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AR = Active Recovery 

CK = Creatine Kinase 

CMJ = Counter Movement Jump 

COD = Change of Direction 

CoolPower = Cooling power 

CR10 = Category ratio scale 

CR10-F = Perception of general fatigue 

CR10-F% = Relative decrement of general fatigue perception 

CR10-MS = Perception of muscle soreness 

CR10-MS% = Relative decrement of muscle soreness perception 

CRP = C-reactive protein 

CWI = Cold-water immersion 

CWT = Contrast-water therapy 

D =Dominant 

DOMS = Delayed-onset muscle soreness 

DR = Dominant region 

EMG = Electromyography 

FMS = Functional Movement Screen 

GPS = Global Positioning System 

HIIT = High Intensity Interval Training 

HR = Heart Rate 

HRT = Heart Rate Variability 

IL = Interleukin 

IRT = Infrared Thermography 

L = Left 

LDH = Lactate dehydrogenase 

ND = Non-dominant 

PR = Posterior region 

R = Right 

RAA= Repeated Acceleration Ability  

ROI = Region of interest  

ROM = Range of Motion 
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RPE = Ratings of Perceived Exertion 

RPA = Repeated Power Ability 

RSA = Repeated Sprint Ability 

RST = Repeated Sprint Training 

SD = Standard deviation 

SIT = Sprint Interval Training 

TMG = Tensiomyography 

TRIMP = Training Impulse  

Tsk = Skin Temperature 

TskAsy = Skin Temperature Asymmetry 

TWI = Thermoneutral-water immersion 

UPM = Technical University of Madrid 

V02max = Maximal Oxygen Consumption 

WBC = Whole Body Cryotherapy 
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ABSTRACT 

 

Introduction: Cold-water immersion (CWI) is one of the most frequently used 

recovery protocols in sports. Infrared thermography (IRT) can be used to identify and 

quantify thermal abnormalities in skin temperature (Tsk) and therefore to prevent injuries. 

The objective of the first study was to understand the thermal acute response of 

professional football players to CWI measured 36h after a football match. IRT could be 

applied to know the thermal impact of training on each region of interest (ROI) of the 

human body. High-Intensity Interval Training (HIIT) is one of the most efficient methods 

for improving performance in team sports and has different neuromuscular implications 

depending on the type, duration and intensity of each protocol. The objective of the 

second study was to determine the acute thermal response of 4 protocols of HIIT on the 

lower limb Tsk in youth football players. Several studies used IRT for understanding how 

the training load impacts on each ROI of the human body. No studies tried to understand 

how the human body react to a football game. The objective of the third study was to 

determine the acute thermal response of football players after a 80 minutes game.  

 

Methods: For the first study 9 professional Brazilian football players (age 

28.3±5.1 years, 8.9±3.9% fat mass) followed a CWI protocol (10 minutes of lower limb 

immersion at 3ºC) with 36 hours of full rest after playing a regular league match. The Tsk 

of selected regions of interest (ROIs) were registered before (Pre), immediately after 

(Post), and at 10 (Post10), 15 (Post15) and 20 (Post20) minutes after the CWI protocol. 

∆Tsk were obtained to measure the cooling and rewarming processes of the ROIs from 

Pre to Post (Cooling), Post to Post10 (Rew10), Post15 (Rew15) and Post20 (Rew20). In 

the second study, 37 youth football players for the U-16 1st division of Spain (15,6±0,3 

years, 1,74±0,1 meters and 63,4±6,7 kg) randomly followed 4 different HIIT training 

protocols at the same time after a standardized warm-up: HIIT 1 (n=10): Short Intervals. 

6 sets of 30’’ running bouts with 30’’ of passive rest between sets. HIIT 2 (n=9): Sprint 

Interval Training. 6 sets of 30’’ running bouts with 120’’ of passive rest between sets. 

HIIT 3 (n=8): Repeated Sprint Sequences. 3 sets of 6 sprints of 40m (20m + 180º change 

of direction + 20m) with 10’’ passive rest between sprint and 6’ of passive rest between 

sets. HIIT 4 (n=10): Long Interval. 6 sets of 3’ of work and 1’ passive rest between sets. 
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Tsk of the lower limb was measured before and after the training to establish which of 

the 18 ROIs had significant Tsk differences after HIIT. Finally, for the third study 21 

players (15.7±0.4 years, 1.74±0.1 meters and 63.7±6.3 kg) from a Spanish 1st Division 

U-16 team which plays in the highest U-16 division in Madrid area were divided in 3 

groups. Group 1 (n=7) played the whole match since the beginning, Group 2 (n=8) played, 

but not the whole match and Group 3 (n=6) did not play. Football players were measured 

before and after the game to evaluate the Tsk response.  

 

Results: The evolution of Tsk after CWI in the first study differed depending on 

the ROIs. The Tsk decrement after CWI (Cooling) for ROIs was between 12-13ºC and 

could reduce Tsk by 39.7%. Rewarming of the posterior thigh was greater on the 

dominant side at Rew10 (6.2ºC vs. 5.8ºC; p<0.05) and Rew20 (8.3ºC vs. 8.0ºC; p<0.05).  

On the second study (HIIT), significant Tsk differences were found after training in Short 

Intervals for 94,4% (17/18) of the ROIs, Sprint Interval Training group had 61.1% (11/18)  

, Repeated Sprint Training group had 11.1% (2/18) and Long Interval group for 33.3% 

(6/18) of the ROIs. Finally, Tsk obtained in before the game for the third study was similar 

for all the ROI except for both Right and Left Anterior and Posterior Leg ROIs between 

the groups because of the player were wearing socks during acclimation. After the game 

only Left Posterior Knee was significantly higher than the other groups and the ΔTsk 

between the groups was only different for the Left Posterior Leg. After the game Tsk 

increased in Group 1 for Right Anterior Leg (32.6ºC vs 30.8ºC), Left Anterior Leg 

(32.73ºC vs 30.83ºC), Right Posterior Leg (31.79ºC vs 30.67ºC) and Left Posterior Leg 

(31.80ºC vs 30.54ºC). Group 2 after the game had a ΔTsk in Left Posterior Leg in 

comparison with the right side (0.45ºC vs 0.14ºC) while Group 3 did not change their 

values. 

 

Conclusion: The Tsk of elite football players rewarms faster on the Dominant 

posterior thigh after a CWI protocol suggesting that this region, one of the most injured 

ones in football, had a different response if compared with all lower limb ROIs. Fatigue 

and muscle soreness perceived were reduced 10 minutes after CWI. Tracking the 

individualized thermal response after CWI could be a useful tool to detect thermal 

imbalances in professional football players. HIIT Tsk responses were different depending 

on the protocol. Thermal activation of the ROIs that biomechanically are more demanded 

could allow strength & conditioning coaches to measure which muscle zones have been 
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targeted by training, thus, quantifying training load. On the other hand, match responses 

were not significantly different when analyzing the data. Only Right vs Left Posterior 

Legs within group 2 (who played, but not the whole match) it was found a significant 

ΔTsk in Left (0.45ºC) vs Right (0.15ºC), supporting the idea of a possible acute adaptation 

of the weak leg within the match because of the asymmetrical technical elements 

performed during a football match. 

Keywords: Cryotherapy, CWI, infrared thermography, recovery, elite, football, 

HIIT, training, thermal imaging, match, game, youth, soccer. 
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RESUMEN 

 

Introducción: La inmersión en agua fría es una de las técnicas de recuperación 

más usadas en el deporte. La termografía infrarroja puede ser útil para identificar y 

cuantificar anormalidades en la temperatura de la piel y prevenir lesiones. El objetivo del 

primer estudio fue entender la respuesta aguda de la piel de la inmersión en agua fría en 

jugadores de fútbol profesional medido 36 horas después de un partido de fútbol. La 

termografía puede ser aplicada para conocer el impacto térmico de un entrenamiento en 

las diferentes regiones corporales del ser humano. El entrenamiento de interválico de alta 

intensidad (HIIT) es uno de los más eficaces para mejorar el rendimiento en deportes de 

equipo y tiene diferentes implicaciones dependiendo del tipo, duración e intensidad de 

cada protocolo. El objetivo del segundo estudio fue determinar la respuesta aguda de la 

piel ante 4 protocolos diferentes de HIIT en la temperatura de la piel del miembro inferior 

de jugadores adolescentes de fútbol. Diferentes estudios han usado la termografía para 

entender cómo la carga de trabajo incide sobre las diferentes regiones del cuerpo humano, 

sin embargo, ninguno ha estudiado cómo responden después de un partido de fútbol. El 

objetivo del tercer estudio fue comprender la respuesta aguda de la temperatura de la piel 

inmediatamente después de un partido oficial. 

 

Métodos: El primer estudio contó con la participación de 9 jugadores de 1ª 

División de Brasil (edad 28,3±5,1 años, 8,9±3,9% porcentaje de grasa) los cuales 

siguieron un protocolo de inmersión en agua fría de 10 minutos de inmersión a 3ºC con 

36 horas de descanso completo entre el partido y el estudio. La temperatura de la piel se 

midió antes (Pre), inmediatamente después (Post), a los 10 (Post10), 15 (Post15) y 20 

(Post20) minutos después de la crioterapia. El incremento de temperatura fue obtenido 

para medir el enfriamiento y el recalentamiento de las zonas de Pre a Post (Cooling), Post 

a Post10 (Rew10), Post a Post15 (Rew15) y Post a Post20 (Rew20). En el Segundo 

estudio, 37 jugadores adolescentes de fútbol de la categoría Sub-16 de 1ª División de 

España (15,6±0,3 años, 1,74±0,1 metros y 63,4±6,7 kg) siguieron aleatoriamente uno de 

los 4 protocolos de HIIT al mismo tiempo después de un calentamiento estandarizado 

HIIT 1 (n=10): Short Intervals. 6 series de 30’’ de Carrera con 30’’ de descanso pasivo 

entre series. HIIT 2 (n=9): Sprint Interval Training. 6 series de 30’’ de carrera con 120’’ 

de descanso pasivo entre series. HIIT 3 (n=8): Repeated Sprint Sequences. 3 series de 6 
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sprints de 40m (20m + 180º cambio de dirección + 20m) con 10’’ de descanso pasivo 

entre sprint y 6’ de descanso pasivo entre series. HIIT 4 (n=10): Long Interval. 6 series 

de 3’ de carrera 1’ de Descanso pasivo entre series. La temperatura de la piel del miembro 

inferior fue medida antes y después del entrenamiento para establecer cuáles de las 18 

áreas corporales tuvieron diferencias significativas después del HIIT. Finalmente, el 

tercer estudio constó de 21 jugadores (15,7±0,4 años, 1,74±0,1 metros y 63,7±6,3 kg) de 

un equipo sub16 de 1ª División cadete de España que juega en la máxima división de 

Madrid dividido en 3 grupos. Grupo 1 (n=7) jugo todo el partido desde el inicio, Grupo 2 

(n=8) jugo, pero no todo el partido y Grupo 3 (n=6) no jugó. Los jugadores fueron 

medidos antes y después del partido térmicamente para evaluar la respuesta de la 

temperatura de la piel. 

 

Resultados: La evolución de la temperatura de la piel después de la inmersión en 

agua fría del primer estudio fue diferente dependiendo de las áreas corporales. La 

temperatura de la piel descendió después de la crioterapia alrededor de 12-13ºC y redujo 

la temperatura en un 39,7%. El recalentamiento del isquiotibial fue superior en el lado 

dominante que el no dominante en Rew10 (6,2ºC vs. 5;8ºC; p<0,05) and Rew20 (8,3ºC 

vs. 8,0ºC; p<0,05).  En el segundo estudio (HIIT), la temperatura de la piel fue 

significativamente diferente después del entrenamiento en el protocolo Short Intervals 

para el 94,4% (17/18) de las áreas analizadas, el grupo Sprint Interval Training tuvo un 

61,1% (11/18), el grupo Repeated Sprint Training tuvo un 11,1% (2/18 y el Grupo Long 

Intervals 33,3% (6/18). Finalmente, la temperatura de la piel obtenida antes del juego para 

el tercer estudio fue similar en todas las áreas analizadas excepto en el gemelo y la tibia 

porque los jugadores vistieron calcetines durante el período de aclimatación. Después del 

partido, solo la zona poplítea izquierda fue significativamente más caliente que la de los 

demás grupos y el incremento de la temperatura solo difirió para el gemelo izquierdo. 

Además, después del partido la temperatura incremento en el Grupo 1 para la zona tibial 

de la pierna derecha (32,6ºC vs 30,8ºC) e izquierda (32,7ºC vs 30,8ºC), así como el 

gemelo derecho (31,9ºC vs 30,7ºC) e izquierdo (31,8ºC vs 30,5ºC). El Grupo 2 después 

del partido tuvo un incremento de temperatura en el gemelo izquierdo en comparación 

con el derecho (0,4ºC vs 0,1ºC) mientras que el Grupo 3 no alteró sus valores. 

 

Conclusión: La temperatura de la piel en los jugadores de fútbol profesionales 

analizados se recalentaron más rápido en el isquiotibial de la pierna dominante en 



 

XIV 

comparación con la no dominante después del protocolo de crioterapia. Podríamos sugerir 

que el isquiotibial, al ser una de las zonas que muscularmente más se lesionan durante los 

partidos de fútbol tenga una respuesta diferente en comparación con otras regiones del 

miembro inferior menos propensas a lesionarse. La fatiga y el dolor percibido se 

redujeron 10 minutos después de la crioterapia. Como conclusión, individualizar la 

respuesta térmica post-crioterapia podría ser una herramienta útil para detectar 

desequilibrios térmicos en jugadores de fútbol profesional que puedan estar ligados a 

procesos fisiológicos alterados en la recuperación. El entrenamiento HIIT tuvo una 

respuesta diferente sobre la temperatura de la piel dependiendo del protocolo. La 

activación térmica de áreas corporales que biomecánicamente son más demandadas 

podría ayudar al preparador físico a medir qué regiones musculares se dirige más el 

entrenamiento, cuantificando por ende la carga de entrenamiento impuesta sobre dicha 

región. Por otro lado, las respuestas térmicas de la piel post partido no fueron 

significativamente diferentes al analizar los datos. Sólo el gemelo izquierdo y derecho del 

grupo 2 (jugaron, pero no todo el partido) tuvieron un incremento de temperatura del 

izquierdo (0,4ºC) frente al derecho (0,1ºC), posiblemente por una adaptación aguda de la 

pierna débil o los elementos técnicos realizados durante el partido. 

 

Palabras clave: Crioterapia, termografía infrarroja, recuperación, elite, fútbol, HIIT, 

entrenamiento, visión térmica, partido de fútbol, adolescente.  
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1. INTRODUCTION 

Infrared Thermography (IRT) is a quick, objective and non-invasive technique for 

measuring the irradiated energy released by the human body. Infrared cameras provide 

us a detailed map of the different areas of the human body in which each pixel from the 

thermal picture corresponds with a temperature data.  

Infrared thermography was firstly used around 1960 for medical purposes, and 

through history some uses into the field of sport sciences has been added (Hildebrandt et 

al., 2012). Some of the uses in sports are muscle injury prevention and monitoring 

(Gómez Carmona et al., 2008, Gómez Carmona, 2012, Bandeira et al., 2012); detection 

of muscle imbalances (Sillero Quintana et al., 2009, Abate et al., 2010); relationship with 

shoulder pain (Rossignoli et al., 2016); quantification of thermal responses to the training 

load (Čoh and Širok, 2007, Fernández-Cuevas, 2012); detection of delayed-onset muscle 

soreness (DOMS) (Al-Nakhli et al., 2012) and lactate threshold (Akimov and Son'kin, 

2011); and fitness and performance conditions assessments (Chudecka and Lubkowska, 

2012, Chudecka and Lubkowska, 2010, Akimov et al., 2009, Merla et al., 2010, Arfaoui 

et al., 2012b). 

Since the beginnings IRT has evolved technically and methodologically. 

Technically, at this moment a thermal camera can reach resolutions of 2048x1536 pixels 

(INFRATEC models), therefore offering more detailed data than the standards 160x120 

pixels. If we compare both resolutions, the first one would give us a total amount of 

3.145.728 pixels while in the second just 19.200, in other words, we would have 164 

times more information depending on the model. Methodologically, it has been 

discovered that a large list of factors could influence body skin temperature (Tsk) 

(Fernández-Cuevas et al., 2015a), the ignorance of those could lead to misunderstanding 

and erroneous analysis of thermal images. This way, we propose that  increasing the 

necessity of detailed and standardized protocols is a must for minimizing the effects of 

those factors.   

One of the best achievements in the last years was passing from qualitative 

analysis (just monitoring the colors) to a quantitative one by the delimitation of Regions 

of Interest (ROI). The delimitation of ROIs is a subjective and hand-made method as 

every single researcher has done his own division.  



 
Introduction 

________________________________________________________________________________________________________________________________________ 

- 2 - 

They have been designed some computer applications for objective delimitation 

of the ROI into a thermogram. Some examples of these are TermoTracker® developed in 

the Technical University of Madrid (UPM) and validated in the doctoral dissertation of 

(Cuevas, 2012), and ThermoHuman® developed by a technological startup who 

developed an artificial vision method for ROI division with and on-line based app 

(www.thermohuman.com). 

Solved the aspect of a homogeneous ROI division for identical analysis, there is 

still a lack of knowledge regarding the interpretation of IRT in sports. One of the key 

points about the thermographic interpretation is the way in which information about the 

variables, the thermographic asymmetries based on the dominance (dominant vs non-

dominant) (D-ND) or the laterality (right vs left) (R-L) should be considered depending 

on, for example, the type of training generic or specific performed by the athlete in the 

previous training session. In terms of dominance, a generic, bilateral and cyclic training 

(running, strength training, drills without ball) would not be as affected by using the 

dominant leg as specific training (ball drills, small sided games). 

Other important questions are: how to manage thermal data in sport? and how 

could this data help the thermologist or the thermography user in the day-to-day practice?, 

are the variables obtained after acute responses of training, match and recovery in football 

enough to extract useful practical information?; if so, what variables should be considered 

and when? 

This doctoral dissertation pretends to get away of the laboratory to go deep into 

daily sport routines to solve some simple questions: 

1) What is the acute skin thermal response of a football player immediately after 

a recovery strategy like cold-water immersion? 

2) What is the acute skin thermal response of a football player immediately after 

different types of generic training? 

3) What is the acute skin thermal response of a football player immediately after 

a competitive match depending on the played minutes? 

The aim of this work is to analyze Tsk responses with special focus on 

asymmetries and imbalances to behold if IRT could provide valuable information in 
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recovery, training and competitive football settings. And, at the end, giving to future sport 

scientist and applied vision with relevant tips that could enhance the application of IRT. 

1.1. INFRARED THERMOGRAPHY 

Thermography´s etymology comes from the Greek word thermos- which means 

“hot, heat or temperature” and -graphia “description of”. IRT cameras detect radiation 

from wavelengths 9.000 to 14.000 nanometers corresponding with the electromagnetic 

spectrum, far from the visible light which goes from 450 until 750 nanometers. The total 

radiation that an object emits increase with temperature, hence we can see variations in 

heat exchange. 

IRT is a safe, non-invasive and low-cost technique that allows for the rapid 

recording of radiating energy that is released from the body or analyzed object in a non-

invasive way (Ring, 2014), thus, generating bidimensional infrared pictures called 

thermograms or radiometric images in which each of the pixels include a temperature 

data point. The radiation measured by IRT is directly related to Skin Temperature (Tsk). 

1.1.1. HISTORY OF INFRARED THERMOGRAPHY 

Technology evolves every day, but the usefulness of it will last forever if the 

principles in those are based remains applicable. We could think that thermography is 

quite new, but the origins of it dates back 2500 years ago in ancient Greek where 

Hippocrates stated that “should one part of the body be hotter or colder than the rest, then 

disease is present in that part” (Hildebrandt et al., 2012). He observed that a mud slurry 

spread over the person would dry at different speeds depending on the zones, thus 

indicating underlying organ pathologies because different heat distributions. After that, 

he continued researching and observing that certain temperatures on human body would 

be related with normal or abnormal physiological processes. In Italy at the end of the 16th 

century, Galileo invented a tool to measure variations in temperature: the thermoscope, 

in which a tube was fulfilled by a liquid that rises or falls depending on depending on 

temperature. That was the origin of the thermometer in the early 18th century. 

 It is not until the beginnings of the 19th century that infrared rays are discovered 

by the German-British astronomer William Herschel. A few years later, his son John 

Herschel took the first thermogram using the evaporograph technique (Ring and Ammer, 
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2000, Ring, 2006). This technique converts an infrared image into a visible one by means 

of evaporation or condensation of oil on a thin membrane (McDaniel and Robinson, 

1962). During this 19th century researchers were focused on the development of tools for 

measuring and quantifying infrared radiation. All these efforts were finally worth when 

Italian physicist Leopoldo Nobili, inventor of many instruments that were critical to 

investigating thermodynamics and electrochemistry designed the first thermocouple. This 

instrument could determine the surface temperature of a contacted body by means of 

thermoelectric effect (Bentley, 1998). Finally, at the end of this century the American 

astronomer Samuel Pierpont Langley developed the bolometer, a device used for 

measuring the electromagnetic radiation from the heating of a material with a 

temperature-dependent electrical resistance. 

 Far from the medical uses, during the 20th century, the advances in the use of 

infrared thermography came via military applications during the First and Second World 

War. Military applications last from detection of buried mines until thermal guided 

missiles. Just after the information was declassified, IRT began to spread through civilian 

uses. In the 60s and 70s technological companies like Inframetrics in United States and 

AGA in Sweden distributed the first scanner for infrared detection in 1965, being 

purchased by FLIR Systems, one of the leading manufacturers of infrared technology 

available today with German InfraTec. (Kong). 

 The development of microbolometers allowed in the early 80s the reduction of 

technology cost because of the smallest size and weight of the sensors (Rogalski, 2012). 

That represented quite a big progress, higher resolutions and improved quality of cameras 

without making noise (Maldague, 2001) made possible an advance in quantitative IRT 

(Balageas, 2007). Thus, technological improvements let IRT to be used not only in 

laboratory but also in day to day activities (Lee and Cohen, 2008). 

 Nowadays, specialized research groups focused on thermography in sports like 

LAPEH (Universidade Federal de Viçosa) leaded by João Carlos Bouzas Marins, 

TermoINEF (Universidad Politécnica de Madrid) guided by Manuel Sillero Quintana and 

ThermoHuman™ a company originated from this research group who has been elected 

between the best biotech startups in Spain has appeared to give some light into the 

practical application of this technique in high performance and medical settings. Thus, 

providing evidence-based information about how to use IRT (Ring, 2014). 
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1.1.2. BASIC CONCEPTS OF THERMOLOGY 

 Thermology is the science that studies the heat. Increments in the temperature of 

a body is directly related to (with) a faster movement of its molecular structure and vice 

versa. In this section, we will review some basic concepts of thermology which are crucial 

to understand the skin temperature behavior. 

1.1.2.1. Thermal energy, heat and temperature  

 Thermal energy or calorific energy is the internal energy of a balanced 

thermodynamic system that integrates a matter (atoms, molecules and electrons). Heat is 

the transference of energy between bodies at different temperatures that are associated 

with the random motion of molecules and atoms (number, size, speed and type of 

particles) that compounds a certain substance. Temperature is not energy, it reflects the 

kinetic energy (atoms movement) that a body holds (Arora, 2001). 

 While thermal energy refers to quantity, temperature refers to intensity. The 

coldest substance in the world could be thermally measured, as it would have a small 

amount of energy released, that is to say a minimum intensity or temperature (Planck, 

2013).  

