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Featured Application: Rate of Torque Development Scaling Factor (RTD-SF) is sensitive enough to
detect changes following training programs based on electrostimulation or voluntary contractions.

Abstract: This study explored the changes in the rate of torque development scaling factor (RTD-SF)
and maximum voluntary isometric contraction (MVC) variables following six weeks of unilateral
isometric electromyostimulation (EMS) and voluntary (VOL) exercises. Twenty-six physically active
participants were randomly assigned to EMS (n = 13) or a VOL group. MVC and RTD-SF of the
quadriceps femoris of both legs were assessed before and after training. EMS and VOL exercises had
identical frequency (three sessions/week), intensity (60% MVC), volume (40 contractions), and work-
to-rest ratio (18 min: 6.25 s of work/20 s of rest). There were no between-group differences for the
trained leg with overall increases in maximal torque (Tmax) of ~29% (d = 2.11–2.12), ~13% for RTDmax
(d = 0.92–1.10); ~23% for Intercept (d = 0.72–0.78), and reduction in RTD-SF by ~15% (d = 1.01–1.10).
In the non-trained leg, significant moderate change was only observed after EMS for RTD-SF which
decreased by 12.5% (d = 0.76). Both EMS and VOL training applied at equivalent workloads positively
impact on Tmax, RTDmax, and Intercept, but they negatively affect the quickness with which muscle
contracts across a wide range of submaximal forces. Using a moderate training intensity in regularly
physically active participants could explain the absence of cross-education in the VOL group.

Keywords: quadriceps; strength; RTD-SF; RFD-SF; EMS

1. Introduction

When rapid isometric contractions of different submaximal intensities are performed,
a strong linear relationship is observed between peak force/torque and peak rate of
force/torque development. The slope of this relationship, named the rate of force de-
velopment scaling factor (RFD-SF) or rate of torque development factor (RTD-SF), has
been proposed as a measure of neuromuscular quickness of submaximal contractions [1,2].
Some claim that RTD variables may be more effective to evaluate training-related adapta-
tions, to follow up recovery from an injury, or to distinguish between various populations
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than the maximal torque (Tmax) exerted during maximal voluntary isometric contraction
(MVC) [3–6]. Thus it is not surprising that the RTD-SF has been lately performed more
frequently and reported as an indicator of rapid torque generation [1,6–8]. Since being
verified as reliable [1,9–11], the RTD-SF protocol has been used for isometric neuromuscular
assessment of upper and lower limb muscle groups [6,7,9,10,12], to explore the effects of
sex [13], aging [13,14], fatigue [15], and health conditions such as osteoporosis or multiple
sclerosis [6,8,14], as well as in studies exploring inter-limb asymmetries [7,11,15]. In addi-
tion, Bellumori et al. [12] investigated the effects of high-speed cycling on rate-dependent
mobility in active older adults. Although Jacquet et al. [16] recently studied the effect
of cognitive task-induced mental fatigue on hand force production capacities including
RTD-SF, the study of Bellumori et al. [12] remains the only one that explored the sensitivity
of the RTD-SF protocol to an exercise intervention. Thus, it would be of interest to study
how other types of training, for example, isometric, affect RTD-SF variables.

Knee muscle strength is of paramount importance for daily life activities and athletic
performance. It has been shown that quadriceps femoris (QF) strength has significant im-
plications for fall and injury prevention as well as for desirable outcomes of rehabilitation
following injuries and surgical interventions [3,17]. Both voluntary isometric contraction
(VOL) and electromyostimulation (EMS) have been used in strength training for improving
muscular strength [18–20] and/or fighting deficits in muscular activation and to improve
strength (Tmax and RTD) [17,21]. In line with the specificity of training effects, specific iso-
metric strength improvements have been observed [22–24]. Many authors have attempted
to determine whether EMS or VOL exercise provides a more efficient stimulus to improve
muscle strength [22,24–26]. However, the training effects were greatly dependent on train-
ing intensity, type of muscle action, or participants’ training history. In addition to gains in
maximum strength, resistance training can evoke significant increases in RTD particularly
when exercises are performed with intention to produce rapid torque irrespective of actual
movement speed, while the similarity between training and testing movement patterns
evokes the greatest improvements [5]. However, increases in RTD have also been observed
in studies using high load resistance (i.e., strength) training without the intention for fast
movement speeds [5,27,28]. Even so, studies that investigated the influence of EMS aiming
at maximum strength development for rapid torque production are scarce and less clear. In
line with that, the effects of the strength training modality on the development of RTD-SF
(i.e., neuromuscular quickness) have not been investigated so far. It therefore remains
unclear how strength training that includes EMS and VOL exercises affects rapid strength
production under isometric conditions.

