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Abstract

Background

Strength training (ST) for runners is typically based on low volumes and high intensi-
ties. However, alternative approaches emphasizing higher volume and lower inten-
sity, such as protocols with high time under tension (TUT), remain underexplored in
this population. Notably, the effects of high-TUT may vary depending on the predomi-
nant type of muscle contraction.

Objectives

To analyze the impact of strength training with high time under tension on different
muscle actions in performance-related variables in runners.

Methods

Thirty-four physically active young males were randomly divided into three groups:
dynamic strength training, isometric strength training, and a control group. Over four
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weeks, the training groups performed two weekly sessions of bodyweight exercises
with equalized time under tension per set (84 s), adjusted according to the type of
contraction. The primary outcomes were performance in a 3000-meter time trial,
peak torque, countermovement jump, neuromuscular fatigue, internal running load,
ground contact time, and vertical oscillation. The data were analyzed using a two-way
repeated measures analysis of variance.

Results

Peak torque increased by 13.3% in the dynamic group and 14.2% in the isometric
group, compared with 2.5% in the control, with statistical significance only for the

isometric group (p=0.034, d=1.12). Vertical jump height improved by 5.4% in the
dynamic group and 4.1% in the isometric group compared with 0.7% in the control
(p=0.003, d=1.54 and p=0.030, d=1.13, respectively).

Conclusion

In conclusion, high time under tension strength training, both dynamic and isometric,
improved neuromuscular characteristics in runners. However, these adaptations did
not translate into significant changes in running performance or running economy
over the duration of the intervention.

Trial registration

This trial was registered in the Brazilian Clinical Trials Registry (ReBEC) with the
identifier RBR-686kqgdx.

Introduction

In middle- and long-distance running, although performance predominantly depends
on aerobic capacity and the ability to sustain prolonged efforts [1], anaerobic and
neuromuscular characteristics also exert significant influence, primarily through run-
ning economy (RE), which can be improved with strength training (ST) [2]. RE is also
strongly influenced by biomechanical factors related to how force is generated and
applied during running. Studies have shown that variables such as ground contact
time, lower-limb stiffness, and mechanical work explain substantial portions of the
inter-individual variability in RE and predict long-distance performance in runners
[3,4]. Additionally, running technique, particularly the efficiency of force transfer to
the ground, has been identified as a key determinant of both RE and performance
[5]. Together, these findings indicate that neuromuscular capacity and biomechanical
efficiency play a central role in running performance, providing a theoretical basis for
interventions aimed at enhancing these determinants.

A recent review indicated that ST enhances intra- and intermuscular coordination,
the stretch-shortening cycle (SSC), the rate of force development (RFD), and the
strength of both type | and type Il muscle fibers in runners [6]. These adaptations
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reduce motor unit recruitment and optimize force application during running, improving biomechanical efficiency and
reducing the physiological demand to maintain a given speed.

Such adaptations have been mainly observed across various ST methods, including maximal and submaximal loads,
plyometrics, and combined training, as well as training variables such as volume, intensity, and contraction speed [6].
However, one variable that has been only partially explored in the literature on running performance is time under tension
(TUT), which refers to the duration of muscular effort in a set. It is categorized as low (9—15s) or high-TUT (60-105s), with
the magnitude of effort depending on the contraction speed of each repetition [1,7].

Traditionally, stimuli involving low TUT and fast contractions, such as submaximal loads and plyometrics, are beneficial
for neuromuscular function and RE [6,8], can induce greater mechanical stress, potentially leading to increased muscle
damage [9], reduced maximal strength, and impaired jump capacity compared to slower contractions [10], thereby hinder-
ing recovery. On the other hand, protocols with high-TUT and slow contractions induce greater metabolic stress via intra-
muscular hypoxia, acutely stimulating mitochondrial protein synthesis [1,11]. However, it is known that in ST protocols with
higher volume and lower intensity, peripheral aerobic adaptations tend to follow neuromuscular improvements in untrained
individuals [1,12]. This suggests that high-TUT may induce short-term neuromuscular adaptations in runners and enhance
performance, although this hypothesis has yet to be tested.

The impact of this strategy, however, may vary according to the type of muscular action, mainly because they operate
through distinct mechanisms [13]. Dynamic actions (concentric and eccentric), usually performed with fast contractions,
have shown improvements in time trial performance and vertical jump ability [6,14]. Isometric actions, typically executed
with slow contractions, have demonstrated positive effects on time trial performance, maximal strength, and dynamic
parameters such as reduced ground contact time [14,15]. Although both dynamic and isometric actions appear to promote
neuromuscular adaptations, methodological variability across studies, especially concerning TUT control and execution
speed, hinders direct comparisons and limits our understanding of the effects of high-TUT in runners. Thus, equalizing
high-TUT and slow pace across different muscle action types may represent a promising strategy to enhance perfor-
mance in runners.

Therefore, the objective of this study was to analyze the effect of ST with high-TUT using predominantly dynamic and
isometric actions on performance-related variables in runners. We hypothesize that high-TUT, regardless of contraction
type, improves running performance indicators, neuromuscular strength, and biomechanical variables related to RE. Fur-
thermore, this type of training is expected to modulate neuromuscular fatigue without inducing high levels after exhaustive
effort.

Materials and methods
Research ethics

After being fully informed about the study’s objectives and procedures, all participants signed the Informed Consent Form.
This study followed the ethical principles outlined in the Declaration of Helsinki of 1964 (revised in October 2013). It was
approved by the Human Research Ethics Committee of the Federal University of Sergipe (6.997.352) and registered in
the Brazilian Registry of Clinical Trials (ReBEC), available at https://ensaiosclinicos.gov.br/rg/RBR-686kqdx, with a regis-
tration date of August 14, 2024.

