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Abstract: Cycling comfort significantly impacts both enjoyment and performance, with
discomfort potentially leading to injuries. Traditional bike-fitting methods, while effective
for biomechanical adjustments, often overlook physiological responses such as pressure
distribution and asymmetry. Infrared thermography (IRT), a non-invasive technique
analyzing surface temperature variations, offers the potential to enhance bike fitting by
identifying pressure points, asymmetries, and discomfort zones. This review evaluates
the application of IRT in bike fitting, highlighting its ability to provide objective, real-time
insights into cyclist comfort and injury prevention. However, limitations such as variability
in thermographic protocols and the lack of standardized methodologies necessitate further
research. By addressing these gaps, IRT could transform bike fitting into a more precise,
personalized, and effective practice for cyclists across all levels.

Keywords: infrared thermography; bike fitting; cycling biomechanics; thermal asymmetry;
pressure distribution; injury prevention

1. Introduction

Cycling comfort is a fundamental factor influencing both the enjoyment and perfor-
mance of cyclists. Physical discomfort—manifesting as numbness, pain, or improper saddle
height—can significantly diminish the quality of the cycling experience [1]. For recreational
cyclists, such discomforts may lead to injuries over time, potentially hindering their long-
term engagement with the sport. Van der Walt et al. [2] reported that non-traumatic injuries
occur in up to 88% of cyclists, resulting from a combination of factors including incorrect
cycling posture, prolonged pressure, and suboptimal bike setup. According to Bini et al. [3],
such posture-related issues can lead to the overloading of muscles and joints, causing
common complaints such as lower back pain, neck discomfort, and knee problems. Knee
injuries, in particular, are frequently severe, often necessitating medical intervention [2].
Addressing these issues through effective bike fitting is, therefore, essential to enhance
rider comfort, optimize performance, and prevent injuries.

Bike fitting aims to align the rider’s position with the bike to enhance comfort, per-
formance, and efficiency. While traditional fitting methods rely on manual measurements
and visual assessments, recent advances have introduced technologies such as 3D scanning
systems and inertial measurement unit (IMU) sensors for more precise and personalized
outcomes. However, the lack of standardization across fitting studios often results in inconsis-
tent recommendations [4]. Even well-calibrated adjustments may fall short by overlooking
dynamic physiological factors like pressure points or bodily asymmetries, potentially reducing
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the effectiveness of the fit [4]. As Bini [5] noted, further research is needed—particularly on
asymmetries and their influence on performance and injury prevention.

To address these gaps, various technologies are currently employed in bike fitting,
each offering unique benefits. Motion capture systems, both marker-based and markerless,
enable detailed kinematic analysis and are widely used in professional settings [6]. Pressure
mapping tools provide insights into force distribution at key contact points, such as the
saddle, handlebars, and pedals [7]. Complementary tools like 3D scanners and IMUs
contribute to building individualized biomechanical models [8]. Although these methods
yield valuable mechanical data, they often require specialized setups and may overlook
physiological responses—such as tissue stress, heat buildup, and inflammation—that are
critical for assessing comfort and injury risk [9].

In this context, infrared thermography (IRT) offers a promising complementary ap-
proach. As a non-contact imaging technique, IRT measures surface temperature variations
based on infrared radiation emitted by the body, as described by Planck’s law. These
temperature variations can reflect underlying physiological processes influenced by pres-
sure, muscle activation, or stress (Figure 1). IRT’s effectiveness stems from the principle
that skin temperature reflects underlying physiological activity. During physical exertion,
active muscles produce metabolic heat, resulting in increased skin temperature over those
regions [10]. Similarly, pressure and friction at contact points—such as the saddle, pedals,
and handlebars—can lead to localized thermal increases [11]. These heat patterns can be vi-
sualized through IRT, offering insight into pressure distribution, asymmetrical loading, and
potential discomfort zones. Moreover, asymmetric muscle loading or improper posture can
lead to thermal asymmetries exceeding 0.5 °C [12], indicating imbalanced effort or stress.
By capturing these variations, IRT enables indirect assessment of metabolic effort, pressure
distribution, and asymmetrical loading. IRT has already proven useful in fields such as
medical diagnostics, engineering, and sports, including applications in running, strength
training [13], rowing [14], soccer [15], and cycling [10,16-18]. Its ability to non-invasively
detect asymmetries and pressure points makes it particularly relevant to cycling comfort
and injury prevention [12,17,19-24].

When applied to bike fitting, IRT has the potential to enhance objectivity by identify-
ing physiological differences, such as those between male and female cyclists—a critical
area where research on women remains comparatively limited [25-27]. Most bicycles and
bike-fitting methodologies have historically been designed based on male anatomy and
biomechanics, often overlooking key differences in pelvic structure, muscle activation pat-
terns, and pressure distribution [25]. Addressing these differences could lead to improved
comfort and more tailored outcomes, particularly for female cyclists, who may experience
higher discomfort and inefficiencies due to improper fit.

However, only one study has directly examined the integration of IRT into bike-fitting
practices [10], despite 318 bike-fitting-related articles being published since 2015 on the
Web of Science. Therefore, the purpose of this systematic review is to evaluate how IRT can
be applied in bike fitting and to determine its effectiveness in identifying cycling discomfort
and injury risk factors. By clarifying the current evidence base, this review aims to guide
future research and support the development of standardized, evidence-based applications of
IRT in bike fitting, while also highlighting its medical relevance in visualizing pressure zones
and asymmetries that may help prevent overuse injuries and inform ergonomic design.
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Figure 1. Thermal images of a cyclist’s torso at (A) rest and (B) after a strenuous cycling exercise.
Warmer areas (in red) form a “tree-shaped” pattern on the chest and arms under intense effort, reflect-
ing increased skin temperature from blood flow and muscle activity. IRT can reveal these thermal
patterns, which may indicate high stress or pressure zones relevant to bike fit adjustments [24].

2. Methodology
2.1. Search Strategy and Study Selection

An initial exploratory search was conducted to identify relevant keywords and in-
dexing terms. The formal search was performed using the databases Web of Science and
PubMed, with the search terms ‘thermography” AND ‘sport cycling’. This search yielded
a total of 60 articles, with 33 articles retrieved from Web of Science and 27 from PubMed.
Duplicate records were automatically identified and removed using EndNote’s duplicate
detection tool, resulting in the exclusion of 13 duplicates. After deduplication, 47 articles
remained for screening. Backward and forward citation screenings were initially consid-
ered; however, given the manageable number of results (60 initial articles), the database
search was deemed comprehensive. We manually checked references of included papers to
ensure no major study was missed, thereby mitigating the need for formal snowballing.

The titles and abstracts of the 47 articles were screened independently by two reviewers
to assess their relevance. During this process, 11 articles were excluded as they did not align
with the research focus. Consequently, 36 articles were selected for full-text assessment.
All studies were successfully retrieved. After evaluating their eligibility, 26 studies met
the inclusion criteria and were incorporated into the final analysis. All included studies
were peer-reviewed English-language journal articles with available full texts, published
between 2008 and 2024. The full screening and selection process are detailed in the PRISMA
flow diagram, shown in Figure 2.

2.2. Inclusion Criteria

The eligibility assessment was based on both methodological quality and content rele-
vance. Studies were included if they applied IRT in the context of sport cycling, specifically
focusing on comfort, pressure points, or asymmetries. Articles were excluded if IRT was
not used, cycling was not the primary activity studied, or essential methodological details
were missing. Additionally, only studies published in English with full-text availability
were considered.

The methodological quality and risk of bias of the included studies were assessed
using the Newcastle-Ottawa Scale (NOS), which is a validated tool for evaluating non-
randomized studies across the following three domains: selection of study groups, compa-
rability of groups, and outcome assessment. To ensure sufficient methodological rigor, only
studies with an NOS score of 7 or higher (out of 9) were included. Although all included
studies met this threshold, selection bias remained a concern, as several studies focused on
homogeneous populations (e.g., young, trained male athletes), limiting generalizability to
broader groups such as recreational cyclists and female participants.
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Figure 2. PRISMA flow diagram of the screening and selection process.

While different studies have employed various thermal camera brands (e.g., FLIR
(FLIR Systems, Inc., Wilsonville, OR, USA), AVIO (Nippon Avionics Co., Ltd., Yokohama,
Kanagawa, Japan), Fluke (Fluke Corporation, Everett, WA, USA) and AEG (AEG Power
Tools, Winnenden, Baden-Wiirttemberg, Germany)), as shown in Table 1, this did not affect
key conclusions. Since asymmetries and pressure points were identified based on relative
temperature differences rather than absolute values, variations in camera models did not
influence the interpretation of findings.

Table 1. The distribution of thermal camera types across the included studies.

