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Abstract

Objective. Warm-up is a fundamental part of the training session and competition prepara-

tion, improving performance and reducing sports injuries. The FIFA 11+ is a specific evidence-
based routine created to enhance neuromuscular performance and prevent lower-limb injuries.
Infrared thermography (IRT) is a non-invasive tool for monitoring tissue state and thermoreg-
ulation responses. This study examined the acute effects of the FIFA 114 warm-up on skin sur-
face temperature (Tsk) patterns of the dominant lower limb in amateur football players using
IRT. Approach. A pre-post observational design was applied to 120 amateur players (60 men, 60
women) before a match. Baseline and post-intervention Tsk measurements were acquired with

a FLIR T540-EST camera following the TERMOINEF protocol. Main results. Significant post-
warm-up Tsk reductions were detected in proximal muscle regions, particularly in quadriceps
and adductors, with a reduction of —1.9 to —2.4 °C (ES = — 1.63 to —1.92, large) in women and
—0.7 to —1.2 °C (ES = — 0.66 to —1.07, moderate) in men. Conversely, distal regions such as
the anterior plantar arch showed marked Tsk increases of 2.6 °C (ES = 1.83, large) in women;
+2.1 °C (ES = 1.42, large) in men. Men exhibited higher absolute Tsk values overall (n? ~ 0.17-
0.26), whereas women displayed greater relative percentage changes, including sex-specific Achilles
tendon response (a decrease in women versus a slight increase in men). Significance. FIFA 11+
induces heterogeneous, region- and sex- dependent thermal adaptations, supporting the use of
IRT as a valid tool for individualized warm-up monitoring and optimization in football.

Glossary

The following abbreviations are used in this manuscript:

F-MARC FIFA Medical Assessment and Research Centre

IRT Infrared thermography

ROI Region of interest

Tsk Skin temperature

FIFA 11+ Warm-up protocol

RFEF Royal Spanish Football Federation

© 2026 Institute of Physics and Engineering in Medicine. All rights, including for text and data mining, Al
training, and similar technologies, are reserved.


https://doi.org/10.1088/1361-6579/ae63a4
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6579/ae63a4&domain=pdf&date_stamp=2026-5-6
https://orcid.org/0000-0003-0924-977X
https://orcid.org/0000-0002-2059-2846
https://orcid.org/0000-0003-4337-8890
https://orcid.org/0000-0002-7686-6594
https://orcid.org/0000-0003-2630-6684
mailto:patriciacaudet@gmail.com

10P Publishing

Physiol. Meas. 47 (2026) 055002 P Caudet et al

ARG Number of activated sweat glands
SGP Greater sweat production per gland

1. Introduction

Warm-up protocols are a fundamental component in sports performance that aim to prime physiological
systems for reducing musculoskeletal injury risk and to improve performance (He 2024). In football,
warm-up is particularly important because it involves intermittent high-intensity activities as sprints,
changes of direction, and complex technical-tactical demands. It was observed how at the beginning

of the match the risk of injury is higher (Matas et al 2024) because high intensity and psychological
demands impose substantial stress on neuromuscular coordination, metabolic readiness, and muscu-
loskeletal integrity (Yildiz and Cebi 2025). To meet these demands efficiently and safely, an optimally
designed warm-up should stimulate neuromuscular preparedness while avoiding pre-fatigue (Gok et al
2024).

The FIFA 114 warm-up protocol, developed by the F-MARC, represents a structured, evidence-based
approach designed for footballers across competition levels, with special applicability to amateur play-
ers who often lack access to specialized preventive programs (F-MARC, 2016). The program aims to
enhance neuromuscular readiness and reduce injury risk, especially in the lower limbs. It uses plyometric
drills, dynamic strength exercises, balance training, and agility sequences, all completed in a 20-25 min
session (Asgari et al 2023). Development of the protocol was based on epidemiological injury data and
expert consensus, with attention to being time-efficient and adaptable to diverse age groups and com-
petition contexts (Pardos-Mainer et al 2019). In this context, FIFA 11+ warm-up protocol can be con-
sidered a standardized and reproducible physiological stimulus, providing an appropriate experimental
model to examine the sensitivity of IRT for detecting acute, region-specific thermoregulatory responses
at the skin surface (Tsk).

