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J. Montraveta et al.

Introduction

Running on a 400-m track is fundamental for training and
performance assessment, providing a controlled setting for
evaluating endurance and kinematic efficiency (Léger &
Boucher, 1980). These tracks feature two straight sections
(approximately 84.39 m each) and two curved sections with a
radius of around 36.5 m (World Athletics, 2019). The curves
present unique biomechanical challenges, requiring runners
to manage continuous leftward turns. This asymmetrical
movement places different mechanical and physiological
demands on the inner and outer legs due to variations in
loading, with potential implications for performance and
injury risk (Alt et al., 2015). Supporting this perspective,
Gilgen-Ammann et al. (2017) found that gait asymmetry
was significantly greater in runners with a history of injury
than in uninjured counterparts, suggesting that persistent
asymmetries may reflect underlying vulnerabilities. This
raises the question of whether pre-existing asymmetries
may be the reason for these injuries (Knapik et al., 1991;
Vasquez-Bonilla et al., 2022, 2023).

To better understand the origin of these asymmetries,
it is essential to examine how curved-track running affects
specific kinematic variables such as cadence (CAD), stride
length (SL), and ground contact time (GCT). In response
to the centrifugal forces generated during turning, athletes
typically exhibit a shorter SL and longer GCT in the inner
leg compared with the outer leg, particularly at higher
running speeds. The inner leg serves as a stabilizer under
increased compressive forces, while the outer leg provides
greater propulsion to meet the biomechanical demands of
the curve (Chang & Kram, 2007). In the study by Chang and
Kram (2007), asymmetries between the inner and outer legs
were observed during sprinting on a 6-m radius curve. The
outer leg demonstrated a significantly greater SL compared
to the inner leg (1.70 £ 0.10 m vs. 1.53 £ 0.02 m; p < .05).
Although differences were also noted in step frequency (SF)
(3.88 £ 0.13 steps st vs. 3.56 + 0.12 steps s™!) and GCT
(0.203 £ 0.008 s vs. 0.190 = 0.006 s), these differences were
not statistically significant. Hamill et al. (1987) investigated
how runners adjusted lower-extremity function when
navigating the curves of a 400-m track. Their study revealed
significant asymmetries between the right and left limbs
during curved running, particularly in the initial phase of foot
contact. Notably, differences were observed in touchdown
angles, maximum pronation angles, and mediolateral ground
reaction forces. These findings suggest that transitions
between curved and straight sections of the track require
runners to adapt their gait patterns dynamically. Continuous
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leftward turning on curves imposes distinct mechanical and
physiological demands on each leg, potentially affecting
variables such as vertical oscillation (VO) and CAD (Hamill
et al., 1987).

Over time, these asymmetrical mechanical loads may
contribute to the development of inter-limb asymmetries,
particularly in athletes who frequently train on curved tracks.
This concept refers to performance imbalances between
the opposing limbs of the body (Bishop et al., 2017, 2022;
Fox et al., 2023). Although inter-limb asymmetries have
traditionally been studied in multidirectional sports involving
explosive actions and rapid changes of direction (Bishop
et al., 2017; Loturco et al., 2019), recent research has also
examined these imbalances in endurance-based and linear
disciplines such as running and triathlon (Helme et al., 2021;
D’Hondt et al., 2024; Jacques et al., 2021). These findings
suggest that asymmetries are relevant not only in team
sports but also in activities characterized by continuous and
repetitive motion. Asymmetries in lean mass distribution,
muscle strength, or power output (PWR) have been linked
to performance inefficiencies and an increased risk of injury
(Bell et al., 2014; Knapik et al., 1991).

Systematic reviews have underscored the complex
relationship between inter-limb asymmetry and sports
performance. For example, Bishop et al. (2017) concluded
that inter-limb asymmetries observed across a variety of
tasks often have a negative impact on physical performance.
However, their findings highlighted significant variability,
with some studies reporting minimal or no association
between asymmetry and performance outcomes. Similarly,
D’Hondt et al. (2024) reported high methodological
heterogeneity in studies on inter-limb asymmetry and
endurance running, making it difficult to draw definitive
conclusions. Although some asymmetry metrics, such as
unilateral countermovement jump (UCMJ) asymmetries
exceeding 10% or inter-limb differences in strength, may
negatively affect running performance (Bishop et al., 2017),
the evidence is not universally consistent, emphasizing the
need for high-quality research to determine thresholds and
actionable training implications.

In triathlon, kinematic asymmetries may be more
strongly influenced by the prolonged and repetitive
mechanical demands of cycling than by the transition itself.
Accumulated fatigue from cycling can alter neuromuscular
control during subsequent running, potentially exacerbating
inter-limb asymmetries (Millet & Vleck, 2000). Heiden
and Burnett (2003) demonstrated that muscle activation
patterns in the legs during running are significantly altered
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following the cycling segment, with notable changes in
key lower-limb muscles such as the biceps femoris and
vastus lateralis. Similarly, Connick and Li (2015) reported
increased stride-time variability and reduced stride length
during post-cycling running, indicating a disruption in
locomotor control likely linked to prior fatigue. Olcina et
al. (2019) observed a decrease in stride length following
cycling, suggesting impaired neuromuscular recruitment
as a contributing factor.