Thermal Camera Type Percentage of the Included Studies (%)
FLIR 57.7
AVIO 19.3
Fluke 77
AEG 3.8
Not mentioned 11.5

2.3. Data Extraction

Data extraction was conducted independently by two reviewers using a standard-
ized data extraction form. Extracted information includes the study title, authors, year,
study objective, participant characteristics, camera type and positioning, measurement
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protocol, outcome measures, key findings, mentioned limitations, and conclusions. To
ensure accuracy and consistency, the extracted data were cross-checked by a third reviewer.
Discrepancies between the two primary reviewers were resolved through discussion, with
the involvement of the third reviewer when consensus could not initially be reached.

To ensure consistent and reliable results, careful attention is paid to the selection of
relevant body regions, known as regions of interest (ROIs), in the included studies. These
regions, such as the knees, thighs, feet, and hands, are critical for evaluating thermal
patterns and identifying pressure points. The ROI choices vary depending on the study’s
objective, for example, studies focusing on detecting knee issues capture targeted thermal
images of the knee joint [3], while studies investigating general pressure points often
analyze multiple ROIs simultaneously [10,14,28]. In the context of bike fitting, obtaining
precise thermal images of contact areas (saddle, pedals, handlebars) is crucial for identifying
asymmetries and potential discomfort zones.

3. Results
3.1. Measurement Protocol

A consistent measurement protocol is crucial in thermographic studies to ensure re-
liable and reproducible results. Most reviewed studies have [10,13,14,20,29-35] adhered
to standardized guidelines, which include restrictions on smoking, caffeine, and intense
exercise before measurements. These precautions help minimize external influences on
thermoregulation [36-38]. Additionally, acclimatization periods of 10 to 15 min were
generally applied before measurement to establish a stable baseline temperature [31]. Inter-
estingly, while some studies opted for shorter (5 min) or longer (30—40 min) acclimatization
times [17,23], the consensus was that at least 10 min is essential for both male and female
participants. Differences in warm-up protocols were also noted, with most cycling studies
employing incremental power tests, starting at a low wattage and gradually increasing
until exhaustion [10,16-18,29,32-35]. Thermal imaging was typically conducted before,
immediately after, and at intervals during recovery to capture changes in skin temperature.
None of the included studies specifically compared different bicycle frames or saddle
designs using IRT. Thus, factors like the bike’s geometry or seat construction were held
constant within each study’s context.

Table 2 provides an overview of the measurement protocols used in the included stud-
ies. For each study, the objective, corresponding ROISs, exercise protocols, and measurement
procedures are presented. Additionally, information on the subjects, the thermal imaging
camera used, and the camera-to-subject distance is included for completeness.

To ensure consistent and reliable results, careful attention was given to the selection of
relevant body regions, known as ROISs, in the included studies. These regions, such as the
knees, thighs, feet, and hands, are critical for evaluating thermal patterns and identifying
pressure points. The ROI choices vary depending on the study’s objective; for example,
studies focusing on detecting knee issues capture targeted thermal images of the knee
joint [3], while studies investigating general pressure points often analyze multiple ROIs
simultaneously [10,14,28]. In the context of bike fitting, obtaining precise thermal images
of contact areas (saddle, pedals, handlebars) is crucial for identifying asymmetries and
potential discomfort zones.

It is important to note that the included studies employed various infrared camera
models (Table 2), including FLIR, AVIO, and Fluke, each differing in sensitivity and image
resolution. FLIR cameras were the most frequently used (57.7% of studies), followed by
AVIO and Fluke models (Table 1). Camera-to-subject distances ranged from 1 to 6 meters,
depending on the ROI under investigation. While variations in camera calibration and
environmental conditions—such as ambient temperature and humidity—could influence
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absolute temperature readings, most studies focused on relative temperature differences, for
instance in the identification of localized hot spots on the saddle. These relative measurements
are generally robust against such variations, enhancing their reliability for comparative
analysis. However, when interpreting absolute temperature values, these contextual factors
should be carefully accounted for to ensure accurate and meaningful conclusions.

3.2. Effects on Skin Temperature

A recurring observation in the literature is the biphasic response of skin temperature
during exercise, namely, an initial decrease due to vasoconstriction followed by a subse-
quent increase during recovery [34,35,39,40]. Vasoconstriction reduces peripheral blood
flow to conserve heat and prioritize core organ function, resulting in lower temperatures
in extremities during early exercise phases. Post-exercise, vasodilation facilitates heat
dissipation, leading to increased skin temperature.

Differences in thermoregulation have been observed based on fitness levels, age, and
gender. Trained participants exhibited more stable thermoregulation, higher skin tempera-
tures during exercise, and faster recovery times compared to untrained individuals [22,35].
Similarly, elderly participants had lower resting temperatures and slower heat dissipation
compared to younger individuals [41]. Gender differences were also significant, with
women displaying greater temperature variability in certain regions post-exercise [13,31].
For example, Vieira et al. [13] noted that women’s skin temperature responses differed from
men’s during recovery from resistance training, which may be attributed to differences
in body fat and hormonal thermoregulation. A detailed overview of these key findings,
including limitations and conclusions, is presented in Table 3.

Other factors influencing skin temperature include sweat production and body fat
percentage. Sweating naturally cools the skin, reducing temperature readings, while body
fat acts as an insulator, potentially affecting the accuracy of the results. This effect is
particularly relevant in female participants, who typically have higher body fat percentages
than men [34,42,43]. Although these physiological and environmental factors may influence
absolute temperature values, their effect on relative temperature differences, which are
commonly used in thermographic analyses, is considerably less pronounced. In practice,
researchers often focus on temperature changes or differences (e.g., pre- vs. post-exercise,
or left vs. right side) rather than absolute values, to account for these individual variations.

3.3. Symmetry Analysis

Symmetry in cycling posture is critical for both comfort and performance. Sev-
eral studies have demonstrated that temperature asymmetries greater than 0.5 °C be-
tween corresponding body regions may indicate uneven weight distribution or improper
posture [13,14,21]. Although symmetrical sports like rowing generally show fewer asymme-
tries [14,21], sports involving more unilateral movements can yield temperature differences
of up to 1.7 °C [44]. A temperature difference of 1 °C is commonly considered a threshold
for severe asymmetry, while smaller differences (0.3-0.4 °C) may still warrant further
medical evaluation [19,45].

Despite the promise of IRT for detecting such asymmetries, establishing a direct
relationship between skin temperature asymmetry and muscle effort remains challenging
in cycling. For instance, Trecroci et al. [16] found no significant correlation between bilateral
crank torque differences and thigh skin temperature, suggesting that not all mechanical
asymmetries manifest thermally. Nonetheless, bilateral thermal imaging before and after
maximal exercise shows that highly trained cyclists typically exhibit symmetrical left—
right patterns, even when absolute temperatures drop due to exertion (Figure 3). This
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suggests that trained individuals tend to cool evenly across both sides, with temperature
asymmetries greater than 0.5 °C rarely observed.

In contrast, thermal imaging may also reveal clear asymmetries under certain con-
ditions. For instance, Dindorf et al. [12] reported that following unilateral back muscle
fatigue, one side of the lower back exhibited noticeably higher temperatures than the other.
Figure 4 presents thermal images of a single participant taken before exercise, immediately
afterward, and after 24 h of recovery. The post-exercise image distinctly shows the right
side of the lower back being warmer than the left side, clearly illustrating asymmetrical
loading. This underscores that when one side of the body is subjected to increased stress,
IRT can visually capture this asymmetry.

359
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287
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259
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- : \ :
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Figure 3. Bilateral thermal images pre- and post-exercise show symmetrical left-right temperature
patterns, despite overall cooling with exertion [16].

pre post follow-up

Figure 4. Thermal images of a subject’s back captured before (left), immediately after (middle), and
24 h after (right) unilateral fatigue of the trunk muscles. Post-exercise, a distinct temperature increase
is visible on the treated (fatigued) side compared to the untreated side [12].

3.4. Injury and Pressure Point Detection

Several studies have focused on overuse injuries in cyclists—particularly knee joint
strain and saddle-related soft-tissue discomfort—both of which are often linked to poor bike
fitting [15,25-27]. Knee injuries are commonly associated with incorrect saddle height, with
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an optimal knee angle of 25° to 30° at the bottom dead center (BDC) recommended to reduce
joint stress, although personal comfort and injury history should also be considered. The
saddle region is another frequent source of discomfort due to sustained pressure, especially
in female cyclists, for whom wider saddles have shown benefits [25-27]. Traditionally, pres-
sure sensors have been used to assess peak saddle pressure and guide fitting adjustments,
but IRT offers a complementary or alternative method by visualizing heat patterns that
indicate pressure points and underlying stress [10,13,16,25-27,46]. IRT has been effective in
detecting localized temperature increases at contact areas like the saddle and pedals, driven
by mechanical compression, reactive hyperemia, and surface friction [13,16]. For instance,
Bandeira et al. [15] detected muscle micro-injuries 24 h post-exercise using IRT, findings
corroborated by elevated creatine kinase levels. However, not all IRT-indicated injuries
were clinically confirmed, and external factors such as perspiration, ambient temperature,
and individual thermoregulation can influence interpretation [42]. Unlike pressure sensors,
which are mostly limited to saddle assessments, IRT can be applied more broadly to areas
such as pedals and handlebars, where sensors are less commonly used [3,46,47].
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Table 2. The objectives and corresponding measurement protocols of the included studies.

