
Vol.:(0123456789)

European Journal of Applied Physiology 
https://doi.org/10.1007/s00421-024-05604-1

ORIGINAL ARTICLE

Exerting force at the maximal speed drives the increase in power 
output in elite athletes after 4 weeks of resistance training

Edoardo Lecce1 · Ruggero Romagnoli1,2 · Giorgio Frinolli1,3 · Francesco Felici1 · Maria Francesca Piacentini1 · 
Ilenia Bazzucchi1 

Received: 12 June 2024 / Accepted: 30 August 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
Purpose In the present study, we examined how a 4-week intervention of maximal intended velocity (MIVRT) and controlled 
velocity resistance training (CRT)-induced task-specific responses in expert individuals.
Methods Twenty elite athletes were randomly assigned to either a MIVRT (n = 10) or CRT (n = 10) group, both following 
the same volume–load training based on the back-squat three times a week but with different intentions in moving load 
(force–exertion speed). We assessed one-repetition maximum (1RM), mean propulsive velocity (MPV), and mean propulsive 
power (MPP) using a progressive-loading test before and after the intervention. A linear position transducer was used to 
monitor propulsive velocity in training and testing sessions.
Results Both groups significantly increased their 1RM (CRT: + 12.3%, p < 0.001, d = 0.39; MIVRT: + 12.5%, p < 0.001, 
d = 0.45). Only the MIVRT group showed a significant improvement in MPV (p < 0.01) across different stepping loads, while 
both groups improved in MPP (MIVRT: + 22.4%, p < 0.001, d = 0.54; CRT: + 8.1%, p = 0.04, d = 0.17).
Conclusions MIVRT induced significant adaptations in MPV and MPP at various loads (%1RM), underlining its specificity 
in targeting these parameters. Despite similar enhancements in 1RM, the distinct training protocols suggest that strength 
gains may stem from either maximal intent in moving loads or longer times under tension. This study highlights the role of 
execution speed in optimizing power outcomes, emphasizing task specificity as paramount to elicit physiological adaptations 
in chronically strength-trained individuals.

Keywords Resistance training · Exercise physiology · Velocity-based training · Neuromuscular adaptations  · Strength · 
Power

Abbreviations
1RM  One repetition maximum
BMI  Body-mass index
CRT   Controlled velocity resistance training
MIVRT  Maximal intended velocity resistance training
MPP  Mean propulsive power
MPV  Mean propulsive velocity
RFD  Rate of force development
RPE  Rate of perceived exertion

RT  Resistance training
TUT   Time under tension

Introduction

The understanding of how resistance training (RT) impacts 
the neuromuscular system and its physiological effects on 
performance, muscle growth, and motor control has gained 
significant attention (Aagaard et al. 2002; Balshaw et al. 
2017; Maffiuletti et al. 2016; Pearcey et al. 2021; Roberts 
et al. 2023; Škarabot et al. 2021). Adaptations explaining 
mentioned enhancements are linked to specific changes in 
motor unit behavior (Del Vecchio et al. 2019) that are at the 
base of various observations of increases in force and power 
following a strength training period (Bandy et al. 1990; 
Lopez et al. 2021; Sale 1988; Sarabia et al. 2017). These 
improvements have been characterized across different 
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performance metrics, including countermovement jump, iso-
metric leg press, maximal cycling power output, sprinting, 
and weightlifting (Ojanen et al. 2020; Seitz et al. 2014; Stone 
et al. 2005). Numerous studies have documented enhance-
ments in one-repetition maximum (1RM), rate of force 
development (RFD), and mean propulsive velocity (MPV) 
in back-squat and bench-press exercises (González-Badillo 
et al. 2014; Morrissey et al. 1998; Pareja-Blanco et al. 2014; 
Sánchez-Medina et al. 2017). Notably, the speed of execu-
tion emerged as a crucial factor influencing force and power 
adaptations (González-Badillo et al. 2014; Riscart-Lopez 
et al. 2020; Sergio et al. 2007) in different multi-joint exer-
cises, such as the back squat, Romanian deadlift, and bench 
press (Jones et al. 2001; Morin & Samozino 2016; Pérez-
Castilla & García-Ramos 2020; Weakley et al. 2020). For 
instance, maximal intended velocity resistance training 
(MIVRT), consisting of performing tasks with the maximal 
intention of generating force (as fast as the load allows), has 
been demonstrated to induce broader adaptations compared 
to half-maximal velocity training (1RM, 18.2% vs 9.7%) in 
recreational athletes (González-Badillo et al. 2014; Pareja-
Blanco et  al. 2014). Accordingly, various studies have 
reported broader strength increases after a training protocol 
in the fast repetitions group compared to controlled repeti-
tions (Ingebrigtsen et al. 2009; Maffiuletti & Martin 2001; 
Munn et al. 2005), whereas others observed no differences 
between these interventions (Fielding et al. 2002; Morris-
sey et al. 1998; Sergio et al. 2007). Given the enhancements 
in strength and power resulting from chronic exposure to 
a mechanical overload (Aagaard et al. 2002; Del Vecchio 
et al. 2019; Fielding et al. 2002; Fiorenza et al. 2020; Munn 
et al. 2005; Roberts et al. 2023), and that mentioned studies 
reported contrasting findings in recreationally active par-
ticipants (González-Badillo et al. 2014; Pareja-Blanco et al. 
2014), investigating specific adaptations to resistance train-
ing at different execution velocities in elite athletes covers 
the primary interest of the present study. To our knowledge, 
MIVRT protocols have been studied on elite populations, 
but no protocols have been done to compare task-dependent 
effects, which is the main concern in chronically strength-
trained individuals (Włodarczyk et al. 2021).