Participants

Forty physically active young male runners, all serving as Brazilian Army soldiers, were recruited for the study. The par-
ticipants were previously trained in endurance, maintaining a weekly running routine of 12—22 km both inside and outside
the barracks. Additionally, they participated in one weekly session of operational cross-training, which included strength
exercises and other physical capacities essential for military tasks. Thus, the runners were not highly trained in strength.
The trial was conducted at the Tiro de Guerra 06—015 (TG 06—-015), located in Lagarto, Sergipe, Brazil.
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Inclusion criteria were: 1) being = 18 years old; 2) running at least three times per week with an average weekly mile-
age = 12 km; 3) having an average running pace between 4:00 and 5:30 min/km in long-distance events (3000 m); 4)
participating in a strength training program at least once a week for a minimum of three months; 5) reporting no musculo-
skeletal injuries in the previous three months; 6) having at least six months of experience in long-distance running (3000
meters); and 7) attending at least 87.5% of the training sessions. Exclusion criteria were: 1) performing physical exercise
and/or consuming alcohol 24 hours before tests or training; and 2) consuming caffeine within 4 hours before tests or train-
ing. Before training sessions, participants were questioned about their activities on the previous day.

Similar to the approach proposed by Li et al. [16], he matching process was performed entirely using Python (version

3.12.5). For this purpose, equation (1) of the Euclidean Distance (ED =/(x1=x2)2+ (y1-y2) 2) was used. First, the

script automatically calculated the Euclidean Distance between all possible pairs of participants based on the raw values of
age and weekly running mileage, variables directly related to running performance. These distances were then used in a
hierarchical clustering algorithm, implemented in Python, which grouped participants into triplets containing the most similar
individuals. After the formation of these triplets, randomization was also performed automatically by the script using a random
number generator (Python’s random module, with a fixed seed to ensure reproducibility). Within each triplet, one participant
was assigned to each of the three experimental groups, ensuring balance across the characteristics used for matching.

The entire procedure, distance calculation, cluster formation, and randomization, was automated in Python, ensuring
allocation concealment until the participants were assigned to their respective groups.

Only the participants were blinded to group allocation, while the researchers responsible for training supervision and
outcome assessments were aware of the group assignments. Blinding of participants was achieved by providing limited
information about the specific characteristics of each training protocol, so that participants were unaware of the group to
which they were assigned. Although the interventions differed in contraction type (dynamic vs. isometric), sessions were
conducted in a similar environment and format to minimize recognition of group allocation.

Of the forty recruited runners, four were excluded after the eligibility process due to not meeting the inclusion criteria
(n=2) and withdrawal from the study (n=2). Thus, 36 participants started the study, equally distributed among the groups:
PDST (predominantly dynamic strength training; n=12), PIST (predominantly isometric strength training; n=12), and CON
(control; n=12). During the study, one individual from the PDST group and one from the PIST group were excluded after
sustaining injuries from falls unrelated to the study activities. Therefore, the final sample consisted of 34 runners, distrib-
uted as follows: PDST (n=11), PIST (n=12), and CON (n=11). Fig 1 shows the flow diagram of the participants.

Study design

This six-week randomized controlled trial was conducted in accordance with the CONSORT 2025 guidelines for randomized
controlled trials (accessible in S1 File — Checklist) [17]. For four weeks, runners in the PDST and PIST groups performed
bodyweight strength training with high-TUT per set, emphasizing concentric/eccentric and isometric actions, respectively.
Participant recruitment was conducted from 30/08/2024 to 02/10/2024, during which personal information, includ-
ing age and weekly running mileage, was collected from all participants. The study design, illustrated in Fig 2, included
assessments conducted before and after the intervention, with measurements taken 2—3 minutes before the 3000 m time
trial and immediately after its completion. Participants were also familiarized with the training protocols before the start of
the intervention. Post-intervention assessments were conducted between 72 and 96 hours after the final training session.
To avoid variations caused by the circadian cycle, the pre-intervention, intervention, and post-intervention sessions
were conducted at the same time of day, previously scheduled with each participant. All information regarding adverse
effects was collected based on participants’ reports during training sessions. In the event of a report related to a serious
injury, the event was recorded, and the individual was immediately withdrawn from the study to ensure participant safety.
The participants in this study were not involved in the design, conduct, or reporting of the trial. Study protocol details
are available in PDF format with this article (accessible in S2 File — Study protocol).
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Fig 1. Flow diagram of the study participants.
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Sample size calculation

The sample size was calculated a priori based on the study by Lum et al. [14], which reported a partial eta-squared
(n?p) effect size of 0.47 in the analysis of different strength training interventions on 2400-meter running performance in
distance runners. G*Power software (version 3.1.9.7, University of Kiel, Kiel, Germany) was used, setting a<0.05 and
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3=0.80 in the statistical configuration of repeated-measures two-way ANOVA tests. The analysis revealed that 36 partic-
ipants would be sufficient to observe a group (PDST vs. PIST vs. CON) x time (pre vs. post) interaction with a statistical
power of 0.80.

Training protocols

For four weeks, the training protocols were applied twice a week, with a 48-hour interval between sessions, resulting in
a total of eight sessions by the end of the intervention [18]. The protocols focused on the lower limbs and included the
following exercises: squat, unilateral lunge, supine hip lift, and plantar flexion. These exercises were selected based on
studies demonstrating benefits for running performance [6,19].

Four sets per exercise were adopted, based on the average number of sets used in studies with runners, which
range from 3 to 5 sets [6]. Three factors determined the intensity of the bodyweight exercises: 1) the low adherence
of runners to strength training [20]; 2) the high metabolic stress generated by the slow pace of the exercises [1],
which increased the training volume; and 3) the positive results shown by bodyweight training protocols [6]. Addition-
ally, progressive overload was not included due to the sample’s low experience with strength training and the short
intervention period.