Study

Objective

Exercise Protocol

Measurement Procedure

ROI

Subjects

Camera and Position

Vieira et al. (2020) [13]

Szurko et al. (2022) [14]

Bandeira et al. (2012) [15]

Trecroci et al. (2017) [16]

Quesada et al. (2016) [10]

Cholewka et al. (2015) [17]

Ludwig et al. (2016) [18]

Dindorf et al. (2022) [12]

Chudecka et al. (2015) [20]

Analyze and compare skin
temperature during resistance
training in men and women;
monitor thermal recovery

Create a thermal map of the
body surface in trained
individuals

Evaluate the potential of
thermography for diagnosing
injuries caused by training

Examine the relationship
between kinetic and thermal
asymmetry during exercise

Investigate how cycling
postures, linked to knee angles,
affect skin temperature, the
reliability of thermal
measurements in varied body
regions

Assess efficiency levels during
endurance tests by comparing
temperature parameters with
data

Assess temperature distribution
on thighs during incremental
exercise

Study the impact of asymmetric
muscle fatigue on the skin
temperature of abdominal /back
muscles

Compare temperature changes
of rowers and handball players
after exercise

3 sets of 12 repetitions at
70-80%, 1 RM for lat pulldowns,
leg presses, and biceps arm curl
exercises

30 min adaptation, 3 min on
rowing ergometer set at 90%
capacity

15 min adaptation, 2 groups:
control group (low-intensity run
50-60% max heart rate),
experimental group (80% heart
rate squats, leg extension)
Adaptation to room
temperature, 10 min warm-up
at 100 W, increase 25 W every
min until exhaustion

10 min adaptation; 3 tests of 45
min cycling at 50% peak power,
each test in a different knee
flexion 20, 30, 40°(when pedal
crank at 180); one pre-test: 5
min warm-up at 50 W then 25
W added every min until
exhaustion; main test: 3 min
warm-up at 50 W, 45 min at 50%
30-40 min adaptation to room
temperature; start at 50 W and
every 3 min +30 W until
exhaustion

10 min adaptation, 10 min
warm-up at 100 W, then +25 W
every min until exhaustion

Adaptation to room
temperature; side bends on
Roman chair in sets of 20
repetitions

20 min warm-up, 2000 m
rowing, and 90 min handball
training

Interior and posterior body
view at rest, 20 min and 24 h
after training

Before and immediately after
exercise, then 10 min after, 20
min after, 40 min after and 50
min after

Image of quadriceps before
training and another image
taken 24 h after the session

One image every 10 s, 1 before
warm-up, 1 after warm-up, 1 at
exhaustion point, and 2 after
exercise (3 and 6 min after)

Before, immediately after, and
10 min after the test

Before, after, and every 3 min
interval

Before the test, after warm-up,
and after the incremental test
(immediately, 3 min after, and 6
min after)

Images were taken before,
immediately after, and after 24 h

Two series: 20 min before
training and immediately after
training

Brachial biceps, quadriceps, and
upper back

12 ROISs: right wrist elbow
flexor, left wrist flexor, biceps,
triceps, pectoral muscles,
anterior dentate muscles, right
rectus muscle, trapezius
muscles, gastrocnemius
muscles, quadriceps, deltoid
muscles, latissimus dorsi
muscles

Quadriceps

Independent pedal forces, peak
crank torque, overall torque,
skin temperature of quadriceps

16 ROISs: chest, abdomen, upper
back, lower back, vastus
lateralis, rectus femoris,
abductor, vastus medialis,
biceps femoris, semitendinosus,
knee, popliteal, tibialis anterior,
gastrocnemius, ankle anterior,
and Achilles

Face, chest, arms, back, calf

Thighs

Side back and abdomen

Front and rear surfaces of the
upper limbs (arm and forearm),
chest, front and rear surfaces of
thighs, the back

8 male and 8 female adults
(24.56 + 3.22 yrs) (healthy, no
smoking, allergies, lotion, oils,
creams before exercise)

Six professional male adults
(24-30 yrs) (no alcohol,
stimulants, sauna, etc., before
exercise)

18 male football players (age:
15-17 yrs)

10 male elite cyclists

16 cyclists at club level (No
smoking, no alcohol 12 h, no
high intensity 24 h, and no
lotions/creams 2 h before
exercise)

12 healthy male cyclists

7 male cyclists (no exercise 24 h
before)

41 subjects (22 male, 19 female;
age: 22.63 + 3.91 yrs; height:
173.36 + 9.95 cm; weight: 71.89 +
12.97 kg)

2 groups: 18 male scullers,
average age of 20.77 yrs, and
handball players (no specific
information)

FLIR T420 (320 x 240 pixels)

FLIR T640 (640 x 480 pixels,
distance of 3 m)

FLIR A-325 (320 x 240 pixels)

AVIO TVS-700 (320 x 240 pixels,
placed at a fixed height of 118
cm, background at constant
temperature)

FLIR E-60 (320 x 240 pixels,
NETD < 0.05 °C)

FLIR E-60 (320 x 240 pixels)

AVIO TVS-700 (320 x 240 pixels,
set perpendicular to ROI)

NEC AVIO TVS-200 (320 x 240
pixels)

FLIR ThermaCAM SC500 (256 x
256 pixels, with a distance of 3
m; conditions: 25°C and 60%
humidity)
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Table 2. Cont.

Study

Objective

Exercise Protocol

Measurement Procedure

ROI

Subjects

Camera and Position

Formenti et al. (2012) [22]

Bayrak et al. (2024) [23]

Straburnzynska-Lupa et al.

(2022) [25]

Duc et al. (2015) [29]

Ludwig et al. (2013) [30]

Marins et al. (2014) [31]

Arfaoui et al. (2014) [32]

Quesada et al. (2016) [33]

Ferreira et al. (2008) [41]

Vardasca et al. (2016) [48]

Examine differences in skin
temperature changes after
exercise between trained and
untrained individuals
Determine the level of
participation in the training of
an athlete with sartorius muscle
injury using IRT

Assess elite rowers’ skin
temperature; examine the link
between resting skin
temperature and muscle peak
torque

Analyze the relationship
between body/muscle
efficiency and skin
thermograms during graded
cycling

Compare methods for analyzing
thermographic images

Determine acclimation time
needed to achieve thermal
balance in young individuals at
rest

Analyze the relationship
between gastrocnemius skin
temperature and heart rate
during incremental cycling

Compare skin temperature
differences between cyclists and
non-cyclists, relationship with
performance factors

Evaluate thermographic
changes linked to localized
exercise in young and elderly
participants

Assess thermal symmetry in the
extremities of participants

15 min adaptation, standing
heel raises for 2 min

5 min adaptation, then cycling
at 30-40% intensity because he
was in pain

15 min adaptation, rowing (not
specified)

Start at 100 W and every 4 min
+40 W until exhaustion

15 min adaptation, staying in an
anti-gravitational static position

Standing for 20 min, no sitting,
crossing arms, or scratching

5 min sitting, cycling at 100 W
for 10 min, then +50 W every 3
min at up to 200 W, then 250 W
for 2 min, 30 min was needed to
balance the body’s temperature
with the environment before
resuming

3 min warm-up at 105 W, then
35 W increase per 3 min until
exhaustion; 10 min adaptation
before the test; after 10 min
adaptation, immediately after
the test and 10 min after the test
10 min adaptation, warm-up
exercise for right lower limb:
isotonic exercises of knee
extension/flexion with 1 kg
weight resistance above the
ankle, 3 min full range of
motion

Room adaptation of 15 min

Before exercise (1 min), during
exercise (2 min), and after
exercise (7 min)

Daily before and after exercise

Before, immediately after, and
15 min after exercise

Taken throughout exercise from
5 min before to 5 min after

3 images of the calves, 1 every
20s

Every 2 min, 4 images (in total
20 min)

Not specified

Not specified

Pre-exercise, immediately
post-exercise, and during the
10-min period post-exercise
(every 2 min 5 times)

Not specified

Lower limbs (calves, Achilles
tendon)

Sartorius muscle

Back and front body A-pose

Right calf, left quadriceps

Calves

Hands, forearms, arms, thighs,
legs, chest, and abdomen

Calves

Vastus lateralis, rectus femoris,
biceps femoris, and
gastrocnemius medialis

Posterior thigh’s skin
temperature

Total body anterior, total body
dorsal, right arm, left arm, both
hands, thighs, lower legs,
plantar feet, and dorsal feet
views

7 sedentary female subjects (no
alcohol and caffeine 4 h before
exercise)

1 professional football player
(23 yrs, 185 cm, 81 kg)