To understand how these specific adaptations occur, we 
compared MIVRT and CRT adaptations over a 4-week inter-
vention, as it reflects a mesocycle duration in most cases 
(Fleck 1999; Haugen et al. 2019; A. Turner 2011) as well 
as to be sufficient to induce significant adaptation of motor 
units underlying increase in muscle strength (Del Vecchio 
et al. 2019; Škarabot et al. 2021). We hypothesized that both 
protocols might induce significant increases in the maximal 
dynamic force as a result of the prolonged times under ten-
sion (TUT) for the CRT and the intention of moving loads 
for the MIVRT group (Behm & Sale 1993a; Burd et al. 2012; 
Rheese et al. 2021; Trybulski et al. 2022; Wilk et al. 2021). 

Based on observations made in recreationally active indi-
viduals (González-Badillo et al. 2014; Pareja-Blanco et al. 
2014), we expected the MIVRT group to exhibit higher pro-
pulsive velocity across various stepping loads (Alcatraz et al. 
2021), indicative of increased rate of force development (Del 
Vecchio et al. 2024). As a result, we awaited enhanced mean 
propulsive power (MPP) for both groups, reflecting the com-
bined influence of a higher velocity and force production.

Methods

Participants and ethical statement

Twenty top-tier track and field (sprinting disciplines) and 
weightlifting athletes (males, n = 10; females, n = 10) were 
enrolled in the study. They competed at world-class (Top-
20 world-rank 2021; score 1431–1250, national team ath-
letes) or elite (Top 150 world-rank 2021; score 1250–1135, 
national team athletes) levels (McKay et al. 2022), with 2 or 
more years of experience with the back-squat exercise and 
overall resistance training. The participants were randomly 
assigned to either an MIVRT (males n = 5, females n = 5, 
BMI: 21.34 ± 1.96 kg∙m−2) or a CRT (males n = 5, females 
n = 5, 21.98 ± 4.36 kg∙m−2) group. Female participants were 
not under contraceptives (Burrows & Peters 2007; Elliott-
Sale et al. 2020). All the athletes involved were between the 
first and second weeks of the general preparatory period 
for track and field or weightlifting and randomly distributed 
between the two intervention groups in equal sample size by 
adopting the block-randomization approach, ensuring equal 
number per group (Kang et al. 2008). Randomization was 
done to ensure the reliability of the intervention by mini-
mizing bias and ensuring an equal distribution of male and 
female participants per group. Participants underwent no 
surgical intervention or significant injury in 6 months prior 
to the study that may have impaired the outcome at the test-
ing time. All participants received detailed procedure infor-
mation and signed a written informed consent. The study 
protocol observed and followed the Declaration of Helsinki 
and was approved by the Institutional Review Board of the 
University of Rome “Foro Italico” (CAR. 40/2020).