In addition to kinematic and muscle activation variables,
muscle physiology parameters are also relevant for better
understanding limb asymmetries. Muscle oxygen saturation
(SmO,) provides valuable information for assessing potential
inter-limb differences. A decrease in SmO, reflects a
greater imbalance between oxygen delivery and utilization,
indicating increased muscular oxygen extraction during
exercise (van der Zwaard et al., 2016). Using near-infrared
spectroscopy (NIRS), researchers have been able to evaluate
whether variability or asymmetries in oxygen utilization
exist between the legs during activities such as cycling
(Sendra-Pérez et al., 2025; Skotzke et al., 2024). Olcina et
al. (2019) examined the effect of prior cycling on running
performance, stride length, and muscle oxygen saturation
(SmO,) in triathletes, and their results indicated that high-
intensity cycling before running can impair performance by
reducing stride length and limiting the peripheral utilization
of oxygen in muscles exhibiting elevated SmO, levels. These
findings suggest that pre-fatigue induced by cycling not only
compromises biomechanical efficiency but also leads to
localized oxygenation imbalances, potentially exacerbating
muscle asymmetries during the subsequent running segment.
Similar findings have been reported in other sports such
as football and rugby, where SmO, asymmetries correlate
with reduced performance efficiency and increased injury
risk (Vasquez-Bonilla et al., 2022, 2023).

Wearable technology now allows real-time monitoring of
kinematic variables, PWR, and SmO, to assess asymmetries.
Devices such as the Stryd sensor provide detailed data on
PWR, SL, GCT, and VO, supporting performance analysis
(van Rassel et al., 2023). These tools help athletes and coaches
identify inter-limb differences in mechanical output and
SmO,, enabling targeted training to optimize performance
and reduce injury risk. Prior studies have demonstrated
their usefulness in this context. For example, Bini and
Hume (2015) found notable pedal-force asymmetries during
cycling time trials, whereas Yanci (2014) reported PWR
asymmetries between dominant and nondominant legs in
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endurance athletes. Both studies suggest that addressing
these imbalances may enhance performance and reduce
injury risk.

Building on this foundation, inter-limb asymmetry is
defined as the imbalance or difference between the lower
limbs which can manifest in functional, kinematic, or
kinetic dimensions. In endurance runners, research has
reported functional asymmetries of approximately 16—
17% and biomechanical differences ranging from 3% to
54%, depending on the task and metric used (D’Hondt et
al., 2024). While data specifically quantifying its general
prevalence in triathletes remain scarce due to a lack of prior
investigations in this population, existing evidence has
documented significant lateral differences in neuromuscular
characteristics. Specifically, running after cycling has been
shown to alter muscle activation patterns, such as reduced
soleus activation in one limb, despite no observed differences
in external kinetics or kinematics (Jacques et al., 2021).
Given the biomechanical demands of track running and
the documented presence of inter-limb asymmetries in
endurance athletes and triathletes, this study aimed to address
the following objectives:

1. To analyze whether running on a 400-m track induces
measurable differences in power, kinematics, and muscle
oxygen saturation between the inner and outer legs.

2. To evaluate the extent of power, kinematic, and
muscle oxygen saturation asymmetries in triathletes during
track running.

Materials and Methods

Participants

Fourteen national-level male triathletes voluntarily
participated in this study (Table 1). Inclusion criteria were
being licensed and actively competing in national triathlon
events. Exclusion criteria included cardiac disorders, current
injury, or injury within the previous two months. Furthermore,
individuals with an adipose tissue thickness (ATT) greater
than 7 mm were excluded to minimize interference with
NIRS signal quality, as higher ATT can attenuate near-
infrared light and compromise the accuracy of SmO, readings
(McManus et al., 2018). ATT was calculated as 0.5 x the
mean skinfold thickness. All participants provided written
informed consent, and the study protocol was approved
by the Clinical Research Ethics Committee of the Catalan
Sports Administration (026/CEICGC/2023).
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Table 1

Triathlete characteristics (n = 14)

Variables Values

Age (years) 27.43 + 8.55
Body mass (kg) 66.50 + 5.30
Stature (cm) 175.07 £ 5.76
BMI (kg-m-?) 21.70 + 1.49
Maximal aerobic speed (km-h-") 18.53 + 1.02
ATT RVL (mm) 3.29+1.95
ATT LVL (mm) 3.47 +2.07

Note. Values are presented as mean = standard deviation (SD).
BMI = body mass index; ATT RVL = adipose tissue thickness of
the right vastus lateralis; ATT LVL = adipose tissue thickness of
the left vastus lateralis.