 Thermal energy is a potential energy that a body contains (static) and can 

transform into heat (dynamic). Heat and thermal energy units are the same: Jules, Watts 

per second and Kilowatts per hour. But temperature is used for comparing different 

kinetic energies from different bodies. It is measured in Kelvins or Celsius degrees (ºC). 

However, for simplicity the temperature has been commonly accepted as the most used 

term between both (Arora, 2001). 

 Thermal energy is absolute and temperature relative. When you mix two objects 

with the same temperature at 100ºC they will remain equal but with double volume 

(Arora, 2001). But if you mix two substances with a thermal energy of 100 Jules you get 

200 Jules.  

 To sum up, thermal energy is the amount of energy inside a single matter and 

temperature refers to his kinetic energy (average speed collision and movement between 

atoms and molecules). On the other hand, heat is the thermal energy transfer between 

matters (Planck, 2013).  
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1.1.2.2. Human thermoregulation 

 Thermoregulation is the ability of an organism to maintain its body temperature 

within certain limits, even when the surrounding temperature is quite different. 

Homeostasis is a situation of dynamic stability inside an organism, therefore, internal 

thermoregulation is part of that process. An organism without this capacity would adopt 

the environmental temperature as his own body temperature. In humans, the core body 

temperature remains stable around 37ºC with diurnal variations along the day. However, 

skin temperature has lower values nearly 34ºC (Lee and Cohen, 2008). 

 The thermal behavior of the human body is a combination of heat transfer and 

heat generation at various levels, micro (molecular and cellular), meso (tissue and organs) 

and macro (thermal interaction with the environment) (Bhowmik et al., 2013). Heat 

conductance within tissues inside the human body depends on the temperature gradient 

between muscle and skin and the thermal conductivity of the muscle (Gonzalez-Alonso, 

2012). 

 The body is constantly absorbing radiation and emitting it. If the energy generated 

by the body is eventually radiated or the body temperature goes up (simple 

thermodynamics) it could be possible to measure every single ATP and other chemical 

reactions inside the body. So, calories consumed or absorbed must be equal to the calories 

radiated, otherwise temperature will raise. 

 Metabolic energy is converted into mechanical and thermal energy by means of 

heat production inside body cells. However, this process is very inefficient and between 

30-70% of the energy is lost during muscle contraction as thermal energy (Gonzalez-

Alonso et al., 2000). Heat liberation during ATP production at the onset of the exercise 

is matched with the elevation of heat production in contracting skeletal muscle (Gonzalez-

Alonso et al., 2008). It has been shown that in vitro heat production during ATP utilization 

last from 35 to 72 kJ (mol ATP)-1 depending on the energetic way for ATP resynthesis 

(Wilkie, 1968). Muscle movement generate heat if it uses energy that must be radiated or 

exchanged via conduction. At rest, the human body thermal output is almost 1600 calories 

per minute while during active periods is 2900 calories per minute. 

 Heat storage in body tissues is related with heat production, heat dissipation and 

energy exchanged during mechanical work (Gonzalez-Alonso, 2012). Abnormalities in 
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tissue heat storage will be related with Tsk imbalances, as skin is the most superficial but 

is interconnected with deeper layers (cells, muscles, and organs). As said before, 

temperature is the kinetic variable of heat which measures the intensity of molecules’ 

movement inside the cells, consequently, Tsk will be influenced by tissue layers with heat 

problems like ischemia and inflammation (Bhargava et al., 2014). That will be linked 

with blood perfusion (Charkoudian, 2003), metabolic heat generation and temperature 

modification. The body should be balanced thermally, healthy subjects has not shown 

asymmetrical values bigger than 0,2ºC in Tsk between contralateral limbs (Marins et al., 

2014a).  

 Human metabolic activity generates a huge amount of thermal energy that needs 

to be dissipated for maintaining balanced physiological processes (Wilmore and Costill, 

2007). Mechanisms of the body for interacting with surrounding temperature are: 

Conduction, convection, radiation and evaporation (sweat and breathe) (figure 1) and the 

predominance of these mechanisms differ between children and adults. While the first 

rely more on “dry” heat exchange, the second ones use the evaporative heat loss way for 

heat dissipation (Falk and Dotan, 2011). That does not mean a lower adaptive response 

in any case, just the utilization of different paths.  
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Figure 1. Dynamic bodily heat balance from (Jones and Plassmann, 2002). 

  1.1.2.2.1. Human body mechanisms for heat exchange interaction 

 Figure 2 summarize the different mechanism to release the heat generated by the 

practice of any physical activity or exercise. 

 Conduction is the direct exchange of thermal energy between molecules when 

they collide between them. The faster a molecule moves the higher the temperature, the 

slower the molecule moves the lower temperature. When both collides, the temperature 

will be transferred from the faster (warmer) to the slower (colder). 

 Heat transfer can generate a steady state in normal conditions. What leaves a body 

need to be placed in another one therefore, no heat transfer will occur if the energy of 

both bodies is equal.  
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 Convection is the dominant form of heat transfer through a moving fluid (either 

gas or liquid). Convection is produced within the fluid (Incropera and DeWitt, 1999), not 

between fluids or between fluid and solid surfaces as conduction perform. 

 Radiation occurs in a vacuum or any solid or liquid medium, is propagated 

without the presence of matter. Thermal radiation transfers energy by means of photons 

in electromagnetic waves, and is the way IRT captures the temperature. Human bodies 

emit thermal radiation due to temperature, and more temperature is related with higher 

thermal radiation emitted according to Stefan-Boltzmann Law. This emitted radiation 

would vary between matters (Serway and Beichner, 2002), depending on the emissivity 

we would find perfect irradiators like a black body (close to 1) and skin (0.98) until worst 

ones as could be the aluminum (0.05). That means that the higher the emissivity the more 

“trustable” or similar the temperature is compared with the real one. 

 Evaporation is the vaporization of the surface of a liquid into a gaseous state. It 

accounts for 10-20% of total body heat loss, while during exercise is exacerbated until 

80% (Wilmore et al., 2008). Human body reacts to the increment of core temperature by 

trying to keep it stable by sweating and breathing. 

 

Figure 2. Human body mechanisms for heat exchange interaction during exercise. 
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1.1.2.2.2. Laws of thermodynamics 

 Thermodynamic systems are characterized by four laws in which fundamental 

physical quantities as temperature, energy, and entropy are defined. Thermodynamic laws 

delineate the behavior of these quantities. It is worth to note that the laws of 

thermodynamics are applicable to thermography as infrared cameras generates 

thermograms by means of electromagnetic waves. Thus, becoming essential to outline 

the four laws of thermodynamics, which are simplified below (Gaussorgues and Chomet, 

2012, Rolle, 1999): 

 Zero law of thermodynamics: Two bodies separated which are in thermal balance 

with a third, also are balanced between them. 

 First law of thermodynamics: Energy can neither be created nor destroyed. It just 

can change forms. 

 Second law of thermodynamics: No thermal system can produce a net work 

exchanging heat with a region at a single fixed temperature. 

 Third law of thermodynamics: The entropy of a system approaches a constant 

minimum as the temperature approaches to absolute zero. 

 1.1.3 APPLICATIONS OF INFRARED THERMOGRAPHY 

 During the last years IRT has been used in multiple fields. The main applications 

fall on both objects and living beings. Applications on objects have been described by 

(Maldague, 2001) and more recently, (Bagavathiappan et al., 2013) reviewed the 

advances of IRT in non-destructive testing for monitoring these items: civil structures, 

electrical and electronic components, deformation, inspection of machineries, corrosion, 

weld and the application in nuclear industries. As the topic of this paper is based on sport, 

we suggest the reader to go deep into the original publications of both authors if interested 

in non-human applications. 

 On the other hand, IRT has been used on living beings either on humans and 

animals. Below are listed the uses of IRT on living beings for the sport and medical fields 

(Tables 1 and 2). Most of them have been previously cited in the excellent reviews of 

Lahiri et al. (2012), Marins (2015) and Ring and Ammer (2012). 
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 Table 1. Applications of IRT on sports. 

Field Application 

Sport 

Injury prevention and monitoring (Hildebrandt et al., 2010, Gómez Carmona, 2012) 

(Vardasca and Mendes, 2017) (Barcelos et al., 2014) 

Location of muscle damage post-exercise  (Bandeira et al., 2012) 

Training load monitoring (Čoh and Širok, 2007) 

Quantification of training load (Sillero-Quintana and Fernández-Cuevas, 2013) 

Detection of postural imbalances (Abate et al., 2010) 

Efficiency of the thermoregulatory process (Chudecka and Lubkowska, 2012) 

Detection of delayed onset muscle soreness (DOMS) (Al-Nakhli et al., 2012) 

Detection of heat illness patterns (Garza et al., 2008) 

Detection of lactate threshold (Akimov and Son'kin, 2011) 

Thermal response monitoring to exercise (Fernández-Cuevas, 2012) 

Clothing design and thermal comfort (Purvis and Tunstall, 2004) 

Table 2. Applications of IRT on health. 

Health 

Fracture detection in paediatric emergencies (Sanchis-Sanchez et al., 2014a) 

Musculoskeletal injury diagnosis (Sanchis-Sanchez et al., 2014b) 

Breast cancer detection (Ng, 2009) 

Screening and early diagnosis (Sillero-Quintana et al., 2015) 

Diagnosis of diabetic neuropathy (Sivanandam et al., 2012) and vascular disorder 

(Bagavathiappan et al., 2009) 

Fever screening (Chiang et al., 2008) 

Dental diagnosis (Sudhakar et al., 2011) 

Dermatological applications (Zalewska and Wiecek, 2005) 

Diagnosis of rheumatic diseases (Cherkas et al., 2003) 

Diagnosis of dry eye syndrome and ocular diseases (Azharuddin et al., 2014) 

Blood pressure monitoring (De Cesaris et al., 1985) 

Kidney transplantation (Kopsa et al., 1979) 

Diagnosis of testicular disease (Tiktinskii et al., 1989) 

Detection of liver disease (Mansfield et al., 1970) 

Detection of intracoronary high risk vulnerables plaques (Schmermund et al., 2003) 

Gynecology (Abramowicz and Sheiner, 2007) 

Inflammatory arthritis (Denoble et al., 2010) 

Osteoarthritis (Arfaoui et al., 2012a) 

Muscle spasm and injury (Affairs, 1987) 

Enthesiophaties (Busoni et al., 1988) 

Tennis elbow (Binder et al., 1983) 

Fibromyalgia (Ammer et al., 1999) 

Complex regional pain syndrome (Wasner et al., 2002) 

Peripheral circulation (Allen and Howell, 2014) 

Burn evaluation (Renkielska et al., 2014) 
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 1.1.4 INFLUENCE FACTORS OF INFRARED THERMOGRAPHY 

ON HUMANS 

 One of the weakest points of IRT is the wide list of factors that could significantly 

influence the interpretation of thermal data (Figure 3). Trying to manipulate all these 

factors seems impossible, but at least they have to be controlled or known for 

understanding the limitations of the studies (Fernández-Cuevas, 2012). In the must-read 

review of (Fernández-Cuevas et al., 2015b),these factors are divided into three groups: 

• Environmental factors: Directly related with the location where the 

thermal evaluation is completed. 

• Individual factors: Intrinsic and Extrinsic factors that relies on the subject. 

• Technical factors: Connected with the technological equipment used. 

 

Figure 3. IRT influence factors classification on humans. Reproduced with permission from 

(Fernández-Cuevas et al., 2015b). 

 Through this document, information will be added for individual intrinsic factors 

(anthropometry) and extrinsic factors (therapies and physical activity). In the first group, 

we will analyze how anthropometrical measurements can influence the effects of Cold-
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Water immersion (CWI) on Tsk rewarming process. And on the second group, thermal 

responses will be profiled for football specific physical activities like High-Intensity 

Interval Training (HIIT) and competitive match.  

 1.1.5 THERMOREGULATION DURING EXERCISE 

 One of the key aims of the cardiovascular system is to exchange heat between 

internal body tissues, organs and the skin. Homeostasis is a hazardous war waged to keep 

the internal temperature as constant as possible, far from the extremely high or low 

temperatures that the body is pushed on by external and internal thermal loads (González-

Alonso, 2012). During exercise, exacerbated thermoregulatory responses impact on 

homeostasis, being strongly affected by muscular, nervous and cardiovascular systems. 

Trying to isolate reactions for each one of these systems becomes hard as all are 

interconnected and will be targeted by physical activity. Regardless, the basis would be 

to prevent hyper or hypothermia by activating central and peripheral detection 

mechanisms of blood temperature and blood pressure alterations via hypothalamus. 

Vasoconstriction and vasodilation will be the main responsible for homeostasis regulation 

by restricting or increasing blood flow to selected areas (Charkoudian, 2010). 

 External loads like environmental conditions (hot or cold) and the duration, 

intensity and type of exercise would become determinant for knowing the circulatory 

adjustments inside the human body. Thus, the combination of an intense whole-body 

exercise and heat stress will be the most challenging scenario of temperature regulation 

(González-Alonso, 2012). 

 In comparison with rest, heat loss during exercise modifies the percentage of the 

mechanisms that account for moving out the heat produced inside the body (Table 2). 

Table 3. Estimated heat loss during rest and prolonged exercises (Adapted from Wilmore & 

Costill, 2010). 

Heat loss mechanism 
Rest Exercise 

% of total Kcal/min % of total Kcal/min 

Conduction & convection 20 0,3 15 2,2 

Radiation 60 0,9 5 0,8 

Evaporation 20 0,3 80 12 

Medicine 100 1,5 100 15 
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 Knowledge about physiological responses to extreme environments has increased 

its presence within the last decade, specifically focus on heat and altitude topics (Buchheit 

et al., 2013). In football, key understanding of how the environment modifies human 

performance is needed to compete with highest chances of success in elite competitions 

(Born et al., 2014b). Past World Cups like South Africa 2010 and Brazil 2014 has 

challenged national teams’ technical staffs to implement specific routines for hydration 

and acclimation. However, coping with extreme climatological conditions will continue 

to be a trending research topic, as the 2022 World Cup is planned to be celebrated in 

Qatar. Part of the interest will continue because of the challenge to maintain performance 

within extreme hot conditions (over 40ºC) that has been demonstrated that impairs 

physical performance (No and Kwak, 2016). 

 Responses in Tsk before, during and immediately after the exercise have been 

studied by many authors (table 4). Each one, using his own designed ROIs under different 

training conditions (intensity, duration, specialization of the subjects, environmental 

conditions and discipline). 

 It is hard to deduce a unanimous conclusion as some studies has drawn opposite 

thermal responses to the same exercise (Fernández-Cuevas, 2012). In any case, main 

reactions were an increment of the Tsk during constant and prolonged exercises (Wang 

and Toh, 2001, Zaïdi et al., 2007, Ferreira et al., 2008, Hildebrandt et al., 2012, 

Fernández-Cuevas, 2012) and Tsk decrease while performing intermittent or maximal 

exercises in short periods of time (Merla et al., 2010, Merla et al., 2005, Chudecka and 

Lubkowska, 2012, Chudecka and Lubkowska, 2010, Chudecka et al., 2008, Akimov and 

Son'kin, 2011, Cuevas, 2012). However, the advances in thermal imaging analysis has 

provide the possibility of analyzing the Tsk response of the different body segments, thus, 

becoming important to determine the Tsk alterations region by region. This way, within 

a moderate aerobic exercise the different muscles can react with both Tsk increment or 

decrement depending on the heat flux of each one (Fernandes Ade et al., 2016). 

 As the focus of the majority of the studies is the overall response without 

comparing asymmetries, we will focus on determining those and understanding if the 

body gets more asymmetrical after these specific stimuli of HIIT, CWI and match 

demands.  

(Wade and Veghte, 1977) 

(Clark et al., 1977) 
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 (Clark et al., 1977) 

(Veghte et al., 1979) 

(Nakayama et al., 1981) 

(Nakayama et al., 1981) 

(Torii et al., 1987) 

(Torii et al., 1987) 

(Hirata et al., 1989) 

(Hirata et al., 1989) 

(Torii et al., 1992) 

(Pascoe et al., 1992) 

(Hunold et al., 1992) 

(Zontak et al., 1998) 

(Zontak et al., 1998) 

(Wang and Toh, 2001) 

(Merla et al., 2002) 

(Liu et al., 2003) 

(Vainer, 2005) 

(Vainer, 2005) 

(Merla et al., 2005) 

(Bonnett et al., 2006) 

(Zaïdi et al., 2007) 

(Ferreira et al., 2008) 

(Chudecka et al., 2008) 

(Merla et al., 2010) 

(Chudecka and Lubkowska, 2010) 

(Teunissen and Daanen, 2011) 

(Akimov and Son'kin, 2011) 

(Hildebrandt et al., 2012) 

(Hildebrandt et al., 2012) 

(Chudecka and Lubkowska, 2012) 

(Arfaoui and Polidori, 2012) 

(Formenti et al., 2013) 

(Bertucci et al., 2013b) 

(Arfaoui et al., 2014) 

(Cuevas, 2012) 

(Cuevas, 2012) 

(Cuevas, 2012) 
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1.1.6 THERMOREGULATION DURING CRYOTHERAPY 

 Body heat must be dissipated at the balance with the metabolic heat production. 

The body has different adjustment mechanisms for the protection of the deep-body 

temperature if the environment is too cold, vasoconstriction reduces heat transport from 

deep tissues to skin surface, skin temperature is thus lowered and heat dissipation rate 

decreases.  

 One of the mechanisms the body uses for maintaining core temperature is 

shivering, which appears as a response for hypothermia. On the other hand, when the 

environment is too warm, heat dissipation is restricted, vasodilation increases heat 

transport to the surface, raise Tsk, thereby increasing the heat dissipation rate. 

 It has been demonstrated that Cold Water Immersion (CWI) reduces muscle blood 

flow (Gregson et al., 2011), core temperature and increases arterial blood pressure by an 

increase of the total peripheral resistance (Muller et al., 2012). A natural response to 

prevent core temperature cooling is as said before, shivering (an involuntarily increased 

metabolic heat production) that depending on the body parts we have immersed in water, 

this mechanism could be activated or deactivated (Pretorius et al., 2011). For example, 

when the head is submersed, shivering would not be activated but the opposite will 

happen if someone get immersed with the head out of the water. 

 The study of how cold affects thermoregulation is important in terms of knowing 

its influence on both safety and performance. Considering safety aspects, we have to be 

aware of the human limits for being immersed in cold-water, how challenging the 

environment is depending on the time someone is inside the water, and the temperature 

drop he is able to tolerate. Therefore, providing specific recommendations for secure 

settings (Bleakley and Hopkins, 2010) if following a recovery strategy on cold water. On 

the other hand, thinking on performance is not only crucial in sport but in war. As sport 

is a free and individual way for pushing your limits to the maximum in an almost-

controlled competitive scene, in war you are pushed into a chaotic and destructive 

survival environment. That fact has encourage researchers to study the thermal and 

metabolic responses of military divers dealing with cold exposure during 6 hours of 

whole-body immersion (Riera et al., 2014) at different temperatures. Thus, valuable data 

could be provided in terms of what kind of material the divers should vest for maintaining 
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stable core temperatures, consequently having more chances to survive. As in sport these 

limits would be hard to be overpassed, it is important to know the greater response a 

human could give to the strongest stimuli that would challenge his thermoregulatory 

system, in the case of our study, we used CWI as a factor to challenge that response. 

 Water-based recovery strategies are hard to manage if the team plays away and 

there is no chance to have a water tank. Usually CWI is used just after the game if 

possible, if not, on the following day. Additional problems could appear if the technical 

staff gives a free day to the players after the game, moving the beginning of CWI two 

days after the competition. Glycogen depletion has been determined as a cause of fatigue 

in football, and it could be impaired between 48 and 72h after a football match (Nedelec 

et al., 2012). Low-glycogen storage levels could be one of the main determinants for 

increasing the possibility of obtaining greater eccentric damage after exercise (Gavin et 

al., 2014), and CWI is one of the most used treatments for muscle damage recovery 

(Gregson et al., 2011). Thus, a frequently asked question is if using CWI with low levels 

of glycogen as we have seen that are impaired up to 72 hours after the game, could be 

potentially risky in terms of thermoregulation. In this regard, thermoregulation has been 

show as an element that is not impaired by low levels of glycogen (Young et al., 1989), 

that is to say, no extra risks will be added if using CWI with glycogen fiber depletion.  
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1.2. FOOTBALL  

 Football is the most played team-sport along the world, as well as the one who 

mobilizes more souls partly because of the worldwide event that happens every four 

years, the World Cup, the completion in which each citizen on the earth supports his 

country to win this title that will allow them to proudly hold the crown of world 

champions until the next tournament.  

 Year by year, football continuously breaks economic records in terms of salaries 

and transfers with clubs like Real Madrid and Barcelona paying up to 100M€ for different 

players like Cristiano Ronaldo, Neymar or Gareth Bale and other countries bidding for 

the future like China. Chinese Superleague has spent 385M€ at the end of the winter 

market of 2016 closing on February 26th, overpassing most of the quantities spent by 

European leagues. 

 1.2.1. PHYSICAL DEMANDS  

 One of the key aspects of football, is that needs an efficient spatial organization 

(Gil et al., 2007) between all the players, becoming more important that organization than 

the physical capacities itself. The aim is determined by scoring a goal, and locating each 

player in different positions on the field with specific roles will increase the chance of 

winning.  

 Football demands continuous activities as walking and jogging with alternating 

intermittent high-intensity actions like sprinting, jumping, kicking the ball and dribbling 

(Mohr et al., 2003b, Esposito et al., 2004, Carling et al., 2006) (Reilly, 2005) adds that 

these high-intensity efforts are produced in a chaotic and acyclic way. Success requires 

elevated physical levels (Stolen et al., 2005) in elite sport, as an adequate fitness 

influences technical and tactical performance as well as minimizes the risk of suffering 

injuries. 

 In the last 7 years, physical demands have changed in a dramatic way in 

professional football, increasing sprint distance a 35% (from 232 to 350 m) and the 

number of sprints by an 85% (from 31 to 57) comparing the 2006-07 season with 2012-

13 in English Premier League (Barnes et al., 2014). On the other hand, Vigne et al. (2013) 

showed non-significant differences in high-intensity during 3 seasons following an Italian 
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“A” series team, they only found a reduction at submaximal speed and increased ball 

possession. Anyway, the professionalization of football could be seen not just in the 

evolution of the physical capacities during games but looking at the emerging new roles 

that technical staffs are incorporating little by little to deeply understand the game 

requirements: Fitness Coach, Strength & Conditioning Coach, Sport Scientist, Movement 

Coachs and some others. 

1.2.1.1 Activity profile 

 An official competitive football match is composed by two halves of 45 minutes, 

with a total of 90 minutes per game until a maximum of 120 if the overtime is reached. 

Research confirms that football is intermittent in nature, where approximately 1000 

changes of activity are produced during this 90 minutes (Reilly, 2005)  

 Following (Hoff and Helgerud, 2004), players perform between 150-250 short 

high-intensity efforts, that is to say each 30 second, with maximum intensity each 90 

seconds. High-intensity running each 60 seconds and maximum sprint once per 4 minutes 

(Strudwick and Reilly, 2001). Randers et al. (2007) demonstrated that teams with higher 

success rates performed a higher number of sprints and high-intensity running during the 

game. We do not have to fall in the mistake that our team must run more to become 

successful, as correlation does not mean causation. 

 Several studies tried to deeply specify high-intensity efforts (Reilly, 2005) until 

the point of describing them as those actions that rarely overpass the 20 meters and 4 

seconds in time. 