To determine the ideal TUT per set for the sample, pilot tests were conducted using TUTs of 60, 84, and 105 seconds. It
was observed that 60 seconds and 105 seconds produced, respectively, low and high metabolic stress stimuli. Therefore,
a TUT of 84 seconds was chosen as it represented a balance between neuromuscular stimulation and fatigue control.
Moreover, two sets per leg were performed for the unilateral lunge due to the high fatigue perception reported by partici-
pants in the final repetitions when performing four sets, which compromised execution.

Regarding the TUT per repetition, the protocols were based on evidence demonstrating positive effects on
strength. The PDST followed a 3/1/3/0 cadence (3 seconds concentric, 1 second isometric, and 3 seconds
eccentric), based on Tanimoto and Ishii [21] and the recommendations of Davies et al. [22] and Mang et al. [1].
The PIST used a 1/5/1/0 cadence (1 second eccentric, 5 seconds isometric, and 1 second concentric), adapted
from Gentil et al. [1], and also suggested by Mang et al. [1]. Both protocols were equalized in terms of the num-
ber of exercises, sets, rest intervals, and total session time. To achieve the 84 seconds of TUT per set, 12 repe-
titions were prescribed, totaling 7 seconds per repetition for both protocols Mang et al. [1]. Before each session,
a specific warm-up was performed according to the characteristics of each protocol [19,23]. The CON group did
not undergo any training and was instructed to maintain their usual daily activities throughout the intervention
period.

A 90-second rest interval was adopted between sets. Between exercises, the recovery period was 120 seconds. TUT
was also strictly monitored using a metronome, and all sessions were conducted in groups. Fig 3 summarizes the struc-
ture of the protocols.

The participants were instructed to maintain their regular running training and weekly mileage as usual during the
intervention period, except on the designated days for the experimental sessions. Weekly running volume was monitored
through self-report. In all strength training sessions, a specialized Physical Education professional was present to ensure
the correct manipulation of TUT in each protocol. In addition, participants were asked not to engage in any other strength
training programs beyond those proposed in this investigation and to maintain their eating habits and sleep patterns with-
out modification, following a routine throughout the six weeks.

Anthropometry

Body mass and height were measured using an analog scale with a stadiometer and an accuracy of 0.1kg (Filizola, MIC
2B/A Mechanical Anthropometric 300 kg, Brazil). Participants were barefoot and wore light clothing to ensure measure-
ment accuracy.
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Fig 3. Design of training protocols. PDST =predominantly dynamic strength training, PIST = predominantly isometric strength training, TUT =time
under tension.

https://doi.org/10.1371/journal.pone.0342428.9003

3000-meter time trial

The 3000-meter time-trial field test (TT) was used in this study because it represents an event compatible with the
regular practice of runners. The TT was therefore conducted on a track at two time points (pre-intervention and
post-intervention). Running time was recorded in both trials using a digital stopwatch (Vollo Sports, model VL515,
Séao Paulo, Brazil) and a GPS watch (Garmin Ltd, model Forerunner 245, Kansas, United States) [24] to ensure
greater accuracy. Participants were instructed correctly and familiarized with the “start” and “stop” functions of the
watch.

The warm-up consisted of two exercises, based on the recommendations of Wei et al. [25] and Pieters et al.
[26]: squat jumps and horizontal jumps (2 sets of 8 repetitions for both exercises, with 30 seconds of rest between
sets). The ambient temperature on testing days ranged between 25°C and 28°C. Runners performed the test indi-
vidually and were encouraged during the run with clapping and motivational words. At the end of the time trial, par-
ticipants were not informed of the number of laps completed or their final time. The time-trial result was recorded
in seconds.

Additionally, the study by Aandstad [8] demonstrated that the 3000-meter TT is a valid and reliable tool for estimating
VO _ .- Thus, its use in the present study enabled not only a specific evaluation of running performance after the inter-
vention but also an indirect estimate of participants’ aerobic capacity. This estimate was calculated using the average
speed (AS) obtained in the pre-intervention test to characterize the sample. The following equations (2) were used for the
estimate:

AS = distance in meters — time in seconds x 3,6

VO2max = 17.5 + 2.57 x AS
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Subjective perception of effort and internal running load

The Borg CR-10 rating of perceived exertion (RPE) scale [27], adapted by Foster et al. [28]. RPE was assessed at two
time points during the time trial: immediately after time trial 1 and immediately after time trial 2. Because maximal or
near-maximal efforts commonly elicit saturated RPE values (i.e., values close to the ceiling of the scale), RPE alone may
fail to reflect subtle physiological or perceptual adaptations across repeated maximal tests [29].

To address this limitation, we calculated the internal running load (IRL), adapted from Sant’Ana et al. [30], by multiply-
ing the time to complete the 3000 m trial (in minutes) by the corresponding RPE value. This composite metric provides a
more sensitive indicator of the internal response to effort, as it incorporates both subjective perception and actual perfor-
mance duration, allowing us to identify whether any of the high-TUT protocols could modulate this response.

The following equation (3) was used for the calculation:

IRL = total time trial time in minutes x RPE

Peak torque

Peak torque (PT) was collected as the maximum isometric torque produced by the knee extensor muscles, considering
its direct association with running biomechanics and movement symmetry [31]. PT was determined by multiplying the
peak isometric force of the quadriceps (dominant leg) by the segment length, defined as the distance between the load
cell attachment point and the central axis of the knee joint. Isometric force was measured using a load cell (Kratos, model
CZC500, Sao Paulo, Brazil), which was attached to an inextensible rope and positioned near the malleolus using Velcro.
Additionally, a 70-degree knee flexion angle was used during isometric testing, as measured with a digital goniometer.
Before the test, runners performed three familiarization attempts with the device. Afterwards, they completed three max-
imal attempts, and the average value was used for analysis. Participants were instructed to produce torque quickly and
forcefully for a short period (approximately 2—3 seconds). A one-minute rest interval was observed after each effort [32].
Test values were reported in Newton-meters (Nm).