Materials

PWR and kinematic parameters were measured using the
Stryd sensor (Stryd Inc., Boulder, CO, USA), which has
been previously validated for running power estimation
under controlled conditions (Cerezuela-Espejo et al., 2021).
Stryd sensors were attached to the laces of each running
shoe, centrally positioned on the dorsum of the foot, in
accordance with the manufacturer’s guidelines. The device
sampled and exported processed data at 1 Hz, while internal
inertial data were recorded at higher rates (up to ~100
Hz). SmO, was measured with a continuous-wave NIRS
device (MOXY, Hutchinson, Minnesota, United States)
using four wavelengths (680, 720, 760, and 800 nm).
SmO, was measured as a percentage according to the
following equation: SmO, = [oxy. hemoglobin (O2Hb) /
(oxy. hemoglobin (O2HDb) + deoxy. Hemoglobin (HHb))]
* 100 where O,Hb represents oxyhemoglobin and HHb
represents deoxyhemoglobin. The MOXY device is a
portable, non-invasive NIRS system designed for field-
based assessments of muscle oxygenation. Its validity
and reliability for measuring SmO, during exercise have
previously been established (Feldmann et al., 2019). The
NIRS device was positioned over the belly of the vastus
lateralis (VL) muscle on both legs, midway between the
greater trochanter and the lateral femoral epicondyle
(McManus et al., 2018). The sensors were secured with
adhesive tape (Hypafix; BSN Medical, Hamburg, Germany).
The sampling rate was set to the device’s default mode,
updating every two seconds with a 10-second smoothing
window.

Procedures
The placement of the Moxy sensors was determined using
a tape measure and a marker pen. In addition, skinfold
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thickness was measured at the site where the NIRS device
was positioned using a Harpenden skinfold caliper (accuracy:
0.20 mm). The Stryd sensors were then attached to both
running shoes.

All participants performed a VAM-EVAL test (Garcia
& Secchi, 2013) on a 400-m track. In accordance with the
original protocol, no standardized warm-up was performed
prior to testing, as the low initial running speed provided a
progressive warm-up. Running speed was controlled by an
acoustic signal. The initial velocity was set at 8.5 km-h™! and
increased by 0.5 km-h™! each minute. Cones were placed
every 20 m to help participants adjust their pace to the audio
cues. The test was terminated when participants stopped
due to exhaustion or failed to reach the marked cone on
two consecutive occasions. Maximal aerobic speed (MAS)
was defined as the velocity achieved during the last fully
completed stage; incomplete stages were not considered
(Garcia & Secchi, 2013).

The testing sessions were conducted on an outdoor
athletics’ track in Barcelona between February 27 and
April 23, 2024, under average environmental conditions of
21.1£5.7°C and 74.6 + 16.6% relative humidity. Participants
were instructed to refrain from high-volume or high-intensity
training during the 24 hours preceding the test.

Statistical Analysis

Kinematic and SmO, data were filtered every 2 seconds
before analysis and temporally aligned to time zero (t = 0)
for synchronization. Time zero was defined as the start of the
VAM-EVAL test, identified by the first increase in running
speed indicated by the acoustic signal, and synchronized
across devices using the internal timestamps of the recording
systems. Descriptive statistics (mean =+ standard deviation
[SD]) were calculated for all variables.

The intensity levels (60%, 70%, 80%, and 90% of
maximal aerobic speed [MAS]) were determined from the
results of the VAM-EVAL test. Mean values for both legs
were obtained from the central 20 seconds of each one-
minute interval at every intensity level.

Normality was evaluated using the Shapiro—Wilk test.
With the exception of some asymmetry indices (PWR ASYM,
CADASYM, VO ASYM, GCT ASYM, and SL ASYM), all
variables met the assumption of normality. Consequently, a
two-way repeated-measures analysis of variance (ANOVA)
was conducted to compare differences between legs (inner
leg vs. outer leg) and intensity levels (60%, 70%, 80%, and
90% of MAS) for PWR, kinematic parameters (CAD, VO,
GCT, and SL), and SmO,,.
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A separate one-way ANOVA was performed to examine
differences in asymmetry indices for PWR, kinematic
parameters (CAD, VO, GCT, and SL), and SmO, across
intensity levels. Asymmetry (%) for each variable was
calculated according to the following equation:

XX

ASI% = (m) -100

where X represents the SmO, recorded from the right leg
and X represents the corresponding SmO, recorded from
the left leg. This approach follows established protocols
(Karamanidis et al., 2003; Knapik et al., 1991).