 Andrzejewski (2013) studied the sprinting profile of 10 matches from 147 players 

of UEFA Europa League during 2008-2009 and 2010-2011 seasons. The average number 

of sprints performed by the soccer players was 11.2 and about 90% of the sprints 

performed were shorter than 5 seconds, where only 10% were longer than 5 seconds. 

  The ability to quickly accelerate is in most of the times, more important than 

maximum speed. In many occasions because of the internal logic of the game, players are 

not able to reach peak speed because of tactical time-spatial motives. Sprints are common 

during running to the free space and counter-attacks, but is not only about running, in 

fact, Carling et al. (2008) studied Premier League players in which players showed an 
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average of 54.1 deceleration movements and 558 change of direction movements per 

game, suggesting the importance of this actions during training.  

1.2.1.2 Positional demands 

 Not all the players cover the same total distance on games (Di Salvo et al., 2007). 

Midfielders run an average of 12km, strikers and wingers 11.5km and central defenders 

10km that is in consonance with previous data published by Mohr (2013), who established 

an average of 11-12 km per game in elite football players. There are differences in the 

activity profile if we compare professional with young football players. Stroyer et al. 

(2004) determined that in youth categories the percentage of the time dedicated to walking 

was a 55%, standing time was 3%, and low and high-intensity running were respectively 

a 31.5% and 8.5%. 

 Furthermore, differences in sprinting profile between positions are often visible 

(Andrzejewski et al., 2013). Mean total sprint distance covered by players (>24 km/h) 

was nearly 240m. With forwards covering the longest sprint distances (345m), longer 

than midfielders (313m) and the double than central midfielders (167m). 

 It is important to create a fitness profile for each position to better understand the 

possibilities of each player. Sporis et al. (2009) studied 270 football players divided by 

different positions, they found that goalkeepers were the tallest and heaviest players in 

the teams and also the slowest players, on the other hand attackers were the fastest ones 

in 5,10 and 20 meters. Goalkeepers had the greater explosive power tests (squat jump and 

countermovement jump). Midfielders had better values of maximum oxygen 

consumption maximal running speed, and blood lactate than defenders and attackers. 

Defenders had more body fat than attackers and midfielders. Thus, specific profiles will 

better fit with specific positions depending on the physical demands that the game 

requires for each role. 

1.2.1.3 Playing level   

 Rampinini et al. (2009) analyzed Italian “A” series successful teams. They showed 

that the players from the more successful teams covered more total distance in ball 

possession, covered more high-intensity running with the ball, had more involvements 
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with the ball, and completed more short passes, successful short passes, tackles, dribbling, 

shots and shots on target compared to the less successful teams. 

 Playing level can also be determined by age, as youth footballers has lower values 

of physical and technical levels that increases over time. Some studies had correlated 

some anthropometric and physiological characteristics in this population, Wong et al. 

(2009) observed that body mass was significantly correlated with ball shooting speed and 

30 m sprint time. Body height was significantly correlated with vertical jump height, 10 

m and 30 m sprint times, Yo-Yo intermittent endurance run distance, and running time 

during maximal oxygen uptake. Body mass index was significantly correlated with ball 

shooting speed, 30 m sprint time, Hoff test dribble distance, Yo-Yo intermittent 

endurance run distance, submaximal running cost and the corresponding running time. 

That could help us to understand why body height and body mass, both increases over 

life, could be determinant to have significant greater values of all these aspects. 

1.2.1.4 Congested calendar 

 It has been demonstrated that playing 3 matches in 3 days produced fatigue in 

football players (Ra et al., 2014). The use of new techniques like capillary electrophoresis 

and time-of-flight mass spectrometry allows sport scientists to detect salivary markers of 

fatigue in different metabolites. 3-methylhistidine, glucose 1- and 6-phosphate and 

taurine are some of the metabolites involved in skeletal muscle catabolism, glucose, lipid, 

amino-acid and energy metabolisms. 

 Rey et al. (2010) studied with other collaborators how accumulated fatigue 

affected several matches during the same week. Elite football players who played 2 games 

separated by 3 days did not present significant differences between the number of sprints 

and high-intensity running distance neither decrements in peak and average. They only 

observed that total distance covered was higher in the first game in comparison with the 

second. Carling et al. (2008) suggested that intensity should be coded in terms of the 

speed of each action, this way the higher the average of the player´s submaximal efforts 

like changes of direction, pace change, ball protection etc. the higher the possibility of 

the athlete to hold the specific football demands. 

 Lago-Peñas (2012) analyzed 27 Spanish La Liga matches and they found that the 

activity profiles of professional football players were not influenced by short recovery 
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between matches. Non-significant differences were found for the players who played 2 

matches per week, those players covered less distance at maximal, submaximal and 

medium intensities than those who just played once a week. They concluded that elite 

soccer players´ distance covered at various speeds is dependent on match contextual 

factors.  

1.2.1.5 Contextual factors  

 Different studies confirm that the game model, playing home or away, the final 

result of the game and even the type of competition (regular league, world cup, group 

phase or finals) can influence the distance covered by the players. Obviously, is not the 

same having a right back with freedom to incorporate to offensive plays than other in the 

same position with limited function giving by the technical staff. Also, cultural 

differences exist not only depending on the team you play, but in which country. Dellal 

et al. (2011) observed that English Premier League players covered more sprint distance 

than Spanish La Liga players that could be mainly explained by opposite tendencies of 

counter-attack (England) or ball possession (Spain).  

 Following the same study of Lago-Peñas (2012), elite players perform less high-

intensity activity when winning than when losing. On the other side, they usually cover 

more distance by walking and jogging when winning. If playing at home, teams often 

perform greater distances than away teams at low intensity. Finally, the better the 

opponent, the more total distance the team will cover by walking and jogging. 

1.2.1.6 Fatigue during and after games 

 Fatigue during games could be easily explained as a performance decrement 

within the match. We will experience fatigue if we are not able to perform at the same 

level as the beginning. On the other hand, fatigue after the match is about to recover of a 

previous stress, not about perform. 

 During games, temporary fatigue appears after periods of intense exercise. That 

does not appear to be directly linked with the accumulation of lactate, muscle glycogen 

concentration, acidity or creatine phosphate breakdown (Mohr et al., 2005). Instead, it 

may be related to changes in the homeostasis of the muscle ion and an impaired excitation 

of the sarcolemma.  
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 Fatigue could be divided in two big groups: central or peripheral. While in the 

first group the quantity and quality of information that we possess is still anecdotic 

because of the relative invasiveness, restrict applied use and time constraints surrounding 

the neurophysiological measures used to evaluate central factors (transcranial magnetic 

stimulation, computed tomography magnetic resonance imaging, electroencephalography 

and near-infrared spectroscopy) (Minett and Duffield, 2014). The second group has 

obtained the majority of the studies, indicating that several factors strongly affect 

measurements like peak speed, total distance covered and high-intensity running efforts 

(Mohr et al., 2003a). 

 If we compare the beginning of the game with the end of the half time, distance 

covered in high-intensity running was 18% lower in the last than in the first 15-minute 

period of the game (391 vs. 478 m) (Bradley et al., 2010). That could probably be 

explained by the glycogen depletion in the muscle fiber toward the end of the game 

(Bangsbo et al., 2006). In hot and humid environments, dehydration and a reduced 

cerebral function may also contribute to the deterioration in performance. Likewise, 

Rampinini et al. (2009) compared physical and technical performance during both 1st and 

2nd halves of 416 games in Italian “A” series, he founds that not only physical capacities 

declined but also technical performance during the 2nd half. A decrement in both physical 

and technical factors could give us an indication of something that is not right. As fatigue 

could be leaded by both central (nervous system) and peripheral factors (the muscle fiber), 

it is important to understand what kind of responses are generated after the specificity of 

a game, not during but after.  

 Ispirlidis et al. (2008) studied how a single football game influenced the short-

term muscle damage and inflammatory responses in elite football players. Anaerobic 

performance was deteriorated for at least 72-hour post-game. This response consisted of 

a post-game peak of leukocyte, cytokines, and cortisol. The acute inflammatory response 

in football appears to follow the same pattern as in other forms of exercise.  

• 24-hour peak of C-reactin protein (CRP), thioburbituric acid-reactive substances, 

and delayed-onset muscle damage (DOMS). 

• 48-hour peak of creatine kinase (CK), lactate dehydrogenase, and protein 

carbonyls. 

• 72-hour peak of uric acid. 
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 Nedelec et al. (2014) analyzed the effects of the playing actions on the recovery 

kinetics after a football match. They found as well as Ispirlidis that neuromuscular fatigue 

was up to 72 hours and that was priory dependent on the number of sprints and hard 

changes in direction performed during the match. During the 72-hour recovery period, 

muscle soreness increased while countermovement jump (CMJ), isometric strength of the 

hamstring muscles, and peak sprint speed significantly decreased.  

 Importance should also be given to the increment of the levels of oxidative stress 

registered after games (Ascensao et al., 2008). The definition of oxidative stress is a 

disturbance in the balance between the production of reactive oxygen species and 

antioxidant defenses (Betteridge, 2000) and can affect the player during his recovery 

process. The signaling molecules within the cells have the potential of regulating different 

mechanisms by switching those on or off (Betteridge, 2000), thus, becoming important 

to monitor oxidative stress to avoid a conflict of activating mechanisms that could impair 

the recovery of our athletes because of overtraining (Rago, 2016). 

 Silva et al. (2014) followed 14 professional football players during a season, 

analyzing the changes in performance, muscle function, and stress-related biochemical 

markers. They concluded that football players face significant changes in biomarkers of 

physiologic strain (muscle damage and oxidative stress-related markers) during the 

season, but values return to normal during the off-season. Additionally, they found that 

the accumulated playing time in matches influenced physical, hormonal, and oxidative 

stress-related parameters. The more you play, the more likely to alter your values. 

1.2.1.7 Emerging required abilities RSA, RPA & RAA 

 Sport scientists, in their way for discovering and categorizing the abilities that are 

important in team sports, considered this three as necessary to improve: Repeated Sprint 

Ability or RSA (Bishop et al., 2011), Repeated Power Ability or RPA (Gonzalo-Skok et 

al., 2014) and Repeated Acceleration Ability or RAA (Barbero-Alvarez et al., 2014). 

 Essentially, those three concepts are related with the ability to repeat high-

intensity efforts such as sprints (RSA), power (RPA) or short accelerations (RAA). The 

first ability has been widely studied in the last years, while RPA and RAA have started 

to be analyzed recently with basketball players and football referees.  
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 1.2.2 EPIDEMIOLOGY OF INJURIES 

 Injuries have a potential negative effect on team performance (Hägglund et al., 

2013) and a tremendous economic impact not only in sport (Fernández Cuevas et al., 

2010) but in terms of healthcare (15,243 injuries were reported in Spain during 2010-11 

season) (Herrero, 2013). A professional football team will have an average of nearly 81 

injuries per season (Noya Salces and Sillero Quintana, 2012, Noya and Sillero, 2012)and 

will expect 15 muscle injuries between a squad of 25 players where 92% of those will 

correspond with the following muscle zones: hamstrings (37%), adductors (23%), 

quadriceps (19%) and calf muscles (13%) (Ekstrand et al., 2011). If we focus only on 

those muscles we would be able to manage information in regard to 92% of the total 

muscle injuries produced in football. So that, it is important closely monitoring these four 

zones by means of specific testing as force imbalances, mobility impairments or thermal 

asymmetries.  

 One of the studies that better illustrate the epidemiology of injuries during a whole 

season was performed by Noya Salces et al. (2014)in Spanish La Liga 2008-09. They 

reported a total of 228.743 hours (12.038 hours of competition exposure and 216.705 

hours of training exposure) with a total of 1293 injuries reported by the 427 players (524 

competition injuries and 769 training injuries), obtaining an overall injury incidence of 

5.65 injuries/1000 hours of exposure, with 43.53 in competition and 3.55 in training. 

Recurrent injury index was greater in competition than in training (4.7 vs 0.4 

injuries/1000 hours of exposure). 89.6% of the injuries involved the lower extremities. 

Muscle and tendon injuries had the highest incidence rate (3.04), followed by injuries of 

the joints and ligaments (1.38) and contusions (0.8). More than 50% of the injuries were 

related to muscles and tendons, where 2/3 of the injuries were due to overuse (59.5% 

during competition and 70.0% during training), and 1/3 of the injuries was due to trauma. 

 The incidence of injuries in training during the pre-season was higher than in the 

rest of the competition phase. Usually, players are not yet adapted to specific loads in this 

initial phase reaching small overloads that provokes injuries if mismanaged. On the other 

hand, injuries during competition peaked at the end of the season (from March to May) 

when players are more likely to accumulate more minutes(Noya Salces et al., 2014). 
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Table 5. Injury incidence during competition in Spanish Football First Division (Noya, 2014). 

 IRT has been demonstrated as a powerful tool to decrease the number of injuries 

during a pre-season in a professional football team (Gómez-Carmona, 2012). Obtaining 

rates of ~90% decrease in muscle injuries and a ~70% less of days of absence by giving 

daily feedback of the thermal images to the technical staff. During this dissertation, this 

work will focus in explaining how thermography could aid in different chapters of day-

to-day football protocols like recovery (monitoring asymmetries), training (workload 

assimilation of training stimuli) and competition (acute responses to specific stimuli). 

 1.2.3 TRAINING METHODS 

 The evolution of training tendencies in football in the last years has led to a 

reduction of time and an extremely increment of intensity with the so-called high-

intensity interval training (HIIT).  

 The overcrowded calendars of some elite teams do not let them to train with high-

volume as players will excessively be overloaded. Anyway, the importance of the strength 

and conditioning coach will reside in managing the load and training block contents 

intelligently. 
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 Training could be divided into two groups: generic and specific. The first one will 

gather all the types of trainings in which players will not perform with ball. While in 

specific training there are technical or tactical situations as the ball part of it. Discussion 

is open about what kind of training is better depending on what coaches are looking for 

to improve. Generally, generic training will appear in situations when time is gold and 

you must precisely control the intensity. On the other hand, specific training is not as 

boring as generic, and you can improve technical skills and tactical situations. The 

problem here will be the limited control of the intensity for each player, as the chaos of 

the ball will not allow you to prescribe easily the load imposed (Hill-Haas et al., 2011).  

 There are a few studies that compared EMG with thermography (Priego Quesada 

et al., 2015, Bartuzi et al., 2012) to evaluate the activation and fatigue of the muscles. 

One of the objectives of the study will be to establish which zones are thermally activated 

depending on the kind of HIIT performed. That will allow us to detect the active muscles 

and provide valuable information to the staff about how their training impacted on the 

players. The problem of this study is that EMG was not compared with thermography, 

avoiding us to discuss anything about the activated muscles in terms of non-thermal 

information. 

1.2.3.1 Generic 

  1.2.3.1.1 High-Intensity Interval Training (HIIT) 

 Buchheit and Laursen (2013b) defines HIIT as “either repeated short (<45 s) to 

long (2–4 min) bouts of rather high- but not maximal-intensity exercise, or short (<10 s, 

repeated-sprint sequences [RSS]) or long ([20–30 s, sprint interval session [SIT]) all-out 

sprints, interspersed with recovery periods. These varying-length efforts combine to 

create training sessions that last a total of ~5–40 min (including recovery intervals).” 

 There are nine pieces of the puzzle that need to be controlled: work (modality, 

duration and intensity), relief (duration and intensity) and series (number of series, 

duration, time between series and between series recovery intensity). By combining these 

variables, different approaches of HIIT could be obtained. 
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  1.2.3.1.2 Repeated Sprint Training (RST) 

 Girard et al. (2011) defined Repeated Sprint Exercise as “repeatedly produce 

maximal or near maximal efforts (i.e. sprints), interspersed with brief recovery intervals 

(consisting of complete rest or low- to moderate-intensity activity), over an extended 

period of time (1-4 hours), and this has been termed repeated-sprint ability (RSA).” 

 The limiting factors are still to be known, as there is no global one that impact 

fatigue. Two parameters that are often used to quantify the quality of RSA are Fatigue 

Index (decrement in percentage of each one of the running bout times) and “RSA best” 

(best time achieved during a RSA test). This way two key values are obtained: how fast 

you get fatigued and how quickly you are. 

  1.2.3.1.3 Sprint Interval Training (SIT) 

 Sprint Interval Training (SIT) as defined by as Sloth et al. (2013) is “an interval 

training regime, which has recently received increased attention since studies have 

suggested that intervals of very high intensity, short duration (<30 s) and relatively long 

recovery periods between intervals (~4 min) may induce improvements in aerobic power 

and metabolic function resembling those of traditional endurance training”. 

Manipulating variables as recovery time a number of series and reps, could modify the 

neuromuscular responses. In our case, SIT was set as 6 reps of 30 seconds’ all-out straight 

line running bouts without Change of Direction (COD) with 2 minutes of recovery per 

repetition for achieving a greater neuromuscular load. This kind of SIT has been 

recommended by (Buchheit and Laursen, 2013a) to elicit greater values of blood lactate 

accumulation and to impact on hamstrings. 

 ATP resynthesis during SIT bouts would rely on anaerobic metabolism 

(McCartney et al., 1986), whereas traditional endurance training and most forms of HIT 

predominantly relies on aerobic metabolism. In the case of SIT, depending on the 

duration, there will be a progressive shift in energy metabolism with greater relevance of 

the aerobic metabolism when sprints are repeated (Bogdanis et al., 1996) (Parolin et al., 

1999).  
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1.2.3.2 Specific 

 Players are players because of the enthusiasm that the ball provides them when 

playing with it. One of the keys in football is to optimize training time along the week to 

obtain more time with the ball than without it. Thus, if optimal fitness is achieved with 

more playing time both tactical and technical skills would be improved.  

 The aim of the specific circuits and the small-sided games (SSG) relies on that 

objective. As well as in generic training, variables could also be manipulated in SSG to 

modify the physiological responses (Halouani et al., 2014b, Hill-Haas et al., 2011, Aguiar 

et al., 2012). Some of them are the number of players (Aguiar et al., 2013), pitch size 

(Casamichana and Castellano, 2010), presence of goalkeeper (Koklu et al., 2013), 

presence of mini-goals or goals (Gaudino et al., 2014) (Halouani et al., 2014a), presence 

of absence of coach encouragement (Halouani et al., 2014b, Hill-Haas et al., 2011), rule 

changes or tasks constraints (Aguiar et al., 2012), continuous or intermittent format 

(Casamichana et al., 2013), ball contact (Dellal, 2011) and man-marking (Ngo et al., 

2012). 

 1.2.4 TRAINING LOAD MONITORING 

 Training load monitoring in sports has evolved in the past decades. Usually, 

coaches started with quantifying the number of kilometers, sets, reps and even the number 

of kilograms lifted in the weight room. In contrast to most endurance sports, team sport 

athletes usually compete once or twice a week for 10 months of the year. And, in order 

to keep a progression of loads day by day and to know how to alternate hard and easy 

days, different periodization approaches began to be used in different sports (Bompa and 

Buzzichelli, 2015).  

 Most common ones were those related with track & field and weightlifting, little 

by little importance was transferred into team sports like football with divergent styles as 

block (Sainz, 2013) and tactical periodization (Tamarit and Gimeno, 2007). Whereas 

those models are mostly based on informal experimentation by coaches, whatever the 

periodization model you use, controlling your training with parameters remains essential.  

 Appropriate periodization to improve fatigue removal and fitness maintenance 

during the competitive period of professional team sport athletes is a difficult task. An 
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imbalance in stress and recovery leads to decrement performance in strength, power and 

team sport athletes. Normally, two types of load are distinguished: internal load and 

external load(Halson, 2014a). The combination of both will give Strength & Conditioning 

coaches better insights into how exercise affects their players. Because controlling the 

influence of these parameters will allow them to better monitor the physiological and 

psychological stress on the athlete, thus, improving the chances to obtain a greater 

performance. 

 However, sometimes there are no guarantees that monitoring training load will 

result in successful performances (Halson, 2014a). Extracted from Halson (2014) we can 

obtain a valuable fragment: “A lack of knowledge or experience with monitoring 

techniques can result in an inability to implement a practical and sustainable system 

and/or an inability to interpret the data collected. In addition, a clear rationale 

identifying why the monitoring is occurring, what will be monitored, how often 

monitoring will occur, and how the data are interpreted and presented back to the 

coaching staff is required”. 

1.2.4.1 Internal load 

 Internal load is described as a physiological stress opposed on players and can be 

measured through physiological variables like heart rate (HR), subjective measurements 

of fatigue or biomarkers and requires quantification of the physiological stress imposed 

on an athlete by exercise (Scott et al., 2013). 

  1.2.4.1.1 Heart Rate (HR) 

 Heart rate (HR) is one of the most commonly used physiological variables to 

determine exercise internal training load and is often used to both prescribing and 

monitoring intensity. During a match a player normally achieves 70–80% of VO2max 

and 80-90% of the maximal HR, with independence of the playing level (Alexandre et 

al., 2012). Almost 65% of the total time during matches is spent at an intensity of 70–

90% of the maximal HR, rarely below 65%. Nevertheless, although maximal HR is 

employed in scientific literature, monitoring should be expressed in relation to reserve 

HR (maximal HR – resting HR), as it has been described as a more reliable indicator of 

HR, allowing inter-individual comparisons (Alexandre et al., 2012). 
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 The use of HR appears to be convenient for an indirect estimation of the aerobic 

energy production in soccer (Eniseler, 2005) but not for an anaerobic energy production, 

speed and power exercises because of HR inertia. 

 Interpretations based on the linear HR-%VO2 relationship need to be carefully 

read. Soccer is intermittent in nature, and this relationship is based on a continuous 

treadmill running test so there is little point in extrapolating these assumptions. 

  1.2.4.1.2 Training Impulse (TRIMPs) 

 Training Impulse (TRIMPs) are obtained after multiplying the average HR by a 

fixed factor depending on the different zones in % of the maximal HR for mixing intensity 

and duration. There are various methods of quantifying training load with TRIMPs: 

Banister (Banister, 1991) , Edwards (Edwards, 1993), Lucia (Lucia et al., 2003) and 

individual TRIMP (iTRIMP) (Manzi et al., 2009, Akubat et al., 2012). 

 Banister uses the exponential relationship between fractional elevation in HR 

and blood lactate. The effective training session duration (in minutes) is multiplied with 

HRratio (based on heart rate recovery). The formula modified by Morton et al. (1990) is 

the following one: 

TRIMP = D x (ΔHR ratio) x 2.718exp (b x ΔHR ratio) 

, where D = duration of training session; and b = 1.92 for men and 1.67 for woman, and 

ΔHR ratio is defined as: 

ΔHR ratio = (HRex − HRrest) − (HRmax − HRrest) 

, where HRrest is equal to the average heart rate during rest; and HRex is equal to the 

average heart rate during exercise and HRmax is the maximal heart rate of the player. 

 The heart rate-based method proposed by Edwards (Edwards, 1993) to determine 

internal training load involved both the total volume of the training session and the total 

intensity of the exercise session. The relative intensity corresponds to five divisions of 

HR. Thus, the total (internal training load) score is the sum of the calculated load (duration 

in each zone times the multiplier) in each zone (50–60 % maximal HR = 1, 60–70 % 
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maximal HR = 2, 70–80 % maximal HR = 3, 80–90 % maximal HR = 4, and 90–100 % 

maximal HR = 5).  