Scientific evidence supports the effectiveness of the FIFA 114 protocol. Interventions over 6 weeks
or longer have shown significant reductions in lower-limb injury incidence. Improvements in static and
dynamic balance, core stabilization, and functional control have also been observed (Silvers-Granelli et al
2015, Magoshi et al 2023, Ramos et al 2024). However, its acute effects have been less studied and the
research in this area has yielded inconsistent results. Some studies reported minimal or no improvements
in muscle activation, stiffness, or agility immediately after the warm-up (Caudet et al 2025), while others
observed transient declines in sprint performance or technical skills such as shooting accuracy (Dunsky
etal 2017). These inconsistencies may be due to factors such as heterogeneity in study populations (elite
vs amateur, male vs female), assessment methodologies, warm-up duration and intensity, and the inclu-
sion of fatigue-inducing drills (Bizzini et al 2013). This variability highlights the need for objective, sens-
itive methods to evaluate true acute physiological impact of warm-up protocols.

In the field research, tracking such localized responses is challenging due to the impossibility of con-
stant monitoring during competition. Heart rate monitoring and perceived exertion scales provide gen-
eral workload estimates but lack sensitivity for detecting site-specific or rapid changes in neuromuscular
and thermal status (Wu et al 2023). IRT offers a solution by non-invasively assessing Tsk patterns over
specific ROI, reflecting the balance between metabolic heat production and peripheral heat dissipation
(Formenti et al 2016). Tsk is regulated by vascular dynamics -vasodilation and vasoconstriction- which
acts as indicators of localized metabolic demand and thermal conductance (Charkoudian 2003, Hillen
et al 2023). IRT also facilitates the detection of Tsk asymmetries between limbs, which may reveal under-
lying physiological conditions such as inflammation, fatigue, or increased injury risk. In fact, previous
studies have used IRT to analyze the influence of static and dynamic warm-up on Tsk knee before and
after a change of direction (Trovato et al 2024) and to monitor fatigue after warm up exercises (Hadzi¢
etal 2019). Also, sex-based differences using IRT have been studied (Casa et al 2010, Ghahramani et al
2016), resulting in sex specific responses in sweat rate, peripheral vasomotor control, body composition,
and hormonal cycles. Furthermore, consensus statements in sports medicine endorse thermography as a
reliable and valid tool for tracking acute and chronic thermoregulatory adaptations in athletes (Moreira
etal 2017).

From a more practical perspective, IRT could lead to football-specific alterations such as those
appearing in the dominant leg, preferentially used for tasks such as kicking the ball (Pieters et al 2022),
which is often under higher mechanical and metabolic stress due to its involvement in high-intensity
sport-specific actions (Dos Santos Bunn et al 2020, Binek et al 2022).
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However, the extent to which a standardized preventive warm-up such as FIFA 11+ elicits
measurable, regions-specific thermoregulatory responses at the skin surface remains unclear. During
the warm up, the acute physiological response is characterized by rapid and transient adjustments in
peripheral blood flow and heat transfer, which are not always captured by traditional performance
or neuromuscular assessments (Formenti ef al 2016, Hillen et al 2023). These vasomotor adjustments
could result in region-specific Tsk changes that reflect transient peripheral thermoregulatory responses
rather than uniform increases in Tsk. During the early stages of exercise, sympathetic activation can
induce cutaneous vasoconstriction that transiently reduces skin blood flow and may decrease Tsk, despite
increasing metabolic heat production (Charkoudian 2003, Formenti et al 2016). As exercise continues
and thermal load increases, compensatory vasodilation mechanisms may progressively facilitate heat dis-
sipation, which can subsequently increase Tsk (Hillen et al 2023). However, the magnitude and direction
of these thermal responses are not uniform and appear to depend on factors such as exercise intensity,
duration, anatomical region, and the timing of thermographic assessment.

Despite its potential, studies evaluating acute IRT responses of the FIFA 11+ protocol remain scarce.
Accordingly, the present study aims to investigate the immediate effects of the FIFA 114 warm-up on
Tsk patterns of the dominant lower limb in amateur football players using IRT. A secondary aim from
this study is to examine potential sex-related differences in the thermal response.

2. Materials and methods

2.1. Study design

To examine the acute effect of the FIFA 114 warm-up on the Tsk of the dominant leg, a descriptive
observational study with a pre-post intervention design was conducted. Participants performed the FIFA
11+ protocol. Baseline (PRE) Tsk measurements were obtained using a FLIR T540-EST infrared cam-
era (FLIR Systems Inc., Wilsonville, OR, USA), following the standardized protocol of the TERMOINEF
group (Ferndndez-Cuevas et al 2012, Sillero-Quintana et al 2015). Four thermal images were captured for
analyses: (1) frontal view, (2) posterior view, (3) knee-specific view, and (4) feet in a supine position on
an examination table (see figures 1 and 2). Subsequently, participants completed the FIFA 114 warm-up.
Post-intervention (POST) thermal assessments were then repeated following the same imaging protocol.
One week prior to data collection, a familiarization session was conducted to ensure that participants
were fully familiar with the FIFA 114 warm-up protocol. In addition, the risks and benefits of their par-
ticipation were explained, the intervention protocol was described in detail, a full warm-up simulation
was performed, participant questions were addressed and informed consent documents were signed.