Countermovement jump

The countermovement jump (CMJ) assessment was performed based on its relationship with neuromuscular adaptations and
the quantification of neuromuscular fatigue [33]. Thus, the CMJ was collected at pre- and post-intervention moments, before
the time trials, to evaluate neuromuscular capacity through jump height [14]. Additionally, measurements were taken immedi-
ately after the runs to estimate the acute percentage variation of neuromuscular fatigue (NF) at both time points [33,34] using
the following equation (4): (NF = (CMJ post— CMJ pre) -~ CMJ pre x 100). The NF values from the pre- and post-
intervention periods were subsequently used to calculate the percentage change in NF between the intervention groups.

The tests were performed using a contact mat (Chronojump-Bosco System, Barcelona, Spain) connected to computer
software. Participants were warmed up and familiarized with the task before performing the pre-run jumps. Regarding the
jump procedure, each participant began in an upright position, with their feet fixed on the mat at shoulder width and hands
placed on their hips. They then performed a downward movement by flexing their knees to approximately 90° to jump to
their maximum capacity quickly. Participants were asked to perform three consecutive jumps with a 1-minute rest interval
between attempts. For data analysis, the highest jump height in centimeters was considered [35].

Ground contact time and vertical oscillation

Ground contact time (GCT) and vertical oscillation (VO) were collected using a Garmin HRM-Run accelerometer (Garmin
Ltd, Kansas, United States) in conjunction with a Garmin Forerunner 245 watch (Garmin Ltd, Kansas, United States).
GCT and VO refer, respectively, to the time each foot spends in contact with the ground and the vertical movement of the
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body during running. Both variables were collected using instruments that have demonstrated validity and reliability in
detecting dynamic running parameters [36]. GCT was expressed in milliseconds (ms), and VO in centimeters (cm), based
on the average values recorded during time trials 1 and 2.

Vertical oscillation was collected as a complementary outcome. This variable was not specified in advance in the trial
registration at ReBEC. Still, it was obtained because the wearable device used (Garmin HRM-Run) provided this data
automatically during running performance tests.

Statistical analysis

The variables were described using mean (xX) and standard deviation (SD). Data normality was assessed using the
Shapiro-Wilk test, and homogeneity of variances was assessed using Levene’s test. A two-way repeated measures anal-
ysis of variance (ANOVA) was used to evaluate the effects of time (pre- and post-intervention) and group (PDST, PIST,
and CON) on TT, IRL, PT, CMJ, NF, GCT, and VO. When necessary, Bonferroni post hoc comparisons were performed to
identify specific differences between time points and groups. Effect size was assessed using partial eta squared (n?p) for
the ANOVA, and interpreted as small (= 0.01 and < 0.06), medium (= 0.06 and < 0.14), and large (= 0.14) [37]. Although
not specified in the initial statistical plan, complementary analyses, such as 95% confidence intervals (Cl) for the mean
differences and Cohen’s d, were calculated as standardized measures of effect size for within-group comparisons. Effect
size interpretation followed Cohen’s [37] guidelines: small (= 0.2 and < 0.5), moderate (= 0.5 and < 0.8), and large (=
0.8). Additionally, percent changes between time points were analyzed using analysis of covariance (ANCOVA), consid-
ering group as the factor and weekly running volume as a covariate only for TT, for which Pearson’s r was greater than
0.40. For the remaining variables, one-way ANOVA with the Bonferroni correction for multiple comparisons and Cohen’s
d effect size between groups were used. Correlations between percent changes in PT and the percent changes in other
variables were analyzed using partial correlations, controlling for weekly running volume as a covariate in the models.
Pearson’s correlation coefficient (r) was used, and classified as very weak (0.00 <|r1 <0.20), weak (0.20 <|r] <0.40), mod-
erate (0.40<|r1<0.60), strong (0.60 <|r] <0.80), and very strong (0.80<|r| < 1). All analyses were conducted using Jamovi
software (version 2.3.8, Sydney, Australia) and GraphPad Prism (version 10.2.2, California, USA), considering a signif-
icance level of p<0.05. All randomized participants who completed post-intervention assessments were included in the
analysis, except for the control group in the partial correlation analyses (n=23), where only the intervention groups were
considered.

Results

The runners in the PDST, PIST, and CON groups exhibited similar characteristics in terms of age, body composition,
weekly running mileage, and VO, _ . Table 1 presents the sample characteristics.

The two-way repeated measures ANOVA revealed no significant differences between groups (p>0.05) but indicated
a significant main effect of time across all variables (p<0.05), reflecting improvements after four weeks. The time x group
interaction was significant only for PT (p=0.007; n?=0.28) and CMJ (p=0.001; n?0=0.36), both indicating large effect
sizes. Bonferroni post hoc analysis revealed significant differences only between the PDST and PIST groups (p<0.05),
suggesting improvements in isometric strength (PT) and neuromuscular capacity (CMJ). The CON group showed no sig-
nificant changes. Table 2 details the ANOVA results and complementary within-group analyses (mean, SD, 95% CI, and
Cohen’s d).

To deepen the comparative analysis between groups—especially regarding percent means, individual participant distribu-
tion, and magnitude of changes—percent change (A%) was used as a complementary measure. For APT, the group means
were PDST: 13.3+12.4%, PIST: 14.2+10.3%, CON: 2.5+7.9%. Bonferroni post hoc analysis revealed large effect sizes
between PDST and CON, as well as between PIST and CON (p=0.063; d=1.04 and p=0.034; d=1.12, respectively). For
ACMJ, the means were PDST: 5.4+3.4%, PIST: 4.1+£3.1%, CON: 0.7 £2.5%, with large effect sizes (p=0.003; d=1.54 and
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Table 1. Sample characterization.