 Lucia’s TRIMP model approach (Lucia et al., 2003) is similar to Edward’s 

methods. The only point in which both differ is that instead of using 5 arbitrary zones, 

Lucía uses ventilatory thresholds. That means a greater individualization of internal 

training load. Zone 1 is defined as “below the ventilatory threshold” (<2 mmol/l), Zone 2 

as “between the ventilatory threshold and the respiratory compensation point (2- 4 

mmol/l); and Zone 3 as above the respiratory compensation point > 4 mmol/l). The 

duration spent in each zone is then multiplied by a coefficient relative to each zone, 

respectively 1 for Zone 1, 2 for Zone 2 and 3 for Zone 3. 

 Individual TRIMP (iTRIMP) (Manzi et al., 2009, Akubat et al., 2012) is a product 

from heart rates values (based on Banisters TRIMP), the total training time and a 

nonlinear coefficient for an individual player. The nonlinear coefficient derives from 

individual blood lactate measurements during a performance test and, therefore displays 

one of the most individualized approaches to monitor internal load. 

  1.2.4.1.3 Heart Rate Variability (HRV) 

 Heart Rate Variability (HRV) is the physiological phenomenon of variation in the 

time interval between heartbeats and is measured by the variation in the beat-to-beat 

interval. HRV is a sensitive and selective measure of mental stress (Hjortskov et al., 2004) 

and has been used in sports for understanding the autonomic nervous system reactions to 

training (Buchheit et al., 2010) (Plews et al., 2014) and recovery (Al Haddad et al., 2012, 

Al Haddad et al., 2010, Bucheit et al., 2009). Unwanted HRV values has been correlated 

with lower total high-intensity distance running covered in professional football players 

(Thorpe et al., 2015). The aim is to achieve an optimum equilibrium between 

parasympathetic and sympathetic reactions (Rodas, 2008). A higher HRV index would 

be related with greater parasympathetic activity (recovery reactions) whereas lower HRV 

index with a greater sympathetic activity (mental and physical stress reactions). Basically, 

a higher HRV means that heartbeats intervals between R waves are different, thus, with 

good adaptation ability. While low HRV appear as a depressed ability of the heart to 

adapt. Consequently, more than a parameter to monitor training load, HRV could be used 

as a fatigue marker for being aware of the status of the nervous system after exercising. 
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  1.2.4.1.4 Ratings of Perceived Exertion (RPE) 

 One of the most economical tools that every coach can use regardless of having 

technology or not is to monitor the subjective player measurements of fatigue or the 

ratings of perceived exertion (RPE). Usually named as Borg Scale, the original scale 

introduced by Gunnar Borg rated exertion on a scale of 6-20. But years later constructed 

a category (C) ratio (R) scale, the Borg CR10 Scale. The Borg scale can be compared to 

other linear scales such as the Likert scale or a visual analogue scale. The sensitivity and 

reproducibility of the results are very similar. The scale was firstly graded from 6-20 

because of the similarities from the heart rate of an adult when multiplied by ten. 

 CR10 scale is affected by external load like high-speed running distance, and the 

number of impacts and accelerations (Gaudino et al., 2015) and players need to follow 

and educational period for familiarizing themselves. As this scale could be a good marker 

for monitoring training load, is still a general parameter. The problem of CR10 is that is 

a mix of aerobic and anaerobic elements. It has been demonstrated that HR explains RPE 

in a 50% and a 57.8% if blood lactate is added (Coutts et al., 2009). Hence, is difficult to 

extract what percentage of the subjective fatigue corresponds with what factors. Also, 

RPE cannot be used as a predictor of performance (Brink et al., 2010), lowest or higher 

scores of RPE would not mean better marks in a test as there is a strong inter-individual 

response. Therefore, it is not the best way to interpret the values inter-personally but 

longitudinally intra-personally. 

 The evolution of RPE is the session-RPE (Coutts, 2003), something similar to 

TRIMPs, unifying duration (time) and intensity (CR10-scale instead of HR). This method 

was proposed to quantify the internal training load (Foster, 1998) and was developed to 

eliminate the necessity of using HR monitors or other methods of assessing exercise 

intensity. Session-RPE is the result of multiplying the whole training RPE and the total 

time of a particular training session. Session-RPE in soccer has been demonstrated as a 

good indicator of internal load (Coutts, 2003, Impellizzeri et al., 2004) and has strong 

correlations with HR zones (Borresen and Lambert, 2008). RPE method is a simple, valid, 

and reliable tool. However, the addition of HR monitoring and blood lactate may aid in 

understanding some of the variance that session RPE does not explain. 
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  1.2.4.1.5 Questionnaires 

 The use of questionnaires can be a simple and inexpensive tool for monitoring the 

training load and training responses. Nevertheless, the data obtained from these 

questionnaires rely on subjective information. As well as the RPE, athletes are able to 

manipulate overestimating or underestimating provided info. The most commonly used 

questionnaires are the Daily Analysis of Life Demands for Athletes (DALDA) (Freitas et 

al., 2014), the Profile of Mood States (POMS) (Morgan et al., 1987), Recovery-Stress 

Questionnaire for athletes (REST-QSport) (Martinent et al., 2014) and the Total Recovery 

Scale (TQR) (García-Concepción et al., 2015). 

 One of the problems for that kind of tool is that some factors has to be controlled 

like the time taken to complete the questions (avoiding fatigue), sensitivity of 

questionnaire, type of response required (written answers or check list) and the time of 

day of completion. In any case, questionnaires can provide simple and useful subjective 

information but they need to be carefully administrated. 

  1.2.4.1.6 Biomarkers 

 One of the first biomarkers in the world of sport and popularized in athletics was 

the use of lactate (Foster et al., 2017). Lactate was considered a must-have control test by 

physiologists during the last decades as they could monitor if their athletes were training 

below their respective anaerobic thresholds when exercising(Foster et al., 2017). As a 

precursor of live monitoring, let us call it almost-live monitoring, because results were 

quite fast in comparison with blood analysis. Some physiologist started to use it in 

football, but one of the biggest problems they found was the incapacity of testing 20 

players at the same time during drills and also some scientific approaches that did not 

correspond with the football demands. The irrelevant importance of lactate in football 

where all the players will perform actions in which this substrate will peak during games 

and would not be important to control, as they will inevitably appear. Athletics, are purely 

conditioning based in some disciplines, with exclusive importance in not overpassing 

these thresholds. For example, long distance running, where the higher your aerobic 

threshold the greater constant pace you will be able to perform. Obviously, if you do not 

get into an anaerobic state you will last longer in the race. Lactate monitoring here could 

be helpful to check between sets that you are on the right training way. However, there 
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are a several potential limitations to the use of regular monitoring of lactate concentrations 

during training and competition. These include inter-individual and intra-individual 

differences in lactate accumulation depending on hydration status, diet, ambient 

temperature, glycogen content, previous exercise and amount of muscle mass utilized 

(Borresen and Lambert, 2008). 

 As well as lactate, another biomarker is creatine kinase (CK) and myoglobin that 

are indirect markers of muscle damage in the cells. Increments in CK after games has 

been correlated with the distance and the number of sprints performed during the game, 

while myoglobin just with the number of sprints (Thorpe and Sunderland, 2012). This 

information is useful in terms of understanding the anticipatory response of the body 

without measuring biomarkers. If our fastest players who usually rely more on their speed, 

perform more number of sprints, they will probably have a greater muscle damage 

response than others, thus, nutritional intake and recovery methods could be adjusted 

properly in a predictive way. Nevertheless, caution in the use of CK must be considered 

as there is a large variation of ~30-40% between games and post 24h and 48h (Russell et 

al., 2015). 

 Measurements of salivary cortisol and testosterone have been shown to be related 

to performance in the overreached athlete (Papacosta and Nassis, 2011). Another 

hormonal measures like the salivary immunoglobulin A (immune functions) are still 

expensive, equally elevated times for analysis are required to analyze the results (Robson-

Ansley et al., 2009) becoming useful but with regarding with limited application in daily 

basis. 

 In any manner, the future resides in merging different methods. For example, 

measuring general markers of muscle damage as CK with infrared thermography images 

that could give us the specific location of the problem (Bandeira et al., 2012). This way, 

the thermal camera could delimitate the regions with abnormal temperature asymmetries 

and biomarkers just confirm us the gravity of this damage.  

 In summary, the use of biomarkers as indicators of internal load are currently not 

justified based on the limited research in this area and because they can be costly, time 

consuming and impractical in a football context(Halson, 2014a). 
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 1.2.4.2 External load 

 External load is defined as the work completed by the athlete, measured 

independently of his or her internal characteristics (Wallace et al., 2009). It can be derived 

from measures of a player's movement during exercise (Scott et al., 2013) and is defined 

by variables such as time, distance, weight etc. that is opposed on players.  

   1.2.4.2.1 Global Positioning Systems (GPS) 

 The relevance of Global Positioning Systems (GPS) in football has recently 

increased. From 2005- 2010 indexed papers in Pubmed about “GPS and soccer” were 4 

and increased in the period of 2010-2015 until 56. Tracking and monitoring player’s 

displacements has become interesting to specify movement demands during competition, 

thus creating more specific approaches to the game analysis. GPS technology in team 

sport permits measurement of player position, velocity, and movement patterns via 

satellite-based navigational technology. This tool was originally devised for military 

purposes, but after some years it was unveiled and authorized for commercialization in 

other fields like sports science. 

 Modern GPS devices has different technical aspects, one of the most important is 

the sampling rate in hertzs (Hz). Usually, GPS has 1-Hz, 5-Hz and 10-Hz (Cummins et 

al., 2013). The higher the sampling rate is the better because more data will be transferred 

per second. Therefore, that will allow sport scientists to measure precisely variables that 

otherwise would be difficult to control because of the remarkable necessity of more data 

points per unit of time like accelerations and high-speed running. 

 GPS is used to extract data from movement demands, most used parameters are 

among others: total distance covered, relative distance covered per minute, high-speed 

running, high-speed running per minute, total number of sprints, relative sprint distance 

covered per minute, number of impacts, body load, collisions, accelerations and 

decelerations. 

 This technology could be useful to monitor the specific demands of each one of 

the positions (defender, midfielders and attackers) (Suarez-Arrones et al., 2014a) and to 

categorize both absolute and relative physical parameters that a player will expect to 

perform during a competitive game (Suarez-Arrones et al., 2014b). In addition, injured 
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players could be controlled by comparing their metrics with previous data or test of the 

same drills repeated after the injury as a return to play criteria. Besides, to study the 

relationship between training load and the probability of suffer and injury (Gabbett and 

Domrow, 2007) (Gabbett, 2010), as well as to monitor fatigue within and between 

matches (Higham et al., 2012). GPS data could also help us to predict of how external 

load will affect internal load in soccer players (Gaudino et al., 2015). 

  1.2.4.2.2 Accelerometers 

 The triaxial accelerometer measures a composite vector magnitude by recording 

the sum of accelerations measured in three axes, which corresponds with X, Y, and Z 

planes. As part of the micro technology devices, accelerometers are the responsible for 

measuring accelerations, decelerations, ground contact, collisions, impacts and body load 

(expressed as G-force) (Cummins et al., 2013). Combining both accelerometers and GPS 

is the best way to record the external load. In addition, there are some cases in which GPS 

signal is unable to reach the device, mainly when perform indoor training. In those cases, 

accelerometers would be the only one to measure external load parameters. 

1.2.5 RECOVERY STRATEGIES 

Professionalization of elite football has lead players to play consecutive matches 

every 3 or 4 days, in the case of Spain because of multiple competitions like Copa del 

Rey, Europa League, Champions League Even Euro Cup and World Cup, as well as the 

Qualifiers for each one. Maximal performance is continuously demanded throughout the 

entire competitive season, which creates difficulty in achieving optimal fitness in all 

competitive games (Reilly and Ekblom, 2005). The complete recovery of the physical 

performance may not be achieved in some cases, which might result in underperformance 

or injury. During congested calendars, recovery strategies are required to reduce the risk 

of injury, decrease post-match fatigue, regain performance faster and to optimize the 

physical fitness of the players (García-Concepción et al., 2015, Nedelec et al., 2013).  

Recovery is an individualized process, mainly because each person responds in 

different ways to the same standardized training (high-responders vs low-responders) 

(Mann et al., 2014). That will vary amongst individuals due to factors such as training 

status, sleep, psychological stress, and habitual physical activity. There are several 
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recovery methods that will aid in the recovery process; most used ones are described 

below. 

1.2.5.1 Cryotherapy 

 Cryotherapy is defined as the cooling of an area with a medical aim. One of the 

most used recovery methods is the use of cold in several ways like cold-water immersion 

(CWI) and whole-body cryotherapy (WBC). Unless CWI and WBC are extremely 

different in nature (cold water vs cold dry air), both are able to achieve physiological 

benefits. CWI acute analgesic effects could be produced by both temperature and pressure 

factors (Wilcock et al., 2006) whereas pressure does not affect WBC. The cold dry-air of 

the WBC is usually between -100ºC and -140ºC, advantages include decreased tissue 

temperature, reduction in inflammation, analgesia, and enhanced recovery following 

exercise (Bleakley et al., 2014).  

The different cold water immersion (CWI) protocols that have been described in 

the scientific literature present a wide variety of times and temperatures (Nedelec et al., 

2013, Elias et al., 2013, Poppendieck et al., 2013, Wegmann et al., 2012). CWI protocols 

range from intermittent (Rowsell et al., 2011, Delextrat et al., 2013) to continuous 

(Ascensao et al., 2011, Elias et al., 2012, Elias et al., 2013), with a total immersion time 

established as between 10-14 minutes at 10-14ºC (Ascensao et al., 2011, Elias et al., 2013, 

Elias et al., 2012, Delextrat et al., 2013, King and Duffield, 2009). 

When CWI is applied after the effort relevant physiological responses are 

observed: lower CK and myoglobin concentrations (Ascensao et al., 2011, Bailey et al., 

2007), lower levels of inflammation (Ascensao et al., 2011), fatigue (Delextrat et al., 

2013, Rowsell et al., 2009) and muscle soreness (Rowsell et al., 2009, Ascensao et al., 

2011, Bailey et al., 2007). Additionally, improved performance in anaerobic performance 

activities, such as sprinting (Ingram et al., 2009), maximal strength (Ingram et al., 2009, 

Bailey et al., 2007) and counter-movement jump (CMJ) (Delextrat et al., 2013, King and 

Duffield, 2009), have been noted. Other benefits are those related to the nervous system, 

with higher levels of parasympathetic reactivation after CWI in comparison with active 

recovery methods (Bastos et al., 2012), thermoneutral-water immersion (TWI) (Al 

Haddad et al., 2010) or the absence of a recovery protocol (Bucheit et al., 2009). 
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Thermography could be useful to determine the acute cooling effects of CWI in 

skin temperature of professional athletes and the evolution of the temperatures of the 

different body regions during the rewarming process. As cryotherapy is one of the most 

studied topics in the IRT field (Karki et al., 2004, Costello et al., 2012b, Boerner et al., 

2015), there is a lack of scientific literature assessing thermal recovery after CWI by 

means of IRT specifically in professional football players. 

Recent cryotherapy guidelines published by Bleakley and Hopkins (2010) 

recommend Tsk reductions between 5 and 15ºC whereas experts consider 12ºC as the Tsk 

limit due to the risk of injuries. 

The objective of one of the studies from this dissertation was to determine the 

acute effects of CWI on the skin temperature (Tsk) of professional football players by 

means of IRT, focusing on the cooling and rewarming processes and differences between 

dominant and non-dominant sides. 

1.2.5.2 Stretching 

 Stretching is performed by many teams around the world, usually with the idea of 

preventing injuries and promoting recovery. Those benefits are thought to be gained via 

increment of the range of motion (ROM) and the decrement of musculotendinous 

stiffness. Static stretching produces greater changes in ROM holding the position between 

15-30 seconds (McHugh et al., 1992) (Bandy and Irion, 1994). However no scientific 

evidence has been provided yet for stretching as a way to improve subjective perception 

of muscle soreness (Herbert et al., 2011) or increment football player’s recovery (Dawson 

et al., 2005, Kinugasa and Kilding, 2009). 

1.2.5.3 Sleep 

 Sleep is probably the best method to recover as well as the most economical one. 

8 hours of sleep are required to prevent the neurobehavioral deficits associated with sleep 

loss (Belenky et al., 2003). One of the aims of sleep is to enhance recovery, and deep 

sleep has been unveiled as a way to get anabolism via an increase in growth hormone 

release (Halson, 2014b). Differences in sleep/wake behaviors has been reported between 

individual and team players in terms of total sleep time, with team-sport players sleeping 

7 hours vs 6.5 of individual athletes (Lastella et al., 2015). Usually, team athletes before 
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playing important matches such as finals or play-offs, often report sleep disruptions. The 

majority of humans could bear with it, but sleep loss could reduce on the following day 

physical performance (Reilly and Piercy, 1994), cognitive performance (Belenky et al., 

2003) as well as metabolic and immune functions (Vgontzas et al., 2004).  

 After games, players also suffer from those problems as normally their nervous 

systems continuous to be altered. However, any loss of sleep could be partially recovered 

on the next night, or at least, during the afternoon with a small nap. Depending on the 

time the match finishes, travel schedules, time zones crossed during flights and other 

external factors could affect players’ sleep-wake cycle, thus not recovering completely 

from the efforts of the game. 

1.2.5.4 Nutrition & hydration 

 Considered as one of the main pillars, nutrition in sport could have a complete 

doctoral dissertation to discuss about. Basically, nutrition has been used for maximizing 

muscle-damage repair and replenish substrate stores. However, the quantity (how much), 

timing (when) and composition (what) of each meal is required for improving the 

effectiveness of the intake. Whereas the hypothesis of how sleep affects glycogen 

regulation remains to be fully elucidated (Petit et al., 2015), it is known the importance 

for avoiding sleep deprivation as it is negatively associated with performance (Thun et 

al., 2014). After exercise, muscle accelerates protein breakdown and muscle protein 

synthesis (Bowtell et al., 1998). Consequently, importance shifts into obtaining a positive 

protein balance to regenerate muscle damage (Ivy, 2004) and to decrease the metabolic 

stress produced in the organism by means of training adaptations (Katz and Westerblad, 

2014). Whereas adding proteins to a carbohydrate intake could reduce both CK and 

myoglobin concentrations as well as reduced muscle soreness in comparison with just 

carbohydrate (Nedelec et al., 2013). There is still insufficient information to consider that 

fact as an evidence-based statement, as it is difficult to conclude that there is a relationship 

between protein and carbohydrate intake and muscle function recovery, muscle soreness 

and markers of muscle damage (Pasiakos et al., 2014). Nevertheless, essential amino 

acids must be included along with carbohydrate for enhancing anabolism and maximizing 

the stimulation of muscle protein synthesis (Tipton and Wolfe, 2001). The intake of both 

amino acids and carbohydrates has been demonstrated to be more effective in increase 

muscle protein synthesis when taken before than after exercise (Wolfe, 2001).  
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 Often called as the “window of opportunity”, because of the more active period in 

which enzymes associated with glycogen synthesis. It is assumed that there is an optimal 

time for post-match energy replacement of the 2 hours after the completing the training 

or game (Ivy et al., 1988). During this period, it would be interesting to fight not only 

glycogen depletion but dehydration.  

 Dehydration counts for nearly a 2% of the total body weight loss during a 

competitive game (Edwards and Noakes, 2009) but there is a large individual variability 

in sweat loss and hydration status between players (Maughan et al., 2007), hence, the 

importance of individualizing fluid-replacement strategies. If possible, nutritional 

strategies during exercise should be added to decrease the impact of glycogen depletion 

and sustain football skill performance by consuming sucrose or maltodextrin at rates of 

30-60 g/h (Russell and Kingsley, 2014). In case of impossibility for in-exercise 

replenishment, glycogen repletion could be achieved by ingesting a high glycemic index 

beverage immediately after exercise composed by a beverage of 1.2 g carbohydrate/kg/h, 

took with intervals of 15–60 min for up to 5 hours (Jentjens and Jeukendrup, 2003).  

1.2.5.5 Electrical stimulation 

 Electrical muscle stimulation, also known as neuromuscular electrical stimulation 

(NMES) or electromyostimulation, is the elicitation of muscle contraction with surface 

electrodes to stimulate motor neurons using electric impulses.  

 The expected reactions of NMES in recovery are related with physiologic 

responses like increased muscle blood flow (greater rates of muscle metabolites removal) 

and the analgesic effects (pain reduction) (Babault et al., 2011). 

 Benefits of NMES are equivocal, whereas greater decrements in muscle soreness 

has been reported in comparison with other recovery methods like passive rest or water-

aerobic exercises, non-significant differences has been found in anaerobic tests like CMJ, 

squat jump and 10-meter sprint (Tessitore et al., 2007, Tessitore et al., 2008).  

 NMES effects have been reviewed in terms of how they affect in the recovery of 

athletic performance and incidence on muscle soreness reduction, results confirmed 

positive effects on lactate removal (Neric et al., 2009) and CK activity (Vanderthommen 

et al., 2007), but there is a lack of scientific evidence regarding performance indicators 
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including muscle strength (Babault et al., 2011). Despite the fact that NMES has potential 

advantages for athlete recovery, there is still a necessity of more studies (Kovacs and 

Baker, 2014). 

1.2.5.6 Massage & myofascial release 

 There are several modalities of massage that depending on the pressure and 

rhythm of the tissue manipulation would be differently denominated. Expected benefits 

for massage are the increased metabolic waste product clearance by means of increased 

blood flow to the region, however, research has been unable to demonstrate that (Tiidus 

and Shoemaker, 1995, Shoemaker et al., 1997, Wiltshire et al., 2010). 

 Massage could attenuate inflammatory signaling after exercise-induced muscle 

damage (Crane et al., 2012). Some studies obtained better lactate removal rates (Ali 

Rasooli et al., 2012) whilst others could not  (Hemmings et al., 2000, Wiltshire et al., 

2010). Additionally, improved mood state (Micklewright et al., 2005), delayed onset 

muscle soreness (DOMS) (Farr et al., 2002) (Zainuddin et al., 2005), subjective 

perceptions of muscle soreness and increased recovery could be found in literature 

(Hemmings et al., 2000). 

 Auto-massage or self-myofascial release with foam-rollers has become a common 

and economical modality to supplement traditional methods of massage. One of the 

strongest keys of foam-rolling is to increase ROM without a subsequent decrease in 

muscle activation and force (MacDonald et al., 2013, Macdonald et al., 2014). 

Physiologically, can reduce arterial stiffness and improves vascular endothelial function 

(Okamoto et al., 2014). Whilst benefits on perceptions of DOMS has been observed 

(Pearcey et al., 2015, Macdonald et al., 2014), performance indicators has been unable to 

be improved (Healey et al., 2014) as well as contractile markers and Tsk increment 

(Murray et al., 2016). The problem of these methods is the difficulty of determining the 

exact pressure necessary for each muscle and the time required for it as well as how the 

type of material of the foam rollers affects the myofascial release. 
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1.2.5.7 Active recovery 

 Active recovery (AR) strategies involve prolonged (15-30 minutes) low intensity 

activities like running, biking or swimming. Used in professional football with a 

penetration of 81% in some countries (Nedelec et al., 2013), the efficacy of AR methods 

remains unclear (Rey et al., 2012, García-Concepción et al., 2015). García-Concepción 

et al (in press) studied the responses to 3 types of AR methods during 4 weeks: Jogging-

Stretching, Jogging-Leg elevation and Stretching-Leg elevation. They concluded that 

there were non-significant differences between all the methods for RPE and HR, as well 

as Rey et al (2012), who were also unable to find benefits on RPE and HR with a 12 

minutes submaximal running and 8 min of static stretching in comparison with 20 minutes 

of passive rest. AR had no effects on the recovery pattern of four neuromuscular (sprint, 

CMJ, isokinetic strength and perceived muscle soreness) and three biochemical 

parameters (blood CK, urea and uric acid) between the active and passive recovery groups 

(Andersson et al., 2008). Neither oxidative stress markers nor antioxidants were improved 

after it (Andersson et al., 2010). In fact, unwanted results could exist like lower rates of 

muscle glycogen re-synthesis if compared with passive rest (Choi et al., 1994) despite 

greater lactate removal rates and enhanced pH recovery (Sairyo et al., 1993, Sairyo et al., 

2003, Fairchild et al., 2003). According to these results, AR performed immediately after 

exercise would not present additional benefits as a recovery strategy. Further research is 

needed in terms of the type of exercise, duration and intensity. 

