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Abstract
Repeated-sprint ability is a key determinant of soccer performance. However, 
some mechanical and physiological responses underlying this task remain in-
completely understood. This study characterized mechanical responses (force, 
velocity, and power) and regional muscle oxygen saturation (rSmO2) in the vas-
tus lateralis (VL) and biceps brachii (BB) during field-based tethered repeated-
sprint exercise (RSE). Associations between muscle oxygenation and mechanical 
performance, as well as post-exercise rSmO2, heart rate (HR), and blood lactate 
(LAC), were also examined. Ten professional soccer players performed a tethered 
Running Anaerobic Sprint Test (6 × 35-m all-out sprints separated by 10-s inter-
vals), while mechanical variables and rSmO2 were continuously recorded. Muscle 
oxygenation differed according to muscle function throughout exercise and re-
covery. The VL exhibited greater deoxygenation during sprints, whereas the BB 
showed a more preserved oxygenation profile. Associations between rSmO2 and 
mechanical performance were observed only during the fifth and sixth sprints. 
Furthermore, only VL integrated rSmO2 was positively correlated with the veloc-
ity fatigue index, whereas BB oxygenation provided complementary information 
on the physiological adjustments associated with RSE. Post-exercise HR and LAC 
were not correlated with rSmO2 in both muscles. Simultaneous assessment of 
locomotor and non-locomotor muscles provides complementary insights into fa-
tigue development and post-exercise recovery RSE.
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1   |   INTRODUCTION

High-level soccer training is frequently structured around 
repeated-sprint exercise (RSE) to replicate the mechani-
cal and physiological demands encountered during match 
play (Chen et  al.,  2026). RSE consists of repeated bouts 
of high-intensity sprint efforts (<10 s), interspersed with 
passive recovery or low- to moderate-intensity activity, 
providing brief recovery intervals (<60 s) between sprints 
(Bishop et  al.,  2001; Girard et  al.,  2011; Glaister,  2005; 
Spencer et  al.,  2005). During RSE, a progressive decline 
in performance is commonly observed, as evidenced, 
for example, by reductions in power output (Akenhead 
et al., 2017; Sousa et al., 2015). This performance decre-
ment is partly attributed to the disruption of oxygen (O2) 
supply homeostasis induced by repeated high-intensity 
efforts (Smith & Billaut,  2010). Conversely, chronic ex-
posure to this type of training stimulus promotes physi-
ological adaptations that enhance tolerance to fatigue 
and cardiovascular and muscular stress, while improving 
the ability to maintain performance throughout exercise 
(Girard et  al.,  2011; Thurlow et  al.,  2024). Collectively, 
these adaptations contribute to improved performance 
during soccer match play (Bishop et al., 2011).

Monitoring both external and internal loads is essential 
for optimizing training prescription in soccer (Impellizzeri 
et al., 2019). To quantify external load during RSE, several 
approaches have been employed, including global posi-
tioning system (GPS) technology, timing systems, and de-
vices capable of measuring the mechanical determinants 
of performance (Beato & Drust, 2021; Tereso et al., 2026). 
Among these tools, our research group developed an ap-
paratus for tethered running condition, consisting of an 
instrumented sled towing capable of directly measuring 
the force, velocity, and power generated during sprint 
running (Sousa et  al.,  2015). This device was originally 
validated during RSE and is currently used to obtain di-
rect and reliable measurements of force, velocity, power 
output, and fatigue index during anaerobic testing (Breda 
et al., 2022; Pereira et al., 2018). Furthermore, it enables 
continuous field-based monitoring of force and power 
production throughout repeated sprints, providing a de-
tailed assessment of the athlete's mechanical performance 
under sport-specific conditions (Sousa et al., 2015). This 
approach overcomes the limitations of laboratory-based 
assessments, which often rely on cycle ergometers or 
treadmills, by preserving the biomechanical specificity 

and natural movement patterns required in soccer, thereby 
enhancing the ecological validity of performance assess-
ments conducted directly within the athletes' training 
environment.

Heart rate responses, blood lactate concentration, and 
rating of perceived exertion are among the most com-
monly used markers for monitoring internal training 
load in sport (Foster et al., 2017; Impellizzeri et al., 2019). 
Among these, blood lactate is a reliable indicator of ex-
ercise intensity; however, its assessment requires invasive 
procedure. Moreover, blood lactate kinetics are character-
ized by a considerable temporal delay associated with the 
diffusion of lactate from the contracting skeletal muscle 
to the bloodstream, preventing the real-time assessment 
of metabolic stress (Gladden, 2004). More recently, mus-
cle oxygenation has emerged as a promising alternative 
for estimating internal load in sport and exercise settings 
(Manchado-Gobatto et  al.,  2020; Perrey et  al.,  2024), in-
cluding in soccer (Herzog et  al.,  2026). Local oxygen-
ation assessed by muscle Near-Infrared Spectroscopy 
(mNIRS) enables painless, noninvasive, wearable, and 
high-frequency monitoring of tissue oxygenation dynam-
ics (Ferrari et al., 2011; Perrey et al., 2024). Unlike blood 
lactate measurements, which require exercise interrup-
tion and provide only discrete assessments, NIRS enables 
continuous, real-time monitoring of muscle oxygenation 
dynamics throughout exercise, recovery intervals, and 
post-exercise recovery, making it a particularly valuable 
tool for monitoring internal load under ecologically valid 
training and competition conditions.

Given the pivotal role of oxygen availability during RSE, 
local muscle oxygenation has become a topic of increas-
ing interest for understanding the physiological responses 
to this exercise model (Archiza et al., 2020; McGawley & 
Bishop, 2015; Smith & Billaut, 2010). NIRS has emerged as 
a promising tool for investigating local muscle oxygen sat-
uration (SmO2) during repeated-sprint exercise, enabling 
continuous assessment throughout both sprint efforts and 
recovery intervals (McKee et al., 2024; Usher et al., 2025; 
Vasquez-Bonilla et al., 2021; Willis et al., 2019). However, 
the relationship between oxygen delivery and oxygen uti-
lization across muscles with different functional involve-
ment in the locomotor task during RSE remains poorly 
understood. This knowledge gap is particularly relevant 
in sport-specific settings, such as soccer, where muscles 
contribute differently to sprint performance and repeated 
high-intensity efforts.

K E Y W O R D S

blood lactate, near-infrared spectroscopy, oxygenation in less active muscle, oxygenation in 
locomotor muscle, repeated-sprint exercise, running power
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Among the protocols used to assess neuromuscular 
and metabolic performance during repeated-sprint exer-
cise in soccer players, the Running Anaerobic Sprint Test 
(RAST) is a practical field-based protocol. The RAST con-
sists of six maximal 35-m sprints interspersed with 10 s of 
passive recovery (Zagatto et al., 2009) and provides a sim-
ple, low-cost, and sport-specific approach for evaluating 
repeated-sprint performance. In its original form, running 
power is estimated exclusively from sprint time, allowing 
the calculation of peak, mean, and minimum power, as 
well as the fatigue index (Zagatto et al., 2009). Despite its 
widespread use, few studies have simultaneously investi-
gated the mechanical and physiological responses elicited 
during the RAST. Milioni et al. (2017) reported important 
associations between RAST performance and the relative 
contribution of different metabolic pathways. However, 
their study was not conducted in professional soccer 
players, and the physiological characterization relied pre-
dominantly on invasive measurements, particularly blood 
lactate concentration. In contrast, Brocherie et al. (2015) 
demonstrated that athletes with superior repeated-sprint 
performance during the RAST with active recovery exhib-
ited greater muscle deoxygenation during the sprint bouts 
and faster reoxygenation during the recovery intervals. 
Nevertheless, in both studies, the mechanical variables 
were estimated indirectly, a limitation that can be over-
come by the field-based tethered running system (Sousa 
et al., 2015), adopted in the present study which enables 
the direct measurement of force, velocity, and power out-
put during sprint running.