Variables Mean*SD
PDST (n=11) PIST (n=12) CON (n=11) P

Age (years) 18.9+0.8 19.1£0.7 19.2+0.6 0.498
Body weight (kg) 68.9+6.7 69.7+9.2 67.9+7.8 0.855
Height (cm) 1765 175.8+5.6 173.1+5.4 0.393
BMI (kg/m?) 22.2+1.8 22.5+2.7 22.7+3 0.410
Weekly mileage (km) 16.8+3.5 17+3.2 17.3+3.1 0.829
VO, _ (mL.kg".min"") 52.1+3.1 51+2.4 51.5+2 0.588

2max

PDST =predominantly dynamic strength training, PIST = predominantly isometric strength training,
CON=control, SD =standard deviation, BMI=body mass index, VO, ., =maximal oxygen consumption,

p=significance level.

https://doi.org/10.1371/journal.pone.0342428.t001

Table 2. Analysis of the effects of the intervention on performance, strength, fatigue, and running economy.

T IRL PT cmJ NF GCT Vo
(s) (UA) (Nm) (cm) (%) (ms) (cm)

PDST Pre 808.0£76.9 | 1153+162  |222.0+61.1 | 34.4+46 |11%37 239.2+8.8 10.6£1.2
(n=11) Post 786.0£73.5 | 108.7+17.0 |2453+49.4 | 36.2+44 |3.5:45 233.2+9.6 10.1£1.5

95% Cl -46.8;2.8 -13.3; 0.0 10.8; 35.9 1.1;2.4 -56;0.7 | -12;0.0 -0.9; -0.1

d -0.2 -0.3 0.4 0.3 0.5 -0.6 -0.3
PIST Pre 832.6+64.9 | 120.3+14.3 |2259+521 34140 |21%25 244.5+9.7 10.5£1.2
(n=12) Post 810.8£73.7 | 112.7+159 |2556+49.0 |354+3.6 |3.0%+3.1 236.9+8.9 9.8+1.0

95% ClI -41.4; -2.1 -13.8;-15 18.4; 40.9 0.7;1.9 -3.1;1.3  |-11.9,-3.3 -1;-0.2

d -0.3 -0.5 0.5 0.3 0.3 -0.8 -0.6
CON Pre 818.0£47.1 | 119.0£11.7  |232.4+450 |33.8+3.7 |2.1%3.1 241.318.1 10.7£0.9
(n=11) Post 810.3£58.0 | 115.6+11.7  |237.3+447 |34.0+3.7 |2.7+26 238.8+10.7 [10.4%1.0

95% Cl -17;1.6 -10.8; 4.0 -6.5; 16.3 -0.3;0.8 -25:12 | -5.4;0.3 -0.6; 0.0

d -0.1 -0.2 0.1 0.0 0.2 -0.2 -0.3
Group main effect F(2,31) 043 0.44 0.07 0.33 0.03 0.86 0.31

p 0.655 0.650 0.934 0.722 0.970 0.431 0.737

n2p 0.03 0.03 0.00 0.02 0.00 0.05 0.02
Time main effect F(1,31) | 11.86 11.33 39.94 51.21 4.21 20.66 25.41

p 0.002 0.002 <0.001 <0.001 0.049 <0.001 <0.001

n2p 0.28 0.27 0.56 0.62 0.12 0.40 0.45
Time x group Interaction F (2, 31) 0.89 0.53 5.94 8.67 0.71 1.62 0.87

p 0.421 0.592 0.007 0.001 0.502 0.215 0.429

n2p 0.05 0.03 0.28 0.36 0.04 0.09 0.05

Notes: Values reported represent mean + standard deviation. The alpha level was set at p<0.05 for statistical significance.

PDST =predominantly dynamic strength training, PIST =predominantly isometric strength training, CON =control, TT=time trial, IRL=internal running
load, PT=peak torque, CMJ =countermovement jump, NF =neuromuscular fatigue, GCT=ground contact time, VO =vertical oscillation, Cl=confidence
interval, d=Cohen’s effect size (small20.2 and < 0.5, moderate 20.5 and < 0.8, and large 20.8), F=ANOVA value (degrees of freedom), p =significance

level of two-way repeated measures ANOVA, n?p=partial eta squared (small>0.01 and < 0.06, medium=0.06 and < 0.14, and large 20.14).

https://doi.org/10.1371/journal.pone.0342428.t002

p=0.034; d=1.13, respectively). Moderate but non-significant effects were found for ATT (PDST: -2.8+4.3%, PIST: -2.6+3.8%,
CON: -0.8+1.8%) between PDST and CON, and PIST and CON (p=0.291; d=0.73 and p=0.355; d=0.67, respectively),
as well as for AGCT (PDST: —2.4+3.6%, PIST: =3.09+2.6%, CON: —=1.08+1.7%) (p=0.759; d=0.50 and p=0.279; d=0.72,
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respectively). However, for ATT, ANCOVA indicated that weekly running mileage had a significant effect on the model [F(1,30)

=21.19; p<0.001; n3=0.39], suggesting that this variable may have influenced the results. For AVO, the group means were
PDST: =5.1+5.7%, PIST: =5.9+5.7%, CON: —-3.1+4.2%, with a moderate effect observed only between PIST and CON
(p=0.648; d=0.53). For AITR and ANF, the group means were respectively: AIRL — PDST: -5.7+7.8%, PIST: -6.2+7.6%,

CON: -2.8+9.4%; ANF — PDST: -112.4+595.8%, PIST: -45.4+324.4%, CON: —67.6+129.9%, with only small effects (d<0.5)

observed between groups. No moderate or large effects were observed between PDST and PIST in any variable. Graphical
results of the ANCOVA (ATT) and one-way ANOVA (AIRL, APT, ACMJ, ANF, AGCT, and AVO) are presented in Fig 4A-G.