Experimental design

A longitudinal pre–post-design was used to compare the 
effect of two resistance training programs (MIVRT vs CRT) 
on the load–velocity–power parameters. Participants were 
asked to be available for 6 weeks, including twelve training 
and test sessions. In weeks 1 and 6, the 1RM test, MPV, 
MPP, and load–velocity–power profiles were assessed. 
Weeks 2–5 were dedicated to completing the training pro-
tocol. Before enrolling, participants were involved in the 
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first weeks of the general preparatory period, after they 
underwent at least 2 weeks of rest from competitions and 
workouts during the transitional period. All participants 
were enrolled at the first stage of the macrocycle to minimize 
sport-specific bias and to guarantee a baseline preparation 
to avoid influences from previous mesocycles, which could 
interfere with expected outcomes, as well as to avoid any 
overreaching status, generally involving 2 weeks of rest to 
be recovered entirely (Halson & Jeukendrup 2004). In addi-
tion to the training protocol, participants performed 2/week 
aerobic sessions of 20-min cycling at a perceived intensity 
of RPE12 to RPE13 following existing guidelines (Stangier 
et al. 2016; Zinoubi et al. 2018) and 3/week core and general 
strength sessions comprising upper body strength exercises 
and flexibility. No additional lower-body strength training 
was performed. According to previous findings, female par-
ticipants performed the tests during either the ovulatory or 
mid-luteal phase to reduce neuromuscular activity fluctua-
tions and to avoid a documented general activation decrease 
attributed to the early follicular phase (Tenan et al. 2013; 
Weidauer et al. 2020), repeating the test in the same phase 
as the baseline (Lecce et al. 2024; Piasecki et al. 2024). All 
testing and training sessions took place under the supervi-
sion of the investigators, under constant environmental con-
ditions (20 °C, 60% humidity), and at the same time of the 
day (± 1 h) for each participant (Racinais et al. 2005).

Force measurements and testing procedures

One week before testing, all athletes were involved in a 
2-day familiarization period to prepare participants to 

perform the stepping load test. Familiarization days were 
separated by 48 –72 h, one from another. The measure-
ments were performed in the first and sixth weeks within 5 
days before the start and 5 days after the training protocol 
ended. The participants were asked to refrain from strenu-
ous exercise 48 h before the testing sessions for pre- and 
post-assessment days (Lecce et al. 2023a), and no lower-
body training was done to minimize possible residual 
fatigue. Moreover, the testing sessions were performed at 
the same time of the day to minimize diurnal variability in 
muscle force production (Lecce et al. 2023b; Racinais et al. 
2005). The testing and training sessions were conducted 
using a non-guided barbell (free-weight setup) and a rack 
for the participants' safety. A reliable and validated [MPV: 
ICC = 0.99, CV = 1.24%; SEM = 0.01 m·s−1 (Martínez-Cava 
et al. 2020)] linear position transducer [Vitruve, SPEED-
4LIFTS S.L., Madrid, Spain (Callaghan et al. 2022)] was 
used to assess barbell propulsive velocity (Fig. 1A). The 
warm-up was standardized, including 5 min of isometric 
and dynamic core exercises, 5 min of mobility and dynamic 
flexibility, and four increasing loads for consecutive double 
repetitions per set (from RPE8 to RPE16) on back-squat (0 
to 90° of knee flexion) (Escamilla & Krzyzewski 2001), with 
3 min recovery. Subsequently, an encoder-monitored pro-
gressive-loading test was performed on back-squat exercise, 
setting an initial load of 20 kg and progressively increasing 
by 10 kg (if MPV > 0.8 m·s−1) or 5 kg (if MPV < 0.8 m·s−1) 
until the attained MPV was < 0.5 m·s−1, as previously sug-
gested (Pareja-Blanco et al. 2014). Two repetitions were 
performed per each increasing set, and only two attempts 
were performed when the MPV > 0.5 m·s−1; otherwise, the 

Fig. 1  Experimental setup comprised a linear position transducer to 
assess the barbell velocity in each repetition of the back squat exer-
cise (A). The testing sessions were completed before and after 4 
weeks of intervention of either a maximal intended velocity (MIVRT) 
or controlled velocity (CRT) resistance training (3 sessions/week). 
Both groups performed the same volume load with different execu-

tion velocities (B). The progressive-loading test comprised a starting 
step at 20 kg with an increasing weight of 10 kg (if MPV was greater 
than 0.8 m∙s−1) or 5 kg (if MPV was lower than 0.8 m∙s−1) until a 
load considered appropriate to estimate 1RM [< 0.5  m∙s−1 (Pareja-
Blanco et al. 2014)]
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test ended. Participants were instructed to 'move as fast as 
possible' at each repetition. Participants received visual and 
auditory feedback for execution velocity while performing 
each repetition and verbal encouragement in all conditions 
(Fig. 1C). Each stepping load was separated from the other 
by 3 min of recovery.

