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Abstract:

Purpose: This study aimed to develop and evaluate a comprehensive physiological testing
protocol for cyclists that integrates thermal imaging and near-infrared spectroscopy during
standardized incremental exercise. Methods: Eight trained male cyclists performed a
standardized incremental cycling test under controlled conditions. After a 10-minute warm-up
(1.0 W-kg™), workload increased by 0.5 W-kg!' every 3 minutes until voluntary exhaustion,
followed by a 10-minute cool-down. Muscle oxygen saturation (SmQO-) of the rectus femoris
was continuously recorded bilaterally using wearable near-infrared spectroscopy (Moxy
Monitor), and thermal imaging of selected quadriceps muscles was conducted with a FLIR
T1020 camera. Heart rate was monitored continuously. Measurements were performed after a
25-minute acclimatization period under standardized environmental conditions. Results: No
statistically significant differences in normalized skin temperature (Tsk) or normalized SmO-
were observed across exercise phases after Bonferroni correction (p = 0.012). A significant
positive correlation was found between exercise-induced changes in normalized Tsk and SmO:
(AEX: Spearman’s r = 0.89, p << 0.017). No significant correlation was observed during the
warm-up (AWU: r = 0.02) or recovery (ACD: r=0.14) phases. Due to the small sample size (n
= 8), correlations were interpreted descriptively as indicative of a physiological connection
rather than causal relationships. Conclusions: Increasing exercise intensity was associated with
concurrent alterations in muscle oxygenation and Tsk, reflecting integrated hemodynamic and
metabolic responses.. The combined IRT-NIRS protocol demonstrated methodological
feasibility and may provide a valid framework for multidimensional assessment of muscular

responses, warranting further validation in larger cohorts.
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1. Introduction
Exercise physiology in endurance sports provides a basis for effectively planning and
improving training by explaining how the body can sustain prolonged physical activity while
maintaining internal homeostasis [15]. In disciplines such as cycling, physical effort is
inherently complex, involving the interaction of both aerobic and anaerobic metabolic
pathways. Aerobic metabolism predominates during prolonged submaximal exercise, whereas
anaerobic metabolism plays a crucial role during short, high-intensity efforts such as sprints or

uphill climbs [10],[19]. The circulatory and respiratory systems are essential for sustaining



endurance performance, as they ensure the delivery of oxygen to working muscles and facilitate
the removal of metabolic by-products [23],[30].

Training intensity is assessed and regulated based on measurable physiological parameters,
including heart rate (HR), oxygen uptake (VO:), and maximal oxygen uptake (VO: max). These
parameters are considered primary indicators of aerobic capacity [4],[15],[30]. An additional
key component of training optimization is the determination of metabolic thresholds,
particularly the lactate and anaerobic thresholds, which define exercise intensity domains that
promote endurance adaptations while limiting excessive metabolic. disturbance
[6].[15],[19].[38].

Practical endurance training requires the appropriate selection of:training.methods and their
systematic distribution over time. Periodization of the training year, based on structured training
cycles, enables the gradual development of physical fitness and the attainment of peak
performance during competition periods, while -accounting for recovery processes and
supercompensation mechanisms [5],[13],[27],[32]. Consequently, understanding the
relationship between training load and physiological adaptation is-fundamental to effectively
optimizing endurance performance.

The optimal functioning of the human body depends on effective temperature regulation, as
maintaining a stable body temperature is-essential for the proper functioning of the nervous,
cardiovascular, and skeletal systems [14],[16]. The body maintains its core temperature within
a tight range of about 36.5 to 37.5 °C, and moving outside this range can disrupt its function
and lead to serious health issues [17],[39]. The hypothalamus governs the thermoregulatory
system, which maintains thermal stability. This system gathers information from both
peripheral and central thermoreceptors and adjusts the body's mechanisms for producing and
losing heat [2],[14].