2.2. Participants

A total of 120 amateur footballers (60 men and 60 women) from the RFEF participated in this study
(table 1). All participants engaged in regular training sessions lasting between 1.5 and 2 h, from three to
four times per week with a weekend match. In the days preceding data collection, players were instructed
to maintain their usual training, dietary, and rest routines. Prior to thermographic assessment, parti-
cipants were instructed to avoid the use of topical products (e.g. creams or lotions) on the lower limbs
and to refrain from hot shower, sauna, or any physical or thermal treatments that could influence Tsk
before the measurements. Individuals with a history of musculoskeletal injuries to the lower limbs within
the past 6 months were excluded. Participants did not receive any financial compensation or material
incentives for their participation. All volunteers were provided with a detailed explanation of the study
procedures, signed an informed consent form, and were informed of their right to withdraw from the
study at any time without consequences. Confidentiality and anonymity of the data was guaranteed since
each participant was assigned an anonymous registration number. The protocol was approved by the
Bioethics Committee of the University of Barcelona (Institutional Review Board, IRB00003099; refer-
ence CER042418) and was in accordance with the principles outlined in the Declaration of Helsinki for
human research (World Medical Association 2013), the Biomedical Research Act (BOE-A-2007-12 945,
2007), and the Data Protection Act (BOE-A-2018-16 673, 2018).

2.3. Procedures

2.3.1. Anthropometry

Before baseline measurements, anthropometric assessments were performed to determine height, using
a Seca® 220 stadiometer (Seca GmbH, Hamburg, Germany, accuracy £0.1 cm), and body mass, using a
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Figure 1. Representative thermographic images of a female player taken from the front (A) and back (B), before (C) and after

(D) the warm-up. Images were obtained immediately after the warm-up; visible skin moisture reflects the acute post-exercise
condition and does not affect the quantitative region-of-interest based temperature analysis. Thermal images were analyzed using
Thermohuman® software (Thermohuman, Madrid, Spain).

Figure 2. Representative thermographic images of a female player taken from the knee-specific view and feet in a supine position,
front (A) and back (B), before (C) and after (D) the warm-up. Images were obtained immediately after the warm-up; visible

skin moisture reflects the acute post-exercise condition and does not affect the quantitative region-of-interest based temperature
analysis. Thermal images were analyzed using Thermohuman® software (Thermohuman, Madrid, Spain).

Table 1. Descriptive characteristics of participants.

Sex groups
Male (n = 60) Female (1 = 60) Total (n = 120)
Chronological age (years) 21.8+53 22,6 +£5.0 222452
Training background (years) 14.7 £ 5.3* 10.1 £5.0 124 £5.6
Training volume (h-week ') 62+ 14 5940.5 6.0 + 1.0
Height (cm) 179.0 4+ 5.5* 164.0 5.8 171.54+9.4
BM (kg) 75.2 £ 8.0* 60.2+9.4 67.7 £ 11.5
BMI (Kg-m™2) 23.5+23 225+42 23.0£34

The values presented are means &= SD. BM, body mass, BMI, body mass index.
*Significantly different from the female group (p < 0.001).

Seca® 700 column scale (Seca GmbH, Hamburg, Germany, accuracy +0.05 kg). Body mass index (BMI)
was calculated individually for each participant using the standard formula (body mass/height?), and
group values were expressed as mean + standard deviation (SD) (table 1). Room temperature during the
assessments was maintained at 21 °C.
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2.3.2. Tsk

Tsk was measured using a FLIR T540-EST infrared camera (FLIR Systems Inc., Wilsonville, OR, USA)
following the standardized TERMOINEF acquisition protocol (Fernandez-Cuevas et al 2012, Sillero-
Quintana et al 2015), in line with current methodological recommendations for IRT in sports and exer-
cise medicine (Moreira et al 2017). Pre- and post-intervention thermographic images were acquired
immediately after completion of the FIFA 11+ warm-up, without a post-exercise acclimatization period,
to capture the acute Tsk response induced by the warm-up.

Emissivity (¢ = 0.98) and acquisition parameters were configured directly in the camera system
prior to image acquisition. A uniform matte black background (wall and support surface) was used
during image acquisition to minimize thermal reflections and improve contrast between the skin sur-
face and the surrounding environment. The thermographic images were subsequently uploaded to the
Thermohuman® platform (Thermohuman, Madrid, Spain), where automated ROI segmentation and
quantitative extraction of Tsk values were performed for each anatomical region.

