee angle of 80–90º. Participants started 
to perform 5 repetitions with the unloaded barbell (20 kg), incrementing 10–20 kg each time. Afterwards, participants 
performed 3 repetitions with each load until the load was challenging, and finally, they performed sets of 1 repetition with 
smaller load increases (~5 kg) until the RM determination.

Testing procedures.  The evaluation session started with a 5-minute cycle ergometer (Monark Exercise AB, Sweden) 
warm-up. Subsequently, participants were evaluated in isometric maximal bilateral leg press (extension of the hip, 
knee and ankle). A horizontal leg press machine with custom-build force platform (Faculty of Human Kinetics) was 
used to assess lower limb maximal strength. The leg press machine was adjusted so the participants knee-angle was 
approximately 110º (107º according to Peltonen and colleagues [49]). Three MVC were performed by each participant. 
Participants were asked to perform each repetition as fast and forceful as possible and to maintain the maximal force 
during 3-5s. Repetitions presenting a visible initial countermovement were excluded and one more repetition was 
performed. Thereafter, the 1RM of the participants was assessed. All strength tests were accompanied by verbal 
encouragement. The order of testing procedures was kept constant throughout all sessions and participants. Participants 
were blinded to the specific testing hypotheses, although they would expect that the inclusion in a strength training 
program would lead to improved strength.

EMG collection.  All tests were accompanied by data collection of myoelectrical signals. These signals were recorded 
on 7 muscles of the right side of the body: gluteus maximus (GM), vastus lateralis of quadriceps (VL), rectus femoris of 
quadriceps (RF), vastus medialis of quadriceps (VM), biceps femoris long head (BF), lateral gastrocnemius (GL) and 
tibialis anterior (TA). The muscles were selected so we could assess the lower limb agonist muscles during the triple 
extension of the lower limb, and so that we could assess agonist-antagonist pairs of each lower limb joint. The electrodes 
were placed according to SENIAM (Surface EMG for Non-Invasive Assessment of Muscles). Before the placement of 
the electrodes, the skin was shaved and cleaned with alcohol to minimize skin impedance. Surface EMG was acquired 
using 7 bipolar surface electrodes (EMG Delsys, TrignoTM), fixed with specially designed adhesive interface, aligned 
with the muscle fibers [50] and then additionally fixed with tape to avoid movement artefacts. Bipolar surface EMG was 
used instead of other EMG configurations as monopolar electrodes, as it is widely adopted in IMC studies evaluating 
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strength-related tasks, offering a practical balance between signal quality and spatial reliability, while facilitating consistent 
electrode placement in longitudinal designs involving repeated neuromuscular assessments. EMG signals were 
preamplified and band-pass filtered between 10 and 850 Hz, while digitized at 1000 samples/s. After, the EMG signals 
were corrected for the 48-ms delay inherent to the Trigno EMG system.

Data processing

Force data.  Initially, force data was low pass filtered (12 Hz, 4th order Butterworth). The leg press isometric MVC peak 
force (PF) was defined as the highest value of force achieved in each repetition. Absolute RFD for the leg press MVC 
was calculated as the slope of the force-time curve (Δforce/ Δtime) in incremental epochs of 50ms (0–50ms; 50–100ms; 
100–150ms; 150–200ms) starting from the onset of contraction. The onset of contraction was defined as the time point 
where the force exceeded the baseline by 10 N. Peak RFD (PRFD) was defined as the maximum force-time slope at time 
windows of 20ms [51]. At each time interval where RFD was computed, we also calculated the normalized RFD to MVC to 
assess the percentage of force exerted at each time point. We selected and analyzed the repetition with the highest PRFD 
if the PF value was > 95% of the highest PF value across the three repetitions.

EMG processing.  Raw EMG signals of VL, RF and VM were band-pass filtered (20–450 Hz), rectified and smoothed 
with a low-pass filter (12 Hz, 4th order Butterworth). Normalization was made to the average value of the 100ms across 
the EMG peak of the leg press isometric MVC. Rate of EMG rise (RER) of VL, RF and VM was determined as the EMG 
increase calculated from the onset of electrical activity to the point correspondent to PRFD [20]. RER in time intervals of 
0–50ms and 50–100ms was also calculated. The onset of electrical activity was defined as the time point where the EMG 
exceeded the baseline by 3 standard deviations.

Intermuscular coherence (IMC).  Coherence analysis was performed using Matlab 2018a (Mathworks, Natick, 
MA, United States). Before data analysis, all data files were visually inspected to detect possible artifacts. In the 
cases where signals demonstrated some disruption or noise the repetitions were excluded from the analysis. IMC 
analysis was performed during 2500ms of each repetition, starting from 500ms after the onset of force production. A 
total of 7.5 seconds were analyzed. Before IMC analysis, raw EMG signals were full wave rectified [46,52,53], and 
data was divided into non-overlapping windows of 500 samples in length. The signals were subjected to fast Fourier 
transform, which gave a frequency resolution of 2 Hz. IMC was calculated as the cross-spectrum normalized by the 
auto-spectrum:

	
Cxy(f) =

∣∣Pxy(f)
∣∣2

Pxx(f)Pyy(f)	 (1)

where Cxy(f) is the magnitude squared coherence between two rectified EMG signals, x(t) and y(t), for a given fre-
quency f . Pxy(f) is the cross-spectrum and Pxx(f) and Pyy(f) are the auto-spectrum of x(t) and y(t), respectively. Coherence 
above Z  was considered significant [46,54]:

	 Z = 1 – α
1

(L–1) 	 (2)

where L is the total number of sections and the significance level α was set to 0.05. The L-value was 15.
IMC was computed for the follow pairs of muscles: VL-VM, VL-RF, VM-RF, VL-GM, VL-GL, VL-BF, RF-BF and GL-TA. 

Total coherence between 10–100 Hz was averaged across participants at each timing of evaluation, as well as coherence 
sectioned into 15–35, 40–60 and 60–100 Hz bands. Within 15–35 Hz band representing beta band, two additional 15–24, 
25–35 Hz bands were separated. Average coherence within each band was used to compare the evaluation timings (BSL, 
W0, W2, W4 and POS).
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Statistics

Statistical analysis was made using jamovi software version 2.3.28.0 (Sydney, Australia). We verified normality through 
the Shapiro-Wilk test. A repeated measures ANOVA with four levels (W0, W2, W4 and POS time-points) was used to 
assess differences during the time course of the training program. When normality was not assumed, a Friedman test was 
used, and when sphericity was not assumed, a Greenhouse-Geisser correction was made. Tukey adjustments were used 
in Post hoc tests of ANOVA, and Durbin-Conover adjustments were used in Post hocs of Friedman test. The previously 
described analysis was made to all variables (PF, PRFD, absolute and normalized RFD in time intervals, RER of each 
knee extensor muscle as well as average coherence within each band). As IMC values within each band were not nor-
mally distributed we applied a log 10 transformation to allow parametric tests to be performed.

We assessed the relative reliability of the measurements between the BSL and W0 time points by calculating two-way 
mixed-effects intraclass correlation coefficients [ICC(3,1)] [55], with 95% confidence interval. ICC values were considered: 
poor, < 0.5; moderate, 0.5–0.75; high, 0.75–0.9; excellent, > 0.9. Additionally, we calculated standard error of measurement 
[SEM] as an absolute reliability measurement [56].

All statistical analyses were performed using a significance level of p < 0.05. Data is presented as mean ± SD. Cohen’ 
d was calculated as measure of effect size. Effect size was considered small, medium or large for Cohen’ d of 0.2–0.5, 
0.5–0.8 and > 0.8, respectively. A post-hoc power analysis was conducted (G*Power 3.1.9.4, Düsseldorf, Germany) using 
the observed effect sizes of the primary outcomes showing differences from W0 to POS, using two-tailed parameters 
at α = 0.05. The achieved power was 0.805 for PF, 0.756 for PRFD, and 0.771 for RER of the RF. For the primary IMC 
outcomes presenting significant changes with training, the achieved power was 0.820 for TA-GL total IMC, and 0.727 for 
VL-RF at 15–24 Hz band. These values indicate that the study had adequate sensitivity to detect large effects, while small 
or moderate effects, especially concerning several IMC variables, may have been underpowered.

Results

Reliability

Most mechanical variables regarding force production (PF, PRFD, absolute RFD at time intervals and %MVC at 50ms) 
revealed high to excellent reliability between BSL and W0 (0.85 < ICC < 0.98), with exception of %MVC at 100ms that was 
moderate (ICC = 0.73) and poor at 150 and 200ms (ICC = 0.37 and 0.29, respectively). The SEM of the variables with high 
to excellent reliability was consequently low, with the SEM of %MVC at 100, 150 and 200ms, that presented poor to mod-
erate reliability varying from 4.69 to 7.34%.

Regarding muscle activation, there were variables presenting high (RER of RF, RER of RF between 0 and 50ms and 
between 50 and 100ms), moderate (RER of VL and VM, RER of VL and VM between 0 and 50ms) and poor (RER of VL 
and VM between 50 and 100ms) relative reliability. The SEM values for RER of VL, VM and RF were similar ranging from 
0.07 to 0.08%/ms, and the RER at time intervals for the three muscles ranging from 0.12 to 0.18%/ms.

For the IMC analysis, ICC values revealed that most of the 48 variables (8 pairs of muscles x 6 bands of interest) 
present moderate to excellent reliability (moderate, 42% of the variables; high, 14%; excellent, 5%), although 39% of the 
variables present poor reliability.

Force production

A time effect was shown for PF during the leg press, with the final moment of evaluation (POS) being significantly different 
from the first (W0; p = 0.011 and d = 0.944). Although there was a trend for a progressive increment of PF along the weeks, 
there were not significant differences in post hoc comparisons between W0 and W2 or W4 even with medium effect sizes 
(p = 0.064; d = 0.516 and p = 0.073; d = 0.583, respectively). Concerning PRFD, only differences between W0 and POS 
were found (p = 0.015 and d = 0.888). Absolute and relative RFD only presented differences in post hoc comparisons 
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between W2 and POS for absolute RFD between 50 and 100ms that was greater after training (p = 0.048; d = 0.302), and 
in the overall ANOVA for the relative RFD represented by %MVC at 200ms (p = 0.013; d = 0.917) that tended to reduce with 
training. Results are detailed in Table 1.

Knee extensor activation

Muscle activation measured by RER from the onset of electrical activity to the point at PRFD showed to be unchanged 
for VM and VL. For RF, the ANOVA revealed a significant decreasing effect of training overtime (p = 0.045; d = 0.777) with 
post hoc comparisons presenting differences between W0 and W4 (p = 0.030; d = 0.904). Regarding RER at time intervals 
for VM and VL there was not any significant training effect. For RF, although there were not significant overall differences, 
there was post hoc differences between W0 and W2 for RER between 0 and 50ms (p = 0.044; d = 0.904) and between W0 
and W4 for RER between 0 and 50ms (p = 0.020; d = 1.005) as well as between 50 and 100ms (p = 0.028; d = 0.863), with 
all the significant differences representing a decreased activation. Results are detailed in Table 1.

Intermuscular coherence

Fig 1 shows all the muscle pairs analyzed at each time point. A visual inspection of the coherence data series revealed 
that IMC at 25–45 Hz, encompassing the higher beta band as well as the initial frequencies of gamma band, presented 

Table 1.  Force and muscle activation related variables.