Pearson correlations controlled for weekly running mileage in the PDST and PIST groups (n=23) indicated moderate
inverse correlations only between APT and ATT [r=-0.42 (95% Cl1=-0.78; —0.05); p=0.049], APT and AGCT [r=-0.44

(95% Cl1=-0.79; —-0.08); p=0.043], and APT and AVO [r=-0.49 (95% CI=-0.82; —0.15); p=0.021]. All correlations

between PT percent changes and the other variables are shown in Fig 5A—F.

Discussion

The present study aimed to compare the effects of ST with high-TUT on performance-related variables in runners, partic-

ularly in predominantly dynamic and isometric actions. The main findings showed that PIST resulted in an improvement

in APT compared to CON. Additionally, PDST and PIST improved ACMJ post-intervention, with no differences between

them. Furthermore, considering the similarity of the high-TUT protocols across the findings, moderate inverse correlations

were observed for APT and ATT, APT and AGCT, and, finally, between APT and AVO.
These findings partially confirm our initial hypothesis. Indeed, neuromuscular improvements were observed at the end

of the intervention. These findings partially confirm our initial hypothesis. Indeed, neuromuscular improvements were

observed at the end of the intervention, even though no significant differences in APT were detected between PDST and
CON, although large effects were observed in the multiple comparisons.
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movement jump, NF =neuromuscular fatigue, GCT =ground contact time, VO =vertical oscillation.

https://doi.org/10.1371/journal.pone.0342428.9004
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These results are consistent with the recommendations of Mang et al. [1], based on previous evidence [21,38—40],
which suggests that ST with low intensities and slow execution tempo may induce positive neuromuscular adaptations,
especially when the TUT per repetition is around 7 seconds, thereby increasing the total TUT per set.

Notably, PIST showed statistical significance compared to CON for APT. Indeed, exercises such as squats and uni-
lateral lunges were performed between 100° and 110° of knee flexion in PIST, while PT was assessed at 70°. Despite
the angular difference of 30° to 40°, the more favorable results for the isometric group can be explained by the greater
compatibility between the type of contraction trained and the evaluation. Although the literature indicates that isometric
strength transfer occurs up to £20° from the trained angle [41,42], it is also likely that sustained execution at nearby joint
angles favored specific adaptations to PIST, as pointed out by Folland et al. [43], contributing to its slight superiority over
PDST. In addition, the high-TUT and continuous quadriceps activation during the exercises may have potentiated these
adaptations.

Regarding ACMJ, increases in jump capacity with large effect sizes were observed for PDST and PIST vs. CON. These
results are also aligned with studies that have demonstrated improvements in jump performance after ST, emphasizing
both dynamic and isometric actions [14,44,45]. Even without differences between the protocols, the more pronounced
effect for PDST (d=1.54) is consistent with the literature, primarily because improvements in jump performance have
been attributed to greater eccentric control promoted by prolonged TUT (40). Notably, ballistic actions show greater per-
formance [14]. Thus, although PDST did not emphasize the rapid reactive actions of the SSC, the higher TUT during the
eccentric phase may have facilitated greater muscle activation and the potential availability of cross-bridges at the onset
of the concentric phase. This mechanism represents an alternative pathway to the traditional elastic potentiation of the
SSC, highlighting the role of eccentric control in enhancing jump performance [44,46]. Additionally, neuromuscular adapta-
tions related to intra- and intermuscular coordination in the runners of the present study may also have contributed to the
improvement in jump performance in both protocols.
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In this sense, the improvements in strength and vertical jump can also be explained by neural mechanisms asso-
ciated with training under high-TUT. The prolonged muscle activation time during each repetition, combined with
execution to near failure, promotes a physiological environment characterized by the accumulation of metabolites
(lactate, H+, inorganic phosphate), which favors the additional recruitment of higher-threshold motor units, including
type Il fibers [47,48]. According to Henneman'’s size principle [49], such recruitment would only occur at high inten-
sities; however, under metabolic fatigue, this stimulus can be achieved. This recruitment pattern has been identified
as one of the primary mechanisms through which high-TUT ST, even with reduced loads, can generate relevant
neural adaptations [38,50].

On the other hand, it was expected that high-TUT protocols would result in significant improvements in TT compared
to CON, given that this variable was defined as the primary outcome in the present study. In this context, although our
results do not align with previous studies reporting improvements in the running performance of runners subjected to ST
[2,14,51], it is essential to highlight that these investigations did not adopt high-TUT protocols, which may explain the
discrepancies observed. Moreover, these studies were conducted with interventions lasting between 6 and 14 weeks,
whereas the present study lasted only 4 weeks. This choice aimed to minimize the influence of peripheral aerobic adap-
tations, such as angiogenesis and mitochondrial biogenesis, which could attenuate or mask the neuromuscular effects of
strength protocols [1].

Nevertheless, despite the short duration, the moderate inverse correlation between APT and ATT suggests that
strength gains may contribute, to some extent, to improved running performance. A similar result was observed by Lum
et al. [14], who also identified a moderate correlation between strength and performance in runners subjected to dynamic
and isometric training, though without a focus on elevated TUT. Conversely, when comparing the n?p of the time x group
interaction between the study of Lum et al. [14] (n?0=0.47) and the present study (n?0=0.05), a relevant discrepancy is
observed. In addition to methodological differences between the protocols and the race distance (2400 m vs. 3000 m), it is
possible that the greater homogeneity of the sample in this study (composed solely of men, with little ST experience and
controlled weekly mileage) limited variability, allowing a more targeted analysis of the effects of the protocols on running
performance.