Prior to data acquisition, the infrared camera was switched on in advance to allow thermal stabiliza-
tion of the sensor. Four thermographic images were captured with the camera positioned perpendicular
to the ROIs to ensure consistent image acquisition across participants: (1) frontal view at 1.5 m, (2) pos-
terior view at 1.5 m, (3) knee-focused view at 1 m, and (4) supine position with exclusive focus on the
feet. Thermographic images were acquired following a standardized sequence, with participants stand-
ing for frontal, posterior, and knee-focused views, and subsequently adopting a supine position on an
examination table for plantar foot assessment.

In each image, thirteen specific ROIs were delineated: (a) upper central thigh, (b) anterior central
thigh, (c) anterior adductor, (d) internal anterior thigh, (e) central posterior thigh, (f) internal posterior
adductor, (g) internal posterior thigh, (h) external posterior leg, (i) internal posterior leg, (j) Achilles
tendon, (k) patellar tendon, (1) ankle, (m) anterior arch of the foot.

As thermographic images were obtained immediately after completion of the warm-up, no active
drying of the skin was performed to avoid altering the acute cutaneous thermal responses, any residual
moisture was therefore considered part of the physiological response to exercise. During thermographic
assessments, participants wore their usual training shorts, which were adjusted to fully expose the ROIs
of the lower limb, ensuring consistent and unobstructed ROI delineation across participants.

The reliability of this protocol has been reported as excellent (ICC = 0.989) (Fernandez-Cuevas et al
2012). All measurements were conducted at a constant room temperature of 21 °C, avoiding direct light
exposure or airflow (Kalinowski ef al 2022). Ambient temperature and relative humidity were monitored
throughout data collection sessions using a digital thermo-hygrometer (PCE-THD 50, PCE Instruments,
Meschede, Germany). Environmental conditions were recorded during each assessment session and aver-
aged 20 °C + 1 °C and 56% =+ 3% HR relative humidity across all measurement sessions. Only data
from the dominant leg -defined as the preferred leg for kicking the ball (Pieters et al 2022) -were con-
sidered for analysis. Measurements were obtained two days after competition, under comparable environ-
mental conditions across sessions. Participants did not undergo any recovery interventions (e.g. massage,
cryotherapy, or thermotherapy) or physical treatments affecting the lower limbs prior to the thermo-
graphic assessments.

2.3.3. FIFA 11+ warm-up

The FIFA 11+ program was implemented as a standardized warm-up for all participants, following the
guidelines established by Bizzini et al (2013) and Impellizzeri et al (2013). The protocol lasted approxim-
ately 20-25 min and comprised three progressive phases (Daneshjoo et al 2012, Chen et al 2019, Pardos-
Mainer et al 2019): (1) low -to moderate-intensity running with active stretching and partner-based exer-
cises; (2) progressive drills targeting strength, plyometrics, agility, and balance; and (3) moderate -to
high-intensity running incorporating changes of direction. The program integrates dynamic, functional
strength, and coordination exercises to optimize physical and neuromuscular readiness before the main
training or match activity.

2.4. Statistical analyses

Data are expressed as mean + SD. Normality and homogeneity of variances were assessed using the
Shapiro-Wilk test. Differences between sexes were analyzed using an independent samples ¢-test. A two-
way repeated measures ANOVA with Bonferroni correction was used, considering sex (male vs female) as
the between-subject factor and measurement moment (pre- vs post-intervention) as the within-subject
factor. Effect size was calculated using partial eta squared (n?) and interpreted as small (0.01-0.05),
medium (0.06-0.13) or large (>0.14). Within-group changes were evaluated using Cohen’s d and inter-
preted as trivial (d = 0-0.2), small (d = 0.2-0.6), moderate (d = 0.6-1.2), large (d = 1.2-2.0) or very
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large (d > 2.0), according to Hopkins et al (2009). Statistical significance was set at p < 0.05. All ana-
lyses were performed using IBM SPSS Statistics v23.0 software (IBM Corp., Armonk, NY, USA).

3. Results

Changes in the selected physiological variables between pre- and post-warm-up, stratified by sex, are
presented in table 2. Following the standardized warm-up, a small main effect of measurement moment
was observed for Tsk at the posterior medial lower leg (F[1.117] = 5.23; p = 0.024; 1* = 0.043)

and patellar tendon (F[1.117] = 6.89; p < 0.009; n* = 0.056). Medium main effects were found

at the proximal anterior thigh (F[1.117] = 14.27; p < 0.001; n? = 0.109), central posterior thigh
(F[1.117] = 15.95; p < 0.001; n* = 0.12), posterior medial adductor (F[1.117] = 11.50; p < 0.001;

n* = 0.089), posterior medial thigh (F[1.117] = 7.85; p = 0.006; > = 0.063) and posterior lateral
lower leg (F[1.117] = 8.60; p = 0.004; > = 0.068). Large main effects of moment were observed at the
anterior adductor (F[1.117] = 22.32; p < 0.001; > = 0.160) and anterior foot arch (F[1.117] = 27.06;
p < 0.001; n* = 0.188).

