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"…la oscuridad nos envuelve a todos, pero mientras que el 
sabio tropieza en alguna pared, el ignorante permanece  

tranquilo en el centro de la estancia…"  

(Anatole France) 

 

"…have more than you show, 

speak less than you know and 

lend less than you own…". 

(William Shakespeare) 

 

 
"…le succès n’est pas difficile à obtenir. 

La difficulté, c’est de le meriter…"  

(Albert Camus) 
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RESUMEN 

La termografía infrarroja (TI) es una técnica no invasiva y de bajo coste que 

permite, con el simple acto de tomar una fotografía, el registro sin contacto de la energía 

que irradia el cuerpo humano (Akimov & Son’kin, 2011, Merla et al., 2005, Ng et al., 

2009, Costello et al., 2012, Hildebrandt et al., 2010). Esta técnica comenzó a utilizarse 

en el ámbito médico en los años 60, pero debido a los malos resultados como 

herramienta diagnóstica y la falta de protocolos estandarizados (Head & Elliot, 2002), 

ésta se dejó de utilizar en detrimento de otras técnicas más precisas a nivel diagnóstico. 

No obstante, las mejoras tecnológicas de la TI en los últimos años han hecho posible un 

resurgimiento de la misma (Jiang et al., 2005, Vainer et al., 2005, Cheng et al., 2009, 

Spalding et al., 2011, Skala et al., 2012), abriendo el camino a nuevas aplicaciones no 

sólo centradas en el uso diagnóstico. 

Entre las nuevas aplicaciones, destacamos las que se desarrollan en el ámbito de 

la actividad física y el deporte, donde recientemente se ha demostrado que los nuevos 

avances con imágenes de alta resolución pueden proporcionar información muy 

interesante sobre el complejo sistema de termorregulación humana (Hildebrandt et al., 

2010). Entre las nuevas aplicaciones destacan: la cuantificación de la asimilación de la 

carga de trabajo físico (Čoh & Širok, 2007), la valoración de la condición física 

(Chudecka et al., 2010, 2012, Akimov et al., 2009, 2011, Merla et al., 2010), la 

prevención y seguimiento de lesiones (Hildebrandt et al., 2010, 2012, Badža et al., 

2012, Gómez Carmona, 2012) e incluso la detección de agujetas (Al-Nakhli et al., 

2012). 

Bajo estas circunstancias, se acusa cada vez más la necesidad de ampliar el 

conocimiento sobre los factores que influyen en la aplicación de la TI en los seres 

humanos, así como la descripción de la respuesta de la temperatura de la piel (TP) en 

condiciones normales, y bajo la influencia de los diferentes tipos de ejercicio. 

Por consiguiente, este estudio presenta en una primera parte una revisión 

bibliográfica sobre los factores que afectan al uso de la TI en los seres humanos y una 

propuesta de clasificación de los mismos. Hemos analizado la fiabilidad del software 

Termotracker, así como su reproducibilidad de la temperatura de la piel en sujetos 
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jóvenes, sanos y con normopeso. Finalmente, se analizó la respuesta térmica de la piel 

antes de un entrenamiento de resistencia, velocidad y fuerza, inmediatamente después y 

durante un período de recuperación de 8 horas. 

En cuanto a la revisión bibliográfica, hemos propuesto una clasificación para 

organizar los factores en tres grupos principales: los factores ambientales, individuales y 

técnicos. El análisis y descripción de estas influencias deben representar la base de 

nuevas investigaciones con el fin de utilizar la TI en las mejores condiciones. 

En cuanto a la reproducibilidad, los resultados mostraron valores excelentes para 

imágenes consecutivas, aunque la reproducibilidad de la TP disminuyó ligeramente con 

imágenes separadas por 24 horas, sobre todo en las zonas con valores más fríos (es 

decir, zonas distales y articulaciones). Las asimetrías térmicas (que normalmente se 

utilizan para seguir la evolución de zonas sobrecargadas o lesionadas) también 

mostraron excelentes resultados pero, en este caso, con mejores valores para las 

articulaciones y el zonas centrales (es decir, rodillas, tobillos, dorsales y pectorales) que 

las Zonas de Interés (ZDI) con valores medios más calientes (como los muslos e 

isquiotibiales). Los resultados de fiabilidad del software Termotracker fueron excelentes 

en todas las condiciones y parámetros. 

En el caso del estudio sobre los efectos de los entrenamientos de la velocidad 

resistencia y fuerza en la TP, los resultados muestran respuestas específicas según el 

tipo de entrenamiento, zona de interés, el momento de la evaluación y la función de las 

zonas analizadas. Los resultados mostraron que la mayoría de las ZDI musculares se 

mantuvieron significativamente más calientes 8 horas después del entrenamiento, lo que 

indica que el efecto del ejercicio sobre la TP perdura por lo menos 8 horas en la mayoría 

de zonas analizadas. La TI podría ser útil para cuantificar la asimilación y recuperación 

física después de una carga física de trabajo.  