1.2.5.8 Compression garments 

 The aim of compression garments is to increase lower limb blood flow and venous 

return by the application of pressure with a tight piece of clothing. Usually worn because 

they are thought to increase post-exercise recovery, there is still a lack of evidence-based 

to support the use of compression garments as a recovery method (MacRae et al., 2011). 

There is no visible relation between applied pressure and obtained benefits after exercise, 

since these effects has been obtained with both low and high pressures (Beliard et al., 

2015). Miyamoto and Kawakami (2014) confirmed that a pressure intensity of 15-20 mm 

Hg at the thigh is enough to reduce the development of fatigue of exercising muscles 

during submaximal running, however the same author concluded in another study that a 

graduated pressure is not essential for reducing the development of muscle fatigue 

(Miyamoto and Kawakami, 2015). 
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 Faulkner et al. (2013) found that athletes perceived a lower effort perception after 

a training composed by 6 sets of 400-meters sprint training, despite not detecting 

differences in overall athletic performance. Coza et al. (2012) concluded that compression 

improved oxygenation during short-term exercise by means of changes in tissue blood 

flow and perfusion, positively affecting performance because of greater oxygen 

availability during exercise bouts. Whereas reported better rates of comfort (Hooper et 

al., 2015) and lower perceived muscle soreness in multiple studies (Duffield et al., 2010, 

Kraemer et al., 2010, Hill et al., 2014), effects on performance beyond subjective 

measurements remains to be fully elucidated (MacRae et al., 2011).  

 Neither positive nor negative effects has been found for markers of exercise-

induced muscle damage (CK) and inflammation (CRP) (Hill et al., 2014), repeated-sprint 

performance (Duffield and Portus, 2007, Duffield et al., 2008), maximal voluntary 

isometric contraction (Hill et al., 2014), peak power output (Duffield et al., 2008), 

isokinetic strength (Duffield et al., 2010), sprint, agility and CMJ (Davies et al., 2009). 

Although there is a positive trend towards athletic performance and recovery, 

consideration should be given to the magnitude and practical relevance of these effects 

(Born et al., 2014a) as in our case, should be proved in athletes and not in general 

population. 

1.2.5.9 Led therapy 

 The use of phototherapy in sport implicates the therapeutic use of light to attend 

musculoskeletal injuries. Low-level laser is a form of laser medicine used in physical 

therapy treatment that uses low-level (low-power) lasers or light-emitting diodes to alter 

cellular function. This technique has become beneficial in animals for the treatment of 

both acute and chronic musculoskeletal disorders by enhancing blood flow circulation 

(Ihsan, 2005), improving tissue repair (Enwemeka et al., 2004) and pain control (Ferreira 

et al., 2005, Laakso and Cabot, 2005).  

 Led therapy has different modes depending on the wavelength (between 600-850 

nm) and the applied dose, which depends on the number of diodes (single or multi) and 

energy irradiated (Jules per point). However, there is still a lack of evidence to translate 

the exact dose from animal models to that required in humans (Borsa et al., 2013). 

Biologically, light particles or photons are absorbed by chromophores (molecules 
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responsible for its color). Then, the light energy is converted into chemical energy inside 

the plasma membrane, which induces changes in membrane permeability and transport 

mechanisms. That promotes intracellular changes in pH, ion concentrations, and 

membrane excitability (Klebanov et al., 2001). 

 Muscle damage after exercise has 2 phases: primary and secondary. Whereas the 

mechanical stress of exercise is related with primary muscle damage, secondary muscle 

damage results after the inflammatory response caused by the cascade of biochemical 

reactions (Borsa et al., 2013). Hence, phototherapy provided before exercise could protect 

muscle cells from primary and secondary damage, whilst if provided after injury it would 

protect cells only from secondary damage (Borsa et al., 2013). 

 Leal Junior et al. (2009b) studied the effects of low-level led therapy on 10 

professional volleyball players. They could postpone the development of skeletal muscle 

fatigue, as well as obtain lower post-exercise blood lactate levels and CK and CRP release 

inhibition. These results are similar to other studies performed with athletes (volleyball, 

soccer and runners) and general population that observed benefits in the application of 

phototherapy (Leal Junior et al., 2009a, Leal Junior et al., 2011, De Marchi et al., 2012, 

de Almeida et al., 2012, Ferraresi et al., 2015).  

1.2.6 TESTING ASYMMETRIES 

 Symmetry comes from the Greek word symmetria and means "agreement in 

dimensions, due proportion, arrangement". The theory of sexual selection suggest that 

men would prefer symmetry in women's faces, the more attractive the more symmetrical 

(Grammer and Thornhill, 1994). Furthermore, human body is characterized for bilateral 

symmetry that is a good indicative of health and genetic fitness (Jones et al., 2001, Rhodes 

and Zebrowitz, 2002) but this is hardly seen in competitive sport as the majority of 

disciplines are considered asymmetrical.  

 Symmetry is an important property of both physical and abstract systems. The 

nature of asymmetries has been studied not only in humans but in different disciplines 

like chemistry, physics and mathematics. Louis Pasteur, a French chemist who studied 

the biological molecules, said that these molecules were asymmetric because the physical 

forces that lead their formation were asymmetric by themselves.  
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 Whereas some studies failed in finding significant interactions between 

symmetrical characteristics and physical fitness (Tomkinson and Olds, 2000, Tomkinson 

et al., 2003), other research found that symmetry was related with greater performance 

parameters (Manning and Pickup, 1998). In our case, football players rarely uses both 

legs equally, tending to be asymmetrical in terms of strength imbalances between limbs 

(Zakas, 2006) because of limb dominance. Careful should be taken as asymmetries are 

thought to be linked with increased chances of sustaining an injury (Kiesel et al., 2014).  

 However, the type of asymmetry should be stated and categorized about the modes 

of measuring it as there are several ones. In this section, asymmetries will be only focus 

on: thermal, strength & power, range of motion and functional movement. 

1.2.6.1 Thermal asymmetries 

 Human Tsk in a healthy state should be distributed symmetrically between ROIs 

(Niu et al., 2001, Uematsu et al., 1988b). Side-to-side comparisons of bilateral body areas 

has been used to detect abnormal Tsk patterns (Uematsu et al., 1988a). Different 

populations has been studied in regards of thermal asymmetries, from general healthy 

population of Taiwanese (Niu et al., 2001) and Brazilian subjects (Marins et al., 2014a), 

as well with specific population like football (Marins et al., 2014b, Gómez Carmona, 

2012) and basketball players (Sampedro et al., 2012).  

 Thermal asymmetry (TskAsy) could allow to detect training overload and skeletal 

muscle fatigue and may therefore aid to prevent injuries (Gómez Carmona et al., 2008, 

Gómez Carmona, 2012(Badža et al., 2012, Sands et al., 2011, BenEliyahu, 1990, Barcelos 

et al., 2014)). Despite the inability of thermography to diagnose musculoskeletal injuries 

(Sanchis-Sanchez et al., 2014b), IRT can help as a support tool for screening and early 

diagnosis in emergencies (Sillero-Quintana et al., 2015) likewise for ruling out fractures 

(Sanchis-Sanchez et al., 2014a). 

 Tsk asymmetries were firstly studied by Uetmatsu in 1988, where he quantified 

the normal values of contralateral Tsk differences in healthy persons for both upper and 

lower limbs ROIs. In the same study, the author followed four subjects during a period of 

almost 5 years, finding differences in Tsk asymmetry year by year. In our opinion, with 

just two or three thermal pictures per year, is impossible to conclude anything as there are 

a lot of factors that could affect the data (Fernández-Cuevas et al., 2015b).  



 
Introduction 

________________________________________________________________________________________________________________________________________ 

- 47 - 

 In the first studies, the asymmetry considered as normal was set with a difference 

of 1.0ºC (Feldman and Nickoloff, 1984, Barnes, 1963); nevertheless, during the last year 

IRT has become more accurate, thus narrowing the asymmetry ranges (Fernández-Cuevas 

et al., 2015b) (table 6). Asymmetries in the lower limb (anterior and posterior thigh, knee 

and leg) has been found to be below 0.3ºC both in normal population (Niu et al., 2001, 

Uematsu et al., 1988b, Marins et al., 2014a, Marins et al., 2014b) and soccer players 

(Marins et al., 2014b). 

 A more practical approach has been established in the review of (Marins, 2015), 

where they proposed a classification of asymmetrical risk depending on Tsk bilateral 

differences (table 7). They explained that controlling the asymmetries would aid not only 

to prevent injuries, but to monitor injuries, and to monitor and quantifying the 

assimilation of training load.  
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Table 6. Normal Tsk Asymmetries depending on type of subject and ROI. Reproduced from 

(Fernández-Cuevas et al., 2015b) 

Year Author N Subjects ROI Asymmetries 

1963 
Barnes (Barnes, 

1963) 
100 Patients Breast > 1 ºC 

1984 

Feldman & 

Nickoloff 

(Feldman and 

Nickoloff, 1984) 

100 Healthy Normative data > 1 ºC 

1985 
Uematsu 

(Uematsu, 1985) 
32 Healthy Knee 0.24 ºC 

1988 

Uematsu et al. 

(Uematsu et al., 

1988a) 

90 Healthy 
Forehead, leg & 

foot 

0.18 (±0.18) to 

 0.38 ºC (±0.31) 

1990 Ring (Ring, 1990) 150 Healthy Legs 
0.17 (±0.16) to 

 0.28 ºC (±0.22) 

1992 

BenEliyahu 

(BenEliyahu, 

1990) 

70 
Patients and 

healthy 
Knee 0.5ºC 

1999 
Zhu & Xin (Zhu 

and Xin, 1999) 
233 Healthy Different ROIs 0.6 to 1.8 ºC 

2001 
Niu et al. (Niu et 

al., 2001) 
57 Healthy Different ROIs 0.2 to 0.5 ºC 

2009 

Hildebrandt & 

Raschner 

(Hildebrandt and 

Raschner, 2009) 

10 Healthy Knee 0.1 ºC 

2012 

Vardasca 

(Vardasca et al., 

2012) 

39 Healthy Total body 0.4 ± 0.3 ºC 

2014 

Bouzas Marins et 

al. (Bouzas 

Marins et al., 

2014) 

100 
Healthy 

athletes 
Legs < 0.2 ºC 

Table 7. Attention level in regards of Tsk asymmetry (Marins, 2015). 

TSK ASYMMETRY ATTENTION LEVEL 

< 0.4° C Normal 

0.5 – 0.7° C Follow-up 

0.8 - 1°C Prevention 

1.1 - 1.5°C Alarm 

> 1.6°C Gravity 

 IRT is sensible to detect the thermal evolution of an injury by diminishing the Tsk 

asymmetry between acute (0.8ºC), short (0.7ºC), intermediate (0.5ºC) and long term 

injuries (0.4ºC). Thus, becoming a useful tool to provide feedback about thermal re-

stabilization. However, those asymmetries need to be understood in terms of 
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individualizing thermal responses in non-injured subjects. For example, a judoka could 

show an average asymmetry of 0.4ºC (figure 4) in the grasping forearm (Arnaiz Lastras 

et al., 2011), that would probably not lead to a future injury, as that is part of his thermal 

profile (predominance of asymmetries in time), anyway we should observe the evolution 

of this asymmetry level as that 0.4ºC could be his baseline value. The same would happen 

in different sports and ROIs determined by the specific demands required, becoming a 

necessity to study each thermal profile itself. There are many factors that could affect Tsk 

asymmetry like past injuries or clinical interventions, however, analyzing all this factors 

in a holistic way could give us enough information to understand what is critical from the 

injury prevention perspective or not.  

          

Figure 4. Anterior (left) and posterior (right) views of a judo athlete characterized by a thermal 

asymmetry in favor of the right grasping forearm (Arnaiz-Lastras, 2011). 

1.2.6.2 Strength asymmetries 

 There are different forms of monitoring strength asymmetries: bilateral or inter-

limbs (differences between limbs) and unilateral or intra-limbs (ratios between muscles 

of the same limb) usually performed with isokinetic tools at different angular velocities 

(Fousekis et al., 2010). 

 Bilateral asymmetries could be expressed in terms of the difference in % of 

dominant vs non-dominant or right vs left limbs power production, this way, one leg 

would have for example a 12% asymmetry in favor of the dominant side. On the other 
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hand, unilateral asymmetries are often expressed as ratios 66/100 or 2/3. Thus, 

asymmetries could be considered risk factors for sustaining future injuries (Fousekis et 

al., 2011). 

 Some of the features that affects strength asymmetry are training background, 

which has been demonstrated that influence more than the age of the players (Gur et al., 

1999), maturity status (Rumpf et al., 2014), training level (Cometti et al., 2001), playing 

position (Daneshjoo et al., 2013) and type of sport (Magalhaes et al., 2004). 

 In football, Rahnama et al. (2005) studied the preferred leg for kicking the ball in 

41 elite and sub-elite players. He observed a lower knee flexor strength on the preferred 

leg, aspect usually considered as a risk factor that would lead to a possible injury. A few 

years later, Valderrabano et al. (2007) found differences in muscle electromyographic 

signal and torque between the dominant and non-dominant lower limbs. Schiltz et al. 

(2009) found no dominant side effect on the explosive strength isokinetic imbalances in 

basketball players. In an opposed way, subjects with a history of knee injury obtained 

greater percentage of asymmetries for leg asymmetry ratios (>10%) and unilateral 

variables (>15%). 

 Fousekis and collaborators (2011) studied isokinetic variables as a predictive 

element of non-contact hamstring strain. They found that the players with functional 

asymmetries were at a higher risk of being injured in hamstrings. Furthermore, if the 

hamstring injury is not avoided with preventive strategies, there would be variables 

strongly affected like the ability to produce horizontal force (Mendiguchia et al., 2014), 

thus, creating the necessity to develop special drills to target and improve that parameter. 

Whereas strength imbalances presents conflicting evidence in terms of predicting a 

hamstring injury (van Beijsterveldt et al., 2013) and there is a large inter-subject 

variability in terms of asymmetries (Buckeridge et al., 2014), a cohort study on 462 

players done by Croisier et al. (2008) showed that a isokinetic strength imbalance could 

led to a future injury if these ratios are not normalized along the season. Nevertheless, 

Zvijac et al. (2013) after studying data from the NFL Scouting Combine from 2006 until 

2011 was unable to predict the risk of hamstring injuries with isokinetic strength values 

collected from collegiate players. 
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 As movement activity, itself is hard to be fully symmetrical, one of the biggest 

problems is that symmetry impairments during running exists beyond having or not an 

injury. Rumpf et al., (2014) measured power, horizontal and vertical force variables while 

running in a non-motorized treadmill, finding that non-injured population could have a 

typical asymmetry of 15-20% during running tasks, while on the other hand other studies 

found a normal value of 10% in healthy pain-free population walking (Lathrop-Lambach 

et al., 2014). The difference between percentages could be explained because of the 

increased speed and required coordination for running in comparison with walking. 

Moreover, those asymmetries are the same whether the athlete is injured or not (Zifchock 

et al., 2008) and there is no relationship between the metabolic cost of running and limb 

asymmetry when comparing occasional vs skilled runners (Seminati et al., 2013), 

therefore becoming difficult to assess if symmetry (in terms of movement gait) could 

affect performance or future injuries. 

 However, in terms of training, coaches should not be afraid of working with 

asymmetrical movements. Lauder et al (2008) studied the movement patterns of the 

unilateral power snatch, finding that unilateral variations of weightlifting were beneficial 

in terms of providing a different training stimulus to athletes. One of the key aspects of 

using unilateral loads is that stability is more targeted than during bilateral exercises.  

1.2.6.3 Range of motion asymmetries 

 Range of motion (ROM) refers to the distance and direction a joint can move 

between the flexed position and the extended position. ROM is a critical factor that could 

affect movement dysfunctions at different levels. Following Gray Cook’s joint by joint 

approach (Cook, 2010), performance specialists will look for joint mobility or stability 

depending on the region as seen in figure 5. Therefore, we will specially focus on lower 

limb ROM for ankle and hips, given little detail to thoracic spine, neck and shoulder to 

explain how ROM impairments affect performance. 
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Figure 5. Joint by joint Gray Cook’s approach (Cook, 2010). 

 In squat exercises, a restriction in ankle dorsiflexion results in a decreased 

quadriceps activation and inappropriate movement patterns that could lead to 

patellofemoral pain (Macrum et al., 2012). 

 In terms of groin pain, adductors strength and hip rotation appears as the strongest 

key points to be controlled (Taylor et al., 2011, Malliaras et al., 2009). Ellison (1990) 

studied how it affected low back pain in healthy subjects, finding that this pathology was 

linked to ROM imbalances in consonance with other studies (Cibulka et al., 1998, Roach 

et al., 2015). Almeida et al. (2012) also demonstrated that judo athletes with low back 

pain history had hip rotation deficits and greater asymmetry between limbs. (Ellenbecker 

et al., 2007) examined elite tennis players and professional baseball pitchers hip 

active range of motion rotation, determining that asymmetries targeted in there may 

indicate abnormalities and further evaluations for applying rehabilitation in that zone. 

Particularly in American Football, anterior cruciate ligament injuries has been associated 

with hip internal rotation restrictions (Bedi et al., 2014). Partly explained because of the 

increased resistance to femoral internal axial rotation that is found in movements like 

cutting and pivoting activities included in change of directions (Beaulieu et al., 2014). 

However, caution is needed as an increment in passive hip ROM does not translate into 

better functional movement patterns (Moreside and McGill, 2013). 

 Another aspect to consider is the load imposed to both joints and muscles after 

training and competitive matches. That load needs to be carefully managed as it impacts 

on the impairment of hip strength and flexibility (Paul et al., 2014) as well as could 



 
Introduction 

________________________________________________________________________________________________________________________________________ 

- 53 - 

increase the risk of suffering lower body soft-tissue injuries if mismanaged (Gabbett and 

Ullah, 2012).   

 Despite the importance of lower limb ROM (ankle and hips), core or central 

mobility must be handled. The concept of rotation involves the use of kinetic chains as 

the movement is often generated through the hips to the distal extremities. Here, the 

thoracic spine regulates the link between upper and lower limb, which if it has a lack of 

endurance in the trunk muscles as well as deficits in hip and pelvis muscle strength and 

joint restrictions, will finish in spinal instability (Donatelli et al., 2012). Finally, in the 

upper limb it can be found that a shoulder mobility internal rotation deficit could be a 

good predictor of future injury in rugby players (McDonough and Funk, 2014) as well as 

a reduced cervical ROM (Lark and McCarthy, 2007). 

1.2.6.4 Functional movement asymmetries 

 Before, we talked about Gray Cook’s joint by joint approach, who is the inventor 

of the Functional Movement Screen test (abbreviated as FMS), FMS is composed by 

seven movements: Deep Squat, Hurdle Step, In-Line Lunge, Shoulder Mobility, Active 

Straight Leg Raise, Trunk Stability Push-Up, and Rotary Stability. These seven 

movements mix strength, flexibility, ROM, coordination, balance and proprioception and 

evaluate the kinetic chains as interdependent segments. Five of those movements are 

measured by a left-right analysis, this way asymmetries are obtained for determining 

potential injury risks factors. Depending on the quality of the movement punctuation 

would be achieved for each one (3=no compensation, 2=with compensation, 1= cannot 

perform the movement and 0=pain) and then added to the global result. The maximum 

score is 21 (7 movements per 3 points) and 14 is the cutoff for predicting time-loss 

injuries. 

 Whereas FMS has been correlated with performance outcomes in elite track and 

field athletes (Chapman et al., 2014) others could not find any relationship (Parchmann 

and McBride, 2011), however FMS was not created for measuring performance but for 

screening the quality of the movement patterns. Conflicting results has been obtained in 

reference to use FMS as an injury prevention predictor, whereas some studies has found 

that it could be a good tool for detecting future injuries (Chorba et al., 2010, Garrison et 
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al., 2015, Kiesel et al., 2007), others stated that FMS asymmetries were poor predictors 

of non-contact and overuse injury (Warren et al., 2014). 

 McGill et al. (2013) found that movement quality was not powerfully correlated 

neither with fitness or age. Previous studies of the same author (McGill et al., 2012) 

examined during 2 years a team of basketball players trying to predict injuries by means 

of movement quality test. They concluded that this question remains to be clarified in 

future studies. 

 

1.3 JUSTIFICATION OF THE WORK 

 After this review, we think that the evaluation of the asymmetries in soccer could 

be an interesting method that could be included into the injury prevention protocols of the 

football teams and that the periodically quantification of the skin temperature could be an 

innovative method to understand how the recovery methods, and the training and match 

workloads affect the players thermal profile. 
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2. HYPHOTHESIS AND OBJECTIVES OF THE STUDY 

2.1. HYPHOTHESIS  

 The training and recovery methods performed by soccer players could acutely 

affect their skin temperature profiles. 

2.2. OBJECTIVES  

2.1.1 PRIMARY OBJECTIVES 

a) To determine the acute effects of cold water immersion recovery protocols on Tsk. 

b) To determine the acute effects of different high intensity interval trainings in on Tsk. 

c) To investigate the acute effects of a football game on Tsk. 

2.1.2 SECONDARY OBJECTIVES 

a.1 To compare the differences between two types of analysis Dominant and Non-

Dominant vs Right and Left.  

a.2 To describe the thermal recovery process of Tsk during cooling and rewarming 

process after CWI in professional football players for both laterality (R-L) and 

Dominance (D-ND).  

b.1 To determine which are the thermal responses of Tsk in young football players 

between four common HIIT protocols in football. 

b.2 To determine the significant ROIs with skin temperature differences depending on 

the kind of HIIT. 

b.3 To assess the level of thermal asymmetry on different HIIT protocols. 

b.4 To determine subjective perception response depending on the HIIT protocol. 

c.1 To determine the thermal Tsk responses in young football players after a competitive 

football match. 
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3. METHODOLOGY 

This dissertation is composed by three studies with different methodologies that 

are explained below. The ethical committee of the Technical University of Madrid (UPM) 

and the Faculty of Sciences for Physical Activity and Sport (INEF) approved all the 

studies as a part of the project “TermoRECOV” in accordance with the Code of Ethics of 

the World Medical Association (Williams, 2008). 

In all the studies, the IRT Camera was placed 3 meters away from the subject, 

with a constant height of 0.7 meters and a subtending angle of 90º between the camera 

axis and the frontal plane of the lower limb (Tkacova et al., 2010). A non-reflective 

homogenous black background was located behind the subject to prevent IR reflections 

(Fernández-Cuevas, 2012). Values of 28ºC for ambient temperature and 0.98 for 

emissivity were entered in the camera and were not modified during the study. The 

camera was turned on and auto-calibrated one hour before the data collection (Ammer, 

2008) and it was not turned off to prevent any variability caused by the initial calibration 

process. 

3.1. COLD-WATER IMMERSION STUDY 

3.1.1 STUDY SAMPLE 

The study sample was composed of the professional male football players of a 

first-division team in the Brazilian league ranked between the first four places. The 

exclusion criteria were a) having an injury, b) performing any type of training or 

undergoing any physiotherapy session in the 36 hours before the data collection, and c) 

being a goalkeeper. 