For the moment X sex interaction, a medium effect was detected at the anterior medial thigh
(F[2.117] = 7.78; p < 0.001; n* = 0.117), whereas large effects were found at the proximal anterior
thigh (F[2.117] = 16.53; p < 0.001; n* = 0.220), central anterior thigh (F[2.117] = 12.22; p < 0.001;
n* = 0.173), anterior adductor (F[2.117] = 13.65; p < 0.001; * = 0.189), central posterior thigh
(F[2.117] = 21.24; p < 0.001; n* = 0.266), posterior medial adductor (F[2.117] = 20.45; p < 0.001;

n* = 0.259), posterior medial thigh (F[2.117] = 14.98; p < 0.001; * = 0.204), posterior lateral lower
leg (F[2.117] = 7.89; p < 0.001; 7> = 0.119).
Post-hoc analyses revealed that in women, large decreases were found in all muscles region assessed

(p < 0.001; A = — 8.1% to 9.6%; ES = — 1.92 to —1.83), except for the patellar tendon (p < 0.001;
A = — 2.6%; ES = — 0.53), central anterior thigh (p < 0.001; A = — 4.3%; ES = — 1.04), pos-
terior medial lower leg (p < 0.001; A = — 3.2%; ES = — 1.01) and anterior medial thigh (p < 0.001;
A = — 3.1%; ES = — 0.74). In men, moderate decreases were observed in most muscle regions

(p < 0.001; A = — 3.9% to —1.7%; ES = — 1.07 to —0.61), with small decreases in the pos-

terior medial lower leg (p < 0.001; A = — 1.5%; ES = — 0.57) and patellar tendon (p < 0.001;

A = — 2.3%; ES = — 0.54). Notably, men exhibited a large increase in the anterior foot arch

(p < 0.001; A = + 7.7%; ES = 1.42).

Significant group X moment interactions were detected for all thigh and adductors regions, as well
as for the posterior lateral lower leg. Not significant interactions were found for the remaining anatom-
ical sites.

4. Discussion

The present findings demonstrate that IRT is sensitive to detecting acute, region-specific changes in Tsk
following a standardized warm-up stimulus, supporting its applicability for monitoring transient peri-
pheral thermoregulatory responses in applied settings. Following the FIFA 114 warm-up, a marked
reduction in Tsk was observed in most proximal lower-limb muscles, with mean decreases close to 2 °C
in the quadriceps and adductors areas, whereas distal areas—particularly the plantar arch—showed an
average thermal increase of approximately 1.2 °C. These results indicate that the acute thermal response
to the FIFA 114 warm-up is not uniform across anatomical regions, reflecting different physiolo-
gical mechanisms regulating heat production and dissipation during the transition from rest to exer-
cise. Specifically, proximal muscle regions such as the upper central thigh, central posterior thigh, and
anterior adductor exhibited a pronounced post warm-up Tsk decrease, with reductions ranging from
—6.7% to —8.1% (ES = — 1.74 to —1.92, large) in women and —2.2% to —3.9% (ES = — 0.66 to
—1.07, moderate) in men. This proximal thermal reduction likely reflects a superficial vasoconstrictor
response that limits skin blood flow in active proximal muscles to favor oxygen and nutrient delivery to
deeper fibers, undergoing increased metabolic activity during warm-up (Neves et al 2016, Hargreaves and
Spriet 2020).

These Tsk variations result from the coordinated action among physiological systems involved
in thermoregulation, blood circulation, and muscle metabolism. Human thermoregulation is tightly
controlled by the autonomic nervous system (Morrison and Nakamura 2019), which regulates skin
blood flow through vasoconstriction, vasodilation and sweat gland activation (Charkoudian 2016) that
facilitates evaporative heat loss (Hu et al 2018). These autonomic adjustments are coordinated by the

6



Table 2. Pre-and post-warm up skin temperature (Tsk) values across the analyzed region of interest.