Variable W0 W2 W4 POS

Force Production

PT (N) * 2514 ± 578 2885 ± 836 2877 ± 705 2964 ± 664 #

PRFD (N/ms) 9.98 ± 2.13 9.94 ± 0.92 10.30 ± 1.97 11.20 ± 2.70 #

RFD0–50ms (N/ms) 5.36 ± 1.82 5.30 ± 1.56 5.05 ± 2.13 5.78 ± 2.84

RFD50–100ms (N/ms) 8.97 ± 2.01 8.96 ± 1.49 9.05 ± 2.05 9.60 ± 2.60 §

RFD100–150ms (N/ms) 8.63 ± 2.00 8.87 ± 1.02 8.96 ± 1.60 9.57 ± 2.47

RFD150–200ms (N/ms) 6.14 ± 2.67 6.41 ± 1.67 6.10 ± 2.43 6.93 ± 3.40

%MVC50ms 12.28 ± 4.23 10.55 ± 4.09 9.91 ± 4.61 11.27 ± 5.40

%MVC100ms 31.53 ± 8.93 27.41 ± 8.90 26.58 ± 9.80 28.73 ± 10.80

%MVC150ms 49.58 ± 10.09 43.68 ± 11.06 42.75 ± 11.36 45.67 ± 11.64

%MVC200ms * 62.07 ± 9.64 55.03 ± 11.60 53.43 ± 10.97 57.51 ± 10.01

Muscle Activation

RER_VL (%/ms) 0.43 ± 0.08 0.39 ± 0.16 0.41 ± 0.09 0.43 ± 0.12

RER_RF (%/ms) * 0.36 ± 0.13 0.29 ± 0.11 0.26 ± 0.08 ### 0.29 ± 0.09

RER_VM (%/ms) 0.44 ± 0.08 0.41 ± 0.13 0.43 ± 0.16 0.43 ± 0.19

RER_VL0–50ms (%/ms) 0.75 ± 0.17 0.65 ± 0.37 0.70 ± 0.22 0.76 ± 0.30

RER_RF0–50ms (%/ms) 0.73 ± 0.31 0.46 ± 0.26 ## 0.44 ± 0.24 ### 0.51 ± 0.21

RER_VM0–50ms (%/ms) 0.79 ± 0.17 0.61 ± 0.32 0.73 ± 0.37 0.74 ± 0.42

RER_VL50–100ms (%/ms) 0.74 ± 0.24 0.61 ± 0.25 0.74 ± 0.19 0.66 ± 0.19

RER_RF50–100ms (%/ms) 0.70 ± 0.24 0.53 ± 0.23 0.48 ± 0.26 ### 0.60 ± 0.18

RER_VM50–100ms (%/ms) 0.70 ± 0.17 0.67 ± 0.22 0.65 ± 0.21 0.55 ± 0.28

EMG – Electromyography; MVC – Maximum voluntary contraction; PF – Peak force; POS – Ending of training; PRFD – Peak rate of force development; 
RER – Rate of EMG rise; RF – Rectus Femoris; RFD – Rate of force development; W0 – Training beginning moment; W2 – Week 2 of training;  
W4 – Week 4 of training; VM – Vastus Medialis; VL – Vastus Lateralis. * p < 0.05 in overall repeated measures ANOVA; # p < 0.05 in post hoc compar-
isons between W0 and POS; ## p < 0.05 in post hoc comparisons between W0 and W4; ### p < 0.05 in post hoc comparisons between W0 and W2; § 
p < 0.05 in post hoc comparisons between W2 and POS.

https://doi.org/10.1371/journal.pone.0346417.t001
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significant peaks between VL and VM. IMC between VM and RF has also presented a significant peak at this frequency 
only at W0. Significant peaks at occasional time points have been shown between VL and BF at 15–35 Hz bands, and 
between GL and TA at 25–45 Hz only at the two first evaluations (W0 and W2).

The overall result of the ANOVA for each pair of muscles at each time point did not show any significant effect of 
training in IMC with exception of GL and TA IMC between 10–100 Hz that tended to be reduced with training (p = 0.025; 
d = 0.963). However specific differences between time points have been revealed by post hoc comparisons. Concerning 
agonist-agonist pairs, increased IMC between VL and RF at 15–24 Hz (p = 0.017; d = 0.857) was shown between W0 
and POS. Regarding synergist pairs acting at different joints, VL and GL presented decreased IMC at 25–35 Hz after 
the six weeks of training (p = 0.047; d = 0.784). Agonist-antagonist pairs have also revealed occasional differences, with 
decreased IMC between VL and BF after the first two weeks of training at 15–24 Hz (p = 0.017; d = 0.567) band, although 
these changes had not been maintained during the subsequent weeks. Additionally, decreased IMC at 10–100 Hz fre-
quency range has been shown between RF and BF between W4 and POS (p = 0.008; d = 0.065) and between GL and TA 
between W2 and W4 (p = 0.048; d = 0.725).

Discussion

The present study assessed adaptations in lower limb muscle activation and coordination following a 6-week strength 
training period, describing the time course of those adaptations. Training may lead to adaptations in the mechanics of 
force production as a result of specific adaptations in muscle activation and coordination strategies. Maximal force pro-
duction during a leg press task tended to increase during the training period, although PF and PRFD have only increased 
significantly after the six weeks of training. The assessment of RER revealed reduced RF activation, and the IMC analysis 
showed significant peaks between pairs of agonists as well as between pairs of agonist-antagonist muscles emerging 

Fig 1.  Intermuscular coherence of the analyzed pairs of muscles at W0 and POS between 0 and 100 Hz. The horizontal dashed line represents 
significant coherence, and frequency-specific effects are reported quantitatively in the Results section. BF – biceps femoris; GL – gastrocnemius 
lateralis; GM – gluteus maximum; POS – Ending of training; RF – rectus femoris; TA – tibialis anterior; VM – vastus medialis; VL – vastus lateralis; W0 – 
Training beginning moment.

https://doi.org/10.1371/journal.pone.0346417.g001
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after training. Although the IMC reliability was moderate to high for most variables, there were also some variables pre-
senting only poor reliability, and caution should be taken when interpreting results. Nevertheless, there were coupling 
changes across the analyzed bands (for example, reduced TA-GL total IMC or increased VL-RF at 15–24 Hz), with mus-
cles with different functional roles presenting specific adaptations overtime.

First, it is important to consider the reliability calculations that involved the experimental group as its own control. The 
mechanical data presented promising reliability values. PF, PRFD, absolute RFD and relative RFD at 50ms presented 
high to excellent reliability. This is in line with previous research considering the plantar flexor muscles that found also high 
to excellent reliability with exception for the initial 50ms of contraction that seems to present greater intersession variabil-
ity [57,58]. In our study we found high to excellent reliability in these early RFD measurements. The automated definition 
of the onset, as we measured may be more reliable than in studies using manual detection [59]. However, we have just 
found poor to moderate reliability in relative RFD at time points from 100ms onwards, which may be corroborated by a 
previous study also assessing the leg press and presenting unreliable measurements [60]. Additionally, the calculation of 
the mentioned variables considers the PF of the day, and as we used the MVC repetition with the highest PRFD unless it 
did not reach 95% of the maximum of the day, it may present more variation namely at later intervals. Concerning mus-
cle activation measured from the EMG-time curve, results from poor to excellent reliability have been shown previously, 
depending on the studied muscle as well as the task [57,60,61] which are in line with our results. Regarding IMC mea-
surements, although most variables presented moderate to high reliability, some variables only presented poor reliability. 
Previous research has shown that monopolar current measurements may be preferable during tasks without impacts (as 
the isometric leg-press) or between muscles far enough to avoid crosstalk [62]. Nevertheless, bipolar electrodes, as the 
ones used in the present study, may be used to study IMC, although they can be less sensitive to detect changes in IMC 
than the monopolar current systems. Bipolar electrodes also revealed good reliability between vastus lateralis and vastus 
medialis [62]. Additionally, we cannot discard the hypothesis that untrained individuals may present higher interday vari-
ability in IMC.

Maximal and rapid strength

Six weeks of squat training led to increased PF. Previous research showed increased isometric MVC PF following six 
weeks of dynamic strength training [24,25,63,64]. Although the sample size is small and caution should be taken when 
interpreting the results, it is interesting that our results only demonstrated a training effect after the sixth week of train-
ing. Previous studies reported increased isometric knee extension PF following only 3 weeks of training but only when 
training is performed with high loads (80% 1-RM) [24]. The same study showed that PF continued to increase until the 
completion of the 6 weeks for the group who trained with high loads, and that significant increases in PF with low loads 
were only achieved after 6 weeks. Others also found increases in isometric knee extension torque/force after 10 days 
[65] or 3 weeks of dynamic knee extension training [66], in isometric wrist flexion after 3 weeks of biceps curl training [67] 
or 2 weeks of dynamic wrist flexion training [18]. However, 2 weeks did not seem enough to increase isometric strength 
following dynamic elbow flexion training, with significant increases being observed after 4 weeks only with high loads 
[68]. Although significant results were only observed at the final evaluation, a progressive trend to an increase may be 
observed. This progressive trend to an increase may also be observed after 2 [64] and 3 weeks of strength training [25] 
although significant results were only achieved after the sixth week. The study of Knight and Kamen [64] has shown that 
individuals without training background present an increase in isometric force due to familiarization even without training. 
The familiarization session and the previously BSL session performed in our study may have helped to minimize the mag-
nitude of this learning effect, although BSL and W0 measurements have shown good reliability. Additionally, task speci-
ficity may also have influenced the temporal pattern of the observed adaptations. The training program involved dynamic 
squats, while the testing task was an isometric leg-press. It is well-known that strength gains and the neural adaptations 
are specific to the training modality (as velocity and load) and contraction type [19,69,70]. Dynamic resistance training has 
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been shown to transfer only partially to isometric testing, with reduced improvements compared to task-matched training 
conditions [71]. Therefore, the limited changes observed at intermediate time points may reflect incomplete transfer of 
training-induced adaptations to the isometric task rather than an absence of neuromuscular adaptations. This consider-
ation is especially relevant when considering intermuscular coordination which is highly task dependent.

We have also found greater PRFD after six weeks of training. Previous research showed increased RFD after 6 weeks 
of dynamic strength training [25,72]. In our study we did not find differences in 0–50ms interval, but a trend for increased 
50–100ms absolute RFD was observed. Previously, the 0–50ms interval in RFD analysis have shown to be greater in 
strength trained individuals when compared to untrained ones, although the 50–100ms interval may be increased for the 
untrained individuals possibly because of delayed activation of the agonist muscles [3–5]. These intervals are related to 
greater neural input to the muscles, namely greater firing frequency of motor units and muscle fiber conduction veloc-
ity [3,14]. The fact that we only verified significant results at 50–100ms time window may suggest that 6 weeks led to 
increased neural output to the muscles, although this activation may be delayed when comparing with long-term trained 
individuals. Concerning later intervals, our results have also shown decreased relative RFD at 200ms. The later intervals 
are related with cross-sectional area or muscle thickness, as well as PF [28,31]. Although we do not present muscular 
adaptations to the 6-week training program, it is plausible that the load dynamics adopted in this study led to gains in mus-
cle mass. The decreased relative RFD at 200ms may be surprising, although it results from an unchanged absolute RFD 
at 150–200ms time interval, and a great magnitude increase in PF during the training period.