Finally, although the findings of Brocherie et al. (2015) 
significantly advanced the understanding of oxygenation 
dynamics in the vastus lateralis, the primary locomotor 
muscle involved in sprint running, an important knowl-
edge gap remains regarding the oxygenation responses 
of muscles with lower functional involvement during 
repeated-sprint exercise. These muscles may play an im-
portant role in local hemodynamics and physiological 
recovery after high-intensity efforts (Manchado-Gobatto 
et al., 2020; Osawa et al., 2017).

Considering the need to sustain high levels of run-
ning power throughout a soccer match, together with the 
recognized importance of oxidative metabolism during 
repeated-sprint exercise, further investigation of both sys-
temic physiological responses and local muscle oxygen-
ation in muscles with different functional involvement 
during and after repeated- sprint exercise is warranted. 
Moreover, simultaneously characterizing these local and 
systemic physiological responses alongside direct mechan-
ical measurements obtained with high-frequency signal 
acquisition may provide novel insights into the physi-
ological determinants of repeated-sprint performance. 
Such an integrated approach has the potential to advance 

current knowledge in sport and exercise physiology while 
providing practical information for monitoring and opti-
mizing training in soccer. Therefore, this study aimed to: 
(1) characterize the mechanical responses (force, velocity, 
and power output), regional muscle oxygen saturation 
(rSmO2) of a primary locomotor muscle (vastus lateralis, 
VL) and a muscle with lower functional involvement in 
sprint running (biceps brachii, BB), as well as heart rate 
responses during field-based tethered repeated-sprint ex-
ercise (RSE); and (2) examine the relationships between 
running power output and muscle oxygen saturation in 
both muscles throughout RSE, and between muscle oxy-
gen saturation and post-exercise heart rate and blood lac-
tate concentration. We hypothesized that muscle oxygen 
saturation would be affected by RSE in a muscle-specific 
manner, with the VL exhibiting greater deoxygenation 
during the sprint bouts and the BB showing greater reoxy-
genation during the recovery intervals. We further hypoth-
esized that rSmO2 in the primary locomotor muscle would 
be positively associated with running power output, par-
ticularly as fatigue developed across the repeated sprints. 
In the post-exercise period, we expected the VL and BB to 
exhibit distinct rSmO2 recovery patterns, reflecting their 
different functional involvement during RSE. We also hy-
pothesized that muscle oxygenation would be associated 
with post-exercise heart rate and blood lactate responses, 
providing complementary insight into local and systemic 
physiological recovery.

2   |   MATERIALS AND METHODS

2.1  |  Participants

Ten male professional soccer players from the second di-
vision of the state championship (age: 22 ± 1 years; body 
mass: 76.90 ± 7.72 kg, height: 179.70 ± 8.00 cm, and body 
fat: 11.07% ± 2.01%) were selected for this study.

The sample size was calculated using G*Power 3.1 soft-
ware, based on a repeated-measures ANOVA with 12 mea-
surements per participant (interaction between time and 
muscle), an expected effect size of =0.30 (�2p ≈ 0.08, mod-
erate effect), α = 0.05, and statistical power (1 − β) = 0.80. 
The calculation indicated a minimum requirement of nine 
participants to detect the expected effect, corresponding 
to a critical F value of 1.90. Participants were requested to 
maintain their habitual dietary and hydration practices and 
avoid alcohol and caffeine consumption, as well as strenu-
ous physical activity for at least 96 h prior to testing.

As an inclusion criterion, participants were required to 
have competed in organized soccer for at least 2 years and 
to be actively competing in an official state-level cham-
pionship. Players participated in structured team training 
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six times per week in addition to official league matches, 
accumulating at least 20 h of training and competition-
related physical activity per week. The study was con-
ducted in accordance with the Declaration of Helsinki 
and approved by the Ethics Committee of the School of 
Medical Sciences, University of Campinas (protocol num-
ber CAAE: 15544719.0.0000.5404). All participants pro-
vided written informed consent prior to participation in 
the study.

2.2  |  Study design

Three sessions were necessary to complete the study pro-
tocol. In the first and second sessions, participants were in-
formed about the experimental design of the present study 
and then signed the informed consent form. Subsequently, 
anthropometric measurements were collected to estimate 
body composition. Body mass was measured using a port-
able digital scale (MULTILASER®, maximum capacity 
of 180 kg, precision of 100 g), while skinfold thicknesses 
were assessed using a skinfold caliper and circumferences 
were measured with a CESCORF® flexible anthropometric 
tape measure. The Faulkner (1966) equation was used to 
estimate body fat percentage from the triceps, subscapu-
lar, abdominal, and suprailiac skinfold.

Following the anthropometric measurements, partic-
ipants were familiarized with the tethered running ap-
paratus used during the experimental protocol and were 
fitted with wearable muscle Near-Infrared Spectroscopy 
(mNIRS) devices positioned over the biceps brachii (BB) 
and vastus lateralis (VL), as well as a heart rate monitor. 
The familiarization sessions were designed to minimize 
potential discomfort and ensure that participants became 
accustomed to all experimental procedures before the 
main testing session.

In the third session, participants performed the field-
based tethered repeated-sprint exercise (RSE) protocol 
using the Running Anaerobic Sprint Test (RAST). The 
protocol was conducted using the tethered running ap-
paratus described by Sousa et  al.  (2015), while wearing 
mNIRS devices for continuous monitoring of rSmO2 in 
the primary locomotor (VL) and less functionally involved 
(BB) muscles throughout the protocol.

The experimental protocol began with a 2-min baseline 
recording, during which participants remained seated on 
a chair without armrests, maintaining the hip and knee 
joints at 90°. Before this recording, participants had al-
ready been resting quietly while the mNIRS devices and 
heart rate monitor were fitted and checked, resulting in a 
total resting period longer than the formal baseline record-
ing. For subsequent analyses, the mean rSmO2 value re-
corded during the final 30s of the baseline period was used 

as the reference value. This was followed by a standard-
ized warm-up consisting of 5 min of moderate-intensity 
running. Also, participants were then connected to the 
tethered running apparatus and performed two 35-m fa-
miliarization sprints. Following the warm-up procedures, 
participants remained seated for 5 min before performing 
the RAST. After completion of the test, participants re-
mained seated for 10- min, during which blood samples 
were collected every 2 min (Figure 1a).

2.3  |  Procedures

2.3.1  |  Tethered running anaerobic sprint test

The Running Anaerobic Sprint Test (Zagatto et al., 2009) 
consisted of six 35-m sprints, interspersed by 10-s passive 
recovery intervals. All tests were conducted on a natural-
grass soccer field. Participants used their own soccer shoes 
during all procedures. Prior to the start, participants were 
instructed to assume a standing sprint-start position with 
the toe of one foot positioned immediately behind the start-
ing line and to perform each sprint in an all-out manner. 
After a verbal countdown provided by the evaluator, the 
sprint was initiated by a whistle signal. Standardized ver-
bal encouragement was provided throughout all six sprint 
bouts to maintain maximal effort. Sprint time was re-
corded by a single investigator using a stopwatch (VL237, 
VOLLO, Brazil, 1/100-s resolution) and subsequently con-
firmed using video recordings. All video analyses were 
performed by the same investigator. Lastly, for interval 
analyses, the 10-s period immediately following the last 
sprint was considered the sixth recovery interval.