3uysiiand dol

Gender groups Two-Way ANOVA

Moment X gender

200550 (920T) LF SV ‘JoishyJ

Women (N = 60) Men (N = 60) Moment effect effect
Pre Post A (%) ES Pre Post A (%) ES p-value
Proximal area
Upper Central Thigh (°) 30.80 £+ 1.17* 28.31 £ 1.30¢§ —8.1 —1.81 32.09 +1.25 30.99 £ 1.81§ —3.4 —0.86 <.001 <.001
Anterior Central Thigh (°) 29.93 £+ 1.16* 28.65 £+ 1.113§ —4.3 —1.04 31.19 &+ 1.10 30.94 + 1.42 —0.8 —0.23 0.1 <.001
Anterior Adductor (°) 30.50 £+ 1.10* 28.10 &+ 1.144§ —-7.9 —1.92 31.74 £ 1.28 30.50 + 1.87§ —3.9 —1.07 <.001 <.001
Internal Anterior Thigh (°) 29.84 £+ 1.12* 28.92 £ 1.03%§ —3.1 —0.74 31.00 £ 1.17 3091 + 1.46 —0.3 —0.08 0.231 <.001
Central Posterior Thigh (°) 29.94 4 1.09* 27.95 4 1.284§ —6.7 —1.74 31.39 4 1.06 30.71 & 1.46§ —22 —0.66 <.001 <.001
Internal Posterior Adductor (°) 30.13 + 1.16* 27.98 + 1.384§ —7.1 —1.63 3157 + 118 30.83 + 1.66§ —24 —0.71 <.001 <.001
Internal Posterior Thigh (°) 30.09 =+ 0.99* 28.42 4 1.204§ —5.6 —1.43 31.35 4 1.09 30.73 =+ 141§ —2.0 —0.66 0.006 <.001
Distal area

External Posterior Leg (°) 29.64 + 1.06* 28.48 £ 1.13%§ —3.9 —1.24 30.62 £ 1.05 30.11 + 1.14§ —1.7 —0.61 0.004 <.001
Internal Posterior Leg (°) 30.11 £ 0.98* 29.15 £ 1.144§ —3.2 —1.01 30.94 + 0.88 30.47 + 1.04§ —1.5 —0.57 0.024 0.013
Achilles Tendon (°) 29.36 + 1.20 29.32 + 1.22# —0.1 —0.04 29.73 +1.08 29.98 +0.96 0.8 0.26 0.968 0.264
Patellar Tendon (°) 29.93 + 1.24# 29.17 £ 1.324§ —2.6 —0.53 30.61 &+ 1.10 29.90 £+ 1.27§ —2.3 —0.54 0.01 0.54
Ankle (°) 29.62 + 1.59 30.65 + 1.29§ 3.5 0.87 29.68 + 1.52 31.05 + 1.02§ 4.6 1.11 0.054 0.181
Anterior Arch Foot (°) 27.46 + 1.83 30.10 + 1.97§ 9.6 1.83 27.67 £ 1.67 29.81 + 1.53§ 7.7 1.42 <.001 0.168

Data are mean + SD. Moment and moment X group interaction p-values were obtained by two-way ANOVA (2 gender groups X 2 moments). Intragroup significant differences from pre- to post-test:

§ p < 0.001 different to pretest values.

Differences between genders in the pre- and post-test:
# Pre-test differences between men (p < 0.01)

* Pre-test differences between men (p < 0.001).

# Post-test differences between men (p < 0.001).

v 12 39pneD 4
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hypothalamus—particularly the preoptic area—which preserves core temperature which integrates core
and peripheral thermal inputs to regulate vascular and sudomotor responses in a dynamic balance
between heat production and dissipation (Zhao et al 2017, Sijanec and Lenasi 2023). At the onset of
exercise, sympathetic activation increases norepinephrine release to alpha-adrenergic receptors in the
cutaneous vasculature, eliciting vasoconstriction that reduces skin blood flow and preserves core tem-
perature (Katayama and Saito 2019), thereby prioritizing perfusion of active muscles and vital organs
(Gonzalez-Alonso et al 2000, Delorey 2021). During movement, muscles tend to reduce their temperat-
ure with applied speed because they require a greater blood supply to guarantee high levels from oxy-
gen and nutrients (Formenti ef al 2016, Neves et al 2016, Igarashi et al 2022). This supports the inter-
pretation that immediate post-FIFA 11+ measurements capture the early vascular phase dominated by
cutaneous vasoconstriction, prior to the onset of compensatory vasodilation for heat dissipation (Hillen
et al 2020, 2023, Mota-Rojas et al 2021, Corral-Pérez et al 2023). Accordingly, thermographic images were
obtained immediately after the warm-up without a post-exercise acclimatization period, trying to char-
acterize the early, transient cutaneous thermal responses induced by the FIFA 11+ protocol rather than
stabilized Tsk values. The relatively short duration and moderate intensity of the warm-up -focused on
motor control and stabilization- may prolong this vasoconstrictive phase. These results agree with pre-
vious findings reporting that Tsk of certain distal areas of the body, such as the legs, tends to decrease
with movement (Merla et al 2010).