Furthermore, dynamic strength training programs have shown to increase RFD at specific time windows. Increased 
maximal rate of torque development of knee extensor and flexor muscles was observed after 10 weeks of barbell dead-
lift training, but also at time windows of 50 and 200ms [73]. Similar results were also achieved after 14 weeks of heavy 
lower limb training [30]. Also, heavy leg press training (90% 1-RM) during 8 weeks led to increased RFD at early and later 
time windows when performed with or without eccentric overload [27]. It is important to note that specific results may be 
found in current research. For example, 8 weeks of bench press training have also increased early RFD at 50ms during a 
bench press, but only when the velocity loss during the training program was 0%, while greater velocity losses resulted in 
increased later RFD [26]. Additionally, velocity losses above 20% have shown to decrease the early 50ms RFD in iso-
metric squat following 8 weeks of squat training [74]. One study comparing 1 vs 4 vs 8 exhausting squat sets also found 
decreased RFD at all time intervals [75]. The previous cited studies observed differences in previously trained men, and 
as it was stated above, different training background will lead to different neuromuscular adaptations. Also, differences in 
study design may lead to different results.

Knee extensor activation

Muscle activation was measured by RER, and it was observed that the monoarticular portions of the quadriceps remained 
similar from W0 to POS, while RF decreased its activation overtime. This may be surprising, since RF is agonist of knee 
extension, and it was expected a greater activation of the knee extensors. Previous studies have found increased activa-
tion during the initial epochs of the contraction of plantar flexors following 4 weeks of isometric plantar flexion training [20], 
knee extensors of strength trained athletes during the initial 25ms of contraction [5], elbow flexors during the initial 30ms 
only after 2 weeks of dynamic elbow flexion training [76], VL during a jump squat after 10 weeks of power training only 
for a stronger group [22], or knee extensors during isometric knee extension after 14 weeks of heavy lower limb training 
[30]. The fact that the participants of the present study did not have any strength training experience may be related to the 
absence of adaptations concerning VL and VM activation, as suggested by James, Gregory Haff [22]. Also, the remain-
ing enumerated studies evaluated single-joint while in our study we have evaluated a multi-joint exercise. This fact may 
have resulted in different neuromechanical patterns of force production since there is evidence of different neural input 
to agonist muscles between single- and multi-joint exercises [77] as well as between closed (as the leg press) and open 
kinetic chain (as knee extension) [78,79]. Indeed, the decreased activation of RF observed in the present study, although 
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unexpected, aligns with recent evidence concerning the role of biarticular muscles, may be related with better efficiency 
of RF activation as a biarticular muscle, agonist of knee extension and antagonist of hip extension. First, studies using 
high-density surface EMG have shown that RF is regionally and task-dependently activated [80,81], also depending 
on hip flexion angle [82]. Second, the activity of RF during closed chain exercises has been demonstrated to be lower 
when compared to open chain exercises [77,83]. Third, during multi-joint exercises combining knee extension and hip 
extension, as the leg-press, RF activation is decreased when compared to single-joint knee extension, which may con-
tribute to increased hip extension torque [77]. Consequently, it has been shown that single-joint knee extension training is 
preferential to enhance RF activation rather than multi-joint exercises [84]. Therefore, a reduction in RF RER after squat 
training may reflect a more efficient distribution of the neural drive during the task, reducing RF early activation when knee 
extension is combined with hip extension, and enhancing coordination with the monoarticular portions of the quadriceps. 
Nevertheless, recent work from our research group presented a trend for reduced RER of RF in highly trained individuals 
when compared to untrained ones, with different fatigue-related responses between groups (with the trained individuals 
increasing and the untrained individuals decreasing RF activation after fatigue) [85]. These findings further support that 
RF activation patterns are modified with training experience, and therefore the observed reduction in RF RER may reflect 
a task-specific adaptation to optimize the intermuscular coordination patterns. Future studies using high-density surface 
EMG should explore the regional adaptations in RF activation to confirm if the observed activation results from a redistri-
bution of the neural drive or an overall neural input to the muscle.

Intermuscular coherence

One technique to study intermuscular coordination has been through muscle coupling between pairs of muscles with 
distinct functional roles, and it has been suggested that neural control of motor units of different muscles may not be 
independent, merging the concept of common input to motoneurons and synergistic coordination of movement [86,87]. 
Within this conceptual framework, IMC analysis has been used to distinguish signal input frequencies common between a 
pair of muscles, and concerning the correlation between the respective power spectral densities it allows to infer about the 
neural origin of movement control [43]. It is important to note that the frequency bands used in EMG-based IMC analysis 
are not physiologically equivalent to EEG-derived alpha-, beta-, or gamma-bands. Surface EMG reflects the summation of 
motor unit action potentials, whereas EEG reflects synchronized synaptic activity at the cortical level. Consequently, IMC 
frequency bands should be interpreted as reflecting frequency-specific common neural input to motor neuron pools from 
spinal and supraspinal origins, rather than direct cortical oscillatory activity [40,41,43]. The adoption of EEG-like terminol-
ogy in IMC studies is largely used, reflecting established conventions in the literature, allowing comparison across studies. 
Nevertheless, interpretations should remain cautious, and future work combining EMG coherence with cortical measures 
(e.g., EEG–EMG coherence) may further clarify the neural origins of frequency-specific intermuscular coupling.

Concerning agonist coupling, in this study, we identified at W0 significant IMC peaks between 25 and 45 Hz between 
the single-joint portions of quadriceps and between VM and RF. This frequency range encompasses frequencies of beta 
(15–35 Hz) and gamma (> 40 Hz) bands usually associated with corticospinal pathway [40,88–91]. Beta band has also 
been linked to oscillations within the sensorimotor cortex and the integration of information from other cortical and sub-
cortical structures as well as Ia afferents or Renshaw cells [92,93], while gamma band has been associated to attentional 
focus and efferent drive during strong isometric voluntary contractions or dynamic effort [94–97]. The peaks observed 
in IMC between VL and VM have remained, although IMC at lower beta band (15–24 Hz) decreased after 6 weeks of 
training. On the other hand, IMC between VL and RF increased within this frequency range. The fact that rate of acti-
vation has decreased but coupling between VL and RF increased at this band may have been an adapting process to 
better allow the kinetic output transmission from proximal to distal joints. Namely, since RF is antagonist at hip joint, its 
rate of activation may be decreased to facilitate an increase in torque development at that joint. Concurrently, augmenting 
common neural input may be more effective to allow a better synchronization with the monoarticular powerful muscles of 
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quadriceps. It was also observed greater IMC at beta band between VM and RF in strength trained individuals [85] when 
compared to untrained ones, which means that the greater coupling between RF and the monoarticular knee extensors 
may be a neural adaptation to optimize maximal force production. On the contrary, one study has found lower beta band 
IMC between VM and RF in strength trained individuals [44]. However, in this study the method of calculation of IMC was 
based on wavelet analysis, and the evaluated task was an isometric knee extension which requires different patterns of 
muscle activation as discussed previously. Furthermore, lower IMC at gamma band was observed between RF and VM or 
VL than between VM and VL during squats which may suggest a specific mechanism of control of biarticular and monoar-
ticular muscles during dynamic tasks [98]. Nevertheless, no significant changes were observed between VM and VL, 
which is in line with previous research that did not find differences in IMC between those muscles at any band following 14 
weeks of strength training, although greater IMC at gamma band has been found during submaximal contractions at 70% 
MVC [46]. Furthermore, it is interesting that corticomuscular coherence, measured between electroencephalographic and 
EMG of lower limb muscles as the BF, TA and soleus, was lower in ballet dancers and weightlifters than in untrained indi-
viduals, which reveals a non-synchronized discharge of corticospinal cells in chronically trained athletes, which suggests 
that long-term training leads to fine postural adjustments dependent on specific temporal sequences [45].

Regarding synergist muscles acting at different joints, we have also found differences concerning the neural input 
between VL and GL as well as VL and GM, although VL and GM IMC was an occasional event that resulted from 
increased IMC of three participants. In its turn, VL and GL showed a trend to a decreased IMC at higher beta band (25–35 
Hz). As we mentioned before, this band may be associated to corticospinal pathway, and the decreased IMC observed 
after training may arise from greater efficiency in muscle recruitment to produce joint moments. The fact that we observed 
altered patterns concerning the integration of RF during the task may also be applied to GL, considering its role as a 
biarticular muscle, antagonist of knee extension and agonist of plantarflexion. The reduced common corticospinal input 
to VL and GL after 6 weeks of training may be related to an adaptive role of GL as an ankle stabilizer during lower limb 
extension tasks [99,100], providing a more efficient force transmission. Additionally, the changes in the shared neural input 
to both muscles may be the result of a flexible adaptation in the recruitment of muscle synergies [101,102], supporting the 
beta oscillations from cortex to muscles [103].

Regarding the agonist-antagonist analyzed pairs, GL and TA showed significant peaks between 25 and 45 Hz (encom-
passing frequencies from beta and gamma bands). General IMC (10–100 Hz) was reduced after the 6 weeks of train-
ing. These results may suggest that both muscles share corticospinal projections that tend to be decreased by training, 
thus reducing co-activation. However, different neural strategies may be adopted concerning the task and the training 
mode. For example, badminton players presented higher GL and TA synchronization than untrained individuals, although 
reducing EMG amplitude of the GL during an isokinetic dorsiflexion, which may be interpreted as a more effective con-
trol strategy while maintaining ankle stability [104]. Additionally, it has been shown that distal muscles present stronger 
corticospinal connections than proximal ones [45,105,106] with weaker Renshaw cell inhibitory feedback [107,108] and 
greater number of muscle spindles in some muscles as TA or soleus compared to RF or BF [45,109], which may suggest 
that modulation of those mechanisms contributes to adaptations in IMC after training. However, these interpretations are 
inferential, since the present data refers exclusively to EMG signals and do not provide direct evidence of corticospinal 
modulation.

We have also observed that pre-training IMC peaks at 15–35 Hz and < 15 Hz band between VL and BF decreased 
after two weeks of training, although this behavior has not been maintained. This may have been a compensatory neural 
strategy temporally associated with the early phase of training during which muscle soreness or damage is often reported 
in untrained individuals. Previous research focusing on adaptations following eccentric training reported that biceps brachii 
muscle soreness only dissipated after two weeks of training [110]. Although these findings should not be directly trans-
posed to our study, given our concentric training program, and that in the absence of direct perceptual or biochemical 
measures this interpretation remain speculative, it would be expected that muscle soreness was present in the first weeks 
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of training and that the respective prolonged fatigue led to altered agonist-antagonist coordination. Namely, decreased 
IMC at lower beta (15–24 Hz) and upper alpha between 10 and 14 Hz (since the EMG hardware do not allow to fully char-
acterize alpha-band), may be a consequence of lower corticospinal connectivity, but also from afferent feedback associ-
ated to alpha band [111–113]. Although our data may not represent the full alpha band, since the used EMG electrodes 
present a lower band pass filter threshold of 10 Hz, alpha band is linked to physiological tremor, and although its origin is 
multifactorial, the modulation of afferent feedback appears to be one mechanism contributing to IMC in this band [111]. It 
has been observed that afferent feedback modulation during an acute fatiguing state affects the CNS control of muscle 
recruitment [114,115]. Thus, despite further research is needed to clearly support this, the initial weeks of training may 
have led to prolonged fatigue that elicited specific agonist-antagonist connectivity modulated by the integration of cortico-
spinal and sensory information. On the other hand, the decreased general IMC between RF and BF after W4, suggests 
that initial neural adaptations after 2 weeks of training may be transitional adjustments until the system becomes more 
efficient with task-specific optimization of central commands achieved with long-term training [45]. Furthermore, long-term 
strength trained individuals have shown different mechanisms of motor control of agonist and antagonist muscles, with 
lower activation and greater corticomuscular beta band suppression of the antagonist muscles [47,116].