Metabolic processes are responsible for most increases in internal body temperature. Under
resting conditions, heat loss to the surroundings offsets the heat produced; however, during
physical activity, the body's metabolic rate increases rapidly, resulting in a significant rise in
heat production in the working muscles [17]. As a result, skeletal muscles become the primary
source of heat, and their temperature rises above resting levels [16],[39].

These thermoregulatory processes are not straightforward, as thermoregulatory reflexes often
occur alongside other non-thermoregulatory mechanisms, such as baroreceptor-mediated blood
pressure regulation. This interaction might cause temporary issues with blood vessel regulation,

especially during the early stages of physical activity [20],[22]. As a result, an increase in core



body temperature increases blood flow to the skin and triggers sweating, making evaporative
cooling the primary way the body loses heat [2],[14].

The Pennes bioheat equation describes heat transfer within living tissues by combining heat
conduction with metabolic heat production and blood perfusion [24],[28]. The following

formula gives the currently accepted version of Pennes' equation:

(1) T2 = VB VT (%, O] + Qpers (5,8 + Qe "

where:

J — tissue conductivity coefficient [W/m-K],

¢ — specific heat of tissue per unit volume (product of specific heat and mass density),
Qperf — & component related to blood perfusion,

Qmet —a component related to metabolism,

The relationship gives the component describing blood perfusion, Qperf:

Qperf = GBCB [TB-T(.X', t)] (2)

where:

Gg — perfusion coefficient,

cs — specific heat capacity of-blood,
Ts — blood temperature,

T(x,t) - temperature field of the tissue under consideration.

The Qmet Value varies with body conditions, ranging from 245 to 24500 W/m? [24],[28]. The
metabolic term reflects local heat generation, whereas the perfusion term accounts for energy
exchange between blood and tissue, dependent on blood flow magnitude and temperature
gradients [18]." In the present study, the Pennes bioheat equation is presented solely as a
conceptual framework for understanding the physiological mechanisms underlying heat

transfer during exercise, rather than as a model directly validated by the experimental data.

Near-infrared spectroscopy (NIRS) is a non-invasive technique used to assess local changes in
skeletal muscle oxygenation at rest, during exercise, and throughout recovery. The method is
based on the differential absorption properties of hemoglobin and myoglobin in the near-
infrared spectrum (approximately 650-900 nm), enabling the evaluation of the balance between

oxygen delivery and utilization in working muscles [8],[29].



NIRS allows continuous monitoring of changes in oxygenated (O:Hb) and deoxygenated (HHb)
hemoglobin and myoglobin, as well as the derived parameter, muscle oxygen saturation
(SmOz2). SmO: is currently the most commonly used variable in exercise studies, as it integrates
information on oxygen supply and extraction and is relatively insensitive to changes in tissue
blood volume [11]. At the onset of exercise, SmO: typically decreases rapidly due to an abrupt
increase in metabolic demand and oxygen extraction. During steady-state exercise, the partial
pressure of oxygen (pO:) may stabilize when the rate of oxygen delivery matches the rate of
oxygen utilization. In contrast, during incremental exercise, pO: progressively declines to
minimal values near exhaustion, indicating limitations in muscle oxidative capacity [8].

The findings indicate that NIRS has the potential to function as an effective instrument for
determining exercise thresholds in both laboratory and field settings.

During post-exercise recovery, SmO: typically increases. rapidly, often exceeding resting
values, a phenomenon known as post-exercise hyperemia. The rate of muscle reoxygenation
serves as an indicator of microcirculatory efficiency and training adaptation, providing valuable
insight into an athlete’s training status and recovery capacity [29],[34].

The present study aims to propose a comprehensive physiological testing protocol for cyclists
that integrates thermal imaging, imuscle oxygen saturation assessment using near-infrared
spectroscopy (Moxy sensor), and body composition analysis under standardized incremental
exercise conditions. This integrated approach enables a multidimensional characterization of
the physiological responses to increasing exercise intensity and may serve as a practical tool

for performance diagnostics and. training optimization.