After the exclusion criteria were applied, the sample was reduced to 9 players 

(table 8) who trained for at least 5 days per week during the previous 8 months. The 

team´s medical department approved the study as it was based on their recovery routine, 

which was the same throughout the season. 
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Table 8. Descriptive data of the sample from the CWI study. 

 Mean SD 

Age (years) 28,49 5,02 

Height (cm) 181,89 5,46 

Mass (kg) 80,5 3,64 

Body Mass Index “BMI” (kg/m2) 24,40 1,90 

Fat Free Mass Index “FFMI” (kg/m2) 22,29 1,64 

Fat Mass Index “FMI” (kg/m2) 2,05 0,57 

Body Surface Area “BSA” (m2) 2,02 0,06 

Lean mass (kg) 73,75 2,94 

Body fat percentage (%) 8,35 2,16 

BSA:Mass (cm2/kg) 2,02 0,05 

3.1.2 STUDY DESIGN 

A repeated-measures design without a control group was performed to observe 

the effects of cold-water immersion on skin temperature for D-ND and R-L ROIs.  

3.1.3 PROCEDURE 

Figure 1 illustrates the protocol for the data collection. The players arrived at the 

training facilities at 10:00 A.M. 36 hours after playing an official match. They had not 

performed any kind of physical effort between the end of the match and the start of the 

data collection in order to decrease the effects of competition. The first thermograms were 

collected between 11:00 and 11:20 AM. 

 

Figure 6. Protocol description. Official football match followed by 36 hours of rest. Pre IRT, 

CWI, Post IRT and Post10, Post15 and Post20 IRT screenings.  

After donning training clothes, the players went directly to a room in which they 

analyzed the last match for one hour with the coach. Those players who met the inclusion 

criteria entered the data collection room and, after being informed by the physiologist of 

the medical staff about the protocol and aims of the study, signed their consent to 
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participate in the study. No one of the players reported factors that could influence IRT 

data acquisition (Fernández-Cuevas et al., 2015b) except that the temperature of the data 

collection room was a higher than the standard 28.1±0.28ºC vs 21-25º, with a humidity 

of 57.9±0.42% as measured by a thermometer (Extech RHT20, FLIR® Systems, 

Sweden). 

The cooling protocol consisted of 10 minutes of CWI (between 2-5ºC) at hip level 

and a 20-minute follow-up. During that time, thermal images of the lower limb (anterior 

and posterior) were obtained before the immersion (Pre), immediately after the immersion 

(Post), and at 10 minutes (Post10), 15 minutes (Post15) and 20 minutes (Post20). 

The first thermal image was obtained after 10 minutes of acclimation to room 

temperature (Marins et al., 2014c) in underwear in a standing position without contact 

with any of the body parts to be analyzed. The second thermogram was recorded 

immediately after the CWI and after removing the layer of water on the body with a 

microfiber towel without rubbing or pressing strongly against the skin. The third, fourth 

and fifth thermograms were taken, respectively, 10, 15 and 20 minutes after the CWI. 

Between thermograms, the players waited in the same room lying on a hammock with the 

back declined at 60º and the knees bent at 120º to avoid the contact of the analyzed regions 

of interest (ROIs) with any surface.  

3.1.4 VARIABLES 

Recorded variables were: water temperature pre-immersion and post-immersion, 

measured with a laser thermometer MINIPA MT-360, (MINIPA®, Brazil); skin 

temperature (Tsk in ºC) measured by IRT with a FLIR® T440 (FLIR® Systems, Sweden). 

The software ThermaCam Reporter (FLIR® Systems, Sweden) was used to 

delimitate 6 ROI on the anterior part of the lower limb and 6 ROI on the posterior lower 

limb (Figure 2) corresponding with thigh, knee and leg for both anterior and posterior 

sides. The data collection and delimitation of the ROI was performed by the same 

thermography technician with more than 2 years of experience.  
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Figure 7. ROI division for anterior view in the right limb. 

 

Figure 8. ROI division for posterior view in the left limb 

 

The increments of skin temperatures (ΔTsk) were obtained to quantify the acute 

temperature decrement between the Pre and Post moments (Cooling); the temperature 

rewarming between Post and Post10 (Rew10), between Post and Post15 (Rew15), and 

between Post and Post20 (Rew20); and the total rewarming between the initial 

temperature and after 20 minutes of water immersion (Rewarming). The cooling power 

(CoolPower) was calculated as the average of the percentage of Tsk decrement from Pre 

to Post for all ROIs. 
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The D-side was considered as the ROIs that pertain to the leg with which the 

player more effectively strikes the ball, while the ND-side as the opposite. All the ROIs 

were delimitated with the same number of pixels per zone by creating a ROI within the 

limits marked by white bars (Figure 2) and cloning it by rotating it with the Y axis as a 

reference. Of note, the ROIs never included the border of the subject to prevent 

measurement errors by adding pixels from the background. 

Anthropometric values of FFMI, FMI, lean mass and body fat percentage were 

calculated based on Jackson and Pollock equation for men (Jackson and Pollock, 1978) 

by a specialist certified in anthropometry with more than 10 years of experience. 

Body surface area (m2) and BSA: mass ratio were calculated using the Du Bois 

equation using height (cm) and mass (kg) (Du Bois and Du Bois, 1989). 

Body surface area = 0,007184 x height 0,725 x mass 0,425                       [1] 

3.1.5 STATISTICAL ANALYSIS 

The data are reported as the mean ± standard deviation (SD) in the text and tables. 

Exploratory data analysis was performed for identification and correction of extreme 

values. Normality and homoscedasticity were tested using the Kolmogorov-Smirnov test 

and the Bartlett's criterion, respectively. The analysis of variance (ANOVA) with two 

factors was performed twice (Time x Dominance and Time x Laterality) was used to 

establish the difference between means of the effect of CWI on absolute Tsk and ΔTsk. 

For validation of repeated measurements, the Mauchly sphericity test was used and, 

whenever necessary, Greenhouse-Geisser correction was applied. If a significant 

difference was observed in the ANOVA, the post-hoc Bonferroni test was used. When 

main effect and interaction were found, only the interaction effect was reported. The 

magnitude of treatment effects was calculated using eta squared effect size. The statistical 

data were analyzed using SPSS 20.0 (Chicago, USA) considering a confidence interval 

(CI) of 95% and with the level of significance established at α=0.05. One-way repeated 

measures ANOVA was conducted on TskAsy.  
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3.2. HIGH-INTENSITY INTERVAL TRAINING STUDY 

3.2.1 STUDY SAMPLE 

The study sample was composed by two U-16 teams for a Spanish 1st Division 

Team of the National Football League. These two teams played in the highest U-16 

division in Madrid area (Spain), and both were ranked between the first four places by 

the time the study was done. The exclusion criteria were a) having an injury, b) 

performing any type of training or undergoing any physiotherapy session in the 36 hours 

previous to the data collection. 

After the exclusion criteria were applied, the sample was reduced to 37 players 

(15.6±0.3 years, 1.74±0.1 meters and 63.4±6.7 kg) who trained for at least 3 days per 

week during the last year, those players were randomly assigned to one of the four groups 

of HIIT. The ethical committee of the Technical University of Madrid (UPM) and the 

Faculty of Sciences for Physical Activity and Sport (INEF) approved this study as a part 

of the project “TermoRECOV” in accordance with the Code of Ethics of the World 

Medical Association (Williams, 2008). 

3.2.2 STUDY DESIGN 

A pre-post design without a control group was performed to observe the effects 

of different HIIT protocols on absolute Tsk for R-L ROIs and Tsk asymmetries. 

3.2.3 PROCEDURE 

The players arrived at the training facilities at 18:00 A.M. With 36 hours of rest 

after the last competitive match. They had not performed any kind of physical effort 

between the end of the match and the start of the data collection in order to decrease the 

effects of competition.  

The players who met the inclusion criteria entered the data collection room after 

bringing the informed consent signed by their respective parents/tutors to participate in 

the study. After donning training clothes, the players went directly to a room in which 

they stayed for 10 minutes for acclimatizing to the room temperature. 10 point Borg´s 

Retrieved Perception Scale (RPE) was taken individually during acclimation time for 

measuring the effects of training on subjective perception of fatigue. No one of the players 
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reported factors that could influence IRT data acquisition (Fernández-Cuevas et al., 

2015b). Then, the first thermograms or baseline thermal pictures for both anterior and 

posterior lower limb were collected at night, without the presence of the sun, between 

18:20 and 19:00 AM.  

The temperature of the data collection room was 17.1±0.4ºC with a humidity of 

59.0±0. 2% as measured by a thermometer (Extech RHT20, FLIR® Systems, Sweden) 

and the temperature outside, where the players performs the protocol was 8.7±0.3ºC with 

a humidity of 46.1±0.3%. 

The training protocol consisted of 4 groups of HIIT with different durations (Table 

9) with a similar warm-up.  

The warm-up last 15’, divided into 4 phases:  

a) 5’ of continuous running. 

b) 5’ joint mobility on both upper and lower limb. 

c) 3’ of explosive actions like accelerations, decelerations, jumps, change of 

directions, progressive running and sprint. 

d) 2’ of ballistic movements of the lower limb. 

After the warm-up each player went with one of the four coaches, who were in 

the football field for guiding the exercise protocols based on Buchheit and Laursen 

(2013a). All the HIIT protocols performed the running bouts in a linear way and had 

passive rest between sets and bouts. Whereas E-1, E-2 and E-4 were performed by 

running bordering the football pitch, E-3 was marked with a reference to delimitate the 

end of the 20m. 

Table 9. Characterization of the variables for each HIIT protocol. 

Name N Density Intensity Sets Bouts/set Duration/Bout 

Rest 

* 

Bout 

Rest 

* Set 

Total 

Work 

Total 

Rest 

Total 

Work 

+ 

Rest 

E-1 10 1:1 Max. 6 1 30`` - 30’’ 3’ 3’ 6’ 

E-2 9 1:4 Max. 6 1 30’’ - 120’’ 3’ 10’ 13’ 

E-3 8 1:6.5 Max. 3 6 
20m + 180º 

COD + 20m 
10’’ 360’’ 2’ 

13’ 

30’’ 

15’ 

30’’ 

E-4 10 3:1 
70-80% 

RPE 
6 1 180’’ - 60’’ 18’ 5’ 23’ 
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Right after the players performed the training protocol, they came back into the 

data collection room, where another thermogram was taken. Thermograms time between 

the different players of the same group did not differ in more than 1’ and 30’’, as each 

player did not last more than 10’’ for taking both anterior and posterior lower limb 

thermograms. Warm-up and HIIT was performed at night to avoid the influence factors 

of excessive sweating and sun radiation. Even when is has been demonstrated that 

sweating large inter and intra segmental variation in Caucasian male athletes (Smith and 

Havenith, 2011) as the ones of the study. We also refer that the athletes did not used a 

towel immediately after the training. There were no significant changes of temperature in 

the data collection room neither in the field during the exercise protocols. 

3.2.4 VARIABLES 

Recorded variables were collected before (Pre) and after (Post) the training 

protocol. Those variables were the skin temperature (Tsk in ºC) measured by IRT with a 

FLIR® T335 (FLIR® Systems, Sweden) and 10 point RPE. 

The data collection was performed by a technician with more than 4 years of 

experience. TermoTracker software (pemaGROUP®, Spain) (Fernández-Cuevas et al., 

2012) was used to automatically get lower limb ROIs for both the anterior and posterior 

views (Figure 9) corresponding with the following right and left sides of the Anterior 

Thigh, Anterior Knee, Anterior Internal Leg, Anterior External Leg, Posterior Internal 

Thigh, Posterior External Thigh, Posterior Knee, Posterior Internal Leg and Posterior 

External Leg. The ROIs with dark background were not considered into data analysis. 

           

Figure 9. ROI division for the anterior (left picture) and posterior (right picture) views. Dark 

zones were not considered into data analysis. 
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The increments of Tsk (ΔTsk) were obtained to quantify the Tsk change Pre and 

Post moments for each group as well for Tsk Asymmetries. 

3.2.5 STATISTICAL ANALYSIS 

The data are reported as the mean ± standard deviation (SD) in the text and tables. 

Exploratory data analysis was performed for identification and correction of extreme 

values. Normality and homoscedasticity were tested using the Kolmogorov-Smirnov test 

and the Bartlett's criterion, respectively. The analysis of variance (ANOVA) with 

GROUP fixed factor was performed to establish the difference between means of the inter 

and intra groups effects of each training protocol on absolute R-L Tsk, ΔTsk, TskAsy and 

RPE. For validation of repeated measurements, the Mauchly sphericity test was used and, 

whenever necessary, Greenhouse-Geisser correction was applied. If a significant 

difference was observed in the ANOVA, the post-hoc Bonferroni test was used. When 

main effect and interaction were found, only the interaction effect was reported. The 

magnitude of treatment effects was calculated using eta squared effect size. Pearson 

correlation was used to determine relationships between thermal and RPE variables. One-

way repeated measures ANOVA was conducted on TskAsy. Pearson correlation was used 

to determine relationships between thermal and anthropometrical variables. The statistical 

data were analyzed using SPSS 20.0 (Chicago, USA) considering a confidence interval 

(CI) of 95% and with the level of significance established at α=0.05.  
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3.3. MATCH STUDY 

3.3.1 STUDY SAMPLE 

The sample was composed by 21 players (15.7±0.4 years, 1.74±0.1 meters and 

63.7±6.3 kg) from a Spanish 1st Division U-16 team which plays in the highest U-16 

division in Madrid area and ranked between the first four places by the time the study was 

done. Exclusion criteria were: a) Injured b) Physical activity in the last 8 hours c) Not 

bringing the informed consent signed by their parents. The ethical committee of the 

Technical University of Madrid (UPM) and the Faculty of Sciences for Physical Activity 

and Sport (INEF) approved this study as a part of the project “TermoRECOV” in 

accordance with the Code of Ethics of the World Medical Association (Declaration of 

Helsinki). 

3.3.2 STUDY DESIGN 

A pre-post design with a control group was performed to observe the effects of a 

competitive match on absolute Tsk for R-L ROIs and Tsk asymmetries. 

3.3.3 PROCEDURE 

Thermal images of the anterior and posterior lower limb were taken before and 

after a competitive football game. The players arrived at the sport facilities at 15:00 P.M. 

They did not perform any kind of physical effort in the last 8 hours before the data 

collection. The head coach, prior to getting the first thermograms said who were the 

players selected to participate in the match. After that, a specialized technician with more 

than 4 years of experience took the thermograms. 

After a 10-minute motivational talk those who met the inclusion criteria entered 

the data collection and after donning training clothes, stayed in a stand position in the 

same room acclimatizing for 10 minutes. No one of the players reported factors that could 

influence IRT data acquisition (Fernández-Cuevas et al., 2015b). 

Then, the first thermograms or baseline thermal pictures for both anterior and 

posterior lower limb were collected between 15:20 and 15:40 AM following the 

guidelines of Fernández-Cuevas (2012) in all the participants. Players who were selected 

by the head coach to play in the first half wore shin guards during the acclimation time 
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and were removed by the time they were measured with the infrared camera, after that, 

they went to the field to warm-up with the strength & conditioning coach. Players who 

were selected to play in the game, but not initially, went to the bench. Players who were 

not selected to play in the game went to the stands to stay in the same environmental 

conditions as those who were going to play. After the match, the players were divided in 

3 groups: 1) Played 80 minutes (the whole game time in this category) 2) played between 

1-79 minutes and 3) did not played. In the cases where the players were replaced during 

the game, they directly went to the data collection room to get the thermal image as soon 

as possible. After the game, thermograms were taken for those who finished the match, 

and right after for the ones who did not play any minute. That allowed the participants of 

the three groups to stay in the same environmental conditions. 

Table 10 shows the environmental conditions for the study. The temperature of 

the data collection room was 19.9±0.3ºC with a humidity of 36.0±0. 3% measured by a 

thermometer (Extech RHT20, FLIR® Systems, Sweden) and the temperature outside, 

where the players played the football match was 20.2±0.5ºC.   

Table 10. Environmental conditions for data collection (room and football field). 

 Pre Halftime Post 

Room temperature 19.9±0.3ºC 19.4±0.5ºC 18.0±0.3ºC 

Outside temperature 20.2±0.5ºC 18.7±0.3ºC 18.7±0.4ºC 

Room humidity 36% 49% 56% 

Hour 15:34 16:53 17:45 

3.3.4 VARIABLES 

Recorded variables were collected before (Pre) and after (Post) the game. Those 

variables were the skin temperature (Tsk in ºC) measured by IRT with a FLIR® T335 

(FLIR® Systems, Sweden). 

The data collection was performed by a technician with more than 4 years of 

experience. TermoTracker software (pemaGROUP®, Spain) (Fernández-Cuevas et al., 

2012) was used to automatically get lower limb ROIs for both the anterior and posterior 

views (Figure 10) corresponding with the following right and left sides of the Anterior 

Thigh, Anterior Knee, Anterior Internal Leg, Anterior External Leg, Posterior Internal 

Thigh, Posterior External Thigh, Posterior Knee, Posterior Internal Leg and Posterior 

External Leg. The ROIs with dark background were not considered into data analysis. 
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Figure 10. ROI division for the anterior (left picture) and posterior (right picture) views. 

Dark zones were not considered into data analysis. 

The increments of Tsk (ΔTsk) were obtained to quantify the Tsk change Pre and 

Post moments for each group as well for Tsk Asymmetries. 

Absolute values were corrected with the formula of Carmona (2012) TSKstandar = 

TSKreal – [0,184 * (Room temperature – 21ºC)] to adjust the Tsk in 21ºC. This way, 

comparisons between different ambient temperatures can be done avoiding this influence 

factor. 

3.3.5 STATISTICAL ANALYSIS 

The data are reported as the mean ± standard deviation (SD) in the text and tables. 

The Kolmogorov-Smirnov test, asymmetry and kurtosis were used to ascertain the normal 

distribution of the data for all variables. One-way ANOVA and Tukey post-hoc tests were 

used to analyze game effects on Tsk values for all the sample. Student’s t-tests were 

conducted between pre and post moments to examine the differences in ΔTsk between 

the R and L sides of each group. The statistical data were analyzed using SPSS 20.0 

(Chicago, USA) considering a confidence interval (CI) of 95% and with the level of 

significance established at α=0.05. 
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4. RESULTS 

Results for each study are shown below in different sections to simplify reader´s 

lecture. 

4.1. COLD-WATER IMMERSION STUDY 

Water temperature measurements, pre-immersion and post-immersion, indicated 

non-significant differences between Pre and Post values for all the players (2.94±1.18ºC 

vs. 2.55±0.88ºC) (p=0.244), with a maximum value of 4.99ºC and a minimum value of 

2.03ºC. There was an isolated effect of Moment on all measured ROIs for each moment 

(p=0.001) for both D-ND and R-L analysis. Different Dominance and Laterality effects 

were found and described above. 

4.1.1 DOMINANCE VS LATERALITY: ABSOLUTE TSK ANALYSIS 

Absolute Tsk measurements were different depending on the type of analysis. 

When analyzing D vs ND sides (table 11).  It was found an isolated effect of Dominance 

on Anterior Thigh (F=6,902; p=0.03; ES=0.463) in Pre moment (p=0.036; ES=0.18) and 

Anterior Knee (F=10,993; p=0.011; ES=0.577) in Post15 (p=0.023; ES=0.98). The 

interaction effect (Dominance vs Time) was found for Posterior Thigh (F=3,613; 

p=0.040; ES=0. 311)  in Post (p=0.047; ES=0.24). 

On the other hand, analysis of R vs L sides (table 12) brought similar results for 

Anterior Thigh at Pre (p=0.036; ES=0.18), but different on the other ROIs as seen on 

Anterior Knee at Post10 (p=0.043; ES=0.44) and Posterior Leg at Pre (p=0.031; 

ES=0.20). 

  



 
Results 

________________________________________________________________________________________________________________________________________ 

- 70 - 

Table 11. Absolute Skin temperature filtered by Dominance. Differences between D – ND sides 

* (p<0.05). 

Tsk (ºC) 
Pre Post Post10 Post15 Post20 

Mean SD Mean SD Mean Mean SD Mean SD Mean 

Anterior 

Thigh 
D 33.22* 0.67 20.02 0.57 27.07 0.47 28.28 0.48 29.10 0.48 

N 33.10 0.66 19.91 0.53 26.98 0.52 28.18 0.45 29.05 0.46 

Knee 
D 32.59 1.03 18.90 0.63 24.46 0.60 25.48* 0.40 26.11 0.39 

N 32.46 1.21 18.64 0.70 24.23 0.55 25.16 0.23 25.87 0.42 

Leg 
D 32.66 0.95 19.73 0.81 24.97 0.72 26.22 0.74 27.07 0.67 

N 32.57 0.86 19.83 0.77 24.99 0.53 26.39 0.53 27.21 0.67 

Posterior 

Thigh 
D 33.28 0.85 19.70* 0.84 25.89 0.59 27.16 0.56 27.96 0.46 

N 33.30 0.78 19.89 0.73 25.72 0.63 27.12 0.70 27.90 0.54 

Knee 
D 33.30 0.76 20.68 0.61 25.37 0.67 26.79 0.70 27.77 0.50 

N 33.21 0.77 20.66 0.61 25.38 0.57 26.94 0.70 27.84 0.55 

Leg 
D 32.94 0.84 20.13 0.48 25.48 0.31 26.73 0.34 27.44 0.28 

N 32.82 0.82 20.18 0.66 25.39 0.59 26.66 0.67 27.37 0.61 

 

Table 12. Absolute Skin temperature filtered by Laterality. Difference between R-L sides * 

(p<0.05). 

Tsk (ºC) 
Pre Post Post10 Post15 Post20 

Mean SD Mean SD Mean SD Mean SD Mean SD 

Anterior 

Thigh 
R 33.22* 0.69 19.96 0.58 27.03 0.52 28.27 0.50 29.11 0.48 

L 33.10 0.64 19.97 0.52 27.01 0.47 28.19 0.44 29.04 0.45 

Knee 
R 32.53 1.10 18.83 0.76 24.47* 0.64 25.46 0.38 26.08 0.40 

L 32.51 1.14 18.71 0.58 24.22 0.49 25.18 0.29 25.90 0.43 

Leg 
R 32.52 0.95 19.68 0.75 24.90 0.67 26.18 0.71 27.02 0.64 

L 32.70 0.85 19.89 0.82 25.06 0.59 26.43 0.55 27.26 0.68 

Posterior 

Thigh 
R 33.34 0.78 19.73 0.81 25.91 0.54 27.20 0.53 27.97 0.45 

L 33.23 0.85 19.86 0.77 25.70 0.66 27.08 0.72 27.89 0.55 

Knee 
R 33.30 0.77 20.64 0.59 25.31 0.65 26.79 0.76 27.78 0.58 

L 33.21 0.75 20.69 0.63 25.43 0.58 26.94 0.63 27.83 0.47 

Leg 
R 32.97* 0.81 20.08 0.53 25.49 0.36 26.74 0.42 27.45 0.38 

L 32.80 0.85 20.24 0.60 25.39 0.56 26.65 0.63 27.37 0.55 

 

4.1.2 DOMINANCE VS LATERALITY: COOLING AND REWARMING 

PROCESSES 

An acute ΔTsk registered in the cooling phase ranged between the maximum 

decrement of -13.81±0.64ºC for the ND anterior knee and the minimum decrement of -

12.56ºC for the ND posterior knee. CWI reduced Tsk on average by 39.74%. 