Taken together, the direction and magnitude of IMC changes with training were dependent on both muscle pair and 
frequency-band, suggesting that early resistance training adaptations do not follow an uniform pattern. While increased 
IMC may reflect enhanced common neural input or improved functional coupling between muscles, decreased IMC may 
indicate a refinement of motor strategies and reduced shared drive as task execution becomes more efficient. Importantly, 
these adaptations appear to be frequency- and muscle-specific, highlighting that intermuscular coordination emerges from 
multiple parallel neural mechanisms rather than a single unifying process.

The results of this study should be interpreted with caution. First, although valid, the general limitations of the applied 
data processing methods should be considered when confronting the results with previous research. For example, onset 
definition of force and EMG may have impact in the results concerning RFD or RER, respectively. Second, muscle selec-
tion is determinant for IMC analysis results, as well as the evaluated task. Third, further research should consider using 
EMG electrodes that do not provide an automatic band-pass filter to a better understanding of full power spectrum from 
0 Hz. Fourth, the rectification of EMG signals prior to IMC calculation is still a matter of debate. Rectification is highly rec-
ommended for low-force contractions [117], although it was not the case of our study. We opted by rectifying EMG signals 
to a better comparison with relevant studies although both options may be found in the literature. Fifth, the methods of 
IMC calculation can lead to different conclusions, although most studies calculate magnitude squared coherence as it was 
done in this study. Sixth, the present study focused on intermuscular coherence, which quantifies linear synchronization 
between EMG signals at identical frequencies. While IMC provides valuable insights into shared neural drive and func-
tional coupling, it does not capture non-linear or cross-frequency interactions between muscles. Recent methodological 
developments, such as Amplitude-Amplitude Cross-Frequency coupling approaches, have been proposed to assess 
transient and non-stationary coordination across distinct EMG frequency bands, showing fatigue-, sex- and age-related 
differences in patterns of intermuscular coordination [118–120]. These approaches may offer complementary information 
regarding intermuscular coordination, identifying distinct rhythms embedded in surface EMG patterns. Future studies 
could combine IMC with cross-frequency coupling analyses to provide a more comprehensive characterization of neuro-
muscular connectivity during strength training adaptations. Seventh, it is important to consider that some IMC variables 
presented only poor reliability between BSL and W0, which may represent interday variability of untrained individuals, and 
that the significant results should be interpreted with caution because of the small sample size and generally low effect 
sizes in IMC adaptations. Furthermore, the conducted post-hoc power analysis concerning the main mechanical and 
electromyographic variables indicated adequate sensitivity for detecting large effects, although small and moderate effects 
may not have been detectable. Finally, another limitation of the study is the absence of a non-training control condition. 
Although two baseline assessments were performed (BSL and W0) without training between them, and reliability analysis 
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confirmed that the primary neuromuscular variables were reliable across sessions, we cannot fully exclude the possibility 
that part of the observed adaptations over the six-week training period reflect learning. Nevertheless, it is also relevant to 
note that, within the context of the study, learning-related improvements should not be viewed solely as confounding influ-
ences. Rather, they represent a fundamental aspect of early neural adaptations to training, in which intermuscular coor-
dination resulting in more efficient task execution is intrinsic to the physiological processes underpinning initial strength 
gains.

Conclusion

Six weeks of training led to increased maximal and rapid force production of previously untrained individuals. However, 
mechanical variables during intermediate evaluations were unchanged, which was probably caused by the different tasks 
used in evaluation and in training. Increased PF, maximal RFD and specific changes in time intervals were achieved with 
concomitant changes in neural mechanisms concerning agonist muscle activation as well as lower limb muscles coordina-
tion. Activation of RF was reduced after training, which may be caused by its role as a biarticular muscle. This adaptation 
may have resulted in specific coordination patterns involving the RF as it was observed by changes in IMC between RF 
and the monoarticular portions of the quadriceps. Additionally, adaptations between synergist muscles acting in different 
lower limb joints as well as agonist-antagonist control were observed, suggesting that training led to neuromechanical 
strategies to enhance the capacity of maximal and rapid force production, although IMC findings should be interpreted 
with caution, particularly for IMC pairs and respective bands presenting small effect sizes. This study brings new insights 
into the training adaptations of previously untrained individuals and may be useful to understand the specific neurophys-
iological responses during an initial training stage, namely concerning the interactions between agonist, synergist and 
antagonist muscles. Further research should focus on changes in coordination with different training methods in popula-
tions with strength training background, so it may be possible to understand if these interactions between muscles remain 
adapting even during later training stages. Additionally, better understanding on how coordination during dynamic com-
plex tasks evolves in temporal and/or spatial components resulting from synergy extraction and EMG profiling analysis is 
needed.

Acknowledgments

The authors would like to thank all participants for their time, commitment, and effort throughout the training and testing 
procedures.

Author contributions

Conceptualization: Paulo Duarte Guia Santos, João R. Vaz.

Data curation: Paulo Duarte Guia Santos.

Formal analysis: Paulo Duarte Guia Santos.

Funding acquisition: Paulo Duarte Guia Santos.

Investigation: Paulo Duarte Guia Santos, Miguel Gomes.

Methodology: Paulo Duarte Guia Santos, João R. Vaz, Miguel Gomes, Jorge Infante, Pedro Pezarat-Correia.

Resources: Jorge Infante, Pedro Pezarat-Correia.

Software: Pedro Pezarat-Correia.

Supervision: João R. Vaz, Pedro Pezarat-Correia.

Validation: Paulo Duarte Guia Santos, João R. Vaz, Pedro Pezarat-Correia.



PLOS One | https://doi.org/10.1371/journal.pone.0346417  April 7, 2026 15 / 19

Visualization: Paulo Duarte Guia Santos.

Writing – original draft: Paulo Duarte Guia Santos.

Writing – review & editing: Paulo Duarte Guia Santos, João R. Vaz, Miguel Gomes, Jorge Infante, Pedro 
Pezarat-Correia.

References
	 1.	 Balshaw TG, Massey GJ, Maden-Wilkinson TM, Lanza MB, Folland JP. Neural adaptations after 4 years vs 12 weeks of resistance training vs 

untrained. Scand J Med Sci Sports. 2019;29(3):348–59. https://doi.org/10.1111/sms.13331 PMID: 30387185

	 2.	 Škarabot J, Balshaw TG, Maeo S, Massey GJ, Lanza MB, Maden-Wilkinson TM, et al. Neural adaptations to long-term resistance training: evi-
dence for the confounding effect of muscle size on the interpretation of surface electromyography. J Appl Physiol (1985). 2021;131(2):702–15. 
https://doi.org/10.1152/japplphysiol.00094.2021 PMID: 34166110

	 3.	 Del Vecchio A, Negro F, Falla D, Bazzucchi I, Farina D, Felici F. Higher muscle fiber conduction velocity and early rate of torque development 
in chronically strength-trained individuals. J Appl Physiol (1985). 2018;125(4):1218–26. https://doi.org/10.1152/japplphysiol.00025.2018 PMID: 
30024336

	 4.	 Orssatto LBR, Wiest MJ, Moura BM, Collins DF, Diefenthaeler F. Neuromuscular determinants of explosive torque: Differences among strength-
trained and untrained young and older men. Scand J Med Sci Sports. 2020;30(11):2092–100. https://doi.org/10.1111/sms.13788 PMID: 32749004

	 5.	 Tillin NA, Jimenez-Reyes P, Pain MTG, Folland JP. Neuromuscular performance of explosive power athletes versus untrained individuals. Med Sci 
Sports Exerc. 2010;42(4):781–90. https://doi.org/10.1249/MSS.0b013e3181be9c7e PMID: 19952835

	 6.	 Franchi MV, Longo S, Mallinson J, Quinlan JI, Taylor T, Greenhaff PL, et al. Muscle thickness correlates to muscle cross-sectional area in the 
assessment of strength training-induced hypertrophy. Scand J Med Sci Sports. 2018;28(3):846–53. https://doi.org/10.1111/sms.12961 PMID: 
28805932

	 7.	 Mobley CB, Haun CT, Roberson PA, Mumford PW, Kephart WC, Romero MA, et al. Biomarkers associated with low, moderate, and high vas-
tus lateralis muscle hypertrophy following 12 weeks of resistance training. PLoS One. 2018;13(4):e0195203. https://doi.org/10.1371/journal.
pone.0195203 PMID: 29621305

	 8.	 Blazevich AJ, Gill ND, Bronks R, Newton RU. Training-specific muscle architecture adaptation after 5-wk training in athletes. Med Sci Sports Exerc. 
2003;35(12):2013–22. https://doi.org/10.1249/01.MSS.0000099092.83611.20 PMID: 14652496

	 9.	 Timmins RG, Ruddy JD, Presland J, Maniar N, Shield AJ, Williams MD, et al. Architectural Changes of the Biceps Femoris Long Head after Con-
centric or Eccentric Training. Med Sci Sports Exerc. 2016;48(3):499–508. https://doi.org/10.1249/MSS.0000000000000795 PMID: 26460634

	10.	 Wells AJ, Fukuda DH, Hoffman JR, Gonzalez AM, Jajtner AR, Townsend JR, et al. Vastus lateralis exhibits non-homogenous adaptation to resis-
tance training. Muscle Nerve. 2014;50(5):785–93. https://doi.org/10.1002/mus.24222 PMID: 24616036

	11.	 Santos PDG, Vaz JR, Correia J, Neto T, Pezarat-Correia P. Long-Term Neurophysiological Adaptations to Strength Training: A Systematic Review 
With Cross-Sectional Studies. J Strength Cond Res. 2023;37(10):2091–105. https://doi.org/10.1519/JSC.0000000000004543 PMID: 37369087

	12.	 Lahouti B, Lockyer EJ, Wiseman S, Power KE, Button DC. Short-interval intracortical inhibition of the biceps brachii in chronic-resistance versus 
non-resistance-trained individuals. Exp Brain Res. 2019;237(11):3023–32. https://doi.org/10.1007/s00221-019-05649-1 PMID: 31529168

	13.	 Kidgell DJ, Bonanno DR, Frazer AK, Howatson G, Pearce AJ. Corticospinal responses following strength training: a systematic review and 
meta-analysis. Eur J Neurosci. 2017;46(11):2648–61. https://doi.org/10.1111/ejn.13710 PMID: 28921683

	14.	 Del Vecchio A, Negro F, Holobar A, Casolo A, Folland JP, Felici F, et al. You are as fast as your motor neurons: speed of recruitment and maximal 
discharge of motor neurons determine the maximal rate of force development in humans. J Physiol. 2019;597(9):2445–56. https://doi.org/10.1113/
JP277396 PMID: 30768687

	15.	 Del Vecchio A, et al. The increase in muscle force after 4 weeks of strength training is mediated by adaptations in motor unit recruitment and rate 
coding. J Physiol. 2019;597(7):1873–87.