Under certain circumstances, neural adaptation to unilateral training goes beyond
the muscles directly involved in the exercise and results in increased voluntary activation
and strength gains in the contralateral homologous muscle, i.e., non-trained limbs [29].
This cross-education phenomenon involves adaptations of the central nervous system at
supraspinal and spinal levels [19,29–31] rather than muscle or morphological factors, and
that is why it is widely utilized in sports or clinical rehabilitation following a unilateral
injury [31–33]. Regarding the effectiveness of various training modalities to induce the
cross-education effect, Green and Gabriel [34] concluded that in young participants the
cross-education effect (i.e., gains in the non-trained limb) was similar among isometric,
isokinetic, or isoinertial exercises and that EMS resulted in substantially greater gains (27%
for EMS vs. 18% for other training modalities). However, Oakman et al. [26] and later Zhou
et al. [20] reported similar cross-education effects in the non-trained leg after EMS and VOL
training. Cross-education effects were observable even following an 8-week low-intensity
training intervention (20% MVC) [32]. Nonetheless, it is obvious that both types of training
modalities (VOL and EMS) could result in significant cross-education, and this is something
that is independent of age [35]. However, conclusions are mostly based on gains in Tmax
while data on changes in isometric RTD variables are limited. Considering the earlier
stated importance of rapid torque production, it would be of interest to explore potential



Appl. Sci. 2024, 14, 6485 3 of 13

cross-education changes in the non-trained leg muscle’s capacities to quickly generate
torques of submaximal and maximal intensity following an isometric exercise intervention.

Therefore, this study investigated the changes in RTD-SF of quadriceps femoris muscle
of the trained and non-trained legs following a 6-week moderate-intensity unilateral
isometric training program using EMS or VOL exercises. In line with a previous study
investigating changes in RTD-SF following an exercise intervention [12], the planned
intervention was expected to change RTD-SF along with Tmax and RTDmax. In addition,
we hypothesized that both training modalities would result in a cross-education effect on
the non-trained leg [20,32].

2. Materials and Methods
2.1. Study Design

This study is an interventional clinical trial with factorial assignment (registered within
ClinicalTrials.gov, identifier: NCT04624438). For the sake of simplicity, a pre–post design
with two random parallel groups (both experimental) was used. Quadriceps femoris (QF)
function was assessed by MVC and RTD-SF on three occasions: prior to the intervention
(pre-test), after 3 weeks of training (which served as the adjustment of exercise threshold;
mid-test), and after 6 weeks of training (post-test; Figure 1). Isometric training involved
either electromyostimulation (EMS) or the voluntary (VOL) exercises of QF. One week prior
to intervention, all subjects participated in one practice session to familiarize themselves
with stimulation parameters and training protocols and to determine the intensity of EMS
needed to achieve 60% of MVC. Prior to the pre-test, body mass and percent of body fat
were assessed using a bioelectric impedance method (In Body 720; InBody Co., Ltd. InBody
Bldg, 625, Eonju-ro, Gangnam-gu, Seoul, 06106 Korea) and body height with a standard
stadiometer. After the pre-test, the participants were randomly assigned into either an EMS
or VOL group. Neither participants nor evaluators were blinded to the intervention or
the assessment.
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Figure 1. An overview of the study.

Both groups of participants performed unilateral isometric strength training three
times per week for six weeks. Training density and intensity were selected in line with
previous recommendations and knowing the limitations of EMS [24,25,36]. Participants
were advised to refrain from any type of resistance training targeting the leg muscles for
the duration of the study. All sessions were performed at the same time of the day for each
subject (always between 8 a.m. and 2 p.m.) and under similar environmental conditions
(~22 ◦C and ~60% humidity).