In both the two-way repeated-measures ANOVA and the
one-way ANOVA for asymmetry indices, post hoc pairwise
comparisons were conducted using Holm’s correction method
to control the family-wise error rate due to multiple testing,
and adjusted p-values are reported. For pairwise comparisons
following the two-way ANOVA, effect sizes were calculated
using Cohen’s d, with values of 0.2, 0.5, and 0.8 interpreted as
small, medium, and large effects, respectively (Cohen, 1988).
For the one-way ANOVA applied to normally distributed
asymmetry indices (e.g., SmO, ASYM), effect sizes were

Table 2
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estimated using partial eta squared (n2,), with thresholds of
.01, .06, and .14 considered small, medium, and large effects,
respectively (Richardson, 2011). In contrast, for asymmetry
indices that did not meet the normality assumption (e.g.,
PWR ASYM, CAD ASYM, VO ASYM, GCT ASYM, and
SL ASYM), the Friedman test was applied, followed by
Wilcoxon signed-rank tests with Holm’s correction for pairwise
comparisons; in these cases, effect sizes were calculated using
Kendall’s W, interpreted as small (.1), moderate (.3), and
large (.5) levels of agreement (Tomczak & Tomczak, 2014).

All statistical analyses were performed using Microsoft
Excel (version 16.81, 24011420) and JASP (version 0.18.3).
Statistical significance was set at p < .05 for global effects.

Results
The participants (n = 14) achieved a maximal heart rate
(HR ) of 183.5+15.6 bpmand a MAS of 18.53 +1.02 km‘h"!
during the VAM-EVAL test. SmO,, PWR, and kinematic
parameters showed progressive changes in response to the

increasing running velocity throughout the test.

Descriptive data for both legs in PWR, CAD, VO, GCT, SL, and SmO, during the VAM-EVAL test (n = 14; significant differences

(p < .05) across intensity levels are indicated)

60% MAS 70% MAS 80% MAS 90% MAS
PWR-IL (W) 228.6 +29.3 ABC 259.6 +27.5 BC 293.8 +29.4 (O 324.5+31.8
PWR-OL (W) 225.2 +27.5 ABC 256.6 + 27.3 BC 285.4 + 30.6 C 319.5 +29.4
CAD-IL (spm) 81.8+2.8 ABC 83.5+2.8 BC 85.3 3.0 C 88.2 + 3.1
CAD-OL (spm) 82.0x2.9 ABC 83.4+2.8 BC 85.4 + 3.1 C 88.5+3.3
VO-IL (cm) 81.7£10.3 B 84.6 +8.3 85.7 + 8.1 82.2+6.9
VO-OL (cm) 80.1 £ 10.1 B 83.8 +8.2 84.7+8.4 81.5x7.4
GCT-IL (ms) 251.9+10.8 ABC 2273+ 7.0 BC 207.6 +9.2 C 193.5 £ 6.6
GCT-OL (ms) 255.2 +10.5 ABC 230.2 + 8.2 BC 209.8 + 8.5 C 193.9+ 6.6
SL-IL (cm) 1199.56+101.3 ABC 1363.5+922 BC* 1519.8+100.5 C~ 1641.4 + 89.8
SL-OL (cm) 1173.9+953 ABC 1328.8+87.0 BC 1476.0+935 C 1613.1 +78.5
SmO,-IL (%) 40.2+9.4 C 40.5+9.9 C 36.7£9.9 C 26.6 £ 10.0
SmO,-OL (%) 42.7 +13.6 C 40.3 £16.0 C 36.4 + 18.6 C 249 +18.1

Note. Values are presented as mean + standard deviation (SD). Letters (A, B, C) indicate significant differences between intensity levels
compared with 70%, 80%, and 90% of MAS, respectively. Significant differences between legs (p < .05) are marked with an asterisk (*). IL = inner
leg; OL = outer leg; PWR = power output; CAD = cadence; VO = vertical oscillation; GCT = ground contact time; SL = step length;