	16.	 Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc. 1988;20(5 Suppl):S135-45. https://doi.org/10.1249/00005768-
198810001-00009 PMID: 3057313

	17.	 Folland JP, Williams AG. The adaptations to strength training : morphological and neurological contributions to increased strength. Sports Med. 
2007;37(2):145–68. https://doi.org/10.2165/00007256-200737020-00004 PMID: 17241104

	18.	 Mason J, Frazer AK, Avela J, Pearce AJ, Howatson G, Kidgell DJ. Tracking the corticospinal responses to strength training. Eur J Appl Physiol. 
2020;120(4):783–98. https://doi.org/10.1007/s00421-020-04316-6 PMID: 32060740

	19.	 Buckthorpe M, Erskine RM, Fletcher G, Folland JP. Task-specific neural adaptations to isoinertial resistance training. Scand J Med Sci Sports. 
2015;25(5):640–9. https://doi.org/10.1111/sms.12292 PMID: 25077768

	20.	 Del Balso C, Cafarelli E. Adaptations in the activation of human skeletal muscle induced by short-term isometric resistance training. J Appl Physiol 
(1985). 2007;103(1):402–11. https://doi.org/10.1152/japplphysiol.00477.2006 PMID: 17446407

https://doi.org/10.1111/sms.13331
http://www.ncbi.nlm.nih.gov/pubmed/30387185
https://doi.org/10.1152/japplphysiol.00094.2021
http://www.ncbi.nlm.nih.gov/pubmed/34166110
https://doi.org/10.1152/japplphysiol.00025.2018
http://www.ncbi.nlm.nih.gov/pubmed/30024336
https://doi.org/10.1111/sms.13788
http://www.ncbi.nlm.nih.gov/pubmed/32749004
https://doi.org/10.1249/MSS.0b013e3181be9c7e
http://www.ncbi.nlm.nih.gov/pubmed/19952835
https://doi.org/10.1111/sms.12961
http://www.ncbi.nlm.nih.gov/pubmed/28805932
https://doi.org/10.1371/journal.pone.0195203
https://doi.org/10.1371/journal.pone.0195203
http://www.ncbi.nlm.nih.gov/pubmed/29621305
https://doi.org/10.1249/01.MSS.0000099092.83611.20
http://www.ncbi.nlm.nih.gov/pubmed/14652496
https://doi.org/10.1249/MSS.0000000000000795
http://www.ncbi.nlm.nih.gov/pubmed/26460634
https://doi.org/10.1002/mus.24222
http://www.ncbi.nlm.nih.gov/pubmed/24616036
https://doi.org/10.1519/JSC.0000000000004543
http://www.ncbi.nlm.nih.gov/pubmed/37369087
https://doi.org/10.1007/s00221-019-05649-1
http://www.ncbi.nlm.nih.gov/pubmed/31529168
https://doi.org/10.1111/ejn.13710
http://www.ncbi.nlm.nih.gov/pubmed/28921683
https://doi.org/10.1113/JP277396
https://doi.org/10.1113/JP277396
http://www.ncbi.nlm.nih.gov/pubmed/30768687
https://doi.org/10.1249/00005768-198810001-00009
https://doi.org/10.1249/00005768-198810001-00009
http://www.ncbi.nlm.nih.gov/pubmed/3057313
https://doi.org/10.2165/00007256-200737020-00004
http://www.ncbi.nlm.nih.gov/pubmed/17241104
https://doi.org/10.1007/s00421-020-04316-6
http://www.ncbi.nlm.nih.gov/pubmed/32060740
https://doi.org/10.1111/sms.12292
http://www.ncbi.nlm.nih.gov/pubmed/25077768
https://doi.org/10.1152/japplphysiol.00477.2006
http://www.ncbi.nlm.nih.gov/pubmed/17446407


PLOS One | https://doi.org/10.1371/journal.pone.0346417  April 7, 2026 16 / 19

	21.	 Ahtiainen JP, Häkkinen K. Strength athletes are capable to produce greater muscle activation and neural fatigue during high-intensity resistance 
exercise than nonathletes. J Strength Cond Res. 2009;23(4):1129–34. https://doi.org/10.1519/JSC.0b013e3181aa1b72 PMID: 19528869

	22.	 James LP, Gregory Haff G, Kelly VG, Connick MJ, Hoffman BW, Beckman EM. The impact of strength level on adaptations to combined weightlift-
ing, plyometric, and ballistic training. Scand J Med Sci Sports. 2018;28(5):1494–505. https://doi.org/10.1111/sms.13045 PMID: 29281133

	23.	 Schoenfeld BJ, Grgic J, Ogborn D, Krieger JW. Strength and Hypertrophy Adaptations Between Low- vs. High-Load Resistance Training: A Sys-
tematic Review and Meta-analysis. J Strength Cond Res. 2017;31(12):3508–23. https://doi.org/10.1519/JSC.0000000000002200 PMID: 28834797

	24.	 Jenkins NDM, et al. Greater Neural Adaptations following High- vs. Low-Load Resistance Training. Front Physiol. 2017;8:331.

	25.	 Vila-Chã C, Falla D, Farina D. Motor unit behavior during submaximal contractions following six weeks of either endurance or strength training. J 
Appl Physiol (1985). 2010;109(5):1455–66. https://doi.org/10.1152/japplphysiol.01213.2009 PMID: 20829500

	26.	 Pareja-Blanco F, Alcazar J, Cornejo-Daza PJ, Sánchez-Valdepeñas J, Rodriguez-Lopez C, Hidalgo-de Mora J, et al. Effects of velocity loss in the 
bench press exercise on strength gains, neuromuscular adaptations, and muscle hypertrophy. Scand J Med Sci Sports. 2020;30(11):2154–66. 
https://doi.org/10.1111/sms.13775 PMID: 32681665

	27.	 Tøien T, Pedersen Haglo H, Unhjem R, Hoff J, Wang E. Maximal strength training: the impact of eccentric overload. J Neurophysiol. 
2018;120(6):2868–76. https://doi.org/10.1152/jn.00609.2018 PMID: 30332319

	28.	 Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of force development: physiological and methodological consider-
ations. Eur J Appl Physiol. 2016;116(6):1091–116. https://doi.org/10.1007/s00421-016-3346-6 PMID: 26941023

	29.	 Pearcey GEP, Alizedah S, Power KE, Button DC. Chronic resistance training: is it time to rethink the time course of neural contributions to strength 
gain?. Eur J Appl Physiol. 2021;121(9):2413–22. https://doi.org/10.1007/s00421-021-04730-4 PMID: 34052876

	30.	 Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. Increased rate of force development and neural drive of human skeletal 
muscle following resistance training. J Appl Physiol (1985). 2002;93(4):1318–26. https://doi.org/10.1152/japplphysiol.00283.2002 PMID: 12235031

	31.	 Cossich V, Maffiuletti NA. Early vs. late rate of torque development: Relation with maximal strength and influencing factors. J Electromyogr Kine-
siol. 2020;55:102486. https://doi.org/10.1016/j.jelekin.2020.102486 PMID: 33152680

	32.	 Andersen LL, Andersen JL, Zebis MK, Aagaard P. Early and late rate of force development: differential adaptive responses to resistance training?. 
Scand J Med Sci Sports. 2010;20(1):e162-9. https://doi.org/10.1111/j.1600-0838.2009.00933.x PMID: 19793220

	33.	 D’Emanuele S, Maffiuletti NA, Tarperi C, Rainoldi A, Schena F, Boccia G. Rate of Force Development as an Indicator of Neuromuscular Fatigue: A 
Scoping Review. Front Hum Neurosci. 2021;15:701916. https://doi.org/10.3389/fnhum.2021.701916 PMID: 34305557

	34.	 Folland JP, Buckthorpe MW, Hannah R. Human capacity for explosive force production: neural and contractile determinants. Scand J Med Sci 
Sports. 2014;24(6):894–906. https://doi.org/10.1111/sms.12131 PMID: 25754620

	35.	 Arabatzi F, Kellis E. Olympic weightlifting training causes different knee muscle-coactivation adaptations compared with traditional weight training. J 
Strength Cond Res. 2012;26(8):2192–201. https://doi.org/10.1519/JSC.0b013e31823b087a PMID: 21997458

	36.	 Häkkinen K, et al. Changes in agonist-antagonist EMG, muscle CSA, and force during strength training in middle-aged and older people. J Appl 
Physiol (1985). 1998;84(4):1341–9.

	37.	 Santos PDG, Vaz JR, Correia PF, Valamatos MJ, Veloso AP, Pezarat-Correia P. Intermuscular Coordination in the Power Clean Exercise: Com-
parison between Olympic Weightlifters and Untrained Individuals-A Preliminary Study. Sensors (Basel). 2021;21(5):1904. https://doi.org/10.3390/
s21051904 PMID: 33803182

	38.	 Kristiansen M, Madeleine P, Hansen EA, Samani A. Inter-subject variability of muscle synergies during bench press in power lifters and untrained 
individuals. Scand J Med Sci Sports. 2015;25(1):89–97. https://doi.org/10.1111/sms.12167 PMID: 24372591

	39.	 Kristiansen M, Samani A, Madeleine P, Hansen EA. Effects of 5 Weeks of Bench Press Training on Muscle Synergies: A Randomized Controlled 
Study. J Strength Cond Res. 2016;30(7):1948–59. https://doi.org/10.1519/JSC.0000000000001282 PMID: 26645673

	40.	 Farmer SF, Bremner FD, Halliday DM, Rosenberg JR, Stephens JA. The frequency content of common synaptic inputs to motoneurones studied 
during voluntary isometric contraction in man. J Physiol. 1993;470:127–55. https://doi.org/10.1113/jphysiol.1993.sp019851 PMID: 8308721

	41.	 Farmer SF. Rhythmicity, synchronization and binding in human and primate motor systems. J Physiol. 1998;509 (Pt 1)(Pt 1):3–14. https://doi.
org/10.1111/j.1469-7793.1998.003bo.x PMID: 9547376

	42.	 Salenius S, Portin K, Kajola M, Salmelin R, Hari R. Cortical control of human motoneuron firing during isometric contraction. J Neurophysiol. 
1997;77(6):3401–5. https://doi.org/10.1152/jn.1997.77.6.3401 PMID: 9212286

	43.	 Grosse P, Cassidy MJ, Brown P. EEG-EMG, MEG-EMG and EMG-EMG frequency analysis: physiological principles and clinical applications. Clin 
Neurophysiol. 2002;113(10):1523–31. https://doi.org/10.1016/s1388-2457(02)00223-7 PMID: 12350427

	44.	 Charissou C, Vigouroux L, Berton E, Amarantini D. Fatigue- and training-related changes in “beta” intermuscular interactions between agonist 
muscles. J Electromyogr Kinesiol. 2016;27:52–9. https://doi.org/10.1016/j.jelekin.2016.02.002 PMID: 26901383