ClinicalTrials.gov
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2.2. Subjects

The subjects were recruited by word-of-mouth. Twenty-six physical education stu-
dents (14 males and 12 females) were randomly assigned to either the EMS or VOL group
(7 males and 6 females in each group; mean ± SD: age: 21 ± 1.5 years (range: 20–25 years);
body mass: 75 ± 12 kg, body fat: 18.4 ± 5.5%; body height: 175 ± 14 cm in EMS group,
and mean ± SD: age: 21 ± 2.5 years (range: 20–25 years); body mass: 77 ± 12 kg, body
fat: 16.9 ± 6.1%; body height: 177 ± 12 cm in VOL group). There were no significant
between-group differences in any of subjects’ characteristics before and after the interven-
tion (all p > 0.41). All participants were regularly physically active through their standard
academic curriculum that included 6 to 8 h of physical activity per week (both moderate
and high intensity). Besides being physically active, the participants were required to be
free of muscle–skeletal or neurological disease or medication intake and to refrain from
changing daily routines with respect to training and sleeping. All participants gave written
informed consent that was in accordance with the Declaration of Helsinki and approved by
the University Institutional Review Board (02-672-2/09-04-2015).

2.3. Testing Procedures

All sessions were conducted on workdays and began with a standardized warm-up
consisting of stationary cycling for 5 min and 5 min of active stretching. Following the
warm-up, the participants were seated in a custom-made chair with knee and hip angles
fixed at 120◦ and 100◦, respectively (Figure 2, upper left panel). The chair was adjusted
for every participant with respect to their body size. The participant’s trunk, waist, and
thighs were firmly strapped to the chair and the distal parts of their legs were affixed to
strain gauge force transducers (Dongguan South China Sea Electronic Co., Ltd., Dongguan,
China; load cell S-Type CZL302; range 2 kN) using rigid cuffs. The cuffs were secured with
hook and loop fasteners 2 cm above the malleolus lateralis.
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Figure 2. Testing and training set-up (upper left panel; 1: force transducer; 2: shanks; 3: rigid straps;
4: acquisition and analog-to-digital conversion unit; 5: monitor with visual feedback). Note that
only trained legs were affixed to force transducer during the training sessions. Lower left panel
shows positioning of EMS electrodes and subject increasing the current to maintain targeted training
intensity. Upper and lower right panels depict training procedure across weeks and visual feedback
given during the training sessions (first two contractions out of 40 are marked as “1” and “2”).

All testing procedures were performed separately for each leg. Maximal voluntary
contraction (MVC) was always performed prior to RTD-SF testing to determine the greatest
value of torque during the performed task [1]. Participants were instructed to extend the
knee ‘as fast and as hard as possible’ and each maximal contraction was sustained for
approximately 3 s [28]. Three MVCs were completed for each leg with a 60 s rest between
successive trials [3,4]. The MVC with the highest value of torque (Tmax) over the three
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consecutive trials was used for further analysis as well as to prescribe the subsequent
submaximal fast contractions that were expressed as a percentage of Tmax.

Following a 5 min rest, the RTD-SF testing protocol was conducted. Subjects completed
~15 submaximal rapid contractions for familiarization purposes. They were instructed
to contract their QF muscle as quickly as possible and to relax instantly. Three sets of
≥20 contractions were completed for experimental purposes. In each set, there were
5 consecutive contractions at 4 different intensities presented in ascending order (20%,
40%, 60%, 80% of Tmax, i.e., MVC) [7,8]. The rest time between the sets was 60 s [1]. The
experimenter gave a voice command to perform a new trial every 4–5 s. Visual feedback of
torque as a target line was provided to the subjects on a computer monitor, but subjects
were advised not to pay attention to accuracy.

Data were collected and sampled at 1000 Hz using the commercially available soft-
ware Isometrics (version 4.0.0, ‘Sports Medical Solutions’, Belgrade, Serbia). Signals were
filtered with a low-pass (5 Hz), second-order Butterworth filter. The software automatically
calculated the Tmax (peak value on the torque–time trace after reaching the plateau) and
RTDmax (peak of first derivative of the torque–time signal overlapping 0.1 s intervals).
The peak torque and peak RTD from the isometric torque pulses were also automatically
calculated as the maximal value during the 1 s interval of each repetition and as a maximum
of the first derivative of the torque–time curve, respectively. Each recording was inspected
to ensure that no countermovement was present as this would influence RFD.