10 professional male sweep
rowers (no caffeine/coffee, no
alcohol, no lotion/ o0il before
exercise)

7 young, healthy male
competitive cyclists (no
smoking, no alcohol, no
coffee/caffeine 3 h, no intense
exercise 24 h, and no cream,
lotion or gel 2 h before exercise)
33 subjects (male/female)
(healthy, no drugs, alcohol,
caffeine for 4 h before exercise,
no body hair)

44 subjects: 18 men (22.3 + 3.1
yrs) and 26 women (21.7 + 2.5
yrs) (no pain, no medication 2
weeks, no smoking, no
cream/lotion 6 h, no exercise 24
h before exercise)

11 male cyclists (15 + 11 yrs
experience) (no smoking,
alcohol, coffee/ caffeine for 6h
before exercise)

11 cyclists and 11 non-cyclists
(no alcohol, coffee/ caffeine,
smoking 12 h, exercise, no
sunbath, no creams, lotions, oils
before exercise)

14 elderly (67 + 5 yrs) and 15
young (23 + 2 yrs) healthy
subjects (no food 2 h, no alcohol
or exercise 24 h, no lotion 2 h
before exercise)

39 males (26.9 + 10.2 yrs) (no
smoking, no heavy meal, no
alcohol 2 h, no exercise, no
oils/lotion before exercise)

AVIO TVS-700 (320 x 240 pixels)

Not specified

FLIR SC640 (640 x 380 pixels,
height of 1 m, distance of 6 m)

FLIR SC1000 (256 x 256 pixels,
height of 0.5 m and distance of
1.5 m at the right side of the
vehicle)

AVIO TVS-700 (320 x 240 pixels)

Fluke ATIR-25 (160 x 120 pixels)

FLIR SC1000 (256 x 256 pixels)

FLIR T420 (320 x 240 pixels,
perpendicular to ROI, distance
of 1 m, no electronic devices in 5
m radius)

Not specified (height of 36 cm,
distance of 2.34 m)

FLIR A40 (320 x 240 pixels)
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Table 2. Cont.

Study

Objective

Exercise Protocol

Measurement Procedure

ROI

Subjects

Camera and Position

Mu noz et al. (2024) [44]

Salamunes et al. (2017) [42]

Zontak et al. (1997) [34]

Merla et al. (2005) [35]

Cuevas et al. (2014) [28]

Tanda et al. (2015) [39]

Hadzic et al. (2015) [45]

Evaluate skin temperature
asymmetries in padel players;
associations with fatigue, pain,
and experience

Investigate the relationship
between body fat percentage
and skin temperature

Define skin temperature
responses to exercise using
thermography

Examine differences in skin
thermoregulation during
graded exercise between trained
and untrained individuals

Use IRT to monitor changes in
muscle and joint temperature
after exercises, understanding
effects on thermoregulation and
metabolism

Evaluate skin temperature
responses to controlled running
exercise

Study the connection between
skin temperature changes and
muscle fatigue, determine the
usefulness of thermography for
monitoring fatigue

Training of 3 + 1 h with a
common training pattern

15 min adaptation, no exercise,
participants were grouped
based on %BF

15 min adaptation; method 1:
cycling with a load increase of
50 W every 3 min until
exhaustion; method 2: rest and
steady state (640 s at rest, 1280 s
under load)

High-resolution thermal video:
thighs recorded at rest for 1 min,
during exercise and along the
recovery phase

Strength training session
protocol: 5 min warm-up
bicycle + stretch, 4 sets of 10
reps at 70%, 90 s rest, bench, leg
press, leg extensions, crossed
pulleys; also 5 min warm-up, 45
min treadmill 60-75%. 15 min
adaptation, no exercise 24 h,
comfortable clothing

10 min adaptation, running
exercise on a treadmill with
graded or constant load

15 min adaptation, 6 min
warm-up at 100 W, 10 s stretch,
then 7.5 min at 120°/s on a
dynamometer

Before exercises, immediately
after, and 10 min after

Not specified

Not specified

High-resolution thermal video:
thighs recorded at rest for 1 min,
during exercise and along the
recovery phase

10 series of thermograms before,
immediately after, and one hour
after exercise

During different phases of
exercise, including warm-up,
running at a constant velocity,
and resting periods

Not specified

Upper limbs: anterior shoulder,
anterior arm, anterior forearm,
abdominal, posterior shoulder,
posterior arm, posterior forearm,
and lower back; lower limbs:
anterior thigh, anterior knee,
anterior leg, posterior thigh,
posterior knee, and posterior leg

Anterior and posterior views,
on both right and left sides:
arms, forearms, thighs, shanks,
palms, abdomen, and flanks

Method 1: hand skin
temperature under conditions
of rest, load, and recovery;
method 2: dynamics of hand
surface temperature under rest
followed by constant load

Total body

Pectoral, dorsal, deltoids, biceps
brachii, triceps brachii,
quadriceps, and hamstring
muscles, the elbow and knee
joints bilaterally, abdominal

Anterior thigh, abdomen,
posterior calf, etc.

Quadriceps

10 professional padel players (9
males, 1 female) (no UV
treatment 12 h, no medication,
no body cream before exercise)

123 Women (18-35 yrs, BMI:
18.5-29.99 kg/m?) (not
pregnant, no fever for 15 days,
no alcohol, caffeine/coffee,
lotions, deodorants, no smoking
before exercise)

10 subjects (age: 25.8 £0.7 yrs,
height: 175.3 + 1.8 cm, weight:
70.1 £ 2.5 kg)

18 young healthy men (19-26
yrs), 10 professional footballers
and 8 sedentary subjects
(non-smokers, no drugs)

15 physically active students

7 healthy and active subjects (6

males and 1 female)

1 male (23 yrs, 12 yrs training
history, 178.5 cm, 68 kg)

FLIR E60 (320 x 240 pixels,
perpendicular to ROI, distance
of 2m)

Fluke Ti400 (320 x 240 pixels,
orthostatic position, distance of
2.5m)

Not specified

AEG Aim 256 PtSi (256 x 256
pixels)

FLIR 335 (320 x 240 pixels)

FLIR T335 (320 x 240 pixels)

FLIR T425 (320 x 240 pixels)
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Table 3. The key findings, limitations, and conclusions of the included studies.

Study

Key Findings

Limitations

Conclusions

Vieira et al. (2020) [13]

Szurko et al. (2022) [14]

Bandeira et al. (2012) [15]

Trecroci et al. (2017) [16]

Quesada et al. (2016) [10]

Cholewka et al. (2015) [17]

Ludwig et al. (2016) [18]

Dindorf et al. (2022) [12]

Chudecka et al. (2015) [20]

Formenti et al. (2012) [22]

Bayrak et al. (2024) [23]

Straburnzyriska-Lupa et al. (2022) [25]

Duc et al. (2015) [29]

Ludwig et al. (2013) [30]

Marins et al. (2014) [31]

Women had significantly lower skin temperature than men, with
no significant differences between sexes at both 20 min and 24 h
after exercise; asymmetry is noted when the temperature
difference exceeded 0.5 °C

An initial decrease in skin temperature due to vasoconstriction; an
increase in skin temperature in specific regions when blood flow
drifts from internal tissues to the skin surface

The experimental group experienced some micro-injuries,
triggering an inflammatory process, notable muscular temperature
gradient was observed 24 h after exercise

Significant asymmetry in peak crank torques, the right limb is
stronger and colder, no correlation between asymmetry and skin
temperature differences, fewer asymmetries with highly trained
cyclists, sweat production can reduce skin temperature

Changing saddle height did not lead to changes in skin
temperature at the regions of interest, different cycling postures
from saddle height variations had no impact on thermal
measurements

A strong negative correlation was found between average power
output and average body surface temperature from thermal
parameters

Heat-spot patterns on thighs linked to effort type rather than
exercise type

Temperature changes were visible post-test, decreasing after 24 h;
back muscles showed asymmetric skin temperature differences
post-test, with the treated side slightly warmer

Scullers: mean skin temperature was lower post-exercise than
pre-exercise, symmetrical muscle activity; handball players:
significant differences in skin temperatures between symmetric
and asymmetric muscle areas

Female athlete’s skin temperature increased more during
steady-load exercise compared to sedentary female controls

Temperature increased significantly after 10 min of cycling at
30-40% intensity

No significant temperature asymmetries were found

Strong correlations were observed between changes in heart rate,
oxygen uptake, and skin temperature in the vastus lateralis and
gastrocnemius medialis muscles

Comparison of three IRT methods (Troi, Tmax, Ttot) for skin
temperature analysis; Troi and Ttot yield similar values, while
Tmax detects higher temperatures and asymmetry more
effectively

Women exhibited significantly higher temperature variations than
men; men: significant temperature variation in the abdomen;
women: variations in the anterior abdomen, thighs, and posterior
parts of the hands and forearms

The type of strength training performed may induce thermal
changes 24 h after exercise compared to baseline values in the
ROIs, these areas would thus require a longer recovery time