	45.	 Ushiyama J, Takahashi Y, Ushiba J. Muscle dependency of corticomuscular coherence in upper and lower limb muscles and training-related 
alterations in ballet dancers and weightlifters. J Appl Physiol (1985). 2010;109(4):1086–95. https://doi.org/10.1152/japplphysiol.00869.2009 PMID: 
20689093

	46.	 Walker S, et al. Aging and strength training influence knee extensor intermuscular coherence during low- and high-force isometric contractions. 
Front Physiol. 2019;9.

https://doi.org/10.1519/JSC.0b013e3181aa1b72
http://www.ncbi.nlm.nih.gov/pubmed/19528869
https://doi.org/10.1111/sms.13045
http://www.ncbi.nlm.nih.gov/pubmed/29281133
https://doi.org/10.1519/JSC.0000000000002200
http://www.ncbi.nlm.nih.gov/pubmed/28834797
https://doi.org/10.1152/japplphysiol.01213.2009
http://www.ncbi.nlm.nih.gov/pubmed/20829500
https://doi.org/10.1111/sms.13775
http://www.ncbi.nlm.nih.gov/pubmed/32681665
https://doi.org/10.1152/jn.00609.2018
http://www.ncbi.nlm.nih.gov/pubmed/30332319
https://doi.org/10.1007/s00421-016-3346-6
http://www.ncbi.nlm.nih.gov/pubmed/26941023
https://doi.org/10.1007/s00421-021-04730-4
http://www.ncbi.nlm.nih.gov/pubmed/34052876
https://doi.org/10.1152/japplphysiol.00283.2002
http://www.ncbi.nlm.nih.gov/pubmed/12235031
https://doi.org/10.1016/j.jelekin.2020.102486
http://www.ncbi.nlm.nih.gov/pubmed/33152680
https://doi.org/10.1111/j.1600-0838.2009.00933.x
http://www.ncbi.nlm.nih.gov/pubmed/19793220
https://doi.org/10.3389/fnhum.2021.701916
http://www.ncbi.nlm.nih.gov/pubmed/34305557
https://doi.org/10.1111/sms.12131
http://www.ncbi.nlm.nih.gov/pubmed/25754620
https://doi.org/10.1519/JSC.0b013e31823b087a
http://www.ncbi.nlm.nih.gov/pubmed/21997458
https://doi.org/10.3390/s21051904
https://doi.org/10.3390/s21051904
http://www.ncbi.nlm.nih.gov/pubmed/33803182
https://doi.org/10.1111/sms.12167
http://www.ncbi.nlm.nih.gov/pubmed/24372591
https://doi.org/10.1519/JSC.0000000000001282
http://www.ncbi.nlm.nih.gov/pubmed/26645673
https://doi.org/10.1113/jphysiol.1993.sp019851
http://www.ncbi.nlm.nih.gov/pubmed/8308721
https://doi.org/10.1111/j.1469-7793.1998.003bo.x
https://doi.org/10.1111/j.1469-7793.1998.003bo.x
http://www.ncbi.nlm.nih.gov/pubmed/9547376
https://doi.org/10.1152/jn.1997.77.6.3401
http://www.ncbi.nlm.nih.gov/pubmed/9212286
https://doi.org/10.1016/s1388-2457(02)00223-7
http://www.ncbi.nlm.nih.gov/pubmed/12350427
https://doi.org/10.1016/j.jelekin.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26901383
https://doi.org/10.1152/japplphysiol.00869.2009
http://www.ncbi.nlm.nih.gov/pubmed/20689093


PLOS One | https://doi.org/10.1371/journal.pone.0346417  April 7, 2026 17 / 19

	47.	 Dal Maso F, Longcamp M, Amarantini D. Training-related decrease in antagonist muscles activation is associated with increased motor cortex acti-
vation: evidence of central mechanisms for control of antagonist muscles. Exp Brain Res. 2012;220(3–4):287–95. https://doi.org/10.1007/s00221-
012-3137-1 PMID: 22710618

	48.	 Izquierdo M, et al. Effects of strength training on muscle fatigue mapping from surface EMG and blood metabolites. Med Sci Sports Exerc. 
2011;43(2):303–11.

	49.	 Peltonen H, Walker S, Lähitie A, Häkkinen K, Avela J. Isometric parameters in the monitoring of maximal strength, power, and hypertrophic  
resistance-training. Appl Physiol Nutr Metab. 2018;43(2):145–53. https://doi.org/10.1139/apnm-2017-0310 PMID: 29017022

	50.	 Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sensors and sensor placement procedures. J 
Electromyogr Kinesiol. 2000;10(5):361–74. https://doi.org/10.1016/s1050-6411(00)00027-4 PMID: 11018445

	51.	 Rodríguez-Rosell D, Pareja-Blanco F, Aagaard P, González-Badillo JJ. Physiological and methodological aspects of rate of force development 
assessment in human skeletal muscle. Clin Physiol Funct Imaging. 2018;38(5):743–62. https://doi.org/10.1111/cpf.12495 PMID: 29266685

	52.	 Wang L, Lu A, Zhang S, Niu W, Zheng F, Gong M. Fatigue-related electromyographic coherence and phase synchronization analysis between 
antagonistic elbow muscles. Exp Brain Res. 2015;233(3):971–82. https://doi.org/10.1007/s00221-014-4172-x PMID: 25515087

	53.	 Boonstra TW, Daffertshofer A, van Ditshuizen JC, van den Heuvel MRC, Hofman C, Willigenburg NW, et al. Fatigue-related changes in motor-
unit synchronization of quadriceps muscles within and across legs. J Electromyogr Kinesiol. 2008;18(5):717–31. https://doi.org/10.1016/j.jele-
kin.2007.03.005 PMID: 17462912

	54.	 Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday DM. The Fourier approach to the identification of functional coupling between neuronal 
spike trains. Prog Biophys Mol Biol. 1989;53(1):1–31. https://doi.org/10.1016/0079-6107(89)90004-7 PMID: 2682781

	55.	 Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J Chiropr Med. 2016;15(2):155–
63. https://doi.org/10.1016/j.jcm.2016.02.012 PMID: 27330520

	56.	 Weir JP. Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM. J Strength Cond Res. 2005;19(1):231–40. https://
doi.org/10.1519/15184.1 PMID: 15705040

	57.	 Tavakkoli Oskouei S, Malliaras P, D Hill K, Garofolini A, Clark R, Perraton L. Assessment of ankle plantar flexor neuromuscular properties: A reli-
ability study. J Electromyogr Kinesiol. 2021;61:102603. https://doi.org/10.1016/j.jelekin.2021.102603 PMID: 34563759

	58.	 Oranchuk DJ, Storey AG, Nelson AR, Neville JG, Cronin JB. Variability of Multiangle Isometric Force-Time Characteristics in Trained Men. J 
Strength Cond Res. 2022;36(1):284–8. https://doi.org/10.1519/JSC.0000000000003405 PMID: 31593034

	59.	 Thompson BJ, Ryan ED, Herda TJ, Costa PB, Walter AA, Sobolewski EJ, et al. Consistency of rapid muscle force characteristics: influence of 
muscle contraction onset detection methodology. J Electromyogr Kinesiol. 2012;22(6):893–900. https://doi.org/10.1016/j.jelekin.2012.05.008 PMID: 
22765889

	60.	 Sleivert GG, Wenger HA. Reliability of measuring isometric and isokinetic peak torque, rate of torque development, integrated electromyography, 
and tibial nerve conduction velocity. Arch Phys Med Rehabil. 1994;75(12):1315–21. https://doi.org/10.1016/0003-9993(94)90279-8 PMID: 7993170

	61.	 Clark BC, Cook SB, Ploutz-Snyder LL. Reliability of techniques to assess human neuromuscular function in vivo. J Electromyogr Kinesiol. 
2007;17(1):90–101. https://doi.org/10.1016/j.jelekin.2005.11.008 PMID: 16427317

	62.	 Mohr M, Schön T, von Tscharner V, Nigg BM. Intermuscular Coherence Between Surface EMG Signals Is Higher for Monopolar Compared to Bipo-
lar Electrode Configurations. Front Physiol. 2018;9:566. https://doi.org/10.3389/fphys.2018.00566 PMID: 29867587

	63.	 Pelzer T, Ullrich B, Pfeiffer M. Periodization effects during short-term resistance training with equated exercise variables in females. Eur J Appl 
Physiol. 2017;117(3):441–54. https://doi.org/10.1007/s00421-017-3544-x PMID: 28160082

	64.	 Knight CA, Kamen G. Adaptations in muscular activation of the knee extensor muscles with strength training in young and older adults. J Electro-
myogr Kinesiol. 2001;11(6):405–12. https://doi.org/10.1016/s1050-6411(01)00023-2 PMID: 11738953

	65.	 Seynnes OR, de Boer M, Narici MV. Early skeletal muscle hypertrophy and architectural changes in response to high-intensity resistance training. 
J Appl Physiol (1985). 2007;102(1):368–73. https://doi.org/10.1152/japplphysiol.00789.2006 PMID: 17053104

	66.	 Falvo MJ, Sirevaag EJ, Rohrbaugh JW, Earhart GM. Resistance training induces supraspinal adaptations: evidence from movement-related corti-
cal potentials. Eur J Appl Physiol. 2010;109(5):923–33. https://doi.org/10.1007/s00421-010-1432-8 PMID: 20306270

	67.	 Mason J, Frazer A, Horvath DM, Pearce AJ, Avela J, Howatson G, et al. Adaptations in corticospinal excitability and inhibition are not spatially con-
fined to the agonist muscle following strength training. Eur J Appl Physiol. 2017;117(7):1359–71. https://doi.org/10.1007/s00421-017-3624-y PMID: 
28455814

	68.	 Jenkins ND, et al. Neuromuscular adaptations after 2 and 4 weeks of 80% versus 30% 1 repetition maximum resistance training to failure. J 
Strength Cond Res. 2016;30(8):2174–85.