Peak torque and peak RTD were expressed as a percentage of Tmax and plotted to
obtain a regression line (slope and intercept) and R2 values for each participant, respectively.
The slope of the regression line provides the RTD-SF (for more details, please see Figure 2).
The R2 represents consistency in the performance rapid muscular contractions [1,12].

2.4. Training Procedures

The training procedures were applied unilaterally over the QF with lower MVC torque
at the pre-test, regardless of leg dominance. As a note, there was a significant between-leg
difference in Tmax in both groups (10 ± 7%; p < 0.01 in EMS, and 12.5 ± 5%; p < 0.01 in
VOL group). Participants’ positioning during training sessions was identical to that during
testing procedures. The participant’s trunk, waist, and thighs were firmly strapped to the
chair with knee and hip angles fixed at 120◦ and 100◦, respectively. The distal part of the
trained leg was affixed to a strain gauge force transducer (Figure 2, upper left panel).

Each EMS and VOL training session consisted of 40 contractions each lasting 6.25 s and
separated by 20 s inter-contraction intervals. The number of contractions and contraction-
to-rest ratio (6.25/20 s) were in accordance with the work-to-rest pattern produced by
the muscle stimulation device (Figures 1 and 2—upper and lower right panels). The
stimulation intensity was determined during the familiarization when EMS was delivered
at the individually maximal tolerable dose and was kept close to identical among the
session, averaging in total ~60% MVC per subject [24]. Specifically, EMS intensity varied
between 58% and 63% across sessions and subjects, depending on their daily pain tolerance.
Due to anticipated positive exercise effects on Tmax, participants were re-tested after the
third week of intervention (mid-test), and these data served to adjust the exercise threshold
(please see Figure 2, upper right panel).

The subjects were instructed to stay relaxed during EMS sessions, thus stimulation was
not superimposed onto voluntary contractions. A portable battery-powered commercially
available stimulator (Compex SP2.0, Medicompex SA, Ecublens, Switzerland) was used
in the EMS group. The motor points were identified by stimulating the skin surface with
a pen electrode and a large reference electrode placed over the skin. Stimulatory current
was gradually increased until a clear muscle twitch was observed. The positions of the
motor points were marked with water-resistant markers, so the electrodes were applied
at the same sites throughout the intervention period. The positive electrodes, measuring
25 cm2 (5 cm × 5 cm), which had membrane-depolarizing properties, were placed as close
as possible to motor points of vastus medialis and vastus lateralis muscles. The negative
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electrode, measuring 50 cm2 (10 cm × 5 cm), was placed near the proximal insertion of
rectus femoris muscle. The stimulator discharged biphasic rectangular pulses lasting 400 µs.
The stimulation frequency and duty cycle were 75 Hz and 6.25 s of stimulation followed
by a pause lasting 20 s (duty cycle, 24%) [25,37]. The selected stimulation parameters
correspond to a maximum strength development program. The stimulation intensity was
monitored on-line and determined by the subject at the start of each EMS session according
to their pain threshold and to produce a torque corresponding to at least 60% of the pre-test
Tmax score [24].

Regarding the VOL group, participants were required to reach the prescribed torque
level only through voluntary activation of QF. To attain the same number of contractions
and contraction-to-rest ratio as in EMS, automated audible signals were delivered in
accordance with the contraction–rest pattern produced by the muscle stimulation device.

Depending on the type of exercise, the subjects were asked to increase the current
(please see Figure 2, lower left panel) or voluntary activation intensity throughout the train-
ing session to maintain target torque level of ~60% MVC. The exerted torque during each
contraction was measured with the same force transducer and software as described for
testing procedures, and real-time feedback along with the individual 60% MVC threshold
was provided on a computer screen. All training sessions were supervised by at least one
of the researchers who conducted the experiment.