2.3.2  |  Tethered running apparatus

The measurement of the mechanical parameters was per-
formed using a tethered running apparatus connected to 
the athlete (Figure 1b) (Sousa et al., 2015). Participants 
wore a nylon belt commonly used for resisted sprint-
ing and were attached to the running apparatus by an 
inextensible steel cable. A load cell (CSL/ZL-250, MK 
CONTROL, São Paulo, Brazil) positioned on the upper 
front pole of the prototype and attached to the cable was 
used to measure the athlete's running force. This load cell 
was individually adjusted according to each participant's 
stature to maintain a horizontal orientation. As illustrated 
by the blue arrows in Figure 1b, four evenly spaced mag-
nets placed in the front wheel of the tricycle were used to 
measure the horizontal displacement of the running ap-
paratus. A Hall-effect sensor fixed to the wheel axle gen-
erated one pulse each time a magnet passed the sensor 
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F I G U R E  1   (a) The schematic overview of experimental protocol was divided in three phases, represented by the rectangles of three 
different colors: Yellow, indicates the before-RAST; Red—During the RAST; and Green—After-RAST. Heart rate (1 Hz) and muscle 
oxygenation (10 Hz) variables, were collected during the entire protocol. Velocity and force were measure directly (1000 Hz) throughout the 
RAST protocol by a tethered running apparatus. The developed running power was calculated later with the Matlab software. Samples of 
blood lactate concentration were collected in baseline and after-RAST phase (i.e., every 2 min during 10 min). (b) Illustrates the participant 
executing a sprint tethered to the apparatus. Red circle indicates the position of the load cell; Blue arrows indicate the position of the 
four evenly spaced magnets. (c) Shows an upper view of the compartment that contains the components responsible for acquiring and 
storing the signal. A—Microcomputer; B—Power supply, responsible for supplying power/voltage into the electromagnetic brake; C—
Amplifier; D—Signal acquisition module. (d) Illustrate a rear view of the tethered running apparatus, red arrows indicate the position of the 
electromagnetic brake.
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(i.e., every 31 cm of horizontal displacement). Signals 
from the load cell and Hall-effect sensor were acquired 
using an acquisition module (NI USB-6009, NATIONAL 
INSTRUMENTS, Austin, USA), amplified (portable am-
plifier– MKTC5–10, MK CONTROL, Sao Paulo, Brazil) 
and stored on a microcomputer (Figure 1c). An electro-
magnetic brake in both rear wheels (indicated by the red 
arrows in Figure 1d) enabled the imposition of resistance. 
The resistance imposed by the tethered running appara-
tus was set at 19.1%. During the experimental standardi-
zation process, this level of resistance allowed the wheel 
to rotate without skidding while preventing the sled from 
reaching excessively high velocities that could compro-
mise the tethered running effort. Signals from the load 
cell and Hall-effect sensors were recorded at 1000 Hz, and 
processed in MATLAB environment. The load cell signal 
was smoothed using a fourth-order Butterworth low-pass 
filter with a cutoff frequency of 10 Hz. Conversion into 
Force units (N) values were obtained by linear calibra-
tion using known barbell loads attached to the load cell 
(acceleration of gravity considered as 9.81 m·s−2). As pre-
viously described, the Hall-effect sensor provided infor-
mation every 31 cm of displacement, despite the signal 
acquisition frequency. Displacement data were inter-
polated using a spline function to reach the force signal 
1000-Hz sampling frequency. The reliability and validity 
of the tethered running apparatus were previously dem-
onstrated by Sousa et al. (2015).

2.3.3  |  Muscle oxygenation measurements

Changes in muscle oxygenation were continuously as-
sessed during baseline, exercise, and recovery periods 
using muscle near-infrared spectroscopy (mNIRS). For 
this, two PortaMon MKII devices (ARTINIS MEDICAL 
SYSTEMS BV, Zetten, Netherlands) including three light 
source transmitters (each one with two wavelengths be-
tween 750 and 850 nm) at 30-, 35-, and 40-mm distance to 
the receiver, were used to determine the Tissue saturation 
index—TSI (%), calculated by oxyhemoglobin/(oxyhemo-
globin + deoxyhemoglobin) × 100, using spatially resolved 
spectroscopy (SRS). Throughout this manuscript, TSI 
is interpreted as an estimate of regional muscle oxygen 
saturation (rSmO2), in accordance with the recent termi-
nology proposed by Feldmann et al. (2026). The NIRS de-
vices were positioned over two muscles on the right side 
of the body. The biceps brachii (BB) was assessed at the 
midpoint of the muscle belly, with the optode positioned 
on the most prominent region of the muscle and centered 
between the proximal and distal tendon insertions to en-
sure optimal signal quality and consistency (Manchado-
Gobatto et al., 2020; Ogata et al., 2007; Osawa et al., 2017; 

Zhang et al., 2010). This muscle was selected because it 
has a lower functional involvement during sprint run-
ning. The vastus lateralis (VL) device was positioned 
15 cm proximal to the superior border of the patella and 
5 cm lateral to the midline of the thigh (Kitada et al., 2015; 
Manchado-Gobatto et al., 2020; Turner et al., 2013) paral-
lel to the long axis of the muscle (Rissanen et al., 2012). 
The VL was selected as the primary locomotor muscle 
because of its major contribution during running exercise 
(Guidetti et al., 1996; Woorons et al., 2019). Both mNIRS 
devices regions with a thin skinfold in our participants 
(thigh = 7.3 ± 1.8 mm, and arm (tricipital) = 6.3 ± 1.4 mm). 
To minimize environmental interference, the equipment 
was wrapped with transparent plastic to provide a water-
proof barrier (Willis et al., 2019), and a dark band, to se-
cure the probe and protect it from ambient light.

Data were sampled at 10 Hz and recorded using the 
manufacturer's software (OXYSOFT, ARTINIS MEDICAL 
SYSTEM, Netherlands). The differential path factor 
(DPF), a correction factor that accounts for the mean op-
tical pathlength traveled by light within the tissue relative 
to the distance between the light source and detector, was 
adopted in the present study. Accordingly, DPF values of 
3.78 for the BB and 3.83 for the VL were applied based on 
a previous investigation (Manchado-Gobatto et al., 2020). 
After acquisition, the signals were smoothed using a 10th-
order zero-phase low-pass Butterworth filter (cutoff fre-
quency = 0.1 Hz) (Woorons et al.,  2019), implemented in 
the Artinis OXYSOFT software (Artinis Medical Systems, 
The Netherlands). The rSmO2 signals were analyzed on a 
second-by-second basis to characterize their temporal re-
sponses throughout the protocol and were also averaged 
across each sprint and interval for comparative analyses. 
The overall NIRS procedures were based on established 
methodological frameworks for exercise applications of 
the technique and adapted according to the manufactur-
er's recommendations and previous literature to ensure 
reliability and comparability of measurements.

2.3.4  |  Physiological responses

To obtain blood lactate concentrations ([LAC]) before and 
after RAST (immediately after the last sprint [10-s] and at 
2, 4, 6, 8, and 10 min of recovery), blood samples (25 μL) 
were extracted from the earlobe (after asepsis and with the 
use of heparinized capillaries) and deposited in 1.5-mL 
microtubes containing 400 μL of 4% trichloroacetic acid. 
The samples were immediately stored at 2°C–8°C [LAC] 
was analyzed using an enzymatic method as previously 
described (Engel & Jones, 1978). Absorbance was meas-
ured in a microplate reader (EPOCH, BioTek Instruments, 
Vermont, USA) at 340 nm against a calibration curve. To 
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obtain individual heart rate (HR) responses before, dur-
ing, and after exercise (until the 10th minute of recov-
ery), a heart rate monitor (POLAR V800 model, Kempele, 
Finland) was used. HR data were recorded as RR intervals 
and transferred to a microcomputer via a Bluetooth in-
terface. Heart rate data were subsequently processed and 
averaged for each experimental phase (baseline, exercise, 
and recovery) for further analysis.

2.4  |  Statistical analysis

Data were analyzed using STATISTICA version 7.0. The 
figures were prepared using GraphPad Prism. Data are 
presented as mean ± standard deviation (SD). Data nor-
mality and homogeneity of variances were initially evalu-
ated by the Shapiro–Wilk and Levene tests, respectively.

2.4.1  |  During tethered RSE (RAST)

A one-way ANOVA was used to compare the mean of the 
mechanical variables across the six sprints (S1–S6). A two-
way repeated-measures ANOVA for repeated measures 
(muscles × sprint) was performed to determine the effects 
of muscle (BB vs. VL) and six sprints (S1–S6) on muscle ox-
ygen saturation. The same statistical approach was applied 
for the recovery intervals (muscle × interval) to determine 
the effects of two muscles (BB vs. VL) and six intervals (I1–
I6). To quantify the overall muscle oxygenation response 
during tethered RSE, the area under the curve (AUC) of 
rSmO2 was calculated separately for the BB and VL by in-
tegrating the responses across all sprint bouts (S1–S6), all 
recovery intervals (I1–I5), and the entire RAST protocol 
(sprints + recovery intervals). In addition, the AUC of run-
ning power output was calculated by integrating the re-
sponses across all sprint bouts (S1–S6).