	69.	 Rutherford OM, Jones DA. The role of learning and coordination in strength training. Eur J Appl Physiol Occup Physiol. 1986;55(1):100–5. https://
doi.org/10.1007/BF00422902 PMID: 3698983

	70.	 Cormie P, McGuigan MR, Newton RU. Developing maximal neuromuscular power: part 2 - training considerations for improving maximal power 
production. Sports Med. 2011;41(2):125–46. https://doi.org/10.2165/11538500-000000000-00000 PMID: 21244105

https://doi.org/10.1007/s00221-012-3137-1
https://doi.org/10.1007/s00221-012-3137-1
http://www.ncbi.nlm.nih.gov/pubmed/22710618
https://doi.org/10.1139/apnm-2017-0310
http://www.ncbi.nlm.nih.gov/pubmed/29017022
https://doi.org/10.1016/s1050-6411(00)00027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.1111/cpf.12495
http://www.ncbi.nlm.nih.gov/pubmed/29266685
https://doi.org/10.1007/s00221-014-4172-x
http://www.ncbi.nlm.nih.gov/pubmed/25515087
https://doi.org/10.1016/j.jelekin.2007.03.005
https://doi.org/10.1016/j.jelekin.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17462912
https://doi.org/10.1016/0079-6107(89)90004-7
http://www.ncbi.nlm.nih.gov/pubmed/2682781
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1519/15184.1
https://doi.org/10.1519/15184.1
http://www.ncbi.nlm.nih.gov/pubmed/15705040
https://doi.org/10.1016/j.jelekin.2021.102603
http://www.ncbi.nlm.nih.gov/pubmed/34563759
https://doi.org/10.1519/JSC.0000000000003405
http://www.ncbi.nlm.nih.gov/pubmed/31593034
https://doi.org/10.1016/j.jelekin.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22765889
https://doi.org/10.1016/0003-9993(94)90279-8
http://www.ncbi.nlm.nih.gov/pubmed/7993170
https://doi.org/10.1016/j.jelekin.2005.11.008
http://www.ncbi.nlm.nih.gov/pubmed/16427317
https://doi.org/10.3389/fphys.2018.00566
http://www.ncbi.nlm.nih.gov/pubmed/29867587
https://doi.org/10.1007/s00421-017-3544-x
http://www.ncbi.nlm.nih.gov/pubmed/28160082
https://doi.org/10.1016/s1050-6411(01)00023-2
http://www.ncbi.nlm.nih.gov/pubmed/11738953
https://doi.org/10.1152/japplphysiol.00789.2006
http://www.ncbi.nlm.nih.gov/pubmed/17053104
https://doi.org/10.1007/s00421-010-1432-8
http://www.ncbi.nlm.nih.gov/pubmed/20306270
https://doi.org/10.1007/s00421-017-3624-y
http://www.ncbi.nlm.nih.gov/pubmed/28455814
https://doi.org/10.1007/BF00422902
https://doi.org/10.1007/BF00422902
http://www.ncbi.nlm.nih.gov/pubmed/3698983
https://doi.org/10.2165/11538500-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21244105


PLOS One | https://doi.org/10.1371/journal.pone.0346417  April 7, 2026 18 / 19

	71.	 Saeterbakken AH, Stien N, Paulsen G, Behm DG, Andersen V, Solstad TEJ, et al. Task Specificity of Dynamic Resistance Training and Its 
Transferability to Non-trained Isometric Muscle Strength: A Systematic Review with Meta-analysis. Sports Med. 2025;55(7):1651–76. https://doi.
org/10.1007/s40279-025-02225-2 PMID: 40314751

	72.	 Nicholson G, Ispoglou T, Bissas A. The impact of repetition mechanics on the adaptations resulting from strength-, hypertrophy- and cluster-type 
resistance training. Eur J Appl Physiol. 2016;116(10):1875–88.

	73.	 Thompson BJ, Stock MS, Shields JE, Luera MJ, Munayer IK, Mota JA, et al. Barbell deadlift training increases the rate of torque development and 
vertical jump performance in novices. J Strength Cond Res. 2015;29(1):1–10. https://doi.org/10.1519/JSC.0000000000000691 PMID: 25226322

	74.	 Pareja-Blanco F, Alcazar J, Sánchez-Valdepeñas J, Cornejo-Daza PJ, Piqueras-Sanchiz F, Mora-Vela R, et al. Velocity Loss as a Critical Variable 
Determining the Adaptations to Strength Training. Med Sci Sports Exerc. 2020;52(8):1752–62. https://doi.org/10.1249/MSS.0000000000002295 
PMID: 32049887

	75.	 Marshall PWM, McEwen M, Robbins DW. Strength and neuromuscular adaptation following one, four, and eight sets of high intensity resistance 
exercise in trained males. Eur J Appl Physiol. 2011;111(12):3007–16. https://doi.org/10.1007/s00421-011-1944-x PMID: 21451937

	76.	 Jenkins ND, Housh TJ, Buckner SL, Bergstrom HC, Smith CM, Cochrane KC, et al. Four weeks of high- versus low-load resistance training 
to failure on the rate of torque development, electromechanical delay, and contractile twitch properties. J Musculoskelet Neuronal Interact. 
2016;16(2):135–44. PMID: 27282457

	77.	 Ema R, Sakaguchi M, Akagi R, Kawakami Y. Unique activation of the quadriceps femoris during single- and multi-joint exercises. Eur J Appl 
Physiol. 2016;116(5):1031–41. https://doi.org/10.1007/s00421-016-3363-5 PMID: 27032805

	78.	 Boccia G, Martinez-Valdes E, Negro F, Rainoldi A, Falla D. Motor unit discharge rate and the estimated synaptic input to the vasti muscles is higher 
in open compared with closed kinetic chain exercise. J Appl Physiol (1985). 2019;127(4):950–8. https://doi.org/10.1152/japplphysiol.00310.2019 
PMID: 31369324

	79.	 Irish SE, Millward AJ, Wride J, Haas BM, Shum GLK. The effect of closed-kinetic chain exercises and open-kinetic chain exercise on the muscle 
activity of vastus medialis oblique and vastus lateralis. J Strength Cond Res. 2010;24(5):1256–62. https://doi.org/10.1519/JSC.0b013e3181cf749f 
PMID: 20386128

	80.	 Watanabe K, et al. Novel insights into biarticular muscle actions gained from high-density electromyogram. Exerc Sport Sci Rev. 
2021;49(3):179–87.

	81.	 Miyamoto N, Wakahara T, Kawakami Y. Task-dependent inhomogeneous muscle activities within the bi-articular human rectus femoris muscle. 
PLoS One. 2012;7(3):e34269. https://doi.org/10.1371/journal.pone.0034269 PMID: 22479583

	82.	 Mitsuya H, Nakazato K, Hakkaku T, Okada T. Hip flexion angle affects longitudinal muscle activity of the rectus femoris in leg extension exercise. 
Eur J Appl Physiol. 2023;123(6):1299–309. https://doi.org/10.1007/s00421-023-05156-w PMID: 36795130

	83.	 Stensdotter A-K, Hodges PW, Mellor R, Sundelin G, Häger-Ross C. Quadriceps activation in closed and in open kinetic chain exercise. Med Sci 
Sports Exerc. 2003;35(12):2043–7. https://doi.org/10.1249/01.MSS.0000099107.03704.AE PMID: 14652500

	84.	 Maeo S, Shan X, Otsuka S, Kanehisa H, Kawakami Y. Single-joint eccentric knee extension training preferentially trains the rectus femoris within 
the quadriceps muscles. Transl Sports Med. 2018;1(5):212–20. https://doi.org/10.1002/tsm2.38

	85.	 Santos PDG, et al. Fatigue- and training-related differences in muscle activation and coordination. Int J Sports Med. 2025.

	86.	 Hug F, Avrillon S, Ibáñez J, Farina D. Common synaptic input, synergies and size principle: Control of spinal motor neurons for movement genera-
tion. J Physiol. 2023;601(1):11–20. https://doi.org/10.1113/JP283698 PMID: 36353890

	87.	 Aeles J, Sarcher A, Hug F. Common synaptic input between motor units from the lateral and medial posterior soleus compartments does not differ 
from that within each compartment. J Appl Physiol (1985). 2023;134(1):105–15. https://doi.org/10.1152/japplphysiol.00587.2022 PMID: 36454677

	88.	 Kattla S, Lowery MM. Fatigue related changes in electromyographic coherence between synergistic hand muscles. Exp Brain Res. 
2010;202(1):89–99. https://doi.org/10.1007/s00221-009-2110-0 PMID: 20012600

	89.	 Mima T, Hallett M. Electroencephalographic analysis of cortico-muscular coherence: reference effect, volume conduction and generator mecha-
nism. Clin Neurophysiol. 1999;110(11):1892–9. https://doi.org/10.1016/s1388-2457(99)00238-2 PMID: 10576484

	90.	 Baker SN, Olivier E, Lemon RN. Coherent oscillations in monkey motor cortex and hand muscle EMG show task-dependent modulation. J Physiol. 
1997;501 (Pt 1)(Pt 1):225–41. https://doi.org/10.1111/j.1469-7793.1997.225bo.x PMID: 9175005

	91.	 Conway BA, Halliday DM, Farmer SF, Shahani U, Maas P, Weir AI, et al. Synchronization between motor cortex and spinal motoneuronal pool 
during the performance of a maintained motor task in man. J Physiol. 1995;489 (Pt 3)(Pt 3):917–24. https://doi.org/10.1113/jphysiol.1995.sp021104 
PMID: 8788955

	92.	 Kilavik BE, Zaepffel M, Brovelli A, MacKay WA, Riehle A. The ups and downs of β oscillations in sensorimotor cortex. Exp Neurol. 2013;245:15–26. 
https://doi.org/10.1016/j.expneurol.2012.09.014 PMID: 23022918

	93.	 Ushiyama J, Katsu M, Masakado Y, Kimura A, Liu M, Ushiba J. Muscle fatigue-induced enhancement of corticomuscular coherence following 
sustained submaximal isometric contraction of the tibialis anterior muscle. J Appl Physiol (1985). 2011;110(5):1233–40. https://doi.org/10.1152/jap-
plphysiol.01194.2010 PMID: 21393470

	94.	 Brown P. Cortical drives to human muscle: the Piper and related rhythms. Prog Neurobiol. 2000;60(1):97–108. https://doi.org/10.1016/s0301-
0082(99)00029-5 PMID: 10622378

https://doi.org/10.1007/s40279-025-02225-2
https://doi.org/10.1007/s40279-025-02225-2
http://www.ncbi.nlm.nih.gov/pubmed/40314751
https://doi.org/10.1519/JSC.0000000000000691
http://www.ncbi.nlm.nih.gov/pubmed/25226322
https://doi.org/10.1249/MSS.0000000000002295
http://www.ncbi.nlm.nih.gov/pubmed/32049887
https://doi.org/10.1007/s00421-011-1944-x
http://www.ncbi.nlm.nih.gov/pubmed/21451937
http://www.ncbi.nlm.nih.gov/pubmed/27282457
https://doi.org/10.1007/s00421-016-3363-5
http://www.ncbi.nlm.nih.gov/pubmed/27032805
https://doi.org/10.1152/japplphysiol.00310.2019
http://www.ncbi.nlm.nih.gov/pubmed/31369324
https://doi.org/10.1519/JSC.0b013e3181cf749f
http://www.ncbi.nlm.nih.gov/pubmed/20386128
https://doi.org/10.1371/journal.pone.0034269
http://www.ncbi.nlm.nih.gov/pubmed/22479583
https://doi.org/10.1007/s00421-023-05156-w
http://www.ncbi.nlm.nih.gov/pubmed/36795130
https://doi.org/10.1249/01.MSS.0000099107.03704.AE
http://www.ncbi.nlm.nih.gov/pubmed/14652500
https://doi.org/10.1002/tsm2.38
https://doi.org/10.1113/JP283698
http://www.ncbi.nlm.nih.gov/pubmed/36353890
https://doi.org/10.1152/japplphysiol.00587.2022
http://www.ncbi.nlm.nih.gov/pubmed/36454677
https://doi.org/10.1007/s00221-009-2110-0
http://www.ncbi.nlm.nih.gov/pubmed/20012600
https://doi.org/10.1016/s1388-2457(99)00238-2
http://www.ncbi.nlm.nih.gov/pubmed/10576484
https://doi.org/10.1111/j.1469-7793.1997.225bo.x
http://www.ncbi.nlm.nih.gov/pubmed/9175005
https://doi.org/10.1113/jphysiol.1995.sp021104
http://www.ncbi.nlm.nih.gov/pubmed/8788955
https://doi.org/10.1016/j.expneurol.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23022918
https://doi.org/10.1152/japplphysiol.01194.2010
https://doi.org/10.1152/japplphysiol.01194.2010
http://www.ncbi.nlm.nih.gov/pubmed/21393470
https://doi.org/10.1016/s0301-0082(99)00029-5
https://doi.org/10.1016/s0301-0082(99)00029-5
http://www.ncbi.nlm.nih.gov/pubmed/10622378