Not specified

Not specified

The experimental setting is far from regular training or
competition environments, with no pedal power measurements,
only analyzing the quadriceps

Sweat on the skin could influence the IRT data as it may work as a
filter

Not specified

Controlled environment conditions

Body fat influences thermographic reactions [14], laboratory
environmental conditions

Small sample size, lack of detailed information on the handball
players

Heat dissipation is influenced by variables like body hair and fat
distribution

Not specified
Not specified

Efficiency is calculated at the same workload but not at identical
pedaling cadence, the time of power output steps to measure data
is much lower than recommended

Small sample size, limited to calf muscles, only static images
analyzed

Not specified

Women's resting skin temperature was lower than men’s across all
ROIs; strength training did not alter baseline skin temperature at
20 min post-exercise in the analyzed regions; 24 h post-training,
men showed increases compared to base values in upper back skin
temperature, women in quadriceps

Thermography can assess muscle symmetry; temperature
differences did not exceed 0.5 °C, meaning no significant
asymmetry; thermal imaging is a non-contact, safe, and innovative
method for verifying muscle symmetry

Thermography, alongside creatine kinase, can non-invasively
detect and localize muscle injuries post-training; fat layer
thickness affects accuracy

Bilateral differences in kinetic variables did not correspond to skin
temperature differences during a maximal incremental cycling test,
challenging to link skin temperature with muscle effort, future
studies should include additional cameras to analyze other areas
of the lower limbs

Changes in knee flexion angles did not alter skin temperature at
the ROIs, application of IRT for analyzing saddle height effects
does not seem suitable

Thermal imaging can be useful for evaluating athletic efficiency, it
may also aid in training assessments

Decrease in temperature post-exercise, rapid recovery
immediately after; hot-spotted thermal pattern on the skin surface
Thermography is effective for detecting differences between
treatment and non-treatment areas, suggesting potential in
evaluating the effectiveness of treatment for asymmetric muscle
fatigue; thermography can bring value in diagnosing muscular
imbalances

Thermal imaging could be a valuable tool for assessing technical
preparations in sports requiring symmetrical muscle use, like
rowing; symmetry is crucial for optimal performance in such
sports

Physical training influences the rate of skin temperature increases
during localized exercise in female subjects; IRT has the potential
to track skin temperature changes during exercise and is helpful in
studying skin temperature changes and their physiopathology
Thermography is useful for detecting muscle injuries and can be
employed in injury prevention strategies

No significant temperature asymmetries were found; thermal
imaging can effectively track changes in skin temperature and
symmetry before and after exercise

Significant inverse correlation between skin temperature changes
in vastus lateralis and cycling efficiency, cyclists with greater skin
temperature decrease showed better thermoregulation during
exercise

All three methods effectively capture skin temperature trends,
Tmax is the most suitable for detecting asymmetry and dynamic
conditions

The time required to reach skin temperature balance in young men
and women is variable, 10 min of rest for whole-body thermal
analysis is recommended for both sexes
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Table 3. Cont.

Study Key Findings Limitations Conclusions
A significant correlation was found between heart rate and skin
Arfaoui et al. (2014) [32] No asymmetries were found Not specified temperature evolution during graded exercise, no asymmetries were

Quesada et al. (2016) [33]

Ferreira et al. (2008) [41]

Vardasca et al. (2016) [48]

Mu noz et al. (2024) [44]

Salamunes et al. (2017) [42]

Zontak et al. (1997) [34]

Merla et al. (2005) [35]

Cuevas et al. (2014) [28]

Tanda et al. (2015) [39]

Hadzic et al. (2015) [45]

Cyclists had lower body fat percentage, higher peak power output,
higher oxygen consumption, higher heat production, and higher skin
temperatures in knee extensors compared to non-cyclists; skin
temperature was negatively correlated with body fat and positively
correlated with peak power output and heat production

No temperature differences were observed pre-exercise, younger
individuals had higher baseline limb temperatures than elderly
participants, post-exercise: the temperature in the exercised limb was
greater

The greatest difference in standard variations between the
contralateral areas was found to be 0.12 °C (forearm, anterior view);
the asymmetry threshold is at 0.5 °C

No asymmetries before exercise; post-exercise differences found in
anterior and posterior forearms, shoulders, and arms; 10 min
post-exercise, differences in anterior and posterior arms and forearms;
strong correlation found between thermal asymmetries in the knee
and racket weight (moderate correlation between the posterior thigh
and age)

Higher body fat percentage correlated with lower skin temperatures
in posterior thighs, shanks, and arms; body fat percentage positively
correlated with palm temperatures and body circumferences

Method 1: hand temperature decreased over time; method 2:
steady-state temperature at rest reached after 500 s; higher initial
fingertip temperatures correlated with greater rates of decrease

Untrained subjects showed lower minimal skin temperature after
exercise compared to trained subjects, trained subjects had better
blood circulation, skin temperature decreased in both trained and
untrained groups during exercise due to continuous vasoconstriction
as exercise intensity increased

Recovery times varied by muscle group, exercise type, and intensity
Early decrease in skin temperature during graded load exercise due to

vasoconstriction, relative minimum during constant load, gradual
increase during recovery

Negative correlation between quadriceps skin temperature increase
and power decrease

Sweat on the skin could have influenced the thermal data due to its
effect as a filter for infrared radiation [49]

No similar health conditions between subjects

Not specified

Small sample size, only one female; training was the same for all
players, so load cannot be objectively determined

The lack of control of subjects” menstrual cycle phases may alter
thermal results [37]

Not specified

Not specified

Only 15 participants, a controlled environment, and limited exercises

A limited number of subjects, controlled laboratory conditions

Not specified

detected

Cyclists had higher skin temperatures than non-cyclists during and
after an incremental cycling test, heat production is a key variable to
consider when interpreting skin temperature results, skin temperature
dynamics are influenced by body composition and cycling
performance, and maintaining low body fat is recommended for
improved heat dissipation

IRT is effective in detecting thermal responses during low-exercise
conditions, young subjects had higher resting temperatures than the
elderly, elderly showed slower heat dissipation post-exercise despite
similar heat production

Regional views provided better thermal symmetry than full-body
views, particularly for hands and feet, with excellent thermal
symmetry in healthy individuals, with maximum differences of 0.4 °C
Asymmetries were observed in upper limbs post-training, increasing
during recovery (10 min post-exercise); skin temperature dominance
was not related to changes in fatigue, pain, or years of experience, but
was associated with racket mass in the anterior knee and age in the
posterior thigh; thermography can be useful for observing
asymmetries

Skin temperature distribution is influenced by body fat percentage,
future studies should consider body fat’s impact on heat dissipation

Rate of temperature decrease was influenced by the initial hand
temperature; graded load exercises caused continuous cooling of
fingers; steady-state exercises caused a similar decrease, followed by
rewarming post-exercise

Trained individuals showed better vasoconstriction and heat
dissipation during exercise; trained group was more efficient at
transferring heat from muscles to skin

IRT could offer valuable insights into temperature changes as a
reaction to exercise; it is a safe, effective tool for monitoring activity
and recovery patterns

Human thermoregulation during running is influenced by dynamic
energy balance and environmental and physical work conditions; IRT
is effective for real-time, non-invasive monitoring of skin temperature;
skin temperature decreases initially during exercise due to
vasoconstriction

Possible relationship between skin temperature changes and muscle
fatigue, monitoring skin temperature could provide an easier tool for
tracking muscle fatigue
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4. Discussion
4.1. Thermography vs. Traditional Bike-Fitting Methods

Traditional bike fitting primarily relies on biomechanical assessments, focusing on
parameters such as joint angles, limb alignment, and body positioning, often using tools
like video analysis or 3D motion capture systems. While these methods are well-established
and effective for evaluating movement patterns, they offer limited insight into the physio-
logical responses of the rider—such as pressure distribution, asymmetries, and localized
discomfort—that can significantly influence both comfort and performance. These aspects,
although critical, are not always apparent through kinematic data alone.

IRT presents a valuable complementary approach by offering non-invasive, real-time
insights into the thermal responses of the body during and after cycling. By visualizing
heat patterns, IRT can highlight areas of excessive pressure, thermal asymmetry, or regions
susceptible to discomfort or overuse injuries—patterns that often remain undetected in
conventional biomechanical analyses [10,13,14,16,17,20,35]. Most reviewed studies con-
firmed IRT’s ability to detect relative temperature changes linked to fatigue or discomfort,
with consistent findings such as post-exercise hyperemia and asymmetries exceeding 1 °C
frequently aligning with known mechanical issues (e.g., cleat misalignment) [13,16,20].
However, some limitations must be considered: temperature readings can be affected by
factors such as body fat insulation and sweat-induced cooling, necessitating standardized
environmental controls and protocols to ensure measurement consistency [20,34]. More-
over, IRT does not provide direct biomechanical data, such as joint kinematics or muscle
activation patterns. Its utility, therefore, lies not in replacing traditional methods but in
enhancing them. For example, while IRT can pinpoint a hot spot on a saddle, a traditional
pressure sensor can quantify the pressure at that spot; it remains unclear whether IRT’s
qualitative insight leads to better adjustments than the bike fitter’s usual process. No di-
rect head-to-head studies between IRT-guided fitting and conventional fitting were found.
Therefore, we cannot claim that IRT is more effective than traditional methods, only that
it provides additional information. The findings underscore the importance of integrating
IRT with biomechanical tools to gain a more comprehensive understanding of cyclist fit and
function. Notably, not all biomechanical deviations manifest thermally—Trecroci et al. [16], for
instance, found no thermal asymmetry associated with crank torque imbalance—highlighting
that thermographic findings should always be interpreted in conjunction with mechanical
data for accurate and meaningful conclusions.