2.5. Statistical Analyses

Prior to statistical analyses, Tmax and RTDmax data were normalized with partici-
pants’ individual body mass. Normality of the dependent variables was confirmed using
a Shapiro–Wilk test (p > 0.05). Descriptive statistics (mean and standard deviation) were
calculated for all variables (Tmax, RTDmax, RTD-SF, and Intercept). A 2 × 2 analysis of
variance (ANOVA) with time (pre-test and post-test) as within-subject factor and group
(EMS and VOL) as between-subject factor was applied to each dependent variable sepa-
rately for the trained and non-trained leg, followed by the Bonferroni post hoc test. The
Cohen’s effect size (d) was used to quantify the within-group differences as d < 0.2 (trivial
or no effect), d = 0.2–0.5 (small), d = 0.5–0.8 (moderate), d = 0.8–1.3 (large), and d > 1.3
(very large). Cohen’s d effect size (ES) and 90% confidence interval (CI) were computed
using the harmonic mean of the SD of the compared conditions and an ES of 0.20 was
considered as the minimal value of practical importance. When the 90% CI overlapped
substantial positive and negative values, the effect was deemed unclear; otherwise, effects
were deemed clear [38]. p-values < 0.05 were considered statistically significant. The mag-
nitude comparison analysis was performed using a custom Excel spreadsheet (available
from: https://www.sportsci.org/jour/03/wghtrials.htm, accessed on 18 September 2023),
while other statistical analyses were performed using the software package SPSS (IBM SPSS
version 20.0, Chicago, IL, USA).

3. Results

Consistency in the performance of rapid muscular contractions represented by the
coefficient of determination of the RTD-SF regression line remained high, from pre-test to
post-test (median R2 = 0.951, range 0.936–0.959). Figure 3 depicts the relationship of peak
torque relative to Tmax and the respective peak RTD (%Tmax) for trained and non-trained
legs in EMS and VOL groups, respectively.

Table 1 depicts the changes in the dependent variables from pre-test and post-test.
Regarding the trained leg, ANOVA revealed significant main effect of time for all dependent
variables, with generally large effect sizes observed both within EMS and VOL groups
(0.78–2.2). The largest change was observed for Tmax (29%), followed by RTDmax (~13%),
RTD-SF (~−15%), and Intercept. The main effect of group factor and interaction of factors
were not significant, indicating that EMS and VOL exercises induced similar changes over
a six-week period, as supported by the analysis of the standardized differences (Figure 3;
lower panel), since the ES always ranged from −0.20 to 0.20 (i.e., trivial differences).

https://www.sportsci.org/jour/03/wghtrials.htm
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Tmax (Nm/kg) 15.7 ± 2 20.2 ± 3.5 29.3 2.12 16.6 ± 2.2 21.4 ± 3.4 28.8 2.11 82.0 ** 0.9 0.0 
RTD (Nm/kg/s) 83 ± 13 93 ± 17 12.3 0.92 85 ± 18 97 ± 15 16.6 1.10 16.4 ** 0.1 0.2 
RTD-SF 6.0 ± 0.6 5.1 ± 0.7 −14.6 1.10 5.9 ± 0.8 5.0 ± 0.6 −14.9 1.01 25.1 ** 0.1 0.0 
Intercept 0.9 ± 0.18 1.07 ± 0.21 22.5 0.78 0.86 ± 0.29 1.08 ± 0.17 24.9 0.72 12.5 ** 0.0 0.1 
Non-trained leg           

Tmax (Nm/kg) 17 ± 1.9 19 ± 3.6 11.9 0.76 19.2 ± 2.8 19.4 ± 2.9 2.2 0.20 3.28 1.4 2.1 
RTD (Nm/kg/s) 87 ± 16 89 ± 20 2 0.34 96 ± 18 94 ± 18 −0.6 0.01 0.04 0.9 0.4 
RTD-SF 5.9 ± 0.6 5.1 ± 0.5 † −12.6 0.76 5.5 ± 0.6 5.4 ± 0.7 −0.1 0.20 6.35 * 0.0 5.5 * 
Intercept 0.94 ± 0.25 1.10 ± 0.17 16.6 0.60 1.02 ± 0.17 0.99 ± 0.24 −2.2 0.25 1.13 0.0 2.7 

* Main effect or factor interaction significant at p < 0.05; ** main effect or factor interaction significant 
at p < 0.01; † post hoc significant at p < 0.01. 