2.4.2  |  With regard to the analysis after 
tethered RSE (recovery period)

A one-way ANOVA was adopted to compare the physi-
ological variables (blood lactate concentration [LAC] and 
heart rate—HR) across the different recovery time points 
(baseline, immediately after exercise, and 2, 4, 6, 8, and 
10 min after RAST) in relation to baseline conditions. A 
two-way repeated-measures ANOVA (muscle × time) was 
performed to determine the effects of limb muscle (BB vs. 
VL) and time on muscle oxygenation responses in relation 
to baseline conditions.

In all analyses, the Newman–Keuls post hoc test 
was used to identify significant differences. Pearson's 

product–moment was used to determine the correlation 
coefficient between running power output, physiological, 
and muscle oxygenation variables. In all cases, the level of 
significance was set at p ≤ 0.05.

3   |   RESULTS

3.1  |  Responses throughout the 
experimental protocol

With regard to the temporal responses of regional muscle 
oxygen saturation (rSmO2), a significant muscle × time in-
teraction was observed (p < 0.01), along with a significant 
main effect of muscle (BB vs. VL= 7.90% [0.62 to 15.18%], 
p = 0.03) (Figure 2a). However, post hoc comparisons per-
formed at each individual time point did not reveal sig-
nificant differences between the BB and VL (all p > 0.05). 
Therefore, the temporal changes relative to baseline are 
described separately for each muscle.

In the VL (predominantly active muscle), rSmO2 was 
significantly lower than baseline during the warm-up 
(Δ = −9.65%, p = 0.04), I1 (Δ = −14.93%, p < 0.01), 
S2 (Δ = −17.28%, p < 0.01), I2 (Δ = −17.03%, p < 0.01), 
S3 (Δ = −18.05%, p < 0.01), I3 (Δ = −17.25%, p < 0.01), 
S4 (Δ = −17.97%, p < 0.01), I4 (Δ = −16.71%, p < 0.01), 
S5 (Δ = −16.12%, p < 0.01), I5 (Δ = −16.29%, p < 0.01), S6 
(Δ = −16.80%, p < 0.01), and immediately after the RAST 
(Δ = −17.01%, p < 0.01).

Conversely, the BB (less active muscle) exhibited sig-
nificantly higher rSmO2 than baseline before the RSE 
(Δ = 11.63%, p < 0.01) and at 4 min (Δ = 12.79%, p < 0.01), 
6 min (Δ = 14.25%, p < 0.01), 8 min (Δ = 15.72%, p < 0.01), 
and 10 min (Δ = 14.85%, p < 0.01) of recovery.

Regarding heart rate, one-way repeated-measures 
ANOVA revealed a significant effect of time. Post hoc 
analysis showed that heart rate remained significantly 
higher from immediately before the RSE until the 10th 
minute of recovery compared with baseline (Figure 2b).

3.2  |  During tethered RSE (RAST)

Mechanical variables obtained from the tethered run-
ning apparatus are presented in Table  1. Mean velocity 
(r = −0.811, p < 0.001), mean force (r = −0.533, p < 0.001), 
and mean power (r = −0.721, p < 0.001) were all sig-
nificantly correlated with sprint time and progressively 
declined across the six sprints. Similarly, other body 
mass–normalized mechanical variables, including im-
pulse and work, progressively declined, with lower values 
observed during the final sprints than during the initial 
sprints. In addition, the fatigue index (FI), calculated 
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as [(peak − minimum)/peak × 100], was 44.4 ± 4.9%, 
22.1 ± 5.5%, and 41.3 ± 13.6% for velocity, force, and 
power, respectively.

To illustrate the temporal behavior of rSmO2 in the BB 
and VL together with relative power, second-by-second 
mean values averaged across all participants (n = 10) 
were plotted throughout the RAST protocol (Figure  3a). 
The protocol was divided into sprint and recovery phases. 
Sprint duration ranged from approximately 7 to 10 s ac-
cording to individual performance, whereas recovery in-
tervals were standardized at 10 s.

Aiming to quantify the overall oxygenation response 
during tethered RSE, the area under the curve (AUC) 
of rSmO2 was calculated separately for both muscles by 
integrating the responses during all sprints (S1–S6), all 
recovery intervals (I1–I5), and the entire RAST protocol 
(sprints + recovery intervals) (Figure  3b). Significant 
differences between the BB and VL were observed for 
sprint AUC, recovery interval AUC, and total AUC (all 
p = 0.04). In all three analyses, the BB exhibited a greater 
AUC than the VL. However, no significant correlations 

were observed between the BB and VL AUC values in any 
of the three analyses.

To examine the correlation between muscle ox-
ygenation and mechanical performance, Pearson's 
product-moment  analyses were performed. Initially, 
correlations between the area under the curve (AUC) of 
rSmO2 (BB and VL) and the AUC of relative power were 
assessed. No significant correlations were observed be-
tween the AUC of relative power and the AUC of rSmO2 
for both muscles (r = 0.24 and r = −0.33, for BB and VL, 
p > 0.05). Subsequently, Pearson's correlations between 
the second-by-second mean profiles of relative power 
and rSmO2 (BB and VL) were calculated separately 
for each sprint and recovery interval using the values 
averaged across the 10 participants (Figure 3c). A sig-
nificant negative correlation between BB rSmO2 and 
relative power was observed during Sprint 5, whereas 
VL rSmO2 was positively correlated with relative power 
during Sprint 6.

To further explore the relationship between me-
chanical fatigue and muscle oxygenation, Pearson's 

F I G U R E  2   Regional muscle oxygen saturation (rSmO2) and heart rate responses throughout the experimental protocol. (a) Regional 
muscle oxygen saturation (rSmO2), estimated from the Tissue Saturation Index (TSI, %), in the biceps brachii (BB) and vastus lateralis (VL) 
over time. (b) Heart rate responses throughout the experimental protocol. Data are presented as mean ± standard deviation. a Significantly 
different from baseline (p < 0.05). n = 10.

(a)

(b)
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correlation analyses were performed between the me-
chanical fatigue index and the rSmO2 AUC values. 
Significant positive correlations were observed only 
between the FI for velocity and VL rSmO2 AUC during 
the sprint phase (r = 0.733, p < 0.05), recovery inter-
vals (r = 0.729, p < 0.05), and the entire RAST protocol 
(r = 0.731, p < 0.05). No significant correlations were ob-
served for the remaining mechanical fatigue indices or 
for BB rSmO2 AUC.

3.3  |  With regard to the analysis after 
tethered RSE (recovery period)

The variables assessed during the 10-min recovery period 
following the RSE included rSmO2, estimated from the 
TSI, in the BB (Figure 4a) and VL (Figure 4b), blood lac-
tate concentration (Figure 4c), and heart rate (Figure 4d). 
A significant effect of time was observed for all variables 
(all p < 0.05). Specifically, VL rSmO2 differed between the 
immediate post-RSE measurement and all subsequent 
recovery time points (2–10 min) (all p < 0.01), as well 
as between 2 and 4 min and between 2 and 6 min (both 
p < 0.01). Similarly, LAC differed between the immedi-
ate post-RSE measurement and all subsequent recovery 
time points (2–10 min) (all p < 0.05), between 2 min and 
4–10 min (all p < 0.01), and between 4 min and 6–8 min 
(both p < 0.05). Peak blood lactate concentration reached 
18.78 ± 2.41 mM. Heart rate also differed between the 
immediate post-RSE measurement and all subsequent 

recovery time points (2–10 min) (all p < 0.01), between 
2 min and 4 and 10 min (both p < 0.01), and between 4 min 
and 6–10 min (all p < 0.05). At the 10th min of recovery, 
the mean changes relative to baseline were +15.88 mM 
for blood lactate concentration, +31 bpm for heart rate, 
+12.71% for BB rSmO2, and +1.34% for VL rSmO2. No sig-
nificant correlations were observed among the Δ values 
of the recovery variables. Subsequently, Pearson's corre-
lation analyses were performed separately at each recov-
ery time point (immediately after, 2, 4, 6, 8, and 10 min). 
A significant inverse correlation was observed only be-
tween BB and VL rSmO2 at the 6-min recovery time point 
(Figure 4e).