Data processing and analysis

Encoder data were extrapolated from the software as CSV 
files, inserted in a dataset, and analyzed. The individual 
load–velocity–power profiles were obtained, considering the 
highest MPV value for each load. Subsequently, the 1RM 
was estimated by linear regression equations (Alcatraz et al. 
2021; Sánchez-Medina et al. 2017), setting 0.30 m·s−1 as the 
minimum velocity threshold as suggested in previous studies 
(Weakley et al. 2020). The mathematical calculations and 
the load–velocity–power profile did not consider MPV data 
obtained at 20 kg. The MPP was calculated by the product 
of the MPV by the corresponding force output converted 
stepping load. The normalization of 1RM and the peak MPP 
was used to calculate the percentage of increase after the 
intervention and to compare the changes in the MPV at the 
same %1RM as relative values.

Training protocol

The 4-week protocol comprised twelve supervised training 
sessions of MIVRT or CRT (based on the group), separated 
by 48–72 h. The warm-up was standardized for both groups, 
including 10 min of core exercises, 5 min of upper and lower 
body joint mobility, and 5 min of dynamic flexibility. Subse-
quently, four sets of two repetitions with incremental load-
ing (20–70%1RM) were performed, and then the training 
protocol began. It comprised 2 sets of 5 reps at 60%1RM, 2 
sets of 4 reps at 70%1RM, 2 sets of 3 reps at 80%1RM, and 
2 sets of 2 reps at 90%1RM with a between-sets recovery of 
3 min (Fig. 1B). To better isolate the velocity effect, both 
protocols were performed with the same volume load [sets 
x reps x weight (Guy Hornsby et al. 2018; Peterson et al. 
2011)] but with different intentions of moving loads: the 
MIVRT group was asked to move as fast as possible in the 
concentric phase for every single repetition at any load (with 
the maximal intent), while the CRT group was asked to push 
the needed to match the half-maximal velocity of each step-
ping load (e.g., if participants' velocities at 80%1RM were 
0.50 m·s−1, the max-velocity to match would be 0.25 m·s−1); 
this would ensure substantial differences in execution veloc-
ity to possibly induce task-specificity adaptations (González-
Badillo et al. 2014). It is crucial to underscore that this also 
ensured a differential intention in moving load to induce 
adaptations confined to the speed of force exertion (Behm 
& Sale 1993a). Training sessions were monitored using the 

linear position transducer, and all participants received vis-
ual and auditory feedback in real time from a screen placed 
one and a half meters from their eyes. The eccentric phases 
of each repetition were performed at a controlled velocity 
for all participants (from 0.30 to 0.50 m·s−1). The between-
sets recovery time was 3 min. Since CRT required longer 
TUT, the training protocol was planned as follows: volume 
([2 × 5–2 × 4–2 × 3–2 × 2]/session), intensity (10 × 60%–8 × 
70%–6 × 80%–4 × 90%), and recovery (3' between sets) were 
equal in both training groups (Baz-Valle et al. 2021). All 
participants successfully performed training protocols.

Statistical analysis

The data distribution normality was assessed using the Sha-
piro–Wilk test before conducting statistical comparisons. 
Multiple t tests were performed to account for between and 
within-group comparisons. Paired sample t tests were then 
employed to examine the influence of sex on the physiologi-
cal responses to the different training protocols (pre–post). 
Since adaptations were not sex-dependent, male and female 
participants were also examined together to character-
ize the effect of training. Independent sample t tests were 
used to compare the age, height, mass, BMI, 1RM, and 
MPP between groups at baseline. Statistical differences for 
1RM, MPP, and absolute MPV were assessed using paired 
sample t tests. Relative differences for sex-dependent and 
training-dependent responses were calculated for 1RM and 
MPP using the formula: ∆χ = [χ2–χ1], where χ–n represents 
the relative result (%) of a given variable at baseline (1) 
or after training (2). Relative differences were compared 
between MIVRT and CRT with independent-sample t tests. 
Effect sizes were determined using Cohen's d when the 
result was statistically significant, considering 0.2 = small 
effect. 0.5 = moderate effect. 0.8 = large effect (Fritz et al. 
2012). Changes in load–velocity–power relationships were 
analyzed by comparing the slopes obtained through univari-
ate linear regressions with one-way ANOVA (Andrade & 
Estévez-Pérez 2014). To account for the reliability and con-
sistency of comparisons, two-way mixed effects, consistency 
and single measurement intraclass correlation coefficients 
 (ICC3,1) were computed for 1RM, MPP, and MPV. SPSS, 
version 25–0 (IBM Corp., Armonk, NY, USA) was used for 
all statistical analyses. A p < 0.05 was considered statisti-
cally significant. Data are presented as the mean ± SD.