Table 13 shows that ΔTsk filtered by Dominance was significantly different for 

Posterior Thigh at Rew10 (p=0.050; ES=0.53) and Rew20 (p=0.028; ES=0.33) and 

almost significant in Rew15 (p=0.087; ES=0.32). 
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On the other hand, in terms of Laterality (table 14), ΔTsk was found to be 

significantly different for R-L comparison on Posterior Leg at Cooling (p=0.038; 

ES=0.58), Rew10 (p=0.002; ES=0.40), Rew15 (p=0.002; ES=0.36) and Rew20 (p=0.013; 

ES=0.35). 

Table 13. Increase in Skin Temperature (ΔTsk in ºC) by Dominance at Cooling, Rew10, Rew15, 

Rew20 and Rewarming. Differences between D-ND sides: *(p<0.05). & (p=0,087). 

ΔTsk (ºC) 
Cooling Rew10 Rew15 Rew20 Rewarming 

Mean SD Mean SD Mean SD Mean SD Mean SD 

Anterior 

Thigh 
D -13.20 0.64 7.05 0.68 8.26 0.78 9.08 0.81 -4.12 0.55 

N -13.18 0.58 7.06 0.79 8.27 0.79 9.14 0.81 -4.05 0.64 

Knee 
D -13.69 0.65 5.56 0.71 6.58 0.73 7.21 0.53 -6.48 0.75 

N -13.81 0.64 5.59 0.80 6.51 0.68 7.22 0.61 -6.59 1.01 

Leg 
D -12.92 0.58 5.23 0.54 6.49 0.59 7.33 0.58 -5.59 0.75 

N -12.73 0.77 5.16 0.55 6.56 0.70 7.38 0.86 -5.36 0.87 

Posterior 

Thigh 
D -13.58 0.65 6.19* 0.61 7.46& 0.64 8.26* 0.66 -5.32 0.64 

N -13.41 0.63 5.83 0.75 7.23 0.91 8.01 0.83 -5.40 0.77 

Knee 
D -12.62 0.64 4.69 0.67 6.11 0.59 7.09 0.59 -5.53 0.82 

N -12.56 0.42 4.72 0.67 6.29 0.73 7.19 0.80 -5.37 0.85 

Leg 
D -12.81 0.67 5.35 0.70 6.60 0.64 7.31 0.65 -5.50 0.84 

N -12.64 0.50 5.21 0.64 6.47 0.74 7.19 0.74 -5.45 0.99 

 

Table 14. Increase in Skin Temperature (ΔTsk in ºC) by Laterality at Cooling, Rew10, Rew15, 

Rew20 and Rewarming. Differences between right (R) and left (L) sides *(p<0.05). 

ΔTsk (ºC) 
Cooling Rew10 Rew15 Rew20 Rewarming 

Mean SD Mean SD Mean SD Mean SD Mean SD 

Anterior 

Thigh 
R -13.26* 0.61 7.08* 0.74 8.31 0.77 9.15 0.79 -4.11 0.55 

L -13.12* 0.60 7.04* 0.74 8.21 0.80 9.07 0.82 -4.05 0.63 

Knee 
R -13.70 0.56 5.63 0.73 6.62 0.78 7.24 0.55 -6.46 0.79 

L -13.80 0.72 5.51 0.78 6.47 0.61 7.19 0.59 -6.61 0.97 

Leg 
R -12.84 0.68 5.22 0.54 6.50 0.55 7.34 0.57 -5.50 0.79 

L -12.81 0.71 5.17 0.56 6.54 0.74 7.37 0.87 -5.44 0.85 

Posterior 

Thigh 
R -13.61 0.59 6.18 0.61 7.47 0.65 8.23 0.70 -5.38 0.56 

L -13.38 0.68 5.84 0.75 7.22 0.90 8.03 0.80 -5.34 0.83 

Knee 
R -12.66 0.63 4.67 0.67 6.14 0.66 7.13 0.64 -5.52 0.82 

L -12.52 0.43 4.74 0.67 6.26 0.67 7.14 0.76 -5.38 0.85 

Leg 
R -12.89* 0.51 5.41* 0.70 6.66* 0.64 7.37* 0.65 -5.52 0.78 

L -12.56* 0.63 5.15* 0.61 6.41* 0.73 7.13* 0.72 -5.43 1.04 
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4.2. HIGH-INTENSITY INTERVAL TRAINING STUDY 

The Tsk obtained before the study (Pre) was similar for all the ROI in all the 

training groups (p>0.05) except for Left Anterior External Leg (F(3,33)=0,604; p<0,05) 

and Left Posterior External Thigh (F(3,33)=3,668; p<0,05) between groups 2 and 3.On 

the other hand, Tsk after HIIT (post) was significantly different depending on the HIIT 

protocol (p<0.05). In general, Tsk post-HIIT in groups 1 and 2 decreased while in 3 and 

4 increased. 

4.2.1 RIGHT-LEFT ABSOLUTE TSK CHANGE ANALYSIS 

There were differences on absolute Tsk between groups 2-3 in PRE moment on 

Right Posterior External Thigh (p=0.023; ES=0.94). And in POST moment between 

groups 1-4 for Right Anterior Thigh (p=0.021; ES=0.22), Right Anterior Knee (p=0.028; 

ES=1.24), Left Anterior Knee (p=0.021; ES=1.22), Right Anterior Internal Leg (p=0.016; 

ES=1.36), Left Anterior Internal Leg (p=0.046; ES=1.23), Right Anterior External Leg 

(p=0.011; ES=1.54), Left Anterior External Leg (p=0.038; ES=1.37), Right Posterior 

Internal Thigh (p=0.031; ES=1.34), Left Posterior Internal Thigh (p=0.039; ES=1.36); 

between groups 1-3 for Right Anterior External Leg (p=0.031; ES=1.12) and between 

groups 2-4 for Left Anterior Thigh (p=0.032; ES=1.34) and Left Anterior Knee (p=0.036; 

ES=1.36). 

 Differences between R-L Tsk variables are observed in Table 14. It is to note that 

ROIs thermally behave in divergent ways for each HIIT protocol. Considering that Tsk 

change was calculated as Post-Pre moment [ΔTsk] for each ROI, in Figure 11 it is 

represented graphically the main thermal behavior of significant ΔTsk for each individual 

group (Tables 15-18).  
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Figure 11. Effects of the different HIIT protocols on lower limb Tsk. Triangles indicate 

significant differences Pre-Post, blue corresponds with Tsk decrements and red with Tsk 

increments. 

 For the 18 analyzed ROIs, E-1 presented a 94,4% (17/18) with a significant 

variation on Tsk, E-2 a 61.1% (11/18) whilst E-3 and E-4 respectively had a 11.1% (2/18) 

and 33.3% (6/18). 

Table 15. Average skin temperatures and statistic data for right and left ROIs in E-1 training 

protocol. Δ = Pre-Post. Grey background indicates significant differences p<0.05. 

E-1 (n=10) 

LEFT RIGHT 

PRE POST 
Δ P ES 

PRE POST 
Δ p ES 

X SD X SD X SD X SD 

Ant. Thigh 29.05 0.77 27.37 1.84 -1.68 0.001 1.19 29.37 0.83 27.48 1.9 -1.89 0.001 1.28 

Ant. Knee 27.83 1.56 26.31 1.99 -1.52 0.006 0.85 27.85 1.34 26.47 1.46 -1.39 0.012 0.98 

Ant. Internal Leg 28.98 1.15 27.42 1.98 -1.56 0.001 0.96 29.1 1.16 27.65 1.86 -1.45 0.001 0.93 

Ant. External Leg 29.48 1.5 27.18 1.95 -2.3 0.001 1.32 29.15 1.22 26.78 1.73 -2.38 0.001 1.58 

Post. Internal Thigh 29.57 0.82 28.22 1.59 -1.35 0.001 1.07 29.22 0.83 28.03 1.66 -1.19 0.003 0.91 

Post. External Thigh 28.95 0.96 27.63 1.83 -1.32 0.002 1.93 29.18 0.86 27.65 1.8 -1.53 0.001 1.08 

Post. Knee 30.29 1.15 29.12 1.68 -1.17 0.004 0.81 30.13 1.06 29.21 1.6 -0.91 0.009 0.68 

Post. Internal Leg 28.87 1.17 27.97 1.98 -0.91 0.149 0.55 28.6 1.11 27.82 2.14 -0.79 0.021 0.46 

Post. External Leg 28.32 1.41 27.26 2.43 -1.06 0.012 0.53 28.57 1.22 27.52 2.61 -1.05 0.009 0.51 
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Table 16. Average skin temperatures and statistic data for right and left ROIs in E-2 training 

protocol. Δ = Pre-Post. Grey background indicates significant differences p<0.05. 

E-2 (n=9) 

LEFT RIGHT 

PRE POST 
Δ p ES 

PRE POST 
Δ p ES 

X SD X SD X SD X SD 

Ant. Thigh 29.46 1.31 27.79 1.89 -1.67 0.002 1.02 29.4 1.36 27.74 1.75 -1.66 0.005 1.02 

Ant. Knee 28.08 0.99 26.41 1.36 -1.67 0.004 1.40 27.86 1.08 26.64 1.19 -1.22 0.033 1.07 

Ant. Internal Leg 29.05 0.68 28.35 1.43 -0.70 0.093 0.62 29.13 0.79 28.52 1.28 -0.62 0.088 0.57 

Ant. External Leg 29.45 0.72 28.02 1.96 -1.43 0.003 0.97 29.03 0.67 27.75 1.62 -1.28 0.001 1.03 

Post. Internal 

Thigh 
29.83 0.99 28.78 1.62 -1.06 0.007 0.78 29.58 0.96 28.84 1.54 -0.74 0.072 0.58 

Post. External 

Thigh 
29.32 1.21 28.14 1.90 -1.18 0.007 0.74 29.45 1.20 28.38 1.91 -1.07 0.017 0.67 

Post. Knee 30.69 0.72 29.76 1.62 -0.93 0.024 0.74 30.38 0.74 29.85 1.75 -0.53 0.135 0.40 

Post. Internal Leg 29.25 0.71 28.52 1.54 -0.73 0.265 0.61 29.1 0.81 28.67 1.47 -0.44 0.212 0.36 

Post. External Leg 28.68 0.92 27.77 2.02 -0.91 0.039 1.02 28.94 0.95 28.19 1.82 -0.75 0.071 0.52 

 

Table 17. Average skin temperatures and statistic data for right and left ROIs in E-3 training 

protocol. Δ = Pre-Post. Grey background indicates significant differences p<0.05. 

E-3 (n=8) 

LEFT RIGHT 

PRE POST 
Δ p ES 

PRE POST 
Δ p ES 

X SD X ST X SD X ST 

Ant. Thigh 28.41 1.28 29.35 1.18 0.93 0.090 0.76 28.63 1.32 29.41 1.38 0.78 0.193 0.58 

Ant. Knee 26.91 0.98 27.28 1.37 0.37 0.568 0.31 27.75 1.27 28.07 1.86 0.32 0.591 0.20 

Ant. Internal Leg 28.28 0.97 28.72 1.48 0.44 0.314 1.37 28.57 0.9 29.25 1.29 0.68 0.077 0.61 

Ant. External Leg 28.84 0.88 28.84 1.23 0.00 0.998 0.01 28.4 0.94 28.77 1.2 0.37 0.298 0.34 

Post. Internal 

Thigh 
28.6 1.28 29.1 1.45 0.50 0.213 0.37 28.5 1.23 29.08 1.36 0.58 0.179 0.45 

Post. External 

Thigh 
27.76 1.3 28.72 1.45 0.96 0.034 0.70 28.212 1.44 28.72 1.82 0.51 0.269 0.31 

Post. Knee 29.87 0.99 30.06 1.36 0.19 0.645 0.16 29.58 1.02 30.38 0.94 0.80 0.037 0.82 

Post. Internal Leg 28.67 0.87 28.97 1.3 0.30 0.668 0.27 28.55 0.68 29.16 0.69 0.62 0.098 0.89 

Post. External Leg 28.07 0.97 28.43 1.26 0.36 0.420 0.32 28.31 0.93 28.78 1.18 0.47 0.272 0.44 

 

Table 18. Average skin temperatures and statistic data for right and left ROIs in E-4 training 

protocol. Δ = Pre-Post. Grey background indicates significant differences p<0.05. 

E-4 (n=10) 

LEFT RIGHT 

PRE POST 
Δ P ES 

PRE POST 
Δ p ES 

X SD X SD X SD X SD 

Ant. Thigh 29.31 0.77 30.01 1.42 0.70 0.153 0.61 29.25 0.82 29.88 1.69 0.63 0.235 0.47 

Ant. Knee 28.07 1.24 28.74 1.97 0.67 0.252 0.41 27.71 1.13 28.85 2.27 1.14 0.036 0.23 

Ant. Internal Leg 28.81 0.9 29.33 0.95 0.52 0.184 0.56 28.97 0.72 29.67 0.96 0.70 0.044 0.83 

Ant. External Leg 29.31 1.07 29.22 0.78 -0.09 0.832 0.09 28.96 0.66 28.9 0.88 -0.07 0.833 0.08 

Post. Internal 

Thigh 
29.56 0.74 30.11 1.14 0.55 0.125 0.57 29.1 0.67 29.96 1.17 0.86 0.029 0.90 

Post. External 

Thigh 
28.99 0.57 29.33 1.24 0.34 0.393 0.35 29.19 0.61 29.54 1.33 0.35 0.396 0.34 

Post. Knee 30.09 0.79 30.56 0.85 0.46 0.222 0.57 29.92 0.82 30.63 1.06 0.71 0.039 0.75 

Post. Internal Leg 28.95 0.49 29.53 0.64 0.59 0.014 1.02 28.71 0.48 29.47 0.74 0.76 0.025 1.22 

Post. External Leg 28.43 0.48 29.03 0.81 0.60 0.141 0.90 28.84 0.55 29.42 0.79 0.58 0.137 0.85 
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4.2.2 TSK ASYMMETRIES ANALYSIS 

 Tsk asymmetries analysis is observed in Table 19. Only the players of E-1 

presented pre-exercise asymmetries on the Anterior Thigh, Posterior Internal Thigh and 

Posterior Internal Leg (p<0.05). On the other hand, HIIT normalized E-1 asymmetries 

after training not finding significant ΔTskAsy in this group. Furthermore, E-2 had an 

0.40ºC asymmetry increment on Posterior Knee, E-3 achieved -0.45ºC in Posterior 

External Thigh and 0.61ºC on Posterior Knee and finally E-4 0.31ºC on Posterior Internal 

Thigh and 0,24ºC on Posterior Knee. 
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4.2.3 SUBJECTIVE MEASUREMENTS OF FATIGUE 

All HIIT protocols incremented the perception of the effort for the four groups 

(p<0.005), not showing between-groups differences before the exercise (p>0,05). On the 

other hand, immediately after the exercise (table 20) only E-1 was perceived as harder 

than E-2 (p=0.007) and E-3 (p=0.001) but not than E-4 (p=0.064).  

Table 20. Descriptive measurements of RPE for each HIIT protocol. 0Significant differences 

between Pre and Post. Significant differences with E-1 (1), E-2 (2), E-3 (3) or E-4 (4). 

Group 
RPE Pre RPE Post 

ES 
Mean SD Mean SD 

E-1 Short (1) 1.40 1.26 8.80234 0.42 7.88 

E-2 SIT (2) 0.56 0.88 6.781 1.86 4.27 

E-3 RSA (3) 0.87 0.99 5.751 1.49 3.86 

E-4 Long (4) 1.1 1.29 7.241 1.62 4.19 

 

4.3. MATCH STUDY 

One-way ANOVA showed that the Tsk obtained in Pre moment was similar for 

all the ROI except for Right Anterior Leg (F(2,18)=4.001; p<0.05), Left Anterior Leg 

(F(2,18)=4.089; p<0.05), Right Posterior Leg (F(2,18)=3.775; p<0.05) and Left Posterior Leg 

(F(2,18)=4.575; p<0.05) between the groups. In Post moment only Left Posterior Knee was 

significantly different than the other groups (F(2,18)=3.601; p<0.05) and comparing the 

ΔTsk, just the Left Posterior Leg had a different response between groups (F(2,18)=4.780; 

p<0.05).  

Tukey Post-hoc test showed that Pre Tsk was different for the Left Posterior Leg 

(F(2,18)=4.575; p<0.05) between the groups 1-2 & 2-3, Post Tsk for Right Anterior Leg 

(F(2,18)=4.001; p<0.05) and Left Anterior Leg (F(2,18)=4.089; p<0.05) between groups 1-3. 

Finally, ΔTsk obtained a different response between groups 1-3 for the Right Posterior 

Leg (F(2,18)=3.450; p<0.05) and Left Posterior Leg (F(2,18)=4.780; p<0.05). 

4.3.1 RIGHT-LEFT ABSOLUTE TSK ANALYSIS 

Differences between groups are showed below in table 21. Group 2 in Pre moment 

had the Right Posterior Leg with a higher temperature (p<0.05) than the Left side 
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(t(7)=2.617; p<0.05) (30.71ºC vs 30.52ºC). Also, had a greater ΔTsk in Left Posterior 

Leg in comparison with the right side (t(7)=4.772; p<0.05) (0.45ºC vs 0.14ºC). 

Significant differences Post-Pre were found in group 1 for the ΔTsk of the Right 

Anterior Leg (t(6)= 3.895; p<0.05) (32.6ºC vs 30.8ºC), Left Anterior Leg (t(6)=-4.209; 

p<0.05) (32.73ºC vs 30.83ºC), Right Posterior Leg (t(6)=3.092; p<0.05) (31.79ºC vs 

30.67ºC) and Left Posterior Leg (t(6)=3.503; p<0.05) (31.80ºC vs 30.54ºC).  

4.3.2 RIGHT-LEFT TSK ASYMMETRIES ANALYSIS 

 One-way ANOVA did not bring significant differences between groups. Tsk 

asymmetries analysis is observed in Table 22. Only the players from Group 2 presented 

significant differences in Post-Pre Tsk asymmetries for the Posterior Leg (t(7)=4.772; 

p<0.05) where there was a total decrease in the asymmetry from 0.19ºC (Pre) to -0.12ºC 

(Post). 
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5. DISCUSSION 

 The results of the three studies will be discussed independently from each other 

as the individuality of each one made it hard to compare.  

5.1. COLD-WATER IMMERSION STUDY 

Some of the factors that may influence skin temperature data collection and 

interpretation must be considered in this study (Fernández-Cuevas, 2012). We are aware 

that the room temperature in this first study (28ºC) was higher than the 18 to 25 ºC 

established as standard environmental temperatures (Ring and Ammer, 2000). This fact 

could slightly affect the absolute Tsk of the players, generating higher values than others 

provided in specific literature; so that, our absolute data should not be considered as a 

reference for determining the thermal profile of football players under standard 

environmental conditions. However, the higher ambient temperatures should not affect 

the ΔTsk comparison between D-ND values in the rewarming process because ambient 

temperatures were constant during the entire data collection process, thereby equally 

influencing both the D and ND sides.  

5.1.1 ACUTE SKIN TEMPERATURE DECREMENT 

Thermal imaging is a non-invasive technique that has been previously used to 

assess the Tsk after cryotherapy (Costello et al., 2012a, Cholewka et al., 2012, Cholewka 

et al., 2010, Vaile et al., 2008, Cholewka et al., 2004). Limbs, joints, hands and feet are 

the areas that has been observed to have greater thermal decrements in Tsk after 

cryotherapy (Oosterveld et al., 1992, Ammer, 1996, Hardaker et al., 2007, Herrera et al., 

2010, Kennet et al., 2007, Kim et al., 2002, Selfe et al., 2007). Meanwhile, core areas 

(i.e., pectoral or back regions) do not undergo decreases of more than 7ºC (Ring et al., 

2004a, Ring et al., 2004b, Cholewka et al., 2010, Cholewka et al., 2012).  

Tsk cooling has been studied after whole-body cryotherapy (WBC) in a cryo-

cabin (Savic et al., 2013). Although WBC and CWI protocols are extremely different in 

nature (cold air at -195ºC vs. cold water at 2-5º), they demonstrated a decrement in the 

Tsk of 15ºC for the anterior and posterior thigh, which might be considered similar to our 

13ºC decrement after CWI. However, other studies (Cholewka et al., 2012) obtained a 
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decrement of 8.7ºC for the anterior leg after 2 minutes of WBC at -120ºC in a cryo-

chamber that was not comparable to our 12.8ºC Tsk decrease for the same region. The 

Tsk decrease for the knee in previous studies (Costello et al., 2014) was 9.0ºC for CWI 

and 10.3ºC for WBC versus our obtained 13.7ºC for the same ROI. These results might 

differ because of the CWI dose (4 minutes at 8ºC vs 10 minutes at 2-5ºC, respectively), 

which might also confirm that greater Tsk reductions are obtained with longer and colder 

exposures to cold-immersions. These results are between the recent cryotherapy 

guidelines that recommend reductions of Tsk between 5 and 15ºC (Bleakley and Hopkins, 

2010). 

Regarding the duration of the thermal effect, most of the studies were not able to 

report returns to baseline levels of Tsk even 120 minutes after the treatment where the 

temperature was indeed a few degrees below the initial Tsk (Kennet et al., 2007, Hardaker 

et al., 2007, Ring et al., 2004a, Ring et al., 2004b, Kim et al., 2002). However, there are 

a few studies in which baseline Tsk was reached some minutes following the cold test 

(Ammer, 1996, Rasmussen and Mercer, 2004), even reporting a small hyperthermia of 

1ºC in the extremities. Nevertheless, except these investigations the normal Tsk tendency 

is to remain lower for at least 2 hours after cryotherapy. 

Anyway, further research is needed to establish the influence of different 

cryotherapy protocols on all Tsk ROIs in regard to duration, temperature and bath 

modality. 

5.1.2 REWARMING PROCESS 

Thermal rewarming has been studied (Savic et al., 2013) in WBC (3 minutes at -

195ºC), obtaining anterior and posterior thigh Tsk values between 29-30,5ºC from 20 to 

60 minutes. For the same ROIs, our results were between 28-29ºC after 20 minutes, which 

were approximately the same. Notably, Costello (2014) reported higher knee Tsk 

reductions and rewarming after WBC (4 minutes at -110ºC) than after CWI (4 minutes at 

8ºC). In the CWI protocol of Costello’s work, the Tsk of the knee after 20 minutes of 

recovery was nearly 25ºC, a similar response to that observed in our study (knee Tsk of 

26ºC at 20 minutes). Our faster recovery data (one-degree) might be due to our warmer 

room temperature (22ºC vs. 28ºC). 



 
                                                                                                    Discussion 

________________________________________________________________________________________________________________________________________ 

- 83 - 

Currently, it seems difficult to compare results from different studies measuring 

Tsk rewarming responses after CWI by infrared thermography. Basic protocol guidelines 

should be provided by future research in order to standardize methodologies in terms of 

the cooling method (CWI or WBC), dose (duration and temperature), room conditions 

(temperature and humidity) and ROI delimitation. 

5.1.3 THERMAL REWARMING IMBALANCES IN FOOTBALL 

The thermal behavior of the human body is a combination of heat transfer and 

heat generation at various levels, micro (molecular and cellular), meso (tissue and organs) 

and macro (thermal interaction with the environment) (Bhowmik et al., 2013). CWI might 

exacerbate these thermoregulatory processes and IRT might be a useful tool to detect 

altered responses in Tsk after CWI. In our study, almost three significant points were 

founded when comparing the D and ND posterior thigh at 10 and 20 minutes during the 

rewarming process. It is worth noting that at 15 minutes, the results of the same ROI were 

almost significantly different (p=0.087), thus, we can consider that the dominant 

hamstring perform an accelerated rewarming after CWI because there were more active. 