4.2. Practical Applications of Thermography in Bike Fitting

While IRT shows promise for applications in bike fitting, its potential must be evalu-
ated with caution. IRT provides real-time visualizations of pressure-related heat patterns,
asymmetries, and possible areas of discomfort, which can support immediate adjustments
aimed at enhancing rider comfort and performance. For instance, thermal hotspots on the
saddle or pedals may suggest localized overloading that, if unaddressed, could lead to
discomfort or injury over time [10,13,16,25-27,46]. However, such thermal indicators are
inherently qualitative and indirect. Without concurrent biomechanical data—such as joint
kinematics or quantified pressure—thermographic findings alone may lack the specificity
required for targeted and effective interventions.

In high-level or professional settings, IRT may contribute to more individualized
fitting by accounting for a rider’s unique physiological responses. Nonetheless, its role
should be viewed as complementary rather than standalone. Not all biomechanical dys-
functions produce detectable thermal asymmetries, and some thermographic patterns may
be influenced by non-mechanical factors, including body composition or environmental
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conditions. This underscores the necessity of interpreting IRT results alongside objective
biomechanical assessments.

Although several challenges persist, including the absence of standardized proto-
cols and the requirement for expertise in data interpretation, the relatively low cost and
non-invasive nature of thermographic equipment make IRT an accessible and scalable
complement to current bike-fitting technologies. Nevertheless, in the absence of direct
comparative studies, it remains unclear whether IRT-guided fitting leads to superior out-
comes compared to conventional approaches. Therefore, IRT should be integrated carefully
into a broader, evidence-based assessment strategy, rather than viewed as a substitute for
established biomechanical methods.

4.3. Limitations

Because camera settings and measurement protocols varied between studies, direct
comparison of absolute quantitative temperature values should be approached with caution.
Differences in thermal sensitivity, calibration, or environmental conditions (e.g., room
temperature, humidity) may have influenced the magnitude of the reported temperature
readings. However, such factors are less likely to affect the interpretation of relative
temperature differences, which were the primary focus in most studies. The lack of
standardized control over physiological and environmental variables—such as hydration
status, sweat rate, and ambient temperature—represents a limitation. While these factors
primarily affect absolute values, they may also introduce subtle variability in relative
temperature patterns, especially in cross-study comparisons. This potential influence
should be acknowledged, as it may have impacted the conclusions of this review.

A meta-analysis was not conducted due to substantial heterogeneity in study designs,
outcome measures, and reporting styles. Many studies presented qualitative trends rather than
comparable quantitative metrics, which precluded the calculation of a meaningful pooled
effect size. Consequently, the conclusions of this review are based on recurring patterns
observed across studies, rather than on aggregated statistical evidence. This approach allows
for the identification of general tendencies but does not yield definitive conclusions. For
example, while several studies reported temperature changes in the range of 0.5 to 1.0 °C
associated with fatigue, the absence of uniformly controlled comparison groups limits the
statistical generalizability of such findings. Overall, this systematic review identifies consistent
trends and proposes hypotheses—such as the potential of IRT to detect asymmetry-related
issues—but does not provide definitive quantitative proof. These preliminary findings should
be validated through well-controlled, hypothesis-driven studies.

This review is constrained by the limited scope of existing studies. Notably, many
included experiments involved homogeneous groups of young, trained male cyclists,
raising concerns about selection bias. Thermal responses and fitting issues in female or
recreational cyclists might differ—for example, women may experience different saddle
pressure distributions—yet such groups were underrepresented. Consequently, the findings
may not generalize to all cyclist populations.

Study quality was assessed using the NOS, which provided a standardized framework to
ensure baseline methodological rigor. Nonetheless, the NOS has recognized limitations; while it
emphasizes aspects such as selection and comparability, it may overlook certain sources of bias,
including lack of blinding or insufficient detail in intervention reporting. As a result, potential
biases—such as measurement bias or unreported confounding variables—may have been
present in some included studies without being adequately captured by the NOS scoring system.
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4.4. Recommendations for Future Research

The reviewed studies demonstrate the promise of IRT in enhancing bike-fitting prac-
tices, yet several gaps remain. A critical next step is to determine whether the additional
information provided by IRT actually leads to better outcomes. While IRT can visualize
thermal patterns indicative of pressure or asymmetry, it remains unclear whether these in-
sights translate into more effective adjustments than those achieved through conventional
fitting approaches. Therefore, future research should explicitly compare the outcomes
of fittings conducted with and without IRT guidance—assessing variables such as rider
comfort, power output, and injury incidence—to establish its practical value in bike fitting.
Such studies would help move the field beyond proof-of-concept and clarify IRT’s potential
role in evidence-based practice.

In parallel, further efforts should aim at developing standardized measurement pro-
tocols, including detailed guidelines for camera positioning, acclimatization periods, and
environmental conditions. This would enhance consistency across settings and improve
comparability between studies. Moreover, it is essential to investigate the correlation
between thermographic findings and subjective comfort ratings. Establishing a clear link
between observed thermal asymmetries and perceived discomfort would support more
targeted interventions and help validate IRT as a decision-making tool.

This review focused primarily on rider-related thermal patterns; however, the influ-
ence of equipment characteristics—such as saddle design or material—on these patterns
remains underexplored. Understanding how such factors modulate thermal responses
could offer new perspectives on bike-equipment interactions and their implications for fit.

Another critical area for future research involves the inclusion of a balanced represen-
tation of male and female participants. Given the physiological and anatomical differences
between genders, particularly in terms of pressure distribution and comfort needs, ensuring
gender diversity in studies will enhance the generalizability of findings and improve the
applicability of IRT in bike fitting.

Moreover, dynamic assessments using thermal videography during real-time cycling
could provide valuable insights into how thermal patterns evolve under varying conditions,
such as changes in speed, terrain, or cycling posture. This approach may reveal previously
undetectable issues related to biomechanical imbalances or pressure points during dynamic
movement, further enhancing the precision of bike fitting.

Finally, longitudinal studies are necessary to evaluate the long-term impact of IRT-
informed bike fitting on cycling performance, injury prevention, and overall comfort. By
including a diverse range of participants, from recreational cyclists to elite athletes, future
research can validate the effectiveness of IRT in both professional and everyday cycling
contexts. Addressing these research areas will not only bridge the gap between laboratory
findings and real-world applications but also contribute to more effective and data-driven
bike-fitting solutions.

5. Conclusions

This paper has highlighted the potential of IRT as a valuable addition to current bike-
fitting practices. While traditional methods focus primarily on biomechanical alignment,
IRT offers a non-invasive means to capture physiological responses such as pressure
distribution and asymmetry, factors closely linked to comfort and injury risk. By providing
real-time, objective insights that go beyond what kinematic analysis can reveal, IRT can
enhance the precision and effectiveness of rider assessments. Its integration into bike
fitting, however, depends on the development of standardized protocols for measurement,
interpretation, and application. With such frameworks in place, IRT could play a key role
in advancing towards a more holistic, data-driven approach to cycling ergonomics.



Sensors 2025, 25, 2356 17 of 19

Author Contributions: Conceptualization, W.C. and O.V.; methodology, W.C.; investigation, W.C.
and O.V,; data curation, W.C. and O.V,; writing—original draft preparation, W.C.; writing—review
and editing, W.C., O.V,,].V,,S.V,, H.Z,, and G.S,; visualization, W.C.; supervision, G.S. and S.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research Foundation-Flanders (FWO) under a Strategic Basic
Research (SB) fellowship 1SB9825N (Warre Clarys), FWO TBM research project, “The use of dynamic
infrared thermography for perforator mapping and quality improvement in autologous breast
reconstructions” (project number 41882 (FWO TBM FN7023)), FWO research project, “Optimized skin
tissue identification by combined thermal and hyperspectral imaging methodology” (project number
41882 (FWO G0A9720N)) and VLAIO Tetra project Comfortex-Al: Clothing comfort assessment and
optimization by thermography and artificial intelligence (HBC.2022.0773).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created.