Conversely, distal regions—particularly the anterior plantar arch—demonstrated significant Tsk
increases, indicating a thermographic response distinct from that observed in proximal muscle regions.
This different behavior may be explained by the specific biomechanical and thermoregulatory charac-
teristics of the foot, which is exposed to greater mechanical load during actions and presents a high
density of sweat glands that facilitate heat dissipation (Kawabata and Tokura 1993, Reddy et al 2017,
Jimenez-Perez et al 2020). In addition, the plantar surface of the foot contains a thick subcutaneous
adipose tissue layer (plantar fat pad), one of the most developed in the human body, which acts as both
a mechanical shock absorber and a thermal insulator. This structural characteristic may also influence
local heat transfer and contribute to the distinct thermographic response observed in the plantar region
(Gefen 2003). In the present study, women showed increase of 9.6% (ES = 1.83, large) and men 7.7%
(ES = 1.42, large). These findings align with previous studies where foot temperature increases during
dynamic activities such as walking (Kawabata and Tokura 1993, Reddy et al 2017) and running (Moran-
Cortes et al 2023, Liu et al 2024). This could be attributed to low intensity running and dynamic exer-
cises in pairs developed during the warmup. In addition, the elevated traction speed and mechanical
load generated during the changes of direction seems to increase thermal stress (Wan et al 2024). On
the other hand, Tsk foot could increase because of intrinsic foot muscle activation and the mechanical
tension generated by the windlass mechanism during static postures and proprioceptive strengthening
exercise (Huffer et al 2017, Tourillon et al 2019). Contraction and stretching of these muscles increase
local metabolic rate and blood flow demand, stimulating localized cutaneous vasodilation. Moreover, the
foot answers as a specialized thermal radiator, with a high density of sweat glands that facilitate evap-
orative heat loss (Jimenez-Perez et al 2020). The interaction of these mechanisms explains the localized
thermal rise, readily detected through IRT.

Interestingly, a notable sex-specific response was observed in the Achilles tendon, with a thermal
drop in women versus a slight increase in men, suggesting underlying physiological and biomechanical
differences in post-exercise thermoregulatory regulation between sexes. This finding is particularly rel-
evant because previous evidence has shown a relationship between Achilles tendon temperature and its
mechanical properties. Sasajima and Kubo (2025) observed that when the tendon was heating, despite no
changes in oxygen consumption and in elastic energy during submaximal jumps, a reduction in tendon
hysteresis and assessment in efficiency (lower electromyographic signal) were observed. This justifies the
interest in raising the temperature in the tendon during warm-up, as it may enhance tendon mechanical
efficiency and energy transfer during subsequent movements.

From a sex-differences perspective, men exhibited higher absolute Tsk values than women, whereas
women showed greater relative percentage changes, with moderate-to-large effect sizes, particularly in
regions displaying Tsk decreases. These results align with those of other studies (Kaciuba-Uscilko and
Grucza 2001, Jimenez-Perez et al 2020, Binek et al 2022, Hillen et al 2023). Sex differences in thermore-
gulation are influenced by anatomical, hormonal, and neurovascular factors (Di Giminiani et al 2020).
Women generally present lower muscle mass and higher proportions of subcutaneous adipose tissue,
which reduces thermal conductivity and alters heat dissipation patterns (Kaciuba-Uscilko and Grucza
2001). In this context, differences in body fat distribution between sexes may also partially contrib-
ute to the observed thermographic responses, as subcutaneous adipose tissue acts as a thermal insu-
lator that can modulate heat transfer from deeper tissues to the skin surface (Formenti et al 2016,
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Hillen et al 2023). Women also show a lower sweating response to heat than men (Hillen et al 2023).
When comparing trained and untrained women, women have greater sweating, which is associated

with a greater number of activated sweat glands (ARGs) and greater sweat production per gland (SGP).
In contrast, the greater sweating in trained men compared to untrained individuals was due solely to
greater SGP (Ichinose-Kuwahara et al 2010, Charkoudian and Stachenfeld 2014, Binek ef al 2022). At

the vascular level, estrogen promotes cutaneous vasodilation through endothelial nitric oxide synthesis,
enhancing heat loss and enabling more dynamic thermal regulation (Somani et al 2019). Conversely, pro-
gesterone increases the central thermal threshold and reduces sweating sensitivity -particularly during the
luteal phase- delaying sweat onset and altering thermal profiles during and after exercise (Charkoudian
and Stachenfeld 2014). In addition, women usually have higher sweater rates under local and global

heat stress than men, especially during the luteal phase of the menstrual cycle (Lee et al 2014). These
hormonal modulations, combined with differences in adrenergic receptors distribution and sensitiv-

ity as well as body composition (Harada et al 2022), may explain why women, despite lower absolute
Tsk, exhibit greater relative percentage changes. Specifically, greater tendon elasticity and extensibility in
women could account for the Achilles tendon temperature decrease, possibly related to a distinct vas-
cular response in connective tissues that require less perfusion or display different metabolic regulation
during warm-up (Barnes and Charkoudian 2021). Furthermore, the female hormonal profile supports
more variable vasomotor control, potentially enhancing immediate cutaneous vasoconstriction followed
by a greater rebound in blood flow during recovery (Hillen et al 2023).