2. Materials and Methods

2.1.Participants
The study was conducted on a group of eight male cyclists at the Laboratory of Sports Medicine,
Faculty of Science and Technology, University of Silesia in Chorzéw, Poland. All participants
had training experience exceeding six years. During the year preceding the study, the volunteers
engaged in regular sports training, with weekly volumes ranging from 10 to 14 hours. Basic
anthropometric and somatic characteristics, including body mass, height, body mass index
(BMI), and body fat percentage, were assessed before the experiment and presented in Table 1.

All volunteers had their right leg as their dominant leg.
Table 1. Characteristics of the study group.

Body | Body | Muscle | 1o\y | gMI | HRpre | HRmax

Age HeIght | ass fat mass o ”
ears] | [om] | n” | jog) |[kg) | 1?9 | [ke/m? | bpm] | [bpm]




Mean | 34.6 178.0 |75.9 106 | 64.5 60.2 | 24.0 74.0 |180.3
SD 6.1 7.3 4.9 3.0 4.4 2.3 1.4 8.3 8.0
TBW — total body water expressed as a percentage of total body mass, BMI — body mass index,
HRpre - pre-exercise heart rate, HRmax — maximum heart rate during training.

Inclusion criteria included the absence of cardiovascular, metabolic, or neuromuscular
disorders, no recent musculoskeletal injuries, and refraining from intensive training for at least
48 hours before the measurements. Exclusion criteria included acute illness, the use of analgesic
or antipyretic medications, alcohol consumption within 48 hours before testing, and
participation in cryotherapy treatments or sauna sessions during the same period. These criteria
were adopted in accordance with the guidelines for medical thermal imaging measurements

established by the European Thermology societies [1],[25].

The study was conducted in accordance with the ethical standards of the Declaration of Helsinki
and was approved by the Ethics Committee of the Medical University of Silesia (protocol code
BNW/NWN/0052/KB1/78/25, approved on8 July 2025). All participants provided written
informed consent before participation.

2.2.Research protocol

The research protocol included body composition analysis, placement of a near-infrared
spectroscopy sensor on the quadriceps muscles, and continuous thermal imaging. Subsequently,
a graded exercise test was performed on a bicycle ergometer.

The test began with a 10-minute warm-up at a low workload corresponding to 1.0 W-kg*. This
was followed by a progressive exercise test in which the workload was increased by
approximately 0.5 W-kg ' every 3 minutes [3],[31]. The test was terminated upon voluntary
exhaustion or when the supervising staff deemed termination necessary. After completion of
the test, participants performed a 10-minute cool-down phase at a workload below 1.0 W-kg™.
The total duration of the exercise protocol (excluding the cool-down phase) was 29.25 +
2.5 minutes, depending on individual performance capacity, and ranged from 28 to 35 minutes.
The graded exercise test was conducted on a bicycle ergometer Tacx Neo 2T Smart (TACX,
Netherlands). Participants maintained a constant cadence of 80-90 rpm throughout the test.
Ambient laboratory conditions were controlled and maintained at 21.3 £ 0.9 °C and 52 £ 2 %

relative humidity.

2.3. NIRS and heart rate measurements



A near-infrared spectroscopy sensor (Moxy Monitor, Fortiori Design LLC, USA) was placed
over the central portion of the rectus femoris muscle belly, approximately at two-thirds of the
muscle length measured from the proximal attachment, to expose the largest possible surface
area for thermal imaging. Muscle oxygen saturation (SmO:) was recorded continuously
throughout the test from both left and right legs. The acquisition and analysis of SmO, were
performed using PerfPro Studio 2022 and PerfPro Analyzer 2022 software, respectively.

Heart rate was continuously recorded using a Garmin HRM-Dual chest strap connected via
ANT+ technology to the Tacx Desktop App (software version 4.41). Each participant
performed the test on their own bicycle, which was mounted on a stationary trainer equipped
with a freehub body compatible with Shimano/SRAM systems, using the cassette commonly
installed on the cyclist’s bike. To standardize the experimental protocol and ensure high
measurement repeatability, all participants used the same gear configuration: the smallest rear
sprocket and the largest front chainring. Additionally, all cyclists used round chainrings and

11-speed rear cassettes.