4   |   DISCUSSION

First, this study sought to advance current knowledge 
regarding the integration of mechanical, systemic physi-
ological, and local physiological (muscle oxygenation) 
responses during and following repeated high-intensity 
exercise. To the best of our knowledge, this is the first study 
to simultaneously and directly quantify force, velocity, 
and power together with regional muscle oxygen satura-
tion (rSmO2), estimated from the Tissue Saturation Index 
(TSI), in muscles with different levels of involvement in 
running, before, during, and after tethered repeated-sprint 
exercise, specifically the Running Anaerobic Sprint Test. 
Furthermore, this is the first investigation to examine 
the correlations  between directly measured mechanical 

T A B L E  1   Data of mechanical variables measured by tethered running apparatus measures throughout the six sprints.

Tethered RSE (Running Anaerobic Sprint Test—RAST) ANOVA

Sprint 1 Sprint 2 Sprint 3 Sprint 4 Sprint 5 Sprint 6 F p

Time (s) 6.39 ± 0.45 6.87 ± 0.41a 7.08 ± 0.33a 7.58 ± 0.46abc 8.32 ± 0.75abcd 8.44 ± 0.78abcde 57.05 <0.001

Peak Velocity (m.s−1) 6.85 ± 0.32 6.61 ± 0.38 5.99 ± 0.42ab 5.63 ± 0.38abc 5.03 ± 0.38abcd 4.94 ± 0.31abcd 11.09 <0.001

Mean Velocity (m.s−1) 5.27 ± 0.18 5.13 ± 0.25 4.90 ± 0.28ab 4.49 ± 0.25abc 4.17 ± 0.37abcd 4.05 ± 0.47abcd 40.04 <0.001

Relative Peak Force 
(N.kg−1)

2.55 ± 0.25 2.51 ± 0.32 2.32 ± 0.28 2.31 ± 0.25 2.18 ± 0.31 2.28 ± 0.33 8.31 <0.001

Relative Mean Force 
(N.kg−1)

1.90 ± 0.19 1.72 ± 0.20a 1.55 ± 0.19ab 1.51 ± 0.17ab 1.42 ± 0.14abc 1.25 ± 0.17abcde 50.63 <0.001

Relative Impulse 
(N.kg.s−1)

12.13 ± 1.71 11.84 ± 1.68 11.00 ± 1.54a 11.44 ± 1.66 11.82 ± 1.79 10.80 ± 1.35abe 4.40 0.002

Relative Peak Power 
(N.kg−1)

11.84 ± 1.74 10.44 ± 1.00a 9.08 ± 0.91ab 8.39 ± 0.84ab 7.66 ± 1.35abc 7.02 ± 1.41abcd 8.32 <0.001

Relative Mean Power 
(W.kg−1)

9.39 ± 1.02 8.08 ± 0.84a 7.05 ± 0.84ab 6.24 ± 0.65abc 5.58 ± 0.88abcd 4.77 ± 1.10abcde 66.17 <0.001

Relative Work (J.kg−1) 59.85 ± 2.57 55.52 ± 2.06a 49.95 ± 2.00ab 47.34 ± 1.89ab 46.22 ± 2.20ab 41.10 ± 2.49abcde 22.89 <0.001

Note: Values expressed as mean ± standard deviation. Statistical analysis: a, b, c, d, e: significant differences (p < 0.05) in relation to 1st sprint, 2nd sprint, 3rd 
sprint, 4th sprint, and 5th sprint, respectively.
Abbreviations: J, Joules; J.kg−, Joules relativized by body mass; m.s−1, meters per second; N, Newtons; N.kg−1, Newtons relativized by body mass; W.kg−1, 
Watts relativized by body mass.
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parameters, local muscle oxygenation responses, and sys-
temic physiological variables throughout exercise and re-
covery in soccer players. The main findings demonstrated 
that rSmO2 exhibited a muscle-specific pattern during 
the sprint bouts, recovery intervals, and post-exercise 
recovery. While the vastus lateralis displayed greater de-
oxygenation during exercise and a toward stabilization 

of rSmO2 during the final sprints, the biceps brachii ex-
hibited a more preserved oxygenation profile and greater 
integrated reoxygenation (AUC) throughout the protocol. 
Furthermore, only the integrated rSmO2 response in the 
vastus lateralis (VL) muscle—during sprints, interval, 
and the test as a whole—showed a significant, positive 
association with the velocity fatigue index, indicating the 

F I G U R E  3   (a) Second-by-second mean responses of regional muscle oxygen saturation (rSmO2) in the biceps brachii (BB) and vastus 
lateralis (VL), together with relative power, during the six sprints and recovery intervals of the Running-based Anaerobic Sprint Test 
(RAST). (b) Area under the curve (AUC; a.u.) of rSmO2 in the BB (red) and VL (blue) during the sprint phase, recovery interval phase, and 
the entire RAST protocol. Bars represent the mean, and dots represent individual participants. (c) Pearson correlation coefficients between 
relative power and rSmO2 in the BB and VL, calculated from the second-by-second mean temporal profiles for each sprint and recovery 
interval. p < 0.05; n = 10.

(a)

(b)

(c)
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relevance of deoxygenation at this site for maintaining 
running velocity. This correlation provides complemen-
tary information regarding physiological responses to 
high-intensity intermittent exercise.

Our experimental design enabled continuous moni-
toring of rSmO2, estimated from TSI, in two muscles with 
distinct functional roles during running, as well as heart 
rate, from baseline through 10 min of recovery following 
the RSE (Figure  2). These variables were selected be-
cause they allow continuous monitoring, using wearable 

devices, of both local oxygen delivery and utilization dy-
namics within skeletal muscle and the systemic cardio-
vascular response to exercise. Although HR has limited 
sensitivity for distinguishing physiological changes be-
tween successive sprint bouts, it remains one of the most 
widely used indicators of internal training load in soccer 
(Tereso et al., 2026). Furthermore, all measurements were 
obtained under ecologically valid conditions during a 
field-based testing session, thereby preserving the specific 
characteristics of the sport.

F I G U R E  4   Physiological responses during recovery following the Running-based Anaerobic Sprint Test (RAST). (a) Biceps brachii 
(BB) muscle oxygen saturation (rSmO2) over recovery time; (b) Vastus lateralis (VL) muscle oxygen saturation (rSmO2) over recovery time; 
(c) Blood lactate concentration over recovery time; (d) Heart rate over recovery time; (e) Pearson correlation coefficients (r) among the 
physiological variables. Data are presented as mean with individual values (n = 10). a = significantly different from baseline; b = significantly 
different from 2 min; c = significantly different from 4 min. p < 0.05.

(a)

(c)

(e)

(d)

(b)
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In the present study, rSmO2 was estimated from the 
TSI obtained using two PortaMon MK II devices (Artinis 
Medical Systems, The Netherlands). Among the vari-
ables provided by wearable near-infrared spectroscopy 
(mNIRS), TSI has been considered one of the most robust 
indicators of muscle oxygenation status in experimental 
settings where blood flow changes dynamically, as oc-
curs during repeated high-intensity exercise (Brocherie 
et al., 2015; Wolf et al., 2007). Accordingly, considering 
our experimental design and recent methodological rec-
ommendations (Feldmann et  al., 2026), TSI was inter-
preted as an estimate of rSmO2. Moreover, when current 
methodological recommendations are carefully fol-
lowed (Feldmann et al., 2026; Perrey et al., 2024), wear-
able mNIRS devices represent a practical, noninvasive, 
and ecologically valid tool for continuously monitoring 
local oxygen delivery and utilization dynamics in skele-
tal muscle. In this context, the simultaneous assessment 
of muscles with different levels of functional involve-
ment, as proposed in the present study and previously 
explored by other investigators (Cirino et  al.,  2025; 
Rissanen et  al.,  2012; Sendra-Pérez et  al.,  2025; Yogev 
et  al.,  2022, 2023), broadens the understanding of the 
integration between local and systemic physiological 
responses during high-intensity exercise and represents 
a promising approach for future research and practical 
applications in sports monitoring.