However, although some of the studies mentioned above have reported improvements in running performance fol-
lowing strength-training interventions, other investigations have shown a different pattern. Specifically, despite observing
short-term neuromuscular enhancements, these studies did not identify changes in running mechanics or performance
outcomes after eight weeks of training, even when using interventions different from those applied in the present study
[52,53]. These findings suggest that neuromuscular adaptations, although relevant, are not sufficient, by themselves,
to produce detectable changes in running performance over such short periods. Therefore, the absence of significant
improvements in performance observed in this study likely reflects the fact that endurance performance depends on a
broad set of determinants, such as threshold-related velocities, velocity at maximal oxygen uptake (vVOzmax), running
economy, and pacing ability, that may not be sufficiently modified in short-term interventions, even when neuromuscular
adaptations are present [54].

Additionally, IRL was used to investigate the relationship between TT performance and RPE, aiming to quantify percep-
tual changes associated with tolerance and adaptation to intense effort. It was expected that high-TUT ST would reduce
IRL, reflecting a lower perceptual cost related to sustaining performance. However, no statistically significant reductions
were observed among the groups throughout the interventions. A possible explanation is the high intensity of the test,
which tends to stabilize RPE at high levels regardless of peripheral physiological adaptations. In fact, recent literature sug-
gests that RPE is predominantly regulated by central mechanisms, with limited influence from peripheral changes such as
muscular adaptations [29,55,56]. This explains why IRL did not decrease even with neuromuscular improvements. More-
over, the absence of correlation between APT and AIRL reinforces this interpretation, indicating that even with increased
muscle strength, the effort perception associated with performance remained unchanged.
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In the biomechanical analysis of GCT and VO, although no statistically significant differences were observed, the
medium effect sizes between PIST and CON indicate directional changes that were not sufficient to support meaningful
between group differences. Reductions in such measures may primarily stem from musculotendinous adaptations, such
as achieving an adequate level of tendon stiffness, since tendons with appropriate stiffness allow for faster and more effi-
cient force transmission (51,52), thereby favoring shorter ground contact times [15]. It has also been shown that increases
in muscle strength after elevations in tendon stiffness are accompanied by high-TUT ST programs [57], particularly in
isometric exercises [58,59].

These findings suggest that predominantly isometric training performed under high-TUT may influence variables
associated with running economy. However, because stiffness was not directly measured in the present study, such inter-
pretations remain speculative. Moreover, unlike previous studies that have reported significant improvements in stiffness
or running economy following isometric training, we did not observe meaningful changes in GCT or VO. Among the factors
that may explain these discrepancies, differences in intervention duration appear to strongly influence the effects observed
in this study. It is also possible that adaptations occurred primarily at the neuromuscular level (e.g., motor unit recruitment
or intermuscular coordination), but without sufficient magnitude to produce statistically detectable changes in the mechani-
cal variables assessed. Taken together, these aspects may explain why our results differ from previous findings.

On the other hand, considering the effects of the interventions on NF, it was observed that high-TUT protocols did not
result in marked changes in this parameter, as indicated by the small impact observed between groups. This suggests that
the different actions did not induce significantly different levels of fatigue compared to the CON group. Still, both high-TUT
protocols induced NF, especially PDST. This can be explained by the fact that predominantly eccentric actions impose
greater mechanical stress on muscle fibers during lengthening under tension, resulting in greater muscle damage and a
more extended recovery period compared to concentric and isometric contractions [60—63]. However, as observed in Fig
4E, although the groups did not show significant differences, this supports our initial hypothesis; however, it cannot be
stated that high-TUT modulates NF, due to high interindividual variability, particularly in PDST. Moreover, the CON group
presented a considerable level of fatigue, possibly due to not having been subjected to the intervention, making it chal-
lenging to isolate protocol-specific effects.

In this sense, the magnitude of fatigue in the groups could be conditioned by improvements in TT performance after
the training sessions, given the high demand of this trial and the subsequent jump assessment. This can be inferred
because, by improving neuromuscular aspects, one would expect greater efficiency in force production mechanisms
(such as type Il fiber recruitment), resulting in greater responsiveness to high-intensity demands [6,64]. However,
despite this expectation, no significant correlation was observed between ANF and ATT [r=-0.22 (95% Cl=-0.58;
0.22); p=0.336] regarding the interventions, indicating that NF was not highly associated with running performance.
Thus, the observed effects appear more closely related to the specifics of the high-TUT protocols in inducing fatigue,
albeit to a lesser extent.

Additionally, evidence comparing contractions performed at fast versus slow velocities suggests that protocols with
slow velocities (and consequently high-TUT per set), such as those used in this study, tend to induce a lower temporal
course of acute NF and residual muscle damage than those focusing on explosive actions [9,10]. This suggests that high-
TUT protocols may be beneficial for managing fatigue and muscle damage in runners, serving as an introductory strength
training strategy. Thus, such protocols can be applied by coaches during short adaptation periods, preparing runners for
subsequent phases of greater intensity, such as plyometrics or progressive use of external loads.

Clearly, in this study, comparison with previous studies using high-TUT in runners was challenging, as there is a scar-
city of research with similar protocols in the current scientific literature, mainly since the focus of interventions in runners
has concentrated on aerobic, plyometric, or conventional strength methods [6,65]. However, the present study aimed to
provide an overview of high-TUT on variables related to performance and neuromuscular function, offering initial insights
into the effects of this training strategy in runners.
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Moreover, although running performance did not improve over the four weeks, longer interventions would likely yield
positive results for high-TUT protocols, provided that peripheral aerobic adaptations are controlled and distinguished
from neuromuscular adaptations. Still, our findings demonstrated that high-TUT ST, combined with endurance training,
promotes gains in maximal strength and jump capacity. Such effects had already been observed in previous studies with
methodologies distinct from high-TUT [14]. This reinforces the applicability of high TUT as an effective strategy, although
further evidence is needed to confirm its effectiveness. These results also reinforce the training specificity principle [14],
evidenced in this study by the more prominent improvement in PT in PIST and in CMJ in PDST. From a practical stand-
point, high-TUT training may be considered a complementary approach to optimize neuromuscular qualities relevant to
running performance. However, such potential benefits may become more evident with longer-duration interventions or
with larger sample sizes, which are capable of detecting smaller yet significant changes in running outcomes.