The Moxy sensor was placed on the belly of the rectus femoris, one of the primary muscles
involved in power production during cycling. Previous electromyographic studies have
demonstrated substantial activation of the rectus femoris throughout the pedaling cycle,
reflecting its dual role in knee extension and hip flexion, which makes it a suitable site for

monitoring local muscle oxygenation during cycling exercise [9].

2.4. Thermal imaging measurements

Thermal.imaging tests were conducted using a FLIR Systems T1020 camera with a detector
resolution of 1024 x 768 pixels and a thermal sensitivity/NETD of 20 mK. The camera was
mounted on atripod at a distance of 1.2 £ 0.1 m from the participant, positioned perpendicular
to the imaged surface, i.e., the frontal plane of the thigh during knee extension. Thermal images
were recorded continuously throughout the exercise test as a radiometric video, preserving full
temperature information for each pixel in every frame and enabling detailed post-processing
and temporal analysis of skin surface temperature changes. The applied protocol enabled
continuous data collection without requiring the cyclist to interrupt the exercise.

Before the measurements, participants underwent a 25-minute acclimatization period to the

testing laboratory's thermal conditions, during which they remained seated at rest. At the same



time, the body regions to be imaged were exposed. Skin emissivity was set to 0.98. The
examined skin areas were clean, dry, and free of cosmetics [1],[25].

Thermal image sequences were analyzed using FLIR Thermal Studio PRO software. Regions
of interest (ROI) were defined for selected lower-limb muscle groups, including the rectus
femoris muscle (RECT_FEM), the vastus lateralis muscle (VAS_LAT), and the vastus medialis
muscle (VAS_MED). The same experienced investigator delineated all ROIs. The locations of
individual ROIs for both legs are shown in Figure 1 for a representative athlete.

The location of the Moxy sensor required partial coverage of the examined muscle group.
Therefore, the analyzed regions of interest (ROI) were correspondingly limited. The position
of the Moxy sensor for a representative participant’s legs during knee extension is shown

in Figure 1.

Figure 1. Thermal images of a representative athlete’s left and right legs are shown: (a) before exercise, (b) after
10 minutes, (c) during the final minutes of exercise, and (d) after the cool-down phase with sensor Moxy

placement.



2.5.Statistical analysis

Statistical analysis was performed using STATISTICA ver. 13. Data normality was assessed
using the Shapiro—Wilk test, while homogeneity of variances was verified with Levene’s test.

All analyzed variables, i.e., SmO2 rel and Ts_rel, did not meet the assumption of normality;
therefore, nonparametric statistical methods were applied. Changes in physiological and
thermal parameters across exercise stages were analyzed using the Friedman test or Spearman’s
rank correlation. The level of statistical significance was set at p < 0.05.

When the Friedman test indicated a significant overall effect, post hoc pairwise comparisons
were performed using the Wilcoxon signed-rank test with a Bonferroni correction (adjusted
significance level determined by the number of pairwise comparisons). Effect sizes for the
Friedman test were expressed as Kendall’s coefficient of concordance (W). For the primary
correlation analysis, 95% confidence intervals were additionally reported. Data are presented

as median and interquartile range (IQR).

3. Results
Representative thermal images obtained for selected phases of the exercise protocol are

presented in Figure 1.

Due to inter-individual differences in resting Ts among athletes within the groups, Tsk
normalization was applied to obtain relative skin temperature values (Tsk_rer) and to standardize
the results, allowing trends in skin temperature changes to be examined across age categories.
The normalization was performed according to the following equation

Tsk_rel = Tsk_i - Tsk_pre (3)
where Tski represents the Tsk at a given imaging time point and Tpre denotes the pre-exercise
Tek.