4.1  |  Muscle oxygenation during 
tethered RSE

As shown in Figure  2a, both muscles exhibited simi-
lar rSmO2 values (~73%) before the RAST, indicating 
that both muscles started the exercise under compara-
ble oxygenation conditions. Furthermore, continuous 
monitoring captured the small fluctuations in muscle 
oxygenation that occurred during the warm-up and the 
post-warm-up period, confirming the stability of both 
muscles before the onset of exercise. Therefore, the dif-
ferences observed throughout the protocol are likely 
attributable to exercise-induced physiological adjust-
ments rather than pre-existing differences in muscle 
oxygenation status.

During the RAST, however, a clear muscle-specific 
pattern emerged. The vastus lateralis exhibited a rapid 
decline in rSmO2 during the initial sprint bouts, followed 
by only partial reoxygenation during the 10-s passive re-
covery intervals and a subsequent stabilization of mus-
cle oxygenation during the final sprints. This pattern 
suggests a progressive mismatch between the high meta-
bolic demand imposed on the primary locomotor muscle 

and the limited time available for restoring oxygen avail-
ability between successive efforts. Consequently, as the 
sprint bouts accumulated, the recovery intervals became 
insufficient to fully re-establish the balance between ox-
ygen delivery, extraction, and utilization before the onset 
of the subsequent sprint. The stabilization of rSmO2 ob-
served during the final repetitions may further indicate 
that the active locomotor muscle approached a physio-
logical ceiling for peripheral oxygen extraction, whereby 
additional reductions in muscle oxygenation became 
minimal despite the continued decline in mechanical 
performance. These findings are consistent with those 
reported by Brocherie et  al.  (2015), who also observed 
a rapid decrease in vastus lateralis oxygenation accom-
panied by incomplete reoxygenation during a RAST 
protocol performed by international male soccer play-
ers. Although methodological differences exist between 
the two studies—particularly regarding the placement 
of the mNIRS sensor on the vastus lateralis and the use 
of tethered running in the present investigation—the 
overall physiological response was remarkably similar. 
Together, these findings reinforce that incomplete mus-
cle reoxygenation is a characteristic feature of repeated 
high-intensity exercise performed with short recovery 
intervals.

Comparable responses were also reported by Vasquez-
Bonilla et al.  (2021), who evaluated female soccer play-
ers performing a repeated-sprint protocol (8 × 20 m, 20-s 
recovery intervals) while monitoring gastrocnemius 
rSmO2 using wearable mNIRS. Despite differences in 
participant sex, the muscle evaluated, sprint distance, 
and recovery duration, the authors likewise reported pro-
gressive muscle deoxygenation during the sprint bouts 
accompanied by only partial reoxygenation between rep-
etitions. Based on these observations, they highlighted 
the need for future studies integrating mNIRS-derived 
variables with indicators of mechanical workload, vas-
cular hemodynamics, and metabolic energy pathways. 
The present study extends this perspective by simultane-
ously combining muscle oxygenation measurements in 
muscles with distinct functional roles, directly measured 
mechanical parameters acquired at a high sampling fre-
quency, and continuous physiological monitoring under 
ecologically valid field conditions while maintaining rig-
orous experimental control.

Taken together, these findings indicate that the loco-
motor muscle primarily reflects the progressive increase 
in local metabolic demand throughout repeated-sprint ex-
ercise. Whether muscles with lower mechanical involve-
ment provide complementary physiological information 
beyond that obtained from the locomotor musculature is 
addressed in the following section.
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One of the most interesting findings of the present 
study was the distinct muscle oxygenation behavior ob-
served between the locomotor muscle (vastus lateralis, 
VL) and the non-locomotor muscle (biceps brachii, BB) 
throughout the RAST. This difference was consistently 
observed both in the mean rSmO2 responses recorded 
during each sprint and recovery interval (Figure 2), in the 
temporal profiles, and area under the curve (AUC) anal-
yses (Figure 3a,b). Whereas the VL exhibited marked de-
oxygenation throughout the repeated-sprint bouts, the BB 
maintained mean rSmO2 values close to those observed at 
baseline.

Moreover, the BB displayed a distinct oxygenation 
pattern during the brief recovery intervals. In contrast 
to the VL, rSmO2 progressively increased in the BB 
throughout the recovery periods between sprint bouts. 
This response suggests that the transient reduction in 
metabolic demand during the intervals promotes sys-
temic physiological adjustments that extend beyond 
the recovery of the primary locomotor muscle, also in-
volving muscles with lower mechanical involvement in 
the task. This interpretation is supported by the find-
ings of Bae et al. (2000), who demonstrated simultane-
ous increases in pulmonary oxygen uptake (VO2) and 
VL rSmO2 during the recovery intervals of intermittent 
high-intensity exercise. Although part of this increase 
reflects enhanced oxygen uptake by the active muscu-
lature, the authors proposed that the elevated VO2 also 
represents repayment of the oxygen deficit, involving 
additional oxygen consumption by less active muscles 
and other tissues not directly engaged in the exercise 
(Camus & Thys, 1991; Di Prampero, 1981). Within this 
context, our findings suggest that the BB response may, 
at least in part, reflect these systemic physiological ad-
justments, including the transient redistribution of 
blood flow and the restoration of the balance between 
oxygen delivery and oxygen utilization during the re-
covery intervals. Although the wearable mNIRS devices 
used in the present study provide estimates of total he-
moglobin (tHb), a variable incorporated into the cal-
culation of TSI, future investigations should combine 
these measurements with more direct assessments of 
blood flow, such as Doppler ultrasonography. Such an 
approach may provide a more comprehensive charac-
terization of the hemodynamic mechanisms underlying 
the distinct oxygenation responses observed in muscles 
with different functional roles during repeated high-
intensity exercise.

Collectively, these findings indicate that monitoring 
muscles with distinct functional roles provides comple-
mentary physiological information regarding the inter-
action between local metabolic demand and systemic 
recovery during repeated-sprint exercise.

4.2  |  Mechanical responses and 
integration with muscle oxygenation

Beyond the simultaneous assessment of muscle oxygena-
tion in two muscles with distinct functional roles, the 
present study also advances previous soccer-related inves-
tigations by providing direct field-based measurements 
of force, velocity, and running power during tethered 
repeated-sprint exercise. The instrumented tethered run-
ning system additionally enabled the calculation of force-, 
velocity-, and power-specific fatigue indices, variables that 
are rarely obtainable under ecologically valid field condi-
tions. From a practical perspective, these measurements 
allow practitioners to determine whether the progressive 
decline in running power is predominantly associated 
with impairments in force production or movement ve-
locity, thereby supporting more individualized training 
interventions.

As expected during repeated all-out efforts, mechan-
ical performance progressively declined throughout the 
protocol. Running power increased rapidly at the be-
ginning of each sprint but could not be sustained over 
the 35-m distance. Sprint time increased after the third 
repetition, whereas peak power was generally achieved 
during the first or second sprint and reached its lowest 
values in the sixth sprint. Similar findings have been 
reported using the same tethered running system in 
trained sprinters (Sousa et  al.,  2015), although differ-
ences were observed in peak velocity, power, and rela-
tive work. These differences may be partly explained by 
the athletes' characteristics (sprinters vs. soccer play-
ers), the testing surface (athletics track vs. natural-grass 
soccer field), and the resistance applied to the tethered 
running system, which was adjusted to ensure reliable 
mechanical measurements under the present experi-
mental conditions. Collectively, these findings support 
the validity of the methodology, demonstrate its ap-
plicability to sport-specific testing environments, and 
confirm the sensitivity of these mechanical variables to 
distinguish athletes according to the physiological and 
mechanical demands of their sport.