Results

Between‑group differences

No between-group differences were found in the anthropo-
metric characteristics, one-repetition maximum, and mean 
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power output (p > 0.05). Baseline comparisons are reported 
in Table 1.

1RM and MPP results

After 4 weeks of training, the 1RM significantly increased 
for both groups [MIVRT: from 112.90 ± 29.15 kg to 
126.80 ± 31.92 kg (+ 12.5%),  ICC3,1 = 0.98 [0.93–0.99], 
p < 0.001, d = 0.45, Fig. 2A; CRT: from 115.50 ± 33.97 kg 
to 129.90 ± 38.92 kg (+ 12.3%),  ICC3,1 = 0.98, [0.94–0.99], 
p < 0.001, d = 0.39, Fig. 2B]. No significant effects emerged 
by comparing the relative differences in the 1RM of groups 
(p = 0.891, Fig. 2C).

Male and female participants showed a significant 
increase in 1RM after 4  weeks of MIVRT [M, from 
135.80 ± 17.77 kg to 154.40 ± 9.60 kg (+ 14%), p = 0.01, 
d = 1.30; F: from 90.01 ± 16.87 kg to 99.20 ± 17.40 
kg (+ 10%), p = 0.02, d = 0.53] and CRT [M, from 
145.40 ± 17.70 kg to 163.60 ± 21.08 kg (+ 12.5%), p = 0.005, 
d = 0.93; F: from 85.60 ± 6.95 kg to 96.20 ± 11.16 kg 
(+ 12.3%), p = 0.01, d = 1.14], with similar results in the 

relative differences (MIVRT, p = 0.403; CRT, p = 0.841), 
underlining the null-influence of sex for the observed adap-
tations, Fig. 3.

The MPP significantly increased for both groups [MIVRT 
from 534.60 ± 200.40 W to 652.70 ± 232.36 W (+ 22.4%), 
 ICC3,1 = 0.96 [0.88–0.99], p < 0.001, d = 0.54, Fig. 4A; CRT 
from 544.90 ± 239.87 W to 589.40 ± 270.39 W (+ 8.1%), 
 ICC3,1 = 0.97 [0.92–0.99], p = 0.03, d = 0.17, Fig. 4B]. A 
significant difference emerged from the between-group com-
parison of the relative post-training differences (p < 0.001, 
d = 1.95, Fig. 4C).

Male and female participants showed a significant increase 
in MPP in both the MIVRT [M, from 690.82 ± 149.80 W 
to 831.24 ± 156.90 W (+ 20.5%), p = 0.001, d = 0.91; F: 
from 378.47 ± 83.29 W to 474.23 ± 131.21 W (+ 24.4%), 
p = 0.01, d = 0.87] and CRT [M, from 749.42 ± 123.71 W 
to 818.42 ± 152.98 W (+ 9.2%), p = 0.03, d = 0.49; F: from 
340.43 ± 97.35 W to 360.40 ± 99.29 W (+ 5.9%), p = 0.04, 
d = 0.20], with similar relative differences (MIVRT, 
p = 0.587; CRT, p = 0.491), underlining the null-influence 
of sex for the observed adaptations, Fig. 5.

MPV results

MPV values were compared at 90%, 80%, 70%, 60%, and 
50%1RM (Fig. 6). No differences were observed in the CRT 
group across all the MPVs analyzed (p > 0.05). Conversely, 
the MIVRT group showed a significant increase in the MPV 
at 90%1RM [from 0.42 ± 0.03 m·s−1 to 0.45 ± 0.03 m·s−1 
 (ICC3,1 = 0.92 [0.75–0.98], p = 0.003, d = 1.01)], 80%1RM 
[from 0.54 ± 0.06 m·s−1 to 0.59 ± 0.06 m·s−1  (ICC3,1 = 0.92 
[0.76–0.98], p = 0.001, d = 0.83)], 70%1RM [from 
0.66 ± 0.09  m·s−1 to 0.73 ± 0.09  m·s−1  (ICC3,1 = 0.93 
[0.77–0.98], p = 0.001, d = 0.77)], 60%1RM [from 
0.78 ± 0.12  m·s−1 to 0.87 ± 0.12  m·s−1  (ICC3,1 = 0.92 

Table 1  Anthropometric characteristics, force, and power output at 
baseline

1RM: one-repetition maximum, BMI: body mass index, MPP: maxi-
mal propulsive power. Data are presented as the mean ± SD