Hamstrings imbalances in force production have been related with injury risk 

(Croisier et al., 2008) being this area the most injured muscle in football (Ekstrand et al., 

2011). Fatigue reduces the stride length and diminishes sprint performance (Small et al., 

2009), increasing the probability of being injured. In football, that could be explained as 

90% of sprints in professional football players are below 5 seconds (Andrzejewski et al., 

2013) and the hamstrings are one of the most impaired muscle groups at a neuromuscular 

level after maximal efforts longer than 3 seconds (Buchheit and Laursen, 2013a), this 

combination of repeated actions with higher levels of accumulated fatigue could lead to 

inflammation because of repeated microtraumas along the season.  

As seen with the fastest rewarm of the D posterior thigh, the application of cold 

stressors like CWI could exacerbate the rewarming response, which may be related with 

a greater blood flow to the area (Garagiola and Giani, 1990). We consider that IRT could 

be a useful tool for monitoring inflammatory processes provoked by accumulated fatigue 

in critical ROIs, this tool should be considered for sport scientist to prevent sport injuries 

in elite teams. We consider that dynamic thermography which is the application of cold 

stress followed by a monitorization of Tsk hot spots and asymmetrical ROI temperature 
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increments could lead to deeply understand the relationship between inflammatory 

processes and thermography. 

However, the use of this tool should be carefully interpreted. The knowledge of 

individualized thermal profiles are important when applying IRT to sports (Marins et al., 

2014b). Constant asymmetries in Tsk along the time are produced among others by the 

specialization of the sport, as seen in the comparison between D and ND forearms in judo 

athletes (Arnaiz Lastras et al., 2011). The thermal profile in football was firstly defined 

in the doctoral dissertation of Gomez-Carmona (2012), who observed that in non-injured 

Spanish 1st division professional football players, the only Tsk differences observed were 

for the D ankle, possibly because of the repetitive action of ball kicking. In recent studies 

(Marins et al., 2014b), after analyzing the thermal profiles of 100 young football players, 

the authors concluded that Tsk asymmetries between contralateral ROIs (right and left) 

were set at 0.2ºC, in agreement with our initial Tsk values.  

Applying CWI procedures and recording dynamically the Tsk by thermal imaging 

analysis (Tsk and ΔTsk) led to the evaluation of the acute effects of cooling and 

rewarming behavior in the different ROIs, thereby generating valuable data for the 

medical and technical staff. In this regard, we propose that faster rewarming could be 

related to inflammatory processes or higher metabolic activities of the structures within 

the considered ROI.   

Čoh and Širok (2007) observed that higher training loads elicited greater Tsk 

increments. Human body should react equally by rewarming contralateral ROIs at the 

same speed, and if the rewarming process is altered, it could be provoked by poor 

workload assimilation, with the muscle demanding more blood flow unilaterally to it as 

a maladaptive response. Thus, IRT must be used to monitor these unilateral responses and 

absolute Tsk increments or decrements to understand the response of athletes to training 

loads. 

The acute analgesic effects could be produced by both temperature and pressure 

factors (Wilcock et al., 2006); however, there is little evidence regarding the optimal 

parameters of CWI to achieve better results. A recent study (Glasgow et al., 2014) 

compared four different protocols of CWI, concluding that the best protocol for reducing 
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delayed-onset muscle soreness (DOMS) was a continuous 10-minute immersion at 6ºC, 

which approximates the time and protocol used in this study.  

Glasgow et al. (2014) suggested that the trend to achieve better improvements in 

athlete’s recovery are colder and longer protocols. In the future, different CWI protocols 

should be compared in order to achieve guidelines for understanding the optimal time of 

immersion and safe Tsk reductions as this questions remain to be fully elucidated 

(Costello et al., 2012a). 

5.2. HIGH-INTENSITY INTERVAL TRAINING STUDY  

 This study presents new evidence in terms of how IRT can aid in the location of 

Tsk changes in specific body regions after different types of running-based HIIT 

exercises. Thus, becoming a first step for detecting if there is a link between 

thermography and ROI Tsk changes depending on the type of HIIT based on intensity 

and duration. 

 Our results showed that the shorter the exercise, the greater the absolute Tsk 

differences on the ROIs either increasing or decreasing. Obtaining Tsk changes in 94%, 

61%, 11% and 33% on the overall ROIs analyzed if filtered from shorter to longer HIIT 

duration (from E-1 to E-4). This trend was also seen with RPE measurements respectively 

8.8, 6.8, 5.7 and 7.3, with just the first being significantly different from the rest. Hence 

suggesting with this data, a possible relationship between exercise intensity and Tsk 

modifications.  

 Regarding duration, whereas there was drop in Tsk due to exercise in the shortest 

HIIT protocols (Short Intervals E-1 and Sprint Interval Training E-2), temperature 

increased in the longer ones (Repeated Sprint Sequences E-3 and Long Intervals E-4). 

That temperature drop was observed by other authors in brief and intense maximal 

exercises (Zontak et al., 1998) (Akimov and Son'kin, 2011) (Bonnett et al., 2006) 

(Nakayama et al., 1981) (Hildebrandt et al., 2012) as well as in our study. This could be 

related with a vasoconstrictor response, attributable to increments in catecholamines and 

vasoconstrictor hormones released (Brengelmann et al., 1977, Vainer, 2005).  

 However, in addition to the type and duration of the exercise, intensity has been 

suggested to increase Tsk (Malkinson, 2002) while other studies has found the opposite, 
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an indirect relationship of higher intensity and lower Tsk (Arfaoui et al., 2014, Nakayama 

et al., 1981). Thus, being hard to deduce if the intensity itself is the responsible of the 

overall Tsk increase/decrease or, on the other hand, if it is a mixture of duration, intensity 

and type of exercise the responsible of this Tsk modification.  

 In the doctoral dissertation of Fernández-Cuevas (2012), Tsk decrements were 

observed immediately after the effort in both strength and speed training protocols, the 

opposite was found in a 45’ treadmill-running (constant aerobic exercise), where Tsk 

increased. One of the explanations to this first phenomenon could be explained by the 

mechanisms activated by the hypothalamus to prevent dangerous temperature increments: 

vasoconstriction (in inactive areas) and vasodilation (in active muscles) (Charkoudian, 

2010).  

 A larger Tsk drop during exercise is associated with better thermoregulatory 

responses and greater efficiency in submaximal graded exercise (Bertucci et al., 2013a); 

however, is it is not the aim in this study to elucidate whether our results in Tsk changes 

are related with performance in this study. Nevertheless, a general conclusion could be 

suggested, and is that if we modify the total time expended in HIIT (time + rest), intensity 

and type of running drill (COD or not) we would be able to target our thermoregulatory 

system in different ways. Provoking hypothalamus shocking Tsk reductions in brief and 

maximal efforts or on the other hand, more prolonged exercises to impact on extending 

the heat exchange work rate, thus increasing Tsk and challenging the human body to 

properly work in heat environments. Also, knowing the ROIs who had his Tsk modified 

will inform professionals to know the impact of HIIT in the different muscle structures 

when mixed with EMG and other technologies like TMG. 

 The study was planned to be done at night to avoid any environmental factor like 

sun or extremely heat conditions, because it is known that performance is impaired in 

heat environments, becoming a limiting factor in both constant and self-paced exercises 

(Marino, 2008). This way, players who participated in the study could train at the same 

hour of the regular sessions during all the year, therefore restricting the influence of 

modifying the training time and performing the HIIT without the limitation of exercise in 

heat and circadian rhythms. 
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 The importance of the analysis of this study does not reside on global Tsk behavior 

(overall increase or decrease) but in the ROIs who significantly changed depending on 

the activity profile of each HIIT protocol. Thus, the key point remains in which are the 

muscles that are involved during exercise, and if those muscles are thermally stimulated 

and detected via IRT. 

 When analyzing E-1 (Short Interval HIIT), we observed that was the most 

demanding exercise in terms of both subjective perception RPE=8.8 and the ROI that 

presented higher Tsk changes (94% of the analyzed body areas with Tsk modification). 

Considering the ROIs that significantly changed their temperature, all except those 

corresponding with the calves showed modifications. Both E-1 (Short Interval) and E-2 

(Sprint Interval HIITs) were performed running at the maximum speed for 30’’ but with 

different rest times, consequently increasing the eccentric musculoskeletal load on 

quadriceps and hamstrings (Yu et al., 2008) because of the higher forces biomechanically 

produced in the lower limb during high intensity running if compared with E-4 (Long 

Interval HIIT). Timmins et al. (2014) studied the isokinetic force and EMG activity of the 

hamstring complex after sprint training (3 sets x 6 reps x 20m maximal sprint with a 10m 

acceleration and 15m deceleration distance), finding a reduction in the eccentric knee 

flexor strength with a subsequent reduction in the myoelectrical activity of the biceps 

femoris. While there are substantial differences between this protocol and ours, the aim 

was to show that sprint activities trigger muscle fatigue in the hamstrings, that transferred 

to thermal behavior, could significantly impact on the Tsk of that ROI.  

 To our knowledge, there are only two studies that investigated both effects on 

fatigue via EMG and Tsk, one in sports (Priego Quesada et al., 2015) and another with 

general population (Bartuzi et al., 2012). The first research was focused on understanding 

which ROIs better represent the link between changes in EMG and Tsk during aerobic 

exercise (cycling), finding that cyclists with greater neuromuscular activation had limited 

Tsk increments compared with their counterparts. The key point was not to observe the 

overall response, the most important thing  was that there was one ROI which was better 

associated with these changes, the vastus lateralis. Therefore, changes in Tsk could be 

related with muscle fatigue in specific ROIs.  

The same pattern was also seen in a second study performed by Bartuzi et al. 

(2012), who examined how different isometric loads affects Tsk on physical education 
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students, obtaining bigger Tsk following the load increment, thus with greater fatigue 

(decreased EMG signal). The authors noticed that “the larger the force exerted during 

tests, the greater the changes in the temperature in the joints over time. This means that 

the level of load affects the changes in the temperature in the joints, which is a result of 

fatigue”. Thereby, IRT could be a valuable tool for measuring muscle fatigue although 

more studies are needed to strongly confirm it as in our study we did not compared our 

results with EMG signals.  

Nonetheless, in our study, we obtained a significant increase of Tsk in E-3 

(external posterior thigh and popliteus) and E-4 (knee, anterior leg, internal posterior 

thigh, popliteus and posterior leg). Following this information, that could be possibly 

related with fatigue in this ROIs. In the future the importance will be to compare IRT with 

both tensiomyography (TMG) and electromyography (EMG) to see if this Tsk increase 

really reflects fatigue. 

 Analyzing the longer protocols, Repeated Sprint Sequences and Long Intervals 

presented significant Tsk increases considering the resting conditions as a reference, 

which differs from the Tsk decreases in Tsk after shorter HIITs. (Short Intervals and 

Sprint Interval Training) As said before, that augmentation of temperature could be a 

signal of challenged thermoregulation. That concentration of heat may be explained 

because of the heat transfer from the exercised muscles to the skin and the inability of the 

human body to remove that excess. (Charkoudian, 2010)(Merla et al., 2010). 

 Another finding of the study was detected on Repeated Sprint Sequence protocol, 

in which hamstrings significantly increased their Tsk probably due to the 180º change of 

direction (COD). Cutting ability or COD involves deceleration forces that mostly affect 

knee extensors eccentrically as well as the knee flexors (hamstring) decelerating the leg. 

Lower limb muscle activation increases during cutting tasks compared with straight-line 

runs, hence the importance of quadriceps and hamstrings for being the responsible of knee 

stabilization (Besier et al., 2003). Facing the rotational movements of the joint could 

imply either an in-training injury risk (Alentorn-Geli et al., 2009, Tsai et al., 2009) or a 

better performance adaptation (Hader et al., 2014), that will depend on the ability of the 

fitness coach to properly manage training load associated to cutting. The significant 

modification on hamstrings Tsk found on our study provides promising results for future 

research to deeply analyze that fact. 
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 Another aspect observed after Repeated Sprint Sequence was the cross-pattern 

found on the left hamstring and right popliteal ROIs. Which may be in line with the idea 

of repeated unilateral landing and cutting with the same leg, maybe because players 

performed COD rotation to the same direction in a high percentage, therefore showing 

crossing thermal patterns (ROIs from both left and right sides with Tsk changes) and 

greater activations (figure 12). 

 

Figure 12. Lines connecting Tsk significant differences to overview the thermal tendencies of 

ROIs with crossing-patterns (E-3 posterior) or unilateral-patterns predominance (E-2 and E-4). 

 Finally, the trend ascertained in the Long Interval HIIT was also an increment on 

the overall ROI Tsk, but detecting significant Tsk alterations in calves. Calf region is 

composed by gastrocnemius (more external) and soleus (more internal), Tsk changes 

indicated that both right and left gastrocnemius Tsk had a thermal modification. It is to 

note that this protocol was the longest one as well as the most continuous. If we decrease 

running speed, ground contact time will increase and biomechanically will impact less on 

hamstrings and more on knee and ankle extensors. That will be caused by the lower 

propulsive horizontal forces which are the objective of knee flexors and the smaller 
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implication of hamstrings on the powerful hip extension needed during high speed 

running (Kyrolainen et al., 2005). Thereby, gastrocnemius which is almost composed by 

fast fibers could experience greater loads as its physiology optimized for explosive 

movements rather than for constant and prolonged ones.  

 Regarding Tsk asymmetries, the ROI corresponding with Posterior Knee or 

popliteal zone was the most significant one in terms of incrementing bilateral differences. 

We hypothesize that while running, popliteal is the only ROI which stays in contact with 

another part, as the knee is flexed and then it exists the possibility of friction of the 

superficial region of upper calves with the hamstring being the popliteal zone in the 

middle, therefore, being influenced by the running cycle itself, and compromising the 

results. Also, the vascularization of popliteal zone could be incremented as the 

temperature of the hamstrings because of their proximity could efflux more blood to 

proximal zones (popliteal zone). Surprisingly, asymmetries in hamstrings were found in 

E-3 Repeated Sprint Sequence HIIT in which there was a 0.45ºC decrement in the Tsk 

which reestablished values to zero-asymmetry, contrary to what happened in E-4 Long 

Interval HIIT, where slightly increased in 0.24ºC.  

 The first fact could be explained as it was the only one HIIT that involved COD, 

then providing a more powerful unilateral response that could compensate the 

significantly higher initial Tsk obtained in the Left Posterior External Thigh in pre-

moment for E-3 or Repeated Sprint Sequences. The second fact could be explained as an 

impaired running technique produced for the prolonged effort of a self-paced submaximal 

intensity, where players modify the way they run because of fatigue. Also, one thing that 

could compromise the results of E-4 was that the players were running around the football 

pitch always in the same direction, maybe that fact could explain having the asymmetries 

in the right-side. 

 Based on the previous facts, future studies must focus on the relationship of IRT 

and localized fatigue in ROIs immediately after different HIIT. 
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5.3. MATCH STUDY 

 For our knowledge, this is the first study that compares how young football players 

reacts to a competitive match measured by infrared thermography, providing new 

information about the thermal response immediately after the match depending on the 

number of minutes played. Another studies has studied the response of volleyball players 

to generic endurance training but not specific competition (Chudecka and Lubkowska, 

2012) founding direct relationships between VO2 max and temperature drop.  

 Results showed that there were significant differences before the game between 

the groups for the Anterior and Posterior Leg (calf region). This response could be directly 

explained because the initial players were wearing socks and shin guards during the 

acclimation time, thus becoming an external influence factor to be considered 

(Fernández-Cuevas et al., 2015b). 

 Football is an asymmetrical sport in which the actions are not performed 

bilaterally. After the game the only ROI with a significant difference was the Left 

Posterior Knee and Leg, that could be explained as most of the players (except 2) were 

right footed thus using the left leg for maintaining the stability while performing 

asymmetrical actions like shooting and passing and being a technique specific acute 

adaptation. The research of Chudecka et al. (2015) evaluated Tsk changes of symmetric 

body surfaces over scullers after exercising on a two-oared rowing ergometer 

(symmetrical movements) and handball players after an endurance training session with 

game elements (asymmetrical movements). While the scullers showed no significant 

differences in ΔTsk between the opposite sides the handball players did. Hence the 

technical elements of the sport affects Tsk immediately after the exercise resulting in side 

to side temperature changes confirming that asymmetrical elements during the 

competition may affect Tsk. Even when comparing the same symmetrical element, 

depending on how the movement is performed there is a strong influence in Tsk as Priego 

Quesada et al. (2016) found while analyzing cyclists with lower knee flexion obtained 

higher ΔTsk in popliteus and higher knee flexion elicited lower ΔTsk in the tibialis 

anterior than intermediate knee flexion. An interesting research for the future could be to 

thermal analyze symmetrical movement in sports with asymmetrical elements and 

confirm if the side to side Tsk change is because of the acute elements performed in the 
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activity or the long-term thermal adaptations that are reflected even in symmetrical 

actions like running. 

 Comparing both Right and Left Posterior Legs (calf region) of group 1 (who 

played the whole match) vs group 3 (who did not play), we found that the ΔTsk for group 

1 was significantly higher than 1ºC while for group 3 only reach a non-significant 

maximum of 0,73ºC which we argue that might be related with 1) the total workload 

accumulated within the match or 2) the socks used by the players during the match even 

when they completed the acclimation time wearing it. It could be possible that if the 

player would not wear the socks during the acclimation time we would have found less 

ΔTsk. When comparing the Tsk response immediately after the activity Fernández-

Cuevas (2012) found a significant Tsk increment in strength and endurance training if 

compared with speed training (Tsk decrement). 

 On the other side, when analyzing Right vs Left Posterior Legs within group 2 

(who played but not the whole match) we found that there was a significant ΔTsk in Left 

(0.45ºC) vs Right (0.15ºC), again supporting the idea of a possible acute adaptation of the 

weak leg within the match because of the asymmetrical technical elements performed 

during a football match. 

 Only the players from Group 2 presented significant differences in Post-Pre Tsk 

asymmetries for the Posterior Leg where there was a total decrease in the asymmetry from 

0.19ºC (Pre) to -0.12ºC (Post) which is within the normal parameters established by 

Marins et al. (2014b) below 0.2ºC in football players thus becoming our sample similar 

to other football samples studied in the past. 

5.4. PRACTICAL APPLICATIONS 

 Results obtained in the three studies open a new way of practical applications 

within the field of IRT in sports.  

 The first study about applying cryotherapy and then monitoring the speed of Tsk 

rewarming could be an idea to quantify the level of inflammation for each ROI.  

 Future studies should demonstrate if the in-muscle inflammation is related with 

Tsk rewarming speed, that would allow sport scientist to quantify the post-match quantity 
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of inflammation by getting instant thermograms after freezing all the ROIs with the same 

level of temperature equally. Thus, we consider that individualizing the recovery 

intervention depending on the grade of Tsk rewarming speed as well as monitoring the 

degree of asymmetry between speeds in both limbs, will allow the physiotherapist to 

choose the better technique to use as well as the intensity of the recovery methods. 

 On the other hand, the second study (HIIT) presents a nice opportunity to strength 

and conditioning coaches to measure how different HIIT protocols in nature affects in 

different ways each one of the muscles when measured via IRT.  

 Future studies should compare IRT and TMG to fully understand how temperature 

is related with modified muscle properties. 

 Finally, the third study about how Tsk is affected by a football game gives us an 

insight of how important could be to relate the movement demands by GPS systems with 

the thermal responses of the player.  

 The next idea must be to compare how total running volume, high speed running, 

number of sprints, running balance (right vs left predominance), number of accelerations 

and decelerations etc. affects Tsk in different ROIs. Widening the scope how external 

load is linked with human thermal reactions to fully understand how to manage the load 

mixing both technologies. 
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6. CONCLUSIONS 

Main conclusion: HIIT protocols and a CWI recovery protocol acutely affect the skin 

temperature profiles of a soccer player, but not a football match.  

6.1. CONCLUSIONS OF 1ST MAIN OBJECTIVE 

• a.1.1. After a CWI protocol, Dominant vs Non-Dominant provides 

different information than Right vs Left ROI analysis.  

• a.1.2. After a CWI protocol the absolute Tsk differed significantly just in 

one moment but not in subsequent ones when the D vs ND sides were 

compared on the Anterior Thigh, Anterior Knee and Posterior Thigh; 

while when R vs L sides were compared, the significant changes were on 

the Anterior Thigh, Anterior Knee and Posterior Leg. 

• a.2.1. Professional football players have equal cooling Tsk in both sides 

for all ROIs except for Posterior Leg when R vs L limbs are compared. 

• a.2.2. Professional football players have a significantly faster rewarming 

of the Dominant Posterior Thigh when D vsND limbs are compared.  

 

6.2. CONCLUSIONS OF 2ND MAIN OBJECTIVE 

b.1. Young football players present different Tsk reactions depending on the 

HIIT protocol followed. 

• b.2.1. E-1 (Short Bouts) significantly decreased the Tsk in 94,4% (17/18) 

of the considered ROIs. 

• b.2.2. E-2 (SIT) significantly decreased the Tsk in 61.1% (11/18) of the 

considered ROIs and the rest exhibit non-significant decrements. 

• b.2.3. E-3 (RSA) increased overall the Tsk of the considered ROIs but only 

11.1% of the total (2/18) showed significant changes. 

• b.2.4. E-4 (Long Bouts) increased overall the Tsk of the considered ROIs 

but the significant Tsk changes were limited to 33.3% of the total (6/18). 
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• b.3. Posterior Knee or Popliteus had the biggest Tsk asymmetry in the 4 

groups followed by Posterior Thigh (both Internal in E-4 and External in 

E-3) inmediately after the exercise. 

• b.4. Subjective Perceptions were significantly higher for E-1 (8.80) in 

comparison with E-2 (6.78), E-3 (5.75) and E-4 (7.24). 

6.3. CONCLUSIONS OF 3RD MAIN OBJECTIVE 

c.1.1 After the game, Anterior Leg and Posterior Leg Tsk increased for Group 

1 (played the whole match) and just Posterior Leg for Group 2 (who did not 

play the whole match). Group 3 remained with no change in Tsk. 

c.1.2 After the game, posterior Leg had a significant Tsk asymmetry only in 

Group 2. 
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7. LIMITATIONS OF THE WORK 

• The room temperature was different depending on the study.  

• Two studies were analyzed using TermoTracker and another one using 

manual ROI delimitation because of the inability of the software to 

analyze post cryotherapy images due to the extremely low temperature 

after water immersion. 

• Absence of control groups in two of the three studies. 

• Due to the absence of budget, there are no additional markers of fatigue to 

compare the results, except for the RPE provided by the soccer player after 

the effort. 
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8. FUTURE RESEARCH LINES 

In the future, it will be important not only to describe the profile of each sport 

(Marins et al., 2014b) but also the thermal profile and skin thermal response for each 

athlete. It would be interesting to generate individualized Tsk recovery profiles at 24, 48 

and 72 hours after a match (or intense training) to identify any alteration in the players’ 

Tsk recovery behaviors. Such information could allow the sport scientist to monitor the 

thermal imbalances produced by maximal-intensity efforts to aid in the implementation 

of individualized injury-prevention protocols.  

The IRT results should be considered together with other tools, such as wellbeing 

questionnaires and the levels of many physiological variables, including CK, myoglobin 

or C-reactive protein (Ascensao et al., 2011), interleukins (IL), lactate dehydrogenase 

(LDH) (Rowsell et al., 2009), insulin-like growth factor (IGF), testosterone or cortisol, in 

protocols for reducing the incidence of sport injuries. 
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