The median Tsk values together with the interquartile range (IQR) for the analyzed phases are
presented in Table 2, whereas the normalized values (Tsk re) illustrating the relative changes in

skin temperature are shown in Figure 2.

Changes in the normalized median Tsk rel for selected key training phases across individual
muscle groups are shown in Figure 2. The selected phases correspond to moments in training

when changes occur in both muscle perfusion and metabolism, and when physiological



reactions responsible for the athlete's performance occur. The Ts rei Selected were before

training, after warm-up, after exercise, and after the cool-down phase.

) b) 0) -
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Figure 2. Temporal changes in Tsk_rel across exercise phases: PRE (pre-exercise), WU (post-warm-up), EX
(post-exercise), and CD (post—cool-down) for a) the rectus femoris, b) the vastus lateralis, and c) the vastus
medialis muscles for right (red) and left (green) leg. Data are presented as median values, with boxes

representing the interquartile range (25th—75th percentile), and whiskers.indicate the non-outlier range.

Table 2. Skin temperature (Ts) values presented as median (Q1-Q3) for the analyzed exercise phases.

Median skintemperature /°C

PRE WU EX CD
RECT FML | 31.60 (30.93-32.00) | 29.75 (29.28-30.58) | 29.20 (27.68-30.33) | 31.40 (30.70-31.80)
RECT FMR | 31.65 (31.00-32.45) | 29.55(29.28-30.80) | 29.35 (28.08-29.50) | 31.15 (30.98-31.45)
VAS LATL | 31.15(30.88-31.53) | 29.85 (29.00-30.75) | 28.85 (28.28-29.60) | 30.60 (30.78-31.30)
VAS LATR | 3150 (30.60-31.93) ~ | 29.85 (29.23-31.03) ~ | 29.20 (29.23-31.03) | 31.15 (28.80-30.88)
VAS MEDL | 31.85(31.60-32.70) . | 31.10(30.50-31.88) | 30.45 (29.33-31.55) | 31.95 (31.58-32.35)
VAS MEDR | 31.85(31.18-32.60) | 30.80(30.45-31.93) | 30.50 (29.20-30.78) | 31.80 (31.58-32.23)

where: PRE - pre-exercise, WU - post-warm-up, EX - post-exercise, CD - post—cool-down;
L — left side, R — right side.

Changes in Tsk_rel across exercise phases were analyzed separately for the right and left limbs
using the Friedman ANOVA. The Friedman test demonstrated significant differences in
normalized Tsk rel across exercise phases for all analyzed muscles and both limbs
(x3(3) = 16.97 — 20.85, all p < 0.001; Kendall's W = 0.71 — 0.87), indicating a strong overall
effect of exercise phase. Post hoc pairwise comparisons were subsequently performed using the
Wilcoxon signed-rank test with Bonferroni correction (adjusted significance level: p < 0.008).
However, none of the pairwise comparisons remained statistically significant after correction.
The lowest p-value obtained in the post hoc analysis was 0.012, which did not reach the adjusted

significance threshold.

Muscle oxygen saturation (SmO:) was analyzed to characterize local muscle oxygenation
dynamics across the exercise protocol. Due to substantial inter-individual variability in absolute

SmO: values, the data were normalized relative to the pre-exercise baseline to obtain relative



muscle oxygen saturation values (SmO-_rel), enabling comparison of relative changes between
participants [12].
Normalization was performed according to the following equation:

SMO0y ye1 = SMO0z; — SMO;,,, , 4)
where SmO: i - represents the value recorded at a given time point, and SmO: pre - denotes the
values obtained before the training protocol.

SmO: responses were evaluated at four key time points, similarly to Ts:-before training, after
warm-up, after exercise, and after the cool-down phase. This approach allows the assessment
of relative changes in muscle oxygenation independent of baseline differences, reflecting the
balance between oxygen delivery and utilization during successive exercise phases. The median
SmO: values and interquartile ranges (IQRs) for the analyzed phases are presented in Table 3.