MIVRT CRT p

Age (years) 24.7 ± 3.33 23.0 ± 3.29 0.267
Height (m) 1.75 ± 0.09 1.73 ± 0.11 0.688
Mass (kg) 66.0 ± 11.39 67.2 ± 20.19 0.872
BMI (kg∙m−2) 21.34 ± 1.96 21.98 ± 4.36 0.678
1RM (kg) 112.90 ± 29.15 115.50 ± 33.97 0.995
MPP (W) 534.60 ± 200.40 544.90 ± 239.87 0.866

Fig. 2  Adaptations in 1RM induced by 4  weeks of MIVRT A and 
CRT B intervention are displayed as bar plots reporting individual 
results (black circles). The relative comparisons are displayed as rela-
tive differences with bar plots (C). Each filled circle represents indi-

vidual change percentages from the baseline for MIVRT (white bars) 
and CRT (grey bars). Data are reported as the mean ± SD; p < 0.001 
***
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[0.75–0.98], p = 0.002, d = 0.74)], and 50%1RM [from 
0.90 ± 0.16  m·s−1 to 1.02 ± 0.15  m·s−1  (ICC3,1 = 0.93 
[0.77–0.98], p = 0.001, d = 0.77)].

Load–velocity–power relationships

Changes in the load–velocity relationship slope occurred 
for CRT (p = 0.001) but not MIVRT (p = 0.248, Fig. 7C), 
with significant differences observed for the intercept 
in both groups (p < 0.001, Fig. 7A-–D). Changes in the 
velocity–power relationship slopes occurred for the CRT 

(p = 0.02) but not the MIVRT (p = 0.143, Fig. 7F) group; 
both groups showed significant differences in the intercept 
(p < 0.01, Fig. 7B-–E).

Discussion

In the present study, we investigated the effects of two train-
ing protocols that were equal in volume load but different 
in the speed at which exercises were performed. Both the 
maximal intended velocity and controlled velocity resistance 

Fig. 3  1RM adaptations for 
male and female participants are 
displayed for MIVRT (A) and 
CRT (C) as bar plots reporting 
individual values (black circles). 
Relative differences are reported 
for both the MIVRT (B) and 
CRT (D), displaying compari-
sons between male (white bars) 
and female (grey bars) results. 
Each filled circle represents the 
individual relative change from 
the baseline. Data are reported 
as the mean ± SD. p < 0.05 *, 
p < 0.01 **

Fig. 4  Adaptations in MPP induced by 4 weeks of MIVRT (A) and 
CRT (B) intervention are displayed as bar plots reporting individual 
results (black circles). The relative comparisons are displayed as rela-
tive differences with bar plots (C). Each filled circle represents indi-

vidual change percentages from the baseline for MIVRT (white bars) 
and CRT (grey bars). Data are reported as the mean ± SD; p < 0.05 *, 
p < 0.001 ***
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Fig. 5  MPP adaptations for 
male and female participants are 
displayed for MIVRT (A) and 
CRT (C) as bar plots reporting 
individual values (black circles). 
Relative differences are reported 
for both the MIVRT (B) and 
CRT (D), displaying compari-
sons between male (white bars) 
and female (grey bars) results. 
Each filled circle represents the 
individual relative change from 
the baseline. Data are reported 
as the mean ± SD. p < 0.05 *, 
p < 0.001 ***

Fig. 6  Adaptations in MPV at 50–60–70–80–90% 1RM are displayed as bar plots with individual values (black circles) for MIVRT (A) and CRT 
(B) groups reporting the baseline (white bars) and post-training (grey bars). Data are reported as the mean ± SD; p < 0.01 **
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training protocols induced significant increases in strength 
and power parameters. We found that male and female 
participants responded similarly to resistance training, 
showing increased strength and power to a similar extent 
(within-group comparison). These findings underlined that 
the significant effects observed depended not on sex but on 
task-specific responses. In addition, although significant 
effects have been highlighted in previous studies concern-
ing MIVRT effects on an elite population, we demonstrated 
that diverse resistance training protocols induced differential 
responses in chronically strength-trained individuals accord-
ing to task specificity.