Acknowledgments: The authors thank all participating colleagues for their support during the
article preparation.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

Scoz, R.D.; de Oliveira, P.R.; Santos, C.S.; Pinto, J.R.; Melo-Silva, C.A.; de Judice, A.ET.; Mendes, ].].B.; Ferreira, L.M.A.; Amorim,
C.F. Long-Term effects of a kinematic bikefitting method on pain, comfort, and fatigue: A Prospective cohort study. Int. ]. Environ.
Res. Public Health 2022, 19, 12949. https:/ /doi.org/10.3390/ijerph191912949.

Van der Walt, A. Non-traumatic injury profile of amateur cyclists. S. Afr. J. Sport. Med. 2014, 26, 119-122. https://doi.org/10.719
6/sajsm.555.

Bini, R.; Hume, P.A.; Croft, ].L. Effects of bicycle saddle height on knee injury risk and cycling performance. Sport. Med. 2011,
41, 463-476. https:/ /doi.org/10.2165/11588740-000000000-00000.

Braeckvelt, J.; De Bock, J.; Schuermans, J.; Verstockt, S.; Witvrouw, E.; Dierckx, J. The need for data-driven bike fitting: Data
study of subjective expert fitting. In Proceedings of the 7th International Conference on Sport Sciences Research and Technology
Support (icSports), Vienna, Austria, 20-21 September 2019; pp. 181-189. https://doi.org/10.5220/0008344701810189.

Bini, R.R. (La Trobe University, Melbourne, VIC, Australia). The Need for a Link Between Bike Fitting and Injury Risk. Personal
communication, 2016.

Millour, G.; Velasquez, A.T.; Domingue, F. A Literature Overview of Modern Biomechanical-Based Technologies for Bike-Fitting
Professionals and Coaches. Int. J. Sport. Sci. Coach. 2023, 18, 292-303. https:/ /doi.org/10.1177/17479541221123960.

Holliday, W.; Fisher, J.; Swart, J. The Effects of Relative Cycling Intensity on Saddle Pressure Indexes. ]. Sci. Med. Sport 2019, 22,
1106-1111. https://doi.org/10.1016/j.jsams.2019.05.016.

Scoz, R.D.; Espindola, T.R.; Santiago, M.E; de Oliveira, P.R.; Alves, BM.O.; Ferreira, L. M.A.; Amorim, C.F. Validation of a 3D
Camera System for Cycling Analysis. Sensors 2021, 21, 4473. https://doi.org/10.3390/5s21134473.

Husband, S.P.; Wainwright, B.; Wilson, E; Crump, D.; Mockler, D.; Carragher, P.; Nugent, F.; Simms, C.K. Cycling Position
Optimisation—A Systematic Review of the Impact of Positional Changes on Biomechanical and Physiological Factors in Cycling.
J. Sport. Sci. 2024, 42, 239-255. https://doi.org/10.1080/02640414.2024.2394752.

Quesada, J.I.P,; Carpes, EP,; Palmer, R.S.; Perez-Soriano, P.; De Anda, RM.C.O. Effect of saddle height on skin temperature
measured in different days of cycling. SpringerPlus 2016, 5, 205. https://doi.org/10.1186/s40064-016-1843-z.

Soroko, M.; Zaborski, D.; Dudek, K.; Yarnell, K.; Gérniak, W.; Vardasca, R. Evaluation of thermal pattern distributions in racehorse
saddles using infrared thermography. PLoS ONE 2019, 14, e0221622. https:/ /doi.org/10.1371/journal.pone.0221622.

Dindorf, C.; Bartaguiz, E.; Janowicz, E.; Frohlich, M.; Ludwig, O. Effects of unilateral muscle fatigue on thermographic skin
surface temperature of back and abdominal Muscles—A pilot study. Sports 2022, 10, 41. https://doi.org/10.3390/sports10030041.
Vieira, S.G.; Sillero-Quintana, M.; Da Silva, A.G.; Marins, K.O.; Marins, ].C.B. Thermographic response resulting from strength
training: A preliminary study. Apunt. Sport. Med. 2020, 55, 120-127. https:/ /doi.org/10.1016/j.apunsm.2020.08.003.


https://doi.org/10.3390/ijerph191912949
https://doi.org/10.7196/sajsm.555
https://doi.org/10.7196/sajsm.555
https://doi.org/10.2165/11588740-000000000-00000
https://doi.org/10.5220/0008344701810189
https://doi.org/10.1177/17479541221123960
https://doi.org/10.1016/j.jsams.2019.05.016
https://doi.org/10.3390/s21134473
https://doi.org/10.1080/02640414.2024.2394752
https://doi.org/10.1186/s40064-016-1843-z
https://doi.org/10.1371/journal.pone.0221622
https://doi.org/10.3390/sports10030041
https://doi.org/10.1016/j.apunsm.2020.08.003

Sensors 2025, 25, 2356 18 of 19

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Szurko, A.; Kasprzyk-Kucewicz, T.; Cholewka, A.; Kazior, M.; Sieron, K.; Stanek, A.; Morawiec, T. Thermovision as a tool
for athletes to verify the symmetry of work of individual muscle segments. Int. ]. Environ. Res. Public Health 2022, 19, 8490.
https:/ /doi.org/10.3390/ijerph19148490.

Bandeira, F.; De Moura, M.A.; De Souza, M.A.; Nohama, P; Neves, E.B. CAN THERMOGRAPHY AID IN THE DIAGNOSIS OF
MUSCLE INJURIES IN SOCCER ATHLETES? Rev. Bras. Med. Esporte 2012, 18, 246-251.

Trecroci, A.; Formenti, D.; Ludwig, N.; Gargano, M.; Bosio, A.; Rampinini, E.; Alberti, G. Bilateral asymmetry of skin temperature
is not related to bilateral asymmetry of crank torque during an incremental cycling exercise to exhaustion. Peer] 2018, 6, e4438.
https://doi.org/10.7717 / peer;j.4438.

Cholewka, A.; Kasprzyk, T.; Stanek, A.; Sieron-Stoltny, K.; Drzazga, Z. May thermal imaging be useful in cyclist endurance tests?
J. Therm. Anal. Calorim. 2015, 123, 1973-1979. https:/ /doi.org/10.1007/s10973-015-4662-5.

Ludwig, N.; Trecroci, A.; Gargano, M.; Formenti, D.; Bosio, A.; Rampinini, E.; Alberti, G. Thermography for skin temperature
evaluation during dynamic exercise, a case study on an incremental maximal test in elite male cyclists. Appl. Opt. 2016, 55,
D126-D130. https:/ /doi.org/10.1364/A0.55.00D126.

Sillero-Quintana, M.; Gomez-Carmona, PM.; Fernandez-Cuevas, I. Infrared thermography as a means of monitoring and
preventing sports injuries. In Infrared Thermography as a Means of Monitoring and Preventing Sports Injuries; IGI Global: Hershey, PA,
USA, 2017; pp. 166-167. https://doi.org/10.4018/978-1-5225-2072-6.ch008.

Straburzyniska-Lupa, A.; Korman, P; Sliwicka, E.; Krysciak, J.; Ogurkowska, M.B. The use of thermal imaging for monitoring the
training progress of professional male sweep rowers. Sci. Rep. 2022, 12, 16507. https://doi.org/10.1038/541598-022-20848-7.
Chudecka, M.; Lubkowska, A.; Leznicka, K.; Krupecki, K. The use of thermal imaging in the evaluation of the symmetry
of muscle activity in various types of exercises (Symmetrical and asymmetrical). J. Hum. Kinet. 2015, 49, 141-147. https:
//doi.org/10.1515/hukin-2015-0116.

Formenti, D.; Ludwig, N.; Gargano, M.; Gondola, M.; Dellerma, N.; Caumo, A.; Alberti, G. Thermal imaging of Exercise-
Associated skin temperature changes in trained and untrained female subjects. Ann. Biomed. Eng. 2012, 41, 863-871. https:
/ /doi.org/10.1007 /s10439-012-0718-x.

Bayrak, A.; Ergene, M.C.; Ceylan, M. Thermography method under the influence of exercise in the detection of muscle injuries:
Sartorius muscle case report. J. Bodyw. Mov. Ther. 2024, 39, 109-115. https://doi.org/10.1016/j.jbmt.2024.02.029.

Bogomilsky, S.; Hoffer, O.; Shalmon, G.; Scheinowitz, M. Preliminary study of thermal density distribution and entropy analysis during
cycling exercise stress test using infrared thermography. Sci. Rep. 2022, 12, 14018. https://doi.org/10.1038/s41598-022-18233-5.
Potter, ].J.; Sauer, J.L.; Weisshaar, C.L.; Thelen, D.G.; Ploeg, H.L. Gender Differences in Bicycle Saddle Pressure Distribution
during Seated Cycling. Med. Sci. Sport. Exerc. 2008, 40, 1126-1134. https://doi.org/10.1249 /mss.0b013e3181666eea.

Lin, Z.J.; Wang, H.H.; Chen, C.H. The effect of bicycle saddle widths on saddle pressure in female cyclists. J. Sport. Sci. Med. 2023,
22,425-430. https://doi.org/10.52082 /jssm.2023.424.