SmO, = muscle oxygen saturation; MAS = maximal aerobic speed.
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Table 3 o
Results of the two-way repeated-measures ANOVA for PWR, CAD, VO, GCT, SL, and SmO, during the VAM-EVAL test (n = 14) %
F df (effect, error) p "% E
[
PWR Leg 13.62 (1,13) .003 512 E
o
Intensity 432.90 @3, 39) <.001 971 e
Leg*Intensity 1.31 (3, 39) .285 .001
CAD Leg 1.10 ad, 13) 313 .078
Intensity 93.47 (3,39 <.001 .878
Leg*Intensity 1.12 (3,39 .354 .079
VO Leg 7.97 (1,13) .014 .380
Intensity 4.78 3, 39) .006 269
Leg*Intensity 1.35 (3, 39) 271 .094
GCT Leg 6.51 (1,13) .024 334
Intensity 273.83 (3,39 <.001 .955
Leg*Intensity 0.97 (3, 39) 415 .070
SL Leg 21.26 (1,13) <.001 .621
Intensity 402.29 (3, 39) <.001 .969
Leg*Intensity 0.94 (3, 39) 424 .068
Smo, Leg 0 a,13) 976 .000
Intensity 29.93 (3,39 <.001 .697
Leg*Intensity 2.37 (3, 39) .068 154
Note. F = F statistic; df = degrees of freedom (effect, error); p = significance level; n?, = partial eta squared (effect size). PWR = power
output; CAD = cadence; VO = vertical oscillation; GCT = ground contact time; SL = step length; SmO, = muscle oxygen saturation.
Statistical significance was set at p < .05.
During the incremental stages of the VAM-EVAL test inter-leg differences were found for CAD (p =313, n?, =.08)
(60%, 70%, 80%, and 90% of MAS), PWR, CAD, and or SmO; (p =.976, n?, = .00).
SL increased significantly in both legs at all intensities, Effect size analysis revealed moderate to large inter-
whereas GCT decreased significantly across all intensities limb differences for PWR, VO, GCT, and SL (n?, ranging
(all p <.05) (Table 2). A significant main effect of Leg was from .33 to .62). In contrast, GCT, SL, and PWR exhibited
observed for PWR (F(1,13) =13.62, p = .003, 12, = .512), VO marked intra-limb adaptations with increasing intensity, as
(F(1,13)=7.97, p=.014,1%, =.38), GCT (F(1,13) =6.51, reflected by highly significant intensity effects and partial
p =.024, n2, = .334) and SL (F(1,13) = 21.26, p < .001, eta squared values exceeding .95 (Table 3). Both the inner
n?%, =.621). However, post hoc comparisons between inner and outer legs exhibited very large within-limb effect sizes
and outer legs at each intensity level only reached statistical in response to increasing intensity, particularly for GCT, SL,
significance after Holm correction for PWR at 80% of MAS and PWR. Effect sizes ranged from 1.07 to 3.26 for PWR,
(t(13) = —4.455, p = .003, d = -0.29), SL at 70% of MAS from 1.75 to 6.97 for GCT, and from 1.38 to 4.76 for SL.
(t(13) = -6.298, p < .001, d = —0.37) and SL at 80% of CAD and SmO;, also showed within-limb changes, although
MAS (t(13) =-4.717, p < .001, d = —=0.47) This suggests a with smaller magnitudes. Effect sizes ranged from 0.52 to
consistent main effect of Leg in VO and GCT, with one leg 2.16 for CAD and from 0.08 to 1.15 for SmO,, suggesting
systematically differing from the other across all intensities. moderate to large intra-limb adjustments, particularly at
However, the lack of a significant Leg x Intensity interaction higher intensity levels. In contrast, VO displayed only small
indicates that the magnitude of this inter-limb difference and inconsistent effect sizes (d = 0.08 to 0.39), indicating
remained stable, regardless of intensity level. No significant limited responsiveness to increasing intensity.
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Table 4
Descriptive data for asymmetry indices in PWR, CAD, VO, GCT, SL, and SmO, across intensity levels (60%, 70%, 80%, and 90% of MAS;
significant differences between intensity levels (p < .05) are indicated)

60% MAS 70% MAS 80% MAS 90% MAS
PWR ASYM (%) 3.87 = 3.51 2.26 +1.47 3.08 +2.25 2.46 = 1.36
CAD ASYM (%) 0.40 +£0.48 0.25 +0.23 0.45 + 0.46 0.54 + 0.83
VO ASYM (%) 214 +£2.29 1.31 +1.47 1.66 + 1.30 1.76 + 1.05
GCT ASYM (%) 211+1.70 1.68 +2.17 1.74 +0.77 1.96 + 1.82
SL ASYM (%) 3.71£2.77 2.56 + 1.46 2.93+2.19 2.68 +1.25
SmO, ASYM (%) 24.44 +16.30 C 26.98 + 21.98 C 35.38 + 29.61 53.49 + 48.53

Note. Values are presented as mean + standard deviation (SD). Letters (A, B, C) indicate significant differences between intensity levels
compared with 70%, 80%, and 90% of MAS, respectively. ASYM = asymmetry; PWR = power; CAD = cadence ; VO = vertical oscillation;
GCT = ground contact time; SL = step length; SmO, = muscle oxygen saturation; MAS = maximal aerobic speed.

Table 5
Results of the statistical analyses for inter-limb asymmetry indices across intensity levels during the VAM-EVAL test

x?/F df P Kendall's W/ 1?2,
PWR ASYM 3.171 3 .366 .076
CAD ASYM 0.848 3 .838 .020
VO ASYM 4.114 3 249 .098
GCT ASYM 5.143 3 162 122
SLASYM 5.571 3 134 133
SmO, ASYM 5.653 3 .003 .303

Note. x2F = Friedman test statistic; F = F statistic; df = degrees of freedom; p = significance level; Kendall’s W = effect size for Friedman
test; n?, = partial eta squared (effect size). ASYM = asymmetry; PWR = power; CAD = cadence; VO = vertical oscillation; GCT = ground
contact time; SL = step length; SmO, = muscle oxygen saturation; MAS = maximal aerobic speed. PWR ASYM, CAD ASYM, VO ASYM,
GCT ASYM, and SL ASYM were analyzed using the Friedman test, whereas SmO, ASYM was analyzed using a repeated-measures

ANOVA. Statistical significance was set at p < .05.