Various parameters likely influence the similar enhance-
ments observed in the maximal dynamic force. Indeed, con-
trolled velocity resistance training is associated with a longer 
cumulative time under tension (Pareja-Blanco et al. 2014; 
Trybulski et al. 2022), which has been demonstrated to sig-
nificantly affect strength adaptations even in the short-term 
(4 weeks) (Handford et al. 2022). On the other hand, exert-
ing force with the maximal intended speed has been hypoth-
esized to induce specific neuromuscular responses due to 
its association with a higher rate of activation compared 

to controlled velocity contractions across a broad range of 
intensities (10–90%1RM) (Tøien et al. 2022). These results 
underlined that both the maximal intent of moving loads and 
achieving prolonged times under tension may lead to simi-
lar increases in force output in chronically strength-trained 
individuals. Furthermore, achieving longer TUTs could 
also promote different cellular signaling pathways, induc-
ing broader mitochondrial and protein synthesis (Burd et al. 
2012), considering that both prolonged TUTs and high over-
load are crucial for enhancing muscle strength and hypertro-
phy (Roberts et al. 2023).

Exerting force at the maximal speed induced significant 
enhancements in the MPV across various %1RM, con-
firming previous observations examining the influence of 
stimulus specificity on the propulsive velocity improvement 
(González-Badillo et al. 2014). Nevertheless, higher contrac-
tion velocities are associated with rapid force increase driven 
by both a greater neural drive to muscle and rate of muscle 
activation, which likely explains the specific responses found 
after the MIVRT (Del Vecchio et al. 2018, 2024; Tøien et al. 
2022). Indeed, the distinct stimuli likely led to differential 
responses as it has been reported how controlled contractions 

Fig. 7  Load–velocity profiles are displayed as scatter plots compar-
ing the baseline to responses induced by MIVRT (A) and CRT (B). 
Similarly, power–velocity profiles are reported for MIVRT (D) and 
CRT (E) groups. In each plot, markers for single participants' veloc-
ity across the whole load spectrum are expressed as a ratio of PRE. 

Load interval with the related MPV is 5%RM each starting from zero. 
Bar plots of the differences in the slope of the load–velocity (C) and 
power–velocity (F) relationships are displayed as bar plots display-
ing individual slopes. Data are reported as the mean ± SD; p < 0.05 *, 
p < 0.01 **
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induce modifications in the peripheral membrane properties 
(e.g., M-wave shape), whereas ballistic contractions affect 
contractile properties (Maffiuletti & Martin 2001). It is 
also necessary to consider that the differential intention of 
moving load (i.e., exerting force) is determined by distinct 
training protocols supporting previous evidence (non-expert 
population) in which the intention in moving load covers 
the paramount drive for specific adaptations, also in chroni-
cally strength-trained individuals (Behm & Sale 1993b). In 
addition, it is known that the actual difference in the inten-
tion in moving load may be the pivotal component of such 
outcomes and that training strategies have been used only to 
account for these distinctions in intended movement speed 
(Behm & Sale 1993a; González-Badillo et al. 2014). These 
results suggest that the increase in the execution velocity 
may stem from specific adaptations to resistance training, 
which could be intended as the primary drive for specific 
adaptations in power training.

As a result of the combined influence of increased veloc-
ity and force production, both groups improved their maxi-
mal propulsive power in the back squat. Nevertheless, the 
greater enhancement observed after the maximal-intended 
velocity resistance training underscores its specificity for 
power training. This is also evidenced by the increase in 
the mean propulsive velocity at relative loads, which was 
absent after the intervention based on controlled velocity 
contraction. Since a greater speed of motor unit recruitment 
and activation governs enhancements in the rate of force 
development as observed following interventions combining 
ballistic and sustained contractions (Del Vecchio et al. 2018, 
2019, 2024; Škarabot et al. 2021), it is possible that exerting 
force at the maximal speed may have induced a greater adap-
tation toward both strength and velocity parameters. Again, 
the broader increase in mechanical power output for the 
MIVRT group may be attributed to the maximal intention of 
moving loads as a result of a significant increase in the MPV 
(Behm & Sale 1993a; González-Badillo et al. 2014; Rheese 
et al. 2021; Weakley et al. 2023). It is also plausible that both 
greater contraction velocity and muscle activation associ-
ated with maximal intention in moving loads contributed to 
broader inhibitory effects on antagonist muscles during the 
concentric phase, potentially explaining the present results 
(Behm & Sale 1993a; Carolan & Cafarelli 1992; Häkkinen 
et al. 1998; Tillin et al. 2011).