Herrero-Molleda, A.; Bini, R.; Garcia-Lépez, J. Saddle preferences and perceived comfort of competitive women cyclists. Sci.
Sports 2024, 39, 670-677. https://doi.org/10.1016/j.scispo.2024.07.002.

Cuevas, LE,; Quintana, M.S.; Garcia-Concepcion, M.A.; Serrano, ] R.; Gomez-Carmona, P.; Marins, J.C. Monitoring Skin Thermal
Response to Training with Infrared Thermography. New Stud. Athl. 2014, 29, 57-71

Duc, S. Efficiency and Thermography in Cycling during a Graded Exercise Test. ]. Exerc. Sport. Orthop. 2015, 2, 1-8.
https://doi.org/10.15226/2374-6904 /2 /3 /00128.

Ludwig, N.; Formenti, D.; Gargano, M.; Alberti, G. Skin temperature evaluation by infrared thermography: Comparison of image
analysis methods. Infrared Phys. Technol. 2013, 62, 1-6. https://doi.org/10.1016/j.infrared.2013.09.011.

Marins, J.C.B.; Moreira, D.G.; Cano, S.P,; Quintana, M.S.; Soares, D.D.; Fernandes, A.d.; da Silva, ES.; Costa, C.M.A.; Amorim,
PR.d.S. Time required to stabilize thermographic images at rest. Infrared Phys. Technol. 2014, 65, 30-35. https://doi.org/10.1016/
j.infrared.2014.02.008.

Arfaoui, A.; Bertucci, W.; Letellier, T.; Polidori, G. Thermoregulation during incremental exercise in masters cycling. . Sci. Cycl.
2014, 3, 33-41.

Quesada, J.LP,; Sampaio, L.T.; Bini, R.R.; Rossato, M.; Cavalcanti, V. Multifactorial cycling performance of Cyclists and Non-Cyclists
and their effect on skin temperature. J. Therm. Anal. Calorim. 2016, 127, 1479-1489. https://doi.org/10.1007/s10973-016-5971-z.
Zontak, A.; Sideman, S.; Verbitsky, O.; Beyar, R. Dynamic Thermography: Analysis of hand temperature during exercise. Ann.
Biomed. Eng. 1998, 26, 988-993. https:/ /doi.org/10.1007/BF02368110.

Merla, A.; Iodice, P; Tangherlini, A.; Michele, G.D.; Romualdo, S.D.; Saggini, R. Monitoring skin temperature in trained and
untrained subjects throughout thermal video. In Proceedings of the 2005 IEEE Engineering in Medicine and Biology 27th Annual
Conference, Shanghai, China, 17-18 January 2006; pp. 1684-1686. https://doi.org/10.1109 /iembs.2005.1616767.

Ring, E.F].; Ammer, K. The technique of infrared imaging in medicine*. In IOP Publishing eBooks; IOP: Bristol, UK, 2015; pp. 1-10.
https://doi.org/10.1088 /978-0-7503-1143-4ch1.


https://doi.org/10.3390/ijerph19148490
https://doi.org/10.7717/peerj.4438
https://doi.org/10.1007/s10973-015-4662-5
https://doi.org/10.1364/AO.55.00D126
https://doi.org/10.4018/978-1-5225-2072-6.ch008
https://doi.org/10.1038/s41598-022-20848-7
https://doi.org/10.1515/hukin-2015-0116
https://doi.org/10.1515/hukin-2015-0116
https://doi.org/10.1007/s10439-012-0718-x
https://doi.org/10.1007/s10439-012-0718-x
https://doi.org/10.1016/j.jbmt.2024.02.029
https://doi.org/10.1038/s41598-022-18233-5
https://doi.org/10.1249/mss.0b013e3181666eea
https://doi.org/10.52082/jssm.2023.424
https://doi.org/10.1016/j.scispo.2024.07.002
https://doi.org/10.15226/2374-6904/2/3/00128
https://doi.org/10.1016/j.infrared.2013.09.011
https://doi.org/10.1016/j.infrared.2014.02.008
https://doi.org/10.1016/j.infrared.2014.02.008
https://doi.org/10.1007/s10973-016-5971-z
https://doi.org/10.1007/BF02368110
https://doi.org/10.1109/iembs.2005.1616767
https://doi.org/10.1088/978-0-7503-1143-4ch1

Sensors 2025, 25, 2356 19 of 19

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Ferndndez-Cuevas, I.; Marins, ].C.B.; Lastras, J.A.; Carmona, PM.G.; Cano, S.P.; Garcfa-Concepcién, M.A ; Sillero-Quintana, M.
Classification of factors influencing the use of infrared thermography in humans: A review. Infrared Phys. Technol. 2015, 71, 28-55.
http://doi.org/10.1016/j.infrared.2015.02.007.

Usuki, K.; Kanekura, T.; Aradono, K.; Kanzaki, T. Effects of nicotine on peripheral cutaneous blood flow and skin temperature. J.
Dermatol. Sci. 1998, 16, 173-181. https://doi.org/10.1016/s0923-1811(97)00049-2.

Tanda, G. The use of infrared thermography to detect the skin temperature response to physical activity. J. Phys. Conf. Ser. 2015,
655, 012062. https://doi.org/10.1088/1742-6596/655/1/012062.

Torii, M.S.C.; Yamasaki, M.; Sasaki, T.; Nakayama, H. Fall in skin temperature of exercising man. Br. |. Sports Med. 1992, 26, 29-32.
Ferreira, ].J.A.; Mendonga, L.C.S.; Nunes, L.A.O.; Andrade Filho, A.C.C.; Rebelatto, J.R.; Salvini, T.F. Exercise-Associated thermo-
graphic changes in young and elderly subjects. Ann. Biomed. Eng. 2008, 36, 1420-1427. https:/ /doi.org/10.1007/s10439-008-9512-1.
Salamunes, A.C.C.; Stadnik, A.AM.W.; Neves, E.B. The effect of body fat percentage and body fat distribution on skin surface
temperature with infrared thermography. J. Therm. Biol. 2017, 66, 1-9. https://doi.org/10.1016/j.jtherbio.2017.03.006.

Neves, E.B.; Salamunes, A.C.C.; De Oliveira, RM.; Stadnik, AM.W. Effect of body fat and gender on body temperature
distribution. J. Therm. Biol. 2017, 70, 1-8. https://doi.org/10.1016/j.jtherbio.2017.10.017.

De Le6n-Mu noz, A.; Priego-Quesada, J.I.; Marzano-Felisatti, ]. M.; Sanchez-Jimenez, J.L.; Sendra-Pérez, C.; Aparicio-Aparicio, L
Preliminary application of infrared thermography to monitoring of skin temperature asymmetries in professional padel players.
Sensors 2024, 24, 4534. https://doi.org/10.3390/s24144534.

Hadzi¢, V,; Sirok, B.; Malnersi¢, A.; Coh, M. Can infrared thermography be used to monitor fatigue during exercise? A case study.
J. Sport Health Sci. 2015, 8, 89-92. https://doi.org/10.1016/].jshs.2015.08.002.

Priego Quesada, J.I; Jacques, T.C.; Bini, R.R.; Carpes, EP. Importance of static adjustment of knee angle to determine saddle
height in cycling. J. Sci. Cycl. 2016, 5, 16-31.

Peveler, WW.; Green, ] M. Effects of saddle height on economy and anaerobic Power in Well-Trained cyclists. ]. Strength Cond.
Res. 2011, 25, 629-633.

Vardasca, R.; Ring, F.; Plassmann, P; Jones, C. Symmetry of temperature distribution in the upper and lower extremities. In
Proceedings of the 16th National Congress of the Polish Association of Thermology, Zakopane, Poland, 16-18 March 2012;
pp- 53-60.

Siegel, R.; Laursen, P.B. Keeping Your Cool: Possible Mechanisms for Enhanced Exercise Performance in the Heat with Internal
Cooling Methods. Sport. Med. 2011, 42, 89-98.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.infrared.2015.02.007
https://doi.org/10.1016/s0923-1811(97)00049-2
https://doi.org/10.1088/1742-6596/655/1/012062
https://doi.org/10.1007/s10439-008-9512-1
https://doi.org/10.1016/j.jtherbio.2017.03.006
https://doi.org/10.1016/j.jtherbio.2017.10.017
https://doi.org/10.3390/s24144534
https://doi.org/10.1016/j.jshs.2015.08.002

	Introduction
	Methodology
	Search Strategy and Study Selection
	Inclusion Criteria
	Data Extraction

	Results
	Measurement Protocol
	Effects on Skin Temperature
	Symmetry Analysis
	Injury and Pressure Point Detection

	Discussion
	Thermography vs. Traditional Bike-Fitting Methods
	Practical Applications of Thermography in Bike Fitting
	Limitations
	Recommendations for Future Research

	Conclusions
	References