A distinctive feature of the present investigation 
was the simultaneous visualization of mechanical 
power output together with muscle oxygenation re-
sponses throughout both the sprint and recovery phases 
(Figure  3a). This integrated representation provides a 
dynamic overview of the interaction between external 
load (mechanical power output) and internal phys-
iological responses (muscle oxygenation), allowing 
changes in performance and local oxygen availability 
to be interpreted simultaneously throughout the en-
tire repeated-sprint protocol. Such an approach may 
prove valuable for monitoring individual adaptations to 
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training interventions and for identifying subtle physio-
logical changes that are not evident when mechanical or 
physiological variables are analyzed separately.

To further investigate the relationship between me-
chanical performance and muscle oxygenation, we ana-
lyzed the area under the curve of both physiological and 
mechanical responses, as well as their respective cor-
relations. Although the BB consistently exhibited higher 
rSmO2 AUC values than the VL during both sprint and 
recovery periods, no significant correlation was ob-
served between the two muscles when considering the 
entire protocol. Likewise, no significant relationship 
was identified between overall running power and mus-
cle oxygenation when the complete RSE was analyzed. 
Rather than indicating an absence of physiological inter-
action, these findings likely reflect the substantial inter-
individual variability in muscle oxygenation responses, 
highlighting the sensitivity of wearable mNIRS devices 
to detect individual physiological profiles and reinforc-
ing their potential application for tailored monitoring of 
training adaptations.

Interestingly, significant point-by-point correlations 
between muscle oxygenation and mechanical perfor-
mance emerged only during the final bouts of the pro-
tocol (Figure  3c). During the sixth sprint, a positive 
correlation was observed between VL oxygenation and 
relative running power, suggesting that local oxygen 
availability becomes progressively more relevant for 
sustaining mechanical performance as neuromuscular 
fatigue develops. Likewise, the positive association be-
tween the AUC of VL rSmO2 and the velocity fatigue 
index indicates that athletes exhibiting a distinct oxy-
genation profile in the primary locomotor muscle also 
experienced greater reductions in sprinting velocity 
across repeated efforts. Although this relationship does 
not imply causality, it highlights the close interaction 
between local oxygenation dynamics and the mechani-
cal manifestations of fatigue during repeated-sprint ex-
ercise. During the initial sprints, when phosphocreatine 
availability is relatively preserved and mechanical out-
put remains high, muscle oxygenation is likely to play a 
less limiting role. However, as repeated sprints progres-
sively challenge metabolic homeostasis and phosphocre-
atine resynthesis, local oxygen availability may become 
increasingly important for sustaining mechanical per-
formance. This interpretation extends previous obser-
vations demonstrating associations between muscle 
oxygenation dynamics and repeated-sprint performance 
(Billaut & Buchheit, 2013; Smith & Billaut, 2010).

On the other hand, an inverse correlation was iden-
tified between BB oxygenation and relative running 
power during the fifth sprint, indicating that athletes 

with greater BB reoxygenation tended to exhibit lower 
mechanical performance. This heterogeneous behavior 
between muscles with distinct functional roles further 
reinforces the concept that the BB provides complemen-
tary physiological information regarding the local and 
systemic hemodynamic adjustments occurring during 
repeated-sprint exercise. In a previous study involving 
a 30-s all-out continuous run (AO30), distinct oxygen-
ation responses were likewise observed between the 
more active and less active muscles (Manchado-Gobatto 
et  al.,  2020). However, unlike the responses observed 
during the present RSE protocol, lower TSI values were 
recorded in the BB than in the VL during the AO30, 
whereas the arm muscle exhibited a faster reoxygen-
ation response following exercise (Manchado-Gobatto 
et al., 2020). Taken together, these findings suggest that 
the oxygenation responses of less active muscles are 
strongly influenced by the characteristics of the exercise 
task and highlight the importance of simultaneously as-
sessing muscles with different functional roles to obtain 
a more comprehensive understanding of the physiolog-
ical mechanisms underlying performance during high-
intensity exercise.

From a practical perspective, the present findings 
suggest that wearable muscle oxygenation devices may 
complement traditional mechanical assessments by 
identifying individualized physiological responses asso-
ciated with fatigue development during repeated-sprint 
exercise. Such information may contribute to more per-
sonalized training prescription, optimization of recov-
ery strategies, and potentially earlier identification of 
athletes presenting altered physiological responses that 
could increase susceptibility to excessive fatigue or mus-
culoskeletal injury.

Finally, an additional methodological advantage 
of the present study lies in the use of an instrumented 
tethered running system. Unlike the conventional 
Running Anaerobic Sprint Test, in which running power 
is estimated from body mass and sprint time (Zagatto 
et al., 2009), the tethered approach provides direct mea-
surements of horizontal force, running velocity, and me-
chanical power throughout each sprint. Furthermore, 
continuous second-by-second recording substantially 
expands the analytical potential of repeated-sprint test-
ing, allowing a more detailed characterization of fatigue 
development and enabling integrated analyses between 
mechanical performance and physiological responses. 
Collectively, these methodological advances considerably 
strengthen the assessment of repeated-sprint ability and 
provide a comprehensive framework for future investiga-
tions examining fatigue mechanisms and training adapta-
tions in team-sport athletes.
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4.3  |  Recovery following tethered 
repeated-sprint exercise

Regarding the responses following RSE, our hypothe-
ses were partially confirmed, as oxygenation in the two 
muscles did not exhibit the same behavior. However, we 
did not observe significant correlations between rSmO2 
in the BB and VL with heart rate and lactate concentra-
tion. After the tethered, both muscles exhibited progres-
sive reoxygenation during the recovery period, although 
with distinct temporal patterns. The VL recovered rapidly, 
reaching a plateau approximately 2 min after exercise, 
maintaining rSmO2 values similar to baseline through-
out the remainder of the monitored recovery period. In 
contrast, the BB displayed a slower and more gradual re-
oxygenation profile, reaching a plateau only around the 
eighth minute of recovery. Notably, only the BB exhibited 
rSmO2 values that significantly exceeded baseline, begin-
ning approximately 4 min after exercise and remaining el-
evated until the end of the 10-min recovery period. These 
findings further reinforce the concept that muscles with 
distinct functional roles exhibit complementary physio-
logical responses not only during repeated-sprint exercise 
but also throughout post-exercise recovery.

The distinct recovery kinetics observed between the 
VL and BB likely reflect differences in the physiological 
mechanisms regulating oxygen delivery and utilization 
following RSE, an exhaustive exercise. Whereas the loco-
motor muscle rapidly restores oxygen availability to sup-
port phosphocreatine resynthesis and metabolic recovery, 
the prolonged reoxygenation observed in the BB may re-
flect regional redistribution of blood flow toward tissues 
with lower metabolic demand as systemic homeostasis is 
progressively restored. This interpretation is consistent 
with previous evidence demonstrating that recovery from 
intense exercise involves complex cardiovascular adjust-
ments, including autonomic regulation, changes in va-
somotor tone, and regional redistribution of blood flow 
(Halliwill et al., 2013; Joyner & Casey, 2015).

Our findings are also consistent with previous investiga-
tions using wearable NIRS technology. Arnold et al. (2024) 
reported a similar pattern of muscle reoxygenation during 
incremental cycling exercise, whereas Jones et al. (2013) 
demonstrated considerable interindividual variability in 
gastrocnemius rSmO2 recovery following repeated-sprint 
exercise. In that study, some individuals exhibited rapid 
restoration of muscle oxygenation, whereas others failed 
to recover baseline values even after 3 min of recovery. 
Together with the present results, these observations rein-
force the sensitivity of wearable mNIRS devices to detect 
individualized physiological recovery profiles, supporting 
their application for personalized monitoring of training 
adaptations in sport settings.