For the non-trained leg (Table 1), time factor and group×time interaction were signif-
icant only for RTD-SF, whereas a subsequent post hoc test revealed that significant change 
was observed only within EMS group. However, note that although differences between 
training modalities reached significance only for RTD-SF, Figure 4 (upper panel) indicates 
that differences for RTD-SF, Intercept, and Tmax are substantially greater for the EMS 
than VOL group (ES < −0.20). This is also supported by moderate within-group effect sizes 
(0.60–0.76), whereas Cohen’s d was trivial across the VOL group. 

Figure 3. Pre-test and post-test group relationships between peak force relative to Tmax and
the respective peak RTD (%Tmax/s) for EMS and VOL, as well as for trained and non-trained
leg, respectively.

Table 1. Descriptive data for dependent variables shown as mean ± standard deviation. Mean
relative changes between pre-test and post-test (% change) are given as raw values. Within-group
effect size is presented with Cohen’s d.

EMS VOL ANOVA

Pre-Test Post-Test %
Change

Cohen’s
d Pre-Test Post-Test %

Change
Cohen’s

d
F-Value

Time
F-Value
Group

F-Value
Time × Group

Trained leg
Tmax (Nm/kg) 15.7 ± 2 20.2 ± 3.5 29.3 2.12 16.6 ± 2.2 21.4 ± 3.4 28.8 2.11 82.0 ** 0.9 0.0
RTD
(Nm/kg/s) 83 ± 13 93 ± 17 12.3 0.92 85 ± 18 97 ± 15 16.6 1.10 16.4 ** 0.1 0.2

RTD-SF 6.0 ± 0.6 5.1 ± 0.7 −14.6 1.10 5.9 ± 0.8 5.0 ± 0.6 −14.9 1.01 25.1 ** 0.1 0.0
Intercept 0.9 ± 0.18 1.07 ± 0.21 22.5 0.78 0.86 ± 0.29 1.08 ± 0.17 24.9 0.72 12.5 ** 0.0 0.1

Non-trained leg
Tmax (Nm/kg) 17 ± 1.9 19 ± 3.6 11.9 0.76 19.2 ± 2.8 19.4 ± 2.9 2.2 0.20 3.28 1.4 2.1
RTD
(Nm/kg/s) 87 ± 16 89 ± 20 2 0.34 96 ± 18 94 ± 18 −0.6 0.01 0.04 0.9 0.4

RTD-SF 5.9 ± 0.6 5.1 ± 0.5 † −12.6 0.76 5.5 ± 0.6 5.4 ± 0.7 −0.1 0.20 6.35 * 0.0 5.5 *
Intercept 0.94 ± 0.25 1.10 ± 0.17 16.6 0.60 1.02 ± 0.17 0.99 ± 0.24 −2.2 0.25 1.13 0.0 2.7

* Main effect or factor interaction significant at p < 0.05; ** main effect or factor interaction significant at p < 0.01;
† post hoc significant at p < 0.01.

For the non-trained leg (Table 1), time factor and group×time interaction were signifi-
cant only for RTD-SF, whereas a subsequent post hoc test revealed that significant change
was observed only within EMS group. However, note that although differences between
training modalities reached significance only for RTD-SF, Figure 4 (upper panel) indicates
that differences for RTD-SF, Intercept, and Tmax are substantially greater for the EMS than
VOL group (ES < −0.20). This is also supported by moderate within-group effect sizes
(0.60–0.76), whereas Cohen’s d was trivial across the VOL group.
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Figure 4. Standardized mean differences (90% confidence intervals) for all dependent variables
between the EMS and VOL group (ES = EMS mean - VOL mean/SD both). The shaded area
represents a trivial difference (ES from -0.20 to 0.20). Tmax—maximum torque; RTDmax—maximum
rate of torque development; RTD-SF—rate of torque development scaling factor.