Regarding inter-limb asymmetry values, no significant
differences were observed in PWR, CAD, SL, VO, or GCT
across the different intensity levels (Table 4). However,
asymmetry in SmO, showed significant differences between
60-90% and 70-90% of MAS (p < .05).

Effect size analysis revealed small to large effects for
SmO, asymmetry across intensities, ranging from small
(60-70% MAS: d = 0.081; 70-80% MAS: d = 0.266)
to moderate (60-80% MAS: d = 0.347; 80-90% MAS:
d =0.574) and large (60-90% MAS: d = 0.921; 70-90%

MAS: d = 0.840) (Table 4). These results suggest that
SmO, asymmetry progressively increases as running
intensity rises.

Figure 1 illustrates the SmO, patterns of both legs in
two representative participants. The left panel showed a
participant exhibiting marked asymmetries, whereas the
right panel depicts one with no observable asymmetry. In
the asymmetric participant, although the absolute SmO,
values differ substantially between legs, the temporal
saturation profiles remain notably similar across intensities.
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Figure 1 O
Comparison of SmO, between a participant exhibiting legs’ asymmetry (left panel) and a participant without legs’ asymmetry (right =
. 4
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Note. SmO, values are expressed as percentages (%), and running velocity is expressed in kilometers per hour (km-h-'). The black line
represents the outer leg, while the light-colored line represents the inner leg. MAS = maximal aerobic speed.
throughout the test. In contrast, SmO, asymmetry increased
Discussion progressively with intensity, with large effect sizes observed
This study is among the first to examine power, kinematic, at 90% MAS. This physiological divergence suggests a
and muscle oxygenation asymmetries between the inner growing imbalance in local muscle oxygenation between
and outer legs during incremental 400-m track running in limbs under higher metabolic stress, highlighting SmO,, as
an ecological outdoor setting. Most previous research in this a sensitive and potentially early marker of load-dependent
area has been conducted under controlled indoor laboratory asymmetry during high-speed running.
conditions, which may not fully capture the biomechanical These findings partially align with previous studies
and physiological complexities of real-world running. reporting kinematic alterations during curved running;
The first aim was to determine whether running on a 400- however, important methodological differences must be
m track induces measurable differences in PWR, kinematic considered when comparing results. For instance, the
variables (CAD, VO, GCT, SL), and SmO, between the studies by Chang and Kram (2007) and Hamill et al.
inner and outer legs. The main findings revealed significant (1987) demonstrated that curved track running affects key
main effects of Leg for PWR, SL, VO, and GCT, indicating kinematic variables such as CAD, SL, SF, VO, and GCT.
systematic inter-limb differences across all intensity levels. It is important to acknowledge substantial differences in
However, post hoc analyses identified statistically significant their experimental conditions compared with those of
differences only at specific intensities (PWR at 80% of MAS, the present study. Specifically, Chang and Kram (2007)
and SL at both 70% and 80% of MAS), while no significant investigated running on curves with a much smaller radius
inter-limb differences were observed for CAD or SmO,. (6 m) than that of a standard athletics track (36.5 m), and
Furthermore, the absence of significant Leg x Intensity their participants ran at maximal sprinting speeds, in contrast
interactions suggests that these asymmetries remained stable to the submaximal intensities used in our protocol (up to
throughout the incremental protocol rather than increasing 100% of MAS; 5.15 + 0.28 m-s!). Similarly, Hamill et al.
with exercise intensity. (1987) examined running at a considerably higher velocity
The second aim was to evaluate the extent and progression (6.31 = 5 m-s!) than the pace maintained by the triathletes in
of inter-limb asymmetries as running intensity increased. our study. These methodological differences produced much
The main findings showed that asymmetry indices for PWR, greater centrifugal forces, thereby amplifying the kinematic
CAD, VO, GCT, and SL did not change significantly across disparities between the inner and outer legs observed in
intensity levels, suggesting stable mechanical symmetry their findings.
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We also observed that as running intensity increased,
significant rises were observed in PWR, CAD, and SL in
both legs across all intensity levels. Specifically, PWR in
the IL increased by 13.6%, 13.2%, and 10.4% between
60-70%, 70-80%, and 80—-90% of MAS, respectively.
Similarly, PWR in the OL increased by 13.9%, 11.2%, and
11.9% across the same intervals. Regarding CAD, both legs
exhibited moderate but consistent increases with intensity.
CAD in the IL rose by 2.1%, 2.2%, and 3.4%, while the
OL showed slightly smaller but progressive increments of
1.7%, 2.4%, and 3.6% across the corresponding intervals. SL
also increased with intensity, although the rate of increase
declined as it approached 90% of MAS. In the IL, SL rose
by 13.7%, 11.5%, and 8.0%, while in the OL, increases
of 13.2%, 11.1%, and 9.3% were observed. Conversely,
GCT consistently decreased in both legs as intensity
increased. For the IL, GCT declined by -9.8%, —8.7%,
and —6.8% between 60-70%, 70-80%, and 80-90% of
MAS, respectively. In the OL, the reductions were —9.8%,
—8.9%, and —7.6% across the same intensity ranges. These
findings align with those of Patoz et al. (2023), particularly
regarding the consistency of biomechanical responses across
increasing running intensities. Similar to their observations
at 90%—-120% of peak aerobic speed, our data revealed no
significant Leg x Intensity interactions (p > .05), indicating
a uniform adaptation pattern in both limbs. Additionally,
both studies reported stable cadence (stride frequency) and
vertical oscillation despite increasing fatigue, suggesting
that runners prioritize maintaining movement rhythm and
center-of-mass control. The significant effect of intensity
observed in our ground contact time data also supports their
interpretation that runners adopt spatiotemporal strategies,
such as modulating contact time, to optimize load distribution
during high-intensity efforts. While both studies focused on
biomechanical responses to submaximal and near-maximal
intensities, our protocol was slightly less demanding. In
our study, athletes performed a continuous incremental test
without rest periods, whereas Patoz et al. (2023) conducted
four separate exhaustive trials at fixed percentages of each
participant’s peak speed, performed in randomized order.