PLOS One | https://doi.org/10.1371/journal.pone.0346417  April 7, 2026 19 / 19

	 95.	 Brown P, Salenius S, Rothwell JC, Hari R. Cortical correlate of the Piper rhythm in humans. J Neurophysiol. 1998;80(6):2911–7. https://doi.
org/10.1152/jn.1998.80.6.2911 PMID: 9862895

	 96.	 Mima T, Simpkins N, Oluwatimilehin T, Hallett M. Force level modulates human cortical oscillatory activities. Neurosci Lett. 1999;275(2):77–80. 
https://doi.org/10.1016/s0304-3940(99)00734-x PMID: 10568503

	 97.	 Gwin JT, Ferris DP. Beta- and gamma-range human lower limb corticomuscular coherence. Front Hum Neurosci. 2012;6:258. https://doi.
org/10.3389/fnhum.2012.00258 PMID: 22973219

	 98.	 Maudrich T, Tapper P, Clauß M, Falz R, Lässing J, Kenville R. Motor control strategies differ between monoarticular and biarticular quadriceps 
muscles during bipedal squats. Scand J Med Sci Sports. 2022;32(11):1569–80. https://doi.org/10.1111/sms.14230 PMID: 36086908

	 99.	 Smale KB, Shourijeh MS, Benoit DL. Use of muscle synergies and wavelet transforms to identify fatigue during squatting. J Electromyogr Kine-
siol. 2016;28:158–66. https://doi.org/10.1016/j.jelekin.2016.04.008 PMID: 27156237

	100.	 Schoenfeld BJ. Squatting kinematics and kinetics and their application to exercise performance. J Strength Cond Res. 2010;24(12):3497–506. 
https://doi.org/10.1519/JSC.0b013e3181bac2d7 PMID: 20182386

	101.	 Bizzi E, Cheung VCK. The neural origin of muscle synergies. Front Comput Neurosci. 2013;7:51. https://doi.org/10.3389/fncom.2013.00051 
PMID: 23641212

	102.	 d’Avella A, Bizzi E. Shared and specific muscle synergies in natural motor behaviors. Proc Natl Acad Sci U S A. 2005;102(8):3076–81. https://doi.
org/10.1073/pnas.0500199102 PMID: 15708969

	103.	 Aumann TD, Prut Y. Do sensorimotor β-oscillations maintain muscle synergy representations in primary motor cortex? Trends Neurosci. 
2015;38(2):77–85. https://doi.org/10.1016/j.tins.2014.12.002 PMID: 25541288

	104.	 Wang L, Niu W, Wang K, Zhang S, Li L, Lu T. Badminton players show a lower coactivation and higher beta band intermuscular interactions of 
ankle antagonist muscles during isokinetic exercise. Med Biol Eng Comput. 2019;57(11):2407–15. https://doi.org/10.1007/s11517-019-02040-8 
PMID: 31473946

	105.	 Semmler JG, Ebert SA, Amarasena J. Eccentric muscle damage increases intermuscular coherence during a fatiguing isometric contraction. Acta 
Physiol (Oxf). 2013;208(4):362–75. https://doi.org/10.1111/apha.12111 PMID: 23621345

	106.	 Brouwer B, Ashby P. Corticospinal projections to upper and lower limb spinal motoneurons in man. Electroencephalogr Clin Neurophysiol. 
1990;76(6):509–19. https://doi.org/10.1016/0013-4694(90)90002-2 PMID: 1701119

	107.	 Rossi A, Mazzocchio R. Presence of homonymous recurrent inhibition in motoneurones supplying different lower limb muscles in humans. Exp 
Brain Res. 1991;84(2):367–73. https://doi.org/10.1007/BF00231458 PMID: 2065743

	108.	 Williams ER, Baker SN. Renshaw cell recurrent inhibition improves physiological tremor by reducing corticomuscular coupling at 10 Hz. J Neuro-
sci. 2009;29(20):6616–24. https://doi.org/10.1523/JNEUROSCI.0272-09.2009 PMID: 19458232

	109.	 Banks RW. An allometric analysis of the number of muscle spindles in mammalian skeletal muscles. J Anat. 2006;208(6):753–68. https://doi.
org/10.1111/j.1469-7580.2006.00558.x PMID: 16761976

	110.	 Krentz JR, Farthing JP. Neural and morphological changes in response to a 20-day intense eccentric training protocol. Eur J Appl Physiol. 
2010;110(2):333–40. https://doi.org/10.1007/s00421-010-1513-8 PMID: 20495928

	111.	 McAuley JH, Marsden CD. Physiological and pathological tremors and rhythmic central motor control. Brain. 2000;123(8):1545–67.

	112.	 Klass M, Lévénez M, Enoka RM, Duchateau J. Spinal mechanisms contribute to differences in the time to failure of submaximal fatiguing contrac-
tions performed with different loads. J Neurophysiol. 2008;99(3):1096–104. https://doi.org/10.1152/jn.01252.2007 PMID: 18184884

	113.	 Erimaki S, Christakos CN. Coherent motor unit rhythms in the 6-10 Hz range during time-varying voluntary muscle contractions: neural mecha-
nism and relation to rhythmical motor control. J Neurophysiol. 2008;99(2):473–83. https://doi.org/10.1152/jn.00341.2007 PMID: 18057114

	114.	 Finn HT, Kennedy DS, Green S, Taylor JL. Fatigue-related Feedback from Calf Muscles Impairs Knee Extensor Voluntary Activation. Med Sci 
Sports Exerc. 2020;52(10):2136–44. https://doi.org/10.1249/MSS.0000000000002362 PMID: 32936591

	115.	 Sidhu SK, Weavil JC, Thurston TS, Rosenberger D, Jessop JE, Wang E, et al. Fatigue-related group III/IV muscle afferent feedback facilitates 
intracortical inhibition during locomotor exercise. J Physiol. 2018;596(19):4789–801. https://doi.org/10.1113/JP276460 PMID: 30095164

	116.	 Dal Maso F, Longcamp M, Cremoux S, Amarantini D. Effect of training status on beta-range corticomuscular coherence in agonist vs. antagonist 
muscles during isometric knee contractions. Exp Brain Res. 2017;235(10):3023–31. https://doi.org/10.1007/s00221-017-5035-z PMID: 28725924

	117.	 Farina D, Merletti R, Enoka RM. The extraction of neural strategies from the surface EMG: an update. J Appl Physiol (1985). 2014;117(11):1215–
30. https://doi.org/10.1152/japplphysiol.00162.2014 PMID: 25277737

	118.	 Garcia-Retortillo S, Abenza Ó, Vasileva F, Balagué N, Hristovski R, Wells A, et al. Age-related breakdown in networks of inter-muscular coordina-
tion. Geroscience. 2025;47(2):1615–39. https://doi.org/10.1007/s11357-024-01331-9 PMID: 39287879

	119.	 Garcia-Retortillo S, Romero-Gómez C, Ivanov PC. Network of muscle fibers activation facilitates inter-muscular coordination, adapts to fatigue 
and reflects muscle function. Commun Biol. 2023;6(1):891. https://doi.org/10.1038/s42003-023-05204-3 PMID: 37648791

	120.	 Abenza Ó, Garcia-Retortillo S, Vasileva F, Hristovski R, Ivanov PC, Balagué N. Networks of intermuscular coordination distinguish male and 
female responses to exercise. Sci Rep. 2025;15(1):33901. https://doi.org/10.1038/s41598-025-08294-7 PMID: 41028042

https://doi.org/10.1152/jn.1998.80.6.2911
https://doi.org/10.1152/jn.1998.80.6.2911
http://www.ncbi.nlm.nih.gov/pubmed/9862895
https://doi.org/10.1016/s0304-3940(99)00734-x
http://www.ncbi.nlm.nih.gov/pubmed/10568503
https://doi.org/10.3389/fnhum.2012.00258
https://doi.org/10.3389/fnhum.2012.00258
http://www.ncbi.nlm.nih.gov/pubmed/22973219
https://doi.org/10.1111/sms.14230
http://www.ncbi.nlm.nih.gov/pubmed/36086908
https://doi.org/10.1016/j.jelekin.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27156237
https://doi.org/10.1519/JSC.0b013e3181bac2d7
http://www.ncbi.nlm.nih.gov/pubmed/20182386
https://doi.org/10.3389/fncom.2013.00051
http://www.ncbi.nlm.nih.gov/pubmed/23641212
https://doi.org/10.1073/pnas.0500199102
https://doi.org/10.1073/pnas.0500199102
http://www.ncbi.nlm.nih.gov/pubmed/15708969
https://doi.org/10.1016/j.tins.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25541288
https://doi.org/10.1007/s11517-019-02040-8
http://www.ncbi.nlm.nih.gov/pubmed/31473946
https://doi.org/10.1111/apha.12111
http://www.ncbi.nlm.nih.gov/pubmed/23621345
https://doi.org/10.1016/0013-4694(90)90002-2
http://www.ncbi.nlm.nih.gov/pubmed/1701119
https://doi.org/10.1007/BF00231458
http://www.ncbi.nlm.nih.gov/pubmed/2065743
https://doi.org/10.1523/JNEUROSCI.0272-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458232
https://doi.org/10.1111/j.1469-7580.2006.00558.x
https://doi.org/10.1111/j.1469-7580.2006.00558.x
http://www.ncbi.nlm.nih.gov/pubmed/16761976
https://doi.org/10.1007/s00421-010-1513-8
http://www.ncbi.nlm.nih.gov/pubmed/20495928
https://doi.org/10.1152/jn.01252.2007
http://www.ncbi.nlm.nih.gov/pubmed/18184884
https://doi.org/10.1152/jn.00341.2007
http://www.ncbi.nlm.nih.gov/pubmed/18057114
https://doi.org/10.1249/MSS.0000000000002362
http://www.ncbi.nlm.nih.gov/pubmed/32936591
https://doi.org/10.1113/JP276460
http://www.ncbi.nlm.nih.gov/pubmed/30095164
https://doi.org/10.1007/s00221-017-5035-z
http://www.ncbi.nlm.nih.gov/pubmed/28725924
https://doi.org/10.1152/japplphysiol.00162.2014
http://www.ncbi.nlm.nih.gov/pubmed/25277737
https://doi.org/10.1007/s11357-024-01331-9
http://www.ncbi.nlm.nih.gov/pubmed/39287879
https://doi.org/10.1038/s42003-023-05204-3
http://www.ncbi.nlm.nih.gov/pubmed/37648791
https://doi.org/10.1038/s41598-025-08294-7
http://www.ncbi.nlm.nih.gov/pubmed/41028042