Interestingly, although the overall recovery profile 
followed the expected physiological pattern, an inverse 
correlation between VL and BB rSmO2 was observed only 
during the sixth minute of recovery. This finding further 
supports the concept that muscles with distinct functional 
roles recover asynchronously, likely reflecting differences 
in local metabolic demand and systemic hemodynamic 
regulation rather than a uniform restoration of oxygen 
homeostasis throughout the body.

The recovery period was also characterized by the 
expected systemic physiological responses. Heart rate 
progressively declined, with significant reductions ob-
served until approximately the sixth minute of recovery, 
whereas blood lactate concentration continued to in-
crease, reaching peak values between 6 and 8 min after 
exercise, depending on the individual. The peak blood 
lactate concentration (18.78 ± 2.41 mmol·L−1) confirms 
the high metabolic demand imposed by the repeated-
sprint protocol. Beyond being a classical marker of 
anaerobic glycolytic contribution, lactate should also 
be interpreted as an important intermediary metabo-
lite linking glycolytic ATP production with mitochon-
drial oxidative metabolism (Brooks,  2018). Therefore, 
the temporal dissociation between heart rate recovery, 
muscle reoxygenation, and peak blood lactate further 
illustrates the complexity of the physiological processes 
involved in restoring homeostasis following repeated-
sprint exercise.

Finally, within our experimental design, no sig-
nificant correlations were identified between muscle 
oxygenation and traditional internal load markers com-
monly used in soccer—such as heart rate and blood lac-
tate concentration. This suggests that wearable mNIRS 
technology provides physiological information comple-
mentary to conventional monitoring tools by simulta-
neously capturing local muscle oxygenation. This lack 
of association may stem from the sensitivity of mNIRS 
in detecting more subtle individual variations regard-
ing recovery from high-intensity intermittent exercise 
stimuli. Thus, for future applications, we suggest that 
an integrated approach combining local oxygenation 
measurements with the analysis of systemic physiolog-
ical responses could contribute to a more individual-
ized assessment of recovery status, the optimization of 
training prescription, and the identification of athletes 
exhibiting atypical physiological responses following 
high-intensity intermittent exercise. Taken together, 
these results demonstrate that integrating continu-
ous mechanical measurements with the simultaneous 
monitoring of oxygenation in muscles with distinct 
functional roles offers a comprehensive framework for 
understanding fatigue development and post-exercise 
recovery during repeated-sprint activities.
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5   |   FINAL CONSIDERATIONS

The present study provides novel insights into the me-
chanical and physiological responses to tethered repeated-
sprint exercise in soccer players by integrating continuous 
direct measurements of force, velocity, and running power 
with simultaneous monitoring of oxygenation in muscles 
with distinct functional roles. The findings demonstrate 
that the locomotor muscle (vastus lateralis) and the non-
locomotor muscle (biceps brachii) exhibit distinct oxy-
genation dynamics during both exercise and recovery, 
indicating complementary physiological responses associ-
ated with local metabolic demand and systemic hemody-
namic adjustments.

Furthermore, the integration of continuous mechan-
ical measurements with wearable muscle near-infrared 
spectroscopy revealed that local muscle oxygenation be-
came increasingly associated with mechanical perfor-
mance as fatigue developed throughout repeated-sprint 
exercise. During recovery, the distinct reoxygenation ki-
netics observed between muscles further highlighted the 
complexity of the physiological mechanisms involved in 
restoring homeostasis following maximal intermittent 
exercise. Overall, the present study expands current un-
derstanding of the interaction between mechanical per-
formance and muscle oxygenation during repeated-sprint 
exercise and highlights the value of assessing muscles 
with distinct functional roles to obtain complementary 
physiological information regarding fatigue development 
and post-exercise recovery.

5.1  |  Limitations

The present study provides novel insights into the me-
chanical and physiological responses to tethered repeated-
sprint exercise. However, several limitations should be 
acknowledged. First, skinfold thickness was not meas-
ured at the exact anatomical site where the wearable 
mNIRS device was positioned over the biceps brachii. 
Nevertheless, this limitation is unlikely to have materially 
influenced the interpretation of the regional muscle oxy-
gen saturation data, as all participants were eutrophic soc-
cer players with low body fat percentages and low skinfold 
thickness, particularly in the upper body. For example, the 
triceps skinfold thickness (6.3 ± 1.4 mm) was well below 
the threshold considered likely to affect the accuracy of 
the mNIRS device used in the present study. According 
to McCully and Hamaoka  (2000), subcutaneous adipose 
tissue thickness should be less than approximately half 
the source–detector separation distance. Considering 
the maximum source–detector separation of 40 mm used 
in the present study, this corresponds to approximately 

20 mm. Furthermore, mNIRS signal quality was con-
tinuously monitored using the fit factor provided by the 
Artinis system. This parameter ranges from 0 to 100, with 
higher values indicating a better fit of the acquired optical 
signal. In the present study, all measurements were ob-
tained with fit factor values consistently above 99.0, indi-
cating excellent signal quality and further supporting the 
reliability of the recorded TSI data.

Although wearable mNIRS provides valuable infor-
mation regarding local muscle oxygenation, the simul-
taneous assessment of pulmonary oxygen uptake (V̇O2) 
would further improve the interpretation of the interac-
tion between systemic oxygen delivery and local muscle 
oxygen utilization during both exercise and recovery. 
Future studies should therefore combine pulmonary gas 
exchange measurements with wearable mNIRS-derived 
muscle oxygenation, together with cerebral oxygenation 
monitoring, to provide a more integrated understanding 
of oxygen transport and utilization during RSE (Orcioli-
Silva et al., 2024; Simpson et al., 2025).

Furthermore, the present findings indicate that the 
recovery period following RSE contains important phys-
iological information that deserves further investiga-
tion, particularly when the Running Anaerobic Sprint 
Test (RAST) is applied to soccer players (Michailidis 
et al., 2020). Future studies may also benefit from incor-
porating Doppler ultrasonography to characterize post-
exercise hemodynamic responses more comprehensively 
and improve the understanding of vascular regulation 
during recovery. Such multimodal approaches may fur-
ther clarify the physiological mechanisms underlying 
fatigue development and post-exercise recovery during 
repeated-sprint exercise.

Practical applications

The present findings demonstrate that continuous 
monitoring of muscle oxygen saturation using wearable 
near-infrared spectroscopy provides valuable physiolog-
ical information that complements traditional internal 
load markers, such as heart rate and blood lactate con-
centration, during repeated-sprint exercise performed 
under ecologically valid field conditions. Moreover, 
the distinct oxygenation patterns observed between the 
primary locomotor muscle (vastus lateralis) and the 
non-locomotor muscle (biceps brachii) indicate that 
muscles with different functional roles exhibit comple-
mentary physiological responses during both exercise 
and recovery.

Furthermore, the marked interindividual variability 
observed in muscle oxygenation responses reinforces 
the sensitivity of wearable mNIRS for identifying indi-
vidualized physiological profiles. These findings indicate 
that athletes may exhibit distinct physiological recovery 
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patterns despite performing the same repeated-sprint 
protocol, highlighting the importance of individualized 
monitoring rather than relying exclusively on group-
average responses. Considering that muscle oxygenation 
was also associated with repeated-sprint performance, 
wearable mNIRS may represent a valuable tool for mon-
itoring internal training load, evaluating recovery status, 
and supporting individualized training prescription in 
soccer players.

The present findings further suggest that monitoring 
physiological responses during recovery intervals may 
provide information that is as valuable as monitoring ex-
ercise performance itself. The observation that meaningful 
physiological recovery occurred even during 10-s recovery 
intervals highlights the importance of individual recovery 
dynamics and may assist coaches and practitioners in op-
timizing repeated-sprint training, recovery strategies, and 
training load management.

Overall, integrating wearable muscle oxygenation 
monitoring with continuous direct mechanical assess-
ment and traditional physiological markers provides a 
robust and multidimensional framework for evaluating 
fatigue development, recovery dynamics, and repeated-
sprint performance under field conditions. This integrated 
approach has the potential to improve individualized 
training prescription, optimize recovery strategies, and 
enhance performance monitoring in soccer and other in-
termittent team sports.
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