The significant improvements observed in peak torque for PIST and in countermovement jump for both PDST and
PIST, although not immediately translating into measurable running performance gains over the four-week intervention,
hold clear practical relevance. Increases in maximal strength and jump capacity are strongly associated with enhanced
neuromuscular function, which underpins more efficient force production, better eccentric control, and improved potential
for energy transfer during running [6].

From a physiological perspective, these neuromuscular adaptations may also influence the overall energetics of dis-
tance running by improving mechanical efficiency. Efficiency during locomotion emerges from the interaction between the
metabolic cost of movement and the mechanical work effectively transmitted through the musculoskeletal system, being
modulated by mechanisms such as elastic energy reutilization [66]. In this sense, the gains observed in strength and jump
performance may reflect improvements in the ability to store and release elastic energy and in transmission efficiency,
potentially reducing the relative mechanical work required at a given running intensity and, over time, lowering metabolic
cost. Although these adaptations were not reflected in improved 3000 m TT performance (likely due to the short dura-
tion of the intervention), they represent foundational adaptations that, in the long term, could contribute to better running
economy, reduced injury risk, and enhanced performance. Thus, even modest neuromuscular improvements, as observed
here, can be considered clinically meaningful for practitioners aiming to implement high-TUT strength protocols as part of
a comprehensive and energy-efficient running training program.

Limitations

Some limitations should be considered when interpreting the results of this study. First, the sample size calculation
was based solely on the primary outcome, disregarding the specific variability of secondary variables. Although ade-
quate for the main objective, this may have reduced the sensitivity to detect differences in other outcomes. Future
studies should consider sample size calculations specific to each primary variable to maximize statistical power
across different outcomes [67]. Additionally, although we initially planned to recruit 36 participants, the final sample
consisted of 34 individuals due to losses that occurred during the study. This reduction was small and kept the sam-
ple size close to the planned number, minimizing its impact on the pre-established statistical power. Nevertheless,
we acknowledge that this decrease represents a limitation, as larger sample sizes could increase the ability to detect
subtle effects.

Second, the sample included only male runners because the military unit from which participants were recruited was
predominantly composed of men available during the data collection period. Additionally, restricting the sample to one sex
helped reduce variability associated with sex-specific physiological factors, such as hormonal fluctuations, strength levels,
fatigue responses, and running economy, which could introduce additional noise into a short-term intervention. However,
we acknowledge that this choice limits generalizability, and future studies should investigate whether high-TUT protocols
produce similar neuromuscular and performance responses in female runners, given the known physiological and biome-
chanical differences between sexes.
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Third, muscle strength was assessed exclusively through the isometric peak torque of the knee extensors. Although
methodologically justifiable, given the high demand on the quadriceps in the protocols, this approach, restricted to
a single muscle group, limits the overall understanding of neuromuscular adaptations. Thus, although the observed
gains may indicate improvements in motor patterns and synergistic muscles (such as the gluteals, hamstrings, and
plantar flexors), this inference could not be directly confirmed. It is recommended that future studies incorporate
dynamic, isokinetic, and multisegmental assessments for a broader characterization of the effects of high-TUT on the
neuromuscular system [13].

Fourth, we used GCT and VO as biomechanical variables to estimate the degree of musculotendinous stiffness adapta-
tion. Even though studies show a relationship between these variables and stiffness [15,58], the indirect assessment limits
the inferences. Future studies may include instruments that guarantee greater precision, such as ultrasonography with
elastography or dynamometry.

Fifth, CMJ was used as a measure of NF induced by high-TUT protocols; however, future studies may include bio-
chemical markers, such as creatine kinase (CK), to complement the analysis and provide a more comprehensive assess-
ment, as this may indicate whether fatigue is associated with structural muscle damage.

Finally, the duration of the intervention, limited to four weeks, represents an important limitation of the present study.
This relatively short period may not have been sufficient for broader adaptations, especially those related to running
performance and running economy, to manifest in a measurable way. Although we expected that improvements in neu-
romuscular parameters might translate into performance gains, this was not observed. Therefore, we suggest that future
investigations examine high—TUT protocols over longer intervention periods to determine whether such neuromuscular
adaptations can, in fact, lead to meaningful improvements in running performance.

Conclusion

This study demonstrated that both PDST and PIST promoted similar improvements in PT and CMJ compared to the
CON group, albeit with specific responses to each intervention. These findings reinforce the influence of high-TUT as
a determining factor in promoting neuromuscular adaptations, regardless of the predominant type of contraction. How-
ever, caution is needed when interpreting these results and avoiding generalizations, considering the sample size and
the specific profile of the participants. Future studies should investigate the effects of high-TUT in runners on perfor-
mance variables over more extended intervention periods (e.g., > 6 weeks), particularly while controlling for peripheral
aerobic adaptations.

In addition, the results show that high-TUT is a promising strategy even in individuals with less familiarity with ST. In
more experienced runners, specific adjustments in intensity and volume may be necessary. Moreover, due to its low
fatigue generation, the application of high-TUT protocols in runners appears beneficial during phases of higher running
volumes or as preparation for methods that demand greater mechanical stress and specificity, such as plyometric training,
although further studies are still needed.
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