Results for the relative SmO> level are shown in Figure 3.
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Figure 3. Median changes in relative muscle oxygen saturation (SmO-_rel) across successive exercise phases:
PRE (pre-exercise), WU (post-warm-up), EX (post-exercise), and CD (post—cool-down) for right (red) and left
(green) leg. Data are presented as median values, with boxes representing the interquartile range (25th—75th

percentile), and whiskers indicate the non-outlier range.



Table 3. Muscle oxygen saturation (SmO2) values presented as median (Q1-Q3) for the analyzed exercise

phases.

Muscle oxygen saturation /%

PRE WU EX CD
RECT FML | 73.00 (64.75-82.00) | 82.50 (68.25-87.25) | 28.50 (13.75-42.50) | 83.50 (76.50-87.00)
RECT FMR | 68.50 (59.25-82.75) | 78.00 (69.75-86.50) | 22.50 (15.00-33.75) | 84.50 (76.00-85.50)

where: PRE - pre-exercise, WU - post-warm-up, EX - post-exercise, CD - post—cool-down;
L — left side, R — right side.

Changes in SmO, 1 across exercise phases were analyzed separately for the right and left limbs
using the Friedman test. The Friedman test revealed significant overall differences in
normalized SmO, .1 across exercise phases for both limbs (¥3(3) = 17.09 — 17.65, all p < 0.001),
with Kendall's coefficients of concordance (W) ranging from 0.71 to 0.74, indicating a strong
overall effect of exercise phase. Post hoc pairwise comparisons were subsequently performed
using the Wilcoxon signed-rank test with Bonferroni correction (adjusted significance
threshold: p <0.008). However, none of the pairwise comparisons reached the adjusted

significance threshold; the lowest observed p-value was 0.012.

The relationship between changes in Tsk_rel and alterations in normalized SmO-_el for the rectus
femoris muscle was assessed separately for the warm-up, exercise, and cool-down phases using
Spearman’s rank correlation. Change scores were calculated as follows: AWU was defined as
the difference between post-warm-up and pre-exercise values (WU-PRE), reflecting the acute
preparatory response to increasing metabolic demand; AEX as the difference between post-
exercise and post-warm-up values (EX-WU), representing the primary exercise-induced
response; and ACD as the difference between post—cool-down and post-exercise values
(CD-EX), corresponding to the early recovery phase. A Bonferroni-adjusted significance level
of p <0.017 was applied. Results are shown in Figure 4.

a) R w b) e w = w w w w =

o 1 |
25 C)2s @ %® 40 45 s s e 65 107
S0y 145X Ph : D)

Figure 4. Scatter plots illustrating the relation between changes in Tsk_rel and alterations in relative muscle
oxygen saturation (SmO:_rel) assessed using Spearman’s rank correlation: a) AWU (post—warm-up — pre-

exercise), b) AEX (post-exercise — post-warm-up), and ¢) ACD (post—cool-down — post-exercise).



A statistically significant correlation was observed for AEX, defined as the difference between
post-exercise and post-warm-up values (EX — WU), representing the primary exercise-induced
response (Spearman’s r = 0.89, 95% CI: 0.72-0.96, p << 0.017), thereby exceeding the
Bonferroni-adjusted significance threshold (Fig. 4b). No statistically significant relationships
were found for the remaining phases. For AWU, the Spearman correlation coefficient was r =
0.02 (p = 0.93), whereas for ACD itwas r =0.14 (p = 0.61).

4. Discussion
The present study aimed to examine the dynamics of normalized Tsx and muscle oxygen
saturation across key exercise phases and to explore their potential physiological relationships.
Although no statistically significant differences were observed between exercise phases after

Bonferroni correction, several consistent tendencies€merged that warrant discussion.