The observed adaptations led to significant changes in the 
load–velocity profiles of participants in both groups, with the 
MIVRT group showing significant effects for intercept and 
CRT showing significant differences for slope and intercept. 
This accounts for the association between resistance training 
specificity and mechanical-related output (Del Vecchio et al. 
2024). The MIVRT group significantly improved strength 
and velocity parameters, whereas the CRT group only for 
1RM. As a consequence, a positive shift in mean propulsive 

velocity was observed solely in the MIVRT group, while 
the CRT group showed a slight, non-significant backward 
shift towards lower MPV values. Furthermore, both groups 
displayed significant changes in the power–velocity profile 
due to improvements in 1RM (MIVRT and CRT) and MPV 
(MIVRT), with significant variations of intercept observed in 
power output for both interventions. However, it is crucial to 
notice how to manage this information during periodization 
based on individual necessity (Fleck 1999; A. Turner 2011). 
By systematically testing athletes, changes occurring in the 
load–velocity–power profiles could help understand whether 
specific stimuli accomplish specific needs (Banyard et al. 
2018; Pérez-Castilla et al. 2022). Additionally, it is known 
that load–velocity profiles differ according to strength level 
(Torrejón et al. 2019); however, we demonstrate that specific 
stimuli induced expected adaptations (hypothesized based 
on non-elite data) in elite populations (González-Badillo 
et al. 2014; Pérez-Castilla et al. 2022). Thus, using specific 
stimuli may be a helpful tool for enhancing individual ath-
lete performance by assessing load–velocity profile before 
and after intervention (Banyard et al. 2018; Pérez-Castilla 
& García-Ramos 2020).

The effects on strength may also depend on the popula-
tion involved and the periodization stage. Considering their 
performance maturity and that greater neural effects seem to 
be attained in the early resistance training phase (4–8 weeks) 
(Del Vecchio et al. 2024; Hughes et al. 2018; Sale 1988), 
world-class and elite athletes require more varied stimuli to 
increase their neuromuscular parameters compared to rec-
reationally active individuals (Hughes et al. 2018; McKay 
et al. 2022). This differential response is evident when com-
paring these populations in terms of response timing and 
performance-planning strategies (Haugen et al. 2019), sug-
gesting that training specificity plays a crucial role in influ-
encing adaptations, as indicated by the similar increase in 
1RM in the current results. As expected, by comparing effect 
sizes to the only study adopting a similar experimental setup 
as ours, we observed a comparable trend for 1RM and MPV 
between groups. However, there were effect sizes for 1RM 
(both medium) but greater effect sizes for MPV (large effect) 
in recreationally active individuals (see H. M., I. Turner & 
Bernard, (2006) for different effect size comparisons). No 
data were provided for MPP to compare.

Indeed, our results support the hypothesis that neural 
components could significantly contribute to further adap-
tations to resistance training (Pearcey et al. 2021) and that 
these are highly sensitive to stimulus-specificity (i.e., speed 
of force exertion).

In summary, both maximal intended velocity and con-
trolled-velocity resistance training significantly improve 
muscle strength and power, but with differential adapta-
tions. The increase in 1RM and MPP observed following 
MIVRT is associated with a concurrent increase in the 
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propulsive velocity. On the other hand, CRT implies pro-
longed time under tension, which has been observed with 
diverse mechanisms of strength enhancements supporting 
consistent execution velocity observed after intervention. 
These findings demonstrate how specific training proto-
cols can target different aspects of muscle performance 
and highlight the value of combining methods for optimal 
strength and power development in athletes. This study 
could help us understand how different resistance train-
ing approaches affect neuromuscular adaptations and 
performance.

Future research is warranted to explore how the intention 
of moving loads may influence physiological responses to 
distinct resistance training approaches, including molecular 
and cellular mechanisms underlying the differential adapta-
tions induced by MIVRT and CRT. Researchers could also 
understand the precise adaptation site by systematically 
assessing participants using advanced molecular biology 
techniques and biopsies. Such investigations deepen our 
understanding of muscle adaptation and inform targeted 
training strategies for optimizing athletic performance and 
specific rehabilitation protocols in clinical settings.

Practical applications

In the context of periodization, incorporating both maximal 
intended velocity and controlled-velocity resistance train-
ing offers distinct benefits across different training phases. 
MIVRT enhances muscle strength, maximal power output, 
and muscle shortening velocity (i.e., MPV), which is crucial 
for early stage adaptations or specific adaptations required 
by competition models. On the other hand, CRT, empha-
sizing prolonged time under tension, promotes hypertrophy 
and strength gains through mechanisms like mitochondrial 
and sarcoplasmic protein synthesis. Integrating these pro-
tocols sequentially within a periodized program optimizes 
both acute and delayed muscle responses, enhancing overall 
athletic performance and muscle adaptation over time.
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