In addition to the mechanical adjustments observed in
spatiotemporal parameters, physiological responses at the
muscular level also showed meaningful trends as intensity
increased. In particular, muscle oxygen saturation (SmO,)
progressively decreased in both the inner and outer leg
throughout the incremental protocol. This response is
consistent with previous studies on muscle oxygenation
during graded exercise, which reported a continuous decline
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in SmO, due to increased oxygen extraction demands (Grassi
et al., 1999). The present findings confirm this pattern,
especially at higher intensities such as 90% of MAS.

No significant differences were observed between the
inner and outer leg (p = .976), nor was there a significant
Leg x Intensity interaction (p = .068). However, there was
a strong main effect of intensity (p <.001, n? = .697),
indicating that SmO, responded markedly to increases
in running speed. These results suggest that the observed
changes in SmO;, reflect a global physiological adaptation
to elevated metabolic demand, without clear evidence of
functional imbalances between the inner and outer leg in
terms of muscle oxygenation.

The secondary aim of this study was to evaluate the
extent of asymmetries in PWR, kinematic variables (CAD,
VO, GCT, and SL), and SmO, in national-level triathletes
during a VAM-EVAL test. The main findings showed no
significant differences across intensities, except for SmO,,
which exhibited significant changes between 60-90%
and 70-90% of MAS. These results suggest that SmO,
asymmetries become more pronounced at higher exercise
intensities, particularly at 90% of MAS, indicating that as
running intensity increases, oxygen utilization disparities
between legs become more evident in triathletes.

To better contextualize these findings, it is essential to
consider the underlying physiological mechanisms that may
explain the observed asymmetries. The presence of significant
SmO, asymmetry, despite symmetrical mechanical outputs
such as power and stride length, points toward the role of
intrinsic muscular factors. In particular, local variations in
capillarization and vascular adaptations may contribute to
these disparities. Capillarization is a key determinant of
oxygen delivery and diffusion; specifically, parameters
such as capillary density and the number of capillary
contacts per fiber area (CC/FA) are associated with more
efficient O, extraction, a relationship particularly robust
in young populations (Chilibeck et al., 1997). Moreover,
vascular adaptations induced by endurance training tend to
be localized, with enhanced microvascular responsiveness
occurring primarily in the tissues directly involved in the
effort (Soares et al., 2018).

Internal physiological processes may remain asymmetric
due to differences in local muscle perfusion or oxidative
metabolism. In this context, circulatory adjustments mediated
by autonomic reflexes, such as the exercise pressor reflex, may
favor blood flow redistribution toward the most metabolically
active muscles, potentially limiting oxygen delivery to non-
active or synergistic muscles. These mechanisms are part
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of the broader autonomic response to increased metabolic
demand and play a role in modulating limb-specific vascular
responses during intense exercise (Orcioli-Silva et al., 2024).

Additionally, neuromuscular strategies such as muscle co-
activation contribute to these internal asymmetries. At higher
running speeds, global co-activation increases, occurring earlier
and for shorter durations to enhance whole-limb stiffness
and joint stabilization (Fiori et al., 2024). Importantly, the
relationship between muscle excitation (RMS) and SmO,
is not uniform across all muscles. While power-generating
muscles like the vastus lateralis show a clear inverse pattern
(RMS increases while SmO, decreases) due to higher metabolic
demand, some stabilizers, such as the gastrocnemius medialis,
maintain both stable SmO, and RMS levels throughout
exercise (Sendra-Pérez et al., 2025). This reflects their distinct
functional roles, as stabilizing muscles are more involved
in load regulation than in force generation. These findings
highlight the complex interplay of neuromuscular and vascular
mechanisms that modulate SmO, dynamics. Since the present
study focused exclusively on the vastus lateralis, examining
additional muscles with diverse functional roles would provide
a more comprehensive understanding of these physiological
asymmetries.