4. Discussion

The aim of this study was to investigate the changes in the quadriceps femoris muscle
rate of torque development scaling factor (RTD-SF) following unilateral isometric train-
ing. The training intervention included either electrostimulation or voluntary exercises
(EMS and VOL, respectively). The main findings regarding our first hypothesis are as
follows: (1) both interventions induced similar decrements in RTD-SF (approximately 15%);
(2) Intercept was increased following both training modalities (22 and 17% for EMS and
VOL, respectively) but due to the high variability the change was significant only following
EMS; (3) both interventions increased Tmax by ~30%; and (4) comparable increments,
although of lower magnitude (14%), were observed for RTDmax. Our second hypothesis
was not confirmed because the cross-education effect to the non-trained leg was observed
only for the EMS group.

As was hypothesized, the applied training interventions had a significant effect on the
RTD-SF. In fact, to our surprise, both EMS and VOL induced a decrease in RTD-SF, which
could be partly explained by a higher relative increase in Tmax than in RTDmax. Although
previous studies revealed that the RTD-SF protocol could be used to discriminate between
participants of different ages [14], sexes [13], fatigue or physical activity levels [11,15], or
inter-limb asymmetries [7,39], currently no published data are available regarding how
strength training interventions affect the RTD-SF. The study that investigated changes
in RTD-SF following exercise intervention was conducted on active older adults and it
involved a 6-week high-intensity interval cycling intervention [12]. Hence, the authors
reported a 34% improvement in RTD-SF (i.e., a higher slope) of QF in the exercise group
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but not in controls. This is not surprising since robust improvements in explosive capacities
are expected following both high- and low-speed dynamic exercises and ballistic isometric
exercises performed against lower load (e.g., <60% of maximum torque) and with the
intent of rapid torque production [5]. In the current study, it seems that rapid torque
generation was unaffected by training intervention for intensities < 50% MVC (Figure 2).
However, a visible decrease in rapid production can be observed for higher intensities
(50–80% MVC) that we suspect resulted in lower RTD-SF when compared to pre-test values.
Considering that isometric exercises used in this study were not as ballistic as in the RFD-SF
assessment protocol, the applied training modalities had a significant negative impact on
neuromuscular quickness assessed through RTD-SF. This finding could be of importance
for researchers investigating muscle function and for coaches working with speed-trained
athletes who may consider using moderate-intensity isometric contractions in their training
or rehabilitation routines as well.

Intercept is the variable that has mostly stayed unreported or not discussed as it
was considered to provide no additional information [1,2,6,12]. A study that investigated
how cognitive fatigue affects RFD-SF presented rarely reported results on Intercept that
remained unaffected [16]. Kozinc et al. [2] speculated that a higher Intercept together
with the same RFD-SF could indicate superior quickness across the range of contraction
intensities, which is only partly the case in our study since Intercept increased while the
slope, i.e., RFD-SF, declined. Nevertheless, more studies are needed to answer the question
on the physiological and potentially clinical relevance of the Intercept.

Regarding maximal strength and RTD gains, it should be noted that the level of the
electrically evoked torque achieved in this study ranged between 58% and 63% MVC (the
average intensity across participants was 60% MVC). The intensity was selected following
previous recommendations and knowing the limitations of EMS [24,25,36]. Specifically, to
promote strength gains, EMS was previously most commonly applied at intensities of ~60%
MVC [24]. To ensure a comparable training volume between the two training modalities
we matched the contraction intensity and duration for the EMS and VOL groups. Although
higher voluntary exercise loads are recommended to promote muscle hypertrophy and
strength gains [40], significant strength gains could be achieved even when using medium
loads (50–60% MVC) [25,41–44]. In fact, Szeto et al. [44] demonstrated a 31% increase in
MVC following isometric VOL training at 50% MVC, while Filipovic et al. [24] reported
gains in maximum strength of 32.6 ± 17.6% in trained subjects and of 32 ± 15.6% in elite
athletes following isometric EMS. Nonetheless, the results obtained in the current study
are in line with those reported previously [24,25,42–44] and show no substantial difference
in MVC torque gains between VOL and EMS training modalities.