These findings indicate that the immediate thermal response following FIFA 11+ is not uniform but
highly region- and sex-specific dependent. The interplay of vascular metabolic, mechanical, and hor-
monal factors generates a heterogeneous thermal profile that reflects the complexity of thermal homeo-
stasis during the transition from rest to exercise.

From a measurement perspective, these results highlight the capacity of IRT to capture rapid and
heterogeneous peripheral responses that may not be detected by global physiological or performance-
based assessments. The ability to identify region- and sex-specific thermal patterns following a con-
trolled physiological stimulus supports the use of IRT as a complementary, non-invasive tool for mon-
itoring acute physiological states in sports and rehabilitation contexts. From a practical perspective, pre-
vious thermography studies suggest that Tsk differences of approximately 0.3 °C-0.5 °C may already
represent physiologically meaningful variations in thermoregulatory responses (Ferndndez-Cuevas et al
2012, Moreira et al 2017), highlighting the sensitivity of IRT for monitoring subtle changes in peripheral
thermal patterns.

Despite the relevance of the results, several limitations should be considered. The main limitation
of the present study is the absence of a control condition (e.g. passive rest or alternative warm-up pro-
tocol). Therefore, although the observed changes in Tsk occurred immediately after the FIFA 114 warm-
up, it cannot be completely ruled out that part of the thermal variation may be influenced by temporal
or environmental factors. However, the standardized protocol, controlled environmental conditions, and
the short time interval between pre- and post- measurements were implemented to minimize potential
external influences.

Second, temperature assessment was limited to the skin surface via infrared thermography. No
additional physiological variables such as core temperature, intramuscular temperature, muscle oxy-
genation, or performance-related measures were collected, which would provide a more comprehens-
ive understanding of the physiological mechanisms underlying the observed thermographic responses.
Furthermore, variables related to peripheral circulation (e.g. skin blood flow or microvascular perfusion)
were not directly assessed. Since Tsk is strongly influenced by cutaneous blood flow regulation, the ther-
mographic changes observed in the present study should be interpreted as indirect indicators of ther-
moregulatory responses rather than direct measurements of vascular dynamics. Third, the menstrual
cycle phase of female participants was not recorded in our study, despite its recognized influence on
thermoregulatory responses. In these regard, different studies suggest thermoregulatory response could
be altered by the menstrual cycle phase (Messaoudene et al 2025) and different mechanical responses
have been observed in Achilles mechanical response between genders (Deng et al 2021). Although this
factor could explain part of the variability observed among women, other studies indicated no differ-
ences in this response (Tas et al 2020). Tas and Salkin (2019) observed that despite the stiffness levels in
Achilles tendon were higher in males, the changes in the stiffness of the assessed tissues caused by joint
motion were similar in both sexes. Given the disparity in results, perhaps this should be taken into con-
sideration for future studies. In addition, body composition variables such as BMI were recorded only
for descriptive purposes and were not included as covariates in the statistical analysis. Furthermore,
body fat percentage was not assessed, despite its potential influence on cutaneous thermoregulation
due to the insulating properties of adipose tissue, which may affect heat transfer between deeper tissues
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and the skin surface (Hillen ef al 2023). Therefore, the possible contribution of body composition to

the observed thermographic responses cannot be completely ruled out. Future studies should consider
including detailed body composition assessments to better understand their potential influence on Tsk
responses. Finally, the evaluation protocol was restricted to the immediate post-exercise phase, preventing
assessment of medium -and long-term recovery dynamics. This aspect would be particularly interesting
to determine the time that can elapse between the warm-up and the start of the competition.

5. Conclusions

In conclusion, the FIFA 114+ warm-up produces, in both sexes, a significant reduction in Tsk in most of
the assessed lower-limb muscles, except for the plantar arch and ankle, where an increase was observed.
While men maintain higher absolute Tsk, women exhibit greater relative percentage changes, reflecting
physiological and hormonal differences in thermoregulation responses.

These regional and sex-specific thermal responses enhance our understanding of the interplay
between thermoregulation, muscle activation, and anatomical and endocrine factors during warm-up.
Recognizing these patterns has practical implications for warm-up protocol design and thermographic
data interpretation, providing a scientific foundation for coaches and conditioning specialists to indi-
vidualize and monitor training load and recovery, optimizing physiological readiness and minimizing
injury risk in football players.
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