Heat moves from the body's core to the skin mainly through the bloodstream. So, control of
blood flow is a key part of this process,affecting both muscles and skin, specifically, involving
the blood flow to skeletal muscles, referred to as muscle blood flow (MuBF), and the blood
flow in the skin, known as skin blood flow (SkBF)[39]. During physical activity, the increased
blood flow to the working muscles helps deliver oxygen, transport nutrients, and remove
metabolic heat from the body. Simultaneously, the gradual widening of blood vessels in the
skin facilitates heat transfer from the body's surface to the surrounding environment [22].
During physical exercise, elevated muscle metabolism and perfusion substantially increase the
amount of heat transported by the circulatory system [18]. Despite its simplifying assumptions,
such as neglecting blood flow directionality, the Pennes bioheat equation provides a useful
theoretical framework for describing temperature distribution in biological tissues and for
conceptualizing the role of blood perfusion in thermoregulation during exercise. In the present
study, the model is used solely to support the physiological interpretation of the observed
thermal responses, as none of its parameters were directly measured [pennes!]. In the context
of endurance sports, the Pennes bioheat model serves as a conceptual framework for
interpreting changes in Tsk and local muscle hemodynamics observed with increasing exercise
intensity.

A critical aspect of NIRS data interpretation is the identification of breakpoints in muscle
oxygenation profiles. Previous studies have demonstrated moderate to high agreement between

SmO: breakpoints and ventilatory thresholds determined via gas exchange analysis during both



cycling and running [11]. Despite its numerous advantages, NIRS has certain limitations,
including limited penetration depth and increased variability at high exercise intensities.
Additionally, researchers have reported substantial inter-individual differences and potential
inter-limb asymmetries that are not always related to limb dominance [34]. Therefore, NIRS is
best suited for monitoring relative changes within the same muscle and individual over time.

In summary, NIRS represents a valuable method for assessing local muscular responses to
physical exertion, offering insights into the regulation of oxygen delivery and utilization at the
muscle level and complementing traditional physiological indicators such.as heart rate, oxygen

uptake, and blood lactate concentration [29].

The lack of statistically significant pairwise differences in Tsk rel across phases may.reflect the
combined influence of relatively small sample size and inter-individual .variability in
thermoregulatory responses. Exercise-induced Tsx dynamics are governed.by the interactions
among metabolic heat production, local muscle perfusion, and heat-dissipation mechanisms.
During dynamic cycling, an initial cutaneous vasoconstriction may occur despite increasing
metabolic demand, followed by vasodilation as thermoregulatory processes become dominant
[16],[20]-[22]. For changes in normalized Tsk rel @cross exercise phases, no statistically
significant pairwise differences were identified after Bonferroni correction, although the lowest
p-value obtained was 0.012. Given the relatively small cohort (n = 8), the statistical power to
detect subtle yet biologically meaningful differences was limited. Nevertheless, the observed
pattern of responses suggests that structured thermal adjustments accompany incremental
exercise (Fig. 2).

A similar pattern was observed for relative SmO-_re1. Although differences between phases did
not reach corrected significance levels, a clear trend toward modulation across exercise stages
was evident (Fig. 3). Only a trend toward significance was observed (p = 0.012), potentially
reflecting limited statistical power due to the relatively small sample size. Muscle oxygen
saturation reflects the dynamic balance between oxygen delivery and extraction. During the
warm-up phase, enhanced blood flow may temporarily increase oxygen availability, whereas
an increased workload typically increases oxygen extraction and reduces SmO:
[71,[25],[35],[37]. The directional changes observed across phases are therefore physiologically
coherent and consistent with known microvascular and mitochondrial adjustments to
incremental load. Inter-individual variability likely attenuated group-level contrasts, yet the

overall trajectory of responses suggests meaningful oxygenation dynamics [35].



The most noteworthy finding was the strong positive correlation between AEX in normalized
Tsk and AEX in normalized SmO: (Spearman's r = 0.89, 95% CI: 0.72-0.96, p < 0.001), as
shown in Figure 4. This moderate relationship suggests that individuals who demonstrate
greater exercise-induced changes in muscle oxygenation also exhibit larger changes in the Tsk
overlying the rectus femoris. This supports the idea that perfusion-related adjustments
simultaneously influence oxygen availability and convective heat transfer. It should be noted
that, due to the small sample size (n = 8), the present correlations were analyzed at the
observational level and should be interpreted as descriptive of physiological connections rather
than indicative of causal relationships.