While MVC Tmax was among the most investigated variables in EMS studies [23,24],
changes in RTDmax have been scarcely reported. For example, Speicher et al. [45] demon-
strated significant increases of up to 16% in the QF muscle during the early time sections
of RTD (100–200 ms from the contraction onset) but not in maximal RTD after dynamic
whole-body combination EMS training [24]. That is not surprising since it is well known
that performing isometric exercises in a ballistic manner can maximize the improvement of
RTD [40]. Nevertheless, as shown in the current study, an increase in RTD max (15% for
both training modalities) is warranted even when isometric exercises are performed on a
single muscle group and in a non-ballistic manner.

Our second hypothesis and our final findings concern the cross-education to the
non-trained leg. A significant change in RTD-SF of the non-trained leg was obtained
only following EMS training, suggesting potential central adaptations. Moderate, non-
significant change was also observed for the Intercept. Although the cross-education effect
is well described in the literature [18,19,26,32], this is the first study to investigate this
phenomenon concerning RTD-SF and strength training. In the aforementioned study of
Bellumori et al. [12], the authors reported that their lower limb speed-cycling training
program had a positive cross-education effect on RFD-SF of non-trained upper limbs.
Those who compared the effects of voluntary and stimulated isometric exercises on the
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studied phenomenon report no difference in strength gains between the two training
modalities [26,32] or greater gains following EMS than VOL exercises [34]. In fact, similar
strength gains in the non-trained leg were reported both after low-intensity (i.e., 20%
MVC [32]) and medium-intensity EMS and VOL training (i.e., 65% MVC [26]). However,
the size of the increase may depend upon the type of muscle action. Namely, Hortobágyi
et al. [19] reported greater strength gains in contralateral limbs with EMS than with VOL
exercises, but their study investigated eccentric contractions. Based on Cohen’s d, our study
indicates that changes in Tmax could be larger after EMS than VOL training. To our surprise
and contrary to previously published studies [20,26,30,32], it appears that training intensity
of isometric VOL exercise applied in the current study (60%) was below the necessary
threshold for altering functional properties of corticospinal pathways [19], unlike in the
EMS group. Interestingly, a study similar to ours used five sets of eight contractions at 65%
of MVC over a 4-week period and reported a similar cross-education effect (21%) following
isometric and EMS exercises [20]. We can only speculate the reasons for such findings.
One may be that our sample consisted of young adults who were moderately to highly
physically active unlike in other studies with young non-active or non-trained [20,32] or
habitually active but not specifically trained [26] participants. In addition, the non-trained
leg of our participants was the one that had better Tmax at pre-test regardless of dominance,
so it is plausible that the selected intensity was not strong enough to induce cross-education
in those assigned to the VOL group.

This study is not without limitations. Firstly, we have no EMG recordings to provide
information on changes in motor unit recruitment and muscle activation. Also, ultra-
sound recordings would help investigate potential changes in muscle cross-sectional area.
Secondly, it may be of interest to correlate changes in RTD-SF and data on corticospinal
excitability, or from other performance tests (jumping, sprinting, kicking, etc.) to accom-
pany the obtained findings. In addition, the derivative of the MVC torque–time curve
was not processed in the way that RTD at different time intervals is calculated but rather
traditional RTDmax was used to track changes in explosive strength. Finally, the fact that
we used a relatively limited sample that not only consisted of males and females but was
also physically active may explain why some hypothesized effects were not observed,
which may also influence the generalization of our findings.

5. Conclusions

When performed at equivalent workloads (frequency, intensity, volume, and work-
to-rest ratio) EMS and VOL isometric exercises may be complementary with respect to
changes in muscle function of the trained leg. RTD-SF as a measure of neuromuscular
quickness is sensitive to medium-intensity unilateral isometric strength training (60% MVC).
Specifically, RFD-SF was negatively affected by applied interventions, although it appears
that rapid torque generation was unaffected for intensities < 50% MVC, while a decrease
was observed for higher intensities (50–80% MVC). Regarding the cross-education effect
on the non-trained leg, the applied training intensity induced a significant decrease in the
RTD-SF following the EMS exercise, whereas such changes did not reach significance in
the VOL exercise group. These findings can be of interest both for researchers and coaches
when using moderate-intensity isometric training in athletes, as well as for rehabilitation
specialists working with individuals recovering from sports-related injuries and other
conditions where submaximal and maximal intensities should be avoided.
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