While previous studies have typically assessed SmO,
symmetry using statistical agreement methods and absolute
inter-limb differences, our analysis employed a normalized
asymmetry index (ASI%) to express the relative disparity
between legs. In controlled laboratory settings, Sendra-Pérez
et al. (2025) defined symmetry based on absolute SmO,
differences ranging from 10% to 20%, while Skotzke et al.
(2024) used Bland—Altman analysis to establish limits of
agreement (LoA) of = 20%, finding that such inter-limb
differences are common and not linked to leg dominance. In
contrast, our ASI% values during outdoor running ranged from
24.4% to 53.5%, exceeding both the laboratory thresholds
and the minimal detectable change (MDC) of 18% reported
by Skotzke et al. (2024) for SmO, in cycling.

However, it is important to note that the ASI% is
mathematically sensitive to low absolute values. Since SmO,
levels declined markedly at high intensities (e.g., ~25% at
90% MAS), even moderate absolute differences may yield
disproportionately high ASI% values. To validate our findings,
we conducted a Bland—Altman analysis across all intensities.
The results revealed minimal systematic bias across 60%,
70%, and 80% of MAS (-2.6% =+ 24.0%, +0.2% + 24.3%,
and +0.3% = 28.3%, respectively), with relatively consistent
limits of agreement. At 90% MAS, although SmO; values
were lower, the bias remained small (+1.7%), and the LoA
(£25.68%) did not widen substantially compared to previous
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stages. Compared to Skotzke et al. (2024), who reported LoA
of + 20% during steady-state cycling, our results show slightly
wider but still comparable levels of physiological asymmetry
under more demanding, field-based running conditions. These
results suggest that while physiological asymmetries in SmO»,
as captured by ASI%, do become more evident with increasing
intensity, the magnitude of the relative asymmetry should be
interpreted cautiously, especially under conditions of low
oxygen saturation.

According to the recent systematic review by D’Hondt et
al. (2024), the relationship between inter-limb asymmetry and
endurance running performance is complex. Their findings
indicate that some (but not all) functional, morphological,
kinematic, and kinetic asymmetry metrics are negatively
associated with, or show no significant relationship to, running
performance. In the present study, despite exhibiting significant
SmO, asymmetries, particularly at higher intensities, the
triathletes achieved a performance level of 3 according to the
classification proposed by De Pauw et al. (2013). To analyze
asymmetries in greater depth, it would have been beneficial
to perform a preliminary body composition assessment using
dual-energy X-ray absorptiometry (DXA) to evaluate total body
composition and identify potential differences in muscle mass
between legs. Branski et al. (2010) demonstrated that lean mass
asymmetry influences strength and power asymmetry during
jumping tasks in collegiate athletes. In addition, conducting
specific unilateral strength tests for runners could have provided
insight into potential strength imbalances between limbs. Such
an approach would have allowed for a more comprehensive
interpretation of the observed differences in muscle oxygen
saturation.

Limitations and Further Research
This study has some limitations that should be considered.
First, the sample size was relatively small and included
only male national-level triathletes, which may limit the
generalizability of the findings to other populations, such
as female athletes or recreational runners. Second, SmO,
was measured exclusively in the vastus lateralis. Including
additional muscles involved in running could have offered
a broader view of inter-limb physiological asymmetries.
Third, no direct measures of unilateral muscle strength,
neuromuscular function, or body composition asymmetry,
were included, which could have contributed to a deeper
interpretation of the observed SmO, asymmetries. Finally,
although conducting the test in an outdoor setting adds
ecological validity, it may also have introduced more
variability compared to laboratory-based conditions.
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Future research should continue to emphasize ecological
settings to more accurately reflect the demands of outdoor
running. Moreover, integrating body composition analyses
and specific strength assessments for both legs could help
identify the physiological origins of SmO, asymmetries.
Expanding these studies would contribute to a deeper
understanding of the physiological and biomechanical
mechanisms underlying inter-limb imbalances and their
potential implications for athletic performance. Finally, future
investigations should incorporate systematic observation
and video analysis tools (Soto et al., 2019) to enhance the
reliability of motion analysis in applied sport environments.

Conclusions

The findings of this study on national-level male triathletes
performing an incremental 400-m track running test indicate
that, although no asymmetries were observed in power
output or kinematic parameters, muscle oxygen saturation
asymmetries became evident as running intensity increased.
These asymmetries were not attributable to the curved
running trajectory, since no significant differences were found
between the inner and outer legs, except for power output at
80% of maximal aerobic speed (MAS) and step length at 70%
and 80% of MAS. While mechanical parameters remained
largely symmetrical, the progressive divergence in SmO,
values suggests a physiological imbalance that becomes
more pronounced at higher intensities, highlighting SmO, as
a sensitive marker of internal load-dependent asymmetries,
even in the absence of mechanical discrepancies.
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