Physiologically, increased oxygen delivery during exercise is mediated by augmented blood
flow, which concurrently enhances heat transport from active muscle to the skin surface.
Individuals with more pronounced perfusion responses-would therefore be expected to
demonstrate parallel shifts in SmO: and Tsk [17],[20],[22],[36],[37]. Notably, this association
was specific to the exercise phase, suggesting that the coupling between oxygenation and
thermal signals is most evident when metabolic demand and circulatory adjustments are at their
peak. During warm-up and recovery, preparatory or redistributive hemodynamic processes may
partially uncouple these signals [15],[20]-[22].

The observed correlations between muscle oxygen saturation and Tsk can be interpreted within
the theoretical framework of the Pennes bioheat model, which describes the relationship
between metabolic heat production and blood perfusion. Although the physiological parameters
of the model were not directly measured in the present study, the Pennes equation provides a
conceptual basis for interpreting the coupling between muscle oxygenation and thermal
responses during exercise. Within this framework, fluctuations in NIRS-derived oxygenation
may reflect changes in local oxygen extraction and microvascular blood flow, which in turn
may influence convective heat transfer and the Tsk distribution detected by IRT. Accordingly,
the parallel modulation of thermal and oxygenation parameters observed during incremental
exercise is consistent with the concept that both signals reflect complementary aspects of the
underlying hemodynamic and metabolic responses [24],[28],[33].

Importantly, the coupling between AEX Tsk rel and AEX SmO: rel aligns with findings reported
by Vasquez-Bonilla et al., who also demonstrated coordinated changes in Tsk and muscle

oxygenation during exercise [35].

Taken together, the identified trends and phase-specific relationships suggest that integrating

thermal imaging with NIRS-derived muscle oxygenation provides complementary insight into



local muscular responses during dynamic exercise. Considering the good-to-excellent
reliability of SmO. documented across exercise intensities (Yogev et al., 2023) [40], this
multimodal approach seems promising for monitoring internal load and training adaptation and

for potentially detecting functional asymmetries in athletic populations.

5. Conclusions
The present findings suggest that increasing exercise intensity may be accompanied by
concurrent alterations in muscle oxygenation and Tsk distribution, -reflecting complex
hemodynamic and metabolic adjustments to physical load. The integrated protocol combining
infrared thermography (IRT) and near-infrared spectroscopy (NIRS) produced coherent and
physiologically plausible response patterns. This supports the methodological feasibility of the
protocol when carried out under standardized incremental exercise conditions.
Importantly, due to its non-contact and rapid acquisition characteristics, IRT may represent a
practical alternative in certain monitoring contexts. Unlike NIRS, which provides localized
measurements limited to a specific sensor placement, IRT enables assessment of the entire skin
surface overlying the active muscle, offering a spatially comprehensive view of thermal
distribution. This broader perspective may enhance the detection of regional asymmetries and
heterogeneous perfusion patterns, potentially increasing ecological validity in applied sports or
clinical settings.
Although the observed relationships should be interpreted with caution due to the small sample
size, the proposed measurement approach offers a valid framework for the multidimensional
assessment of local muscular responses. This combined protocol could therefore serve as a basis
for future studies involving larger groups of participants, aimed at confirming and further
elucidating the relationship between thermal and oxygenation dynamics during exercise.
At the same time, both- NIRS and IRT require careful interpretation, taking into account
technical constraints and individual factors, such as adipose tissue thickness and environmental
conditions.
Future studies involving larger cohorts are warranted to confirm the present findings and to
enable more advanced analyses, including breakpoint analysis and modeling of SmO- responses

as a function of exercise intensity.
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