Estos resultados podrían ser muy útiles para entender mejor el complejo sistema 

de termorregulación humano, y por lo tanto, para utilizar la TI de una manera más 

objetiva, precisa y profesional con visos a mejorar las nuevas aplicaciones 

termográficas en el sector de la actividad física y el deporte 
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ABSTRACT 

Infrared Thermography (IRT) is a safe, non-invasive and low-cost technique that 

allows the rapid and non-contact recording of the irradiated energy released from the 

body (Akimov & Son’kin, 2011; Merla et al., 2005; Ng et al., 2009; Costello et al., 

2012; Hildebrandt et al., 2010). It has been used since the early 1960’s, but due to poor 

results as diagnostic tool and a lack of methodological standards and quality assurance 

(Head et al., 2002), it was rejected from the medical field. Nevertheless, the 

technological improvements of IRT in the last years have made possible a resurgence of 

this technique (Jiang et al., 2005; Vainer et al., 2005; Cheng et al., 2009; Spalding et al., 

2011; Skala et al., 2012), paving the way to new applications not only focused on the 

diagnose usages.  

Among the new applications, we highlighted those in physical activity and sport 

fields, where it has been recently proven that a high resolution thermal images can 

provide us with interesting information about the complex thermoregulation system of 

the body (Hildebrandt et al., 2010), information than can be used as: training workload 

quantification (Čoh & Širok, 2007), fitness and performance conditions (Chudecka et 

al., 2010, 2012; Akimov et al., 2009, 2011; Merla et al., 2010; Arfaoui et al., 2012), 

prevention and monitoring of injuries (Hildebrandt et al., 2010, 2012; Badža et al., 

2012, Gómez Carmona, 2012) and even detection of Delayed Onset Muscle Soreness –

DOMS- (Al-Nakhli et al., 2012).  

Under this context, there is a relevant necessity to broaden the knowledge about 

factors influencing the application of IRT on humans, and to better explore and describe 

the thermal response of Skin Temperature (Tsk) in normal conditions, and under the 

influence of different types of exercise. 

Consequently, this study presents a literature review about factors affecting the 

application of IRT on human beings and a classification proposal about them. We 

analysed the reliability of the software Termotracker®, and also its reproducibility of 

Tsk on young, healthy and normal weight subjects. Finally, we examined the Tsk 
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thermal response before an endurance, speed and strength training, immediately after 

and during an 8-hour recovery period.  

Concerning the literature review, we proposed a classification to organise the 

factors into three main groups: environmental, individual and technical factors. Thus, 

better exploring and describing these influence factors should represent the basis of 

further investigations in order to use IRT in the best and optimal conditions to improve 

its accuracy and results. 

Regarding the reproducibility results, the outcomes showed excellent values for 

consecutive images, but the reproducibility of Tsk slightly decreased with time, above 

all in the colder Regions of Interest (ROI) (i.e. distal and joint areas). The side-to-side 

differences (ΔT) (normally used to follow the evolution of some injured or overloaded 

ROI) also showed highly accurate results, but in this case with better values for joints 

and central ROI (i.e. Knee, Ankles, Dorsal and Pectoral) than the hottest muscle ROI 

(as Thigh or Hamstrings). The reliability results of the IRT software Termotracker® 

were excellent in all conditions and parameters. 

 In the part of the study about the effects on Tsk of aerobic, speed and strength 

training, the results of Tsk demonstrated specific responses depending on the type of 

training, ROI, moment of the assessment and the function of the considered ROI. The 

results showed that most of muscular ROI maintained warmer significant Tsk 8 hours 

after the training, indicating that the effect of exercise on Tsk last at least 8 hours in 

most of ROI, as well as IRT could help to quantify the recovery status of the athlete as 

workload assimilation indicator.  

 Those results could be very useful to better understand the complex skin 

thermoregulation behaviour, and therefore, to use IRT in a more objective, accurate and 

professional way to improve the new IRT applications for the physical activity and 

sport sector. 
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1. INTRODUCTION 

Infrared Thermography (IRT) is a safe, non-invasive and low-cost technique that 

allows the rapid and non-contact recording of the irradiated energy released from the 

body (Akimov & Son’kin, 2011; Merla et al., 2005; Ng et al., 2009; Costello et al., 

2012; Hildebrandt et al., 2010). IRT measures Skin Temperature (Tsk), and since it 

started to be used with human beings (the early 1960’s), the development of this 

technique focused on discovering the validity of IRT to diagnose pathologies (Liu, 

2000). Due to conflicting results, a lack of methodological standards and quality 

assurance (Head et al., 2002), the IRT was replaced by emerging and more accurate 

technologies such as X-rays, ultrasound devices or magnetic resonance: from initial 

enthusiastic interest to almost complete obscurity.  

However, the technological improvements of IRT in the last years have made 

possible a resurgence of this technique (Jiang et al., 2005; Vainer et al., 2005; Cheng et 

al., 2009; Spalding et al., 2011; Skala et al., 2012), paving the way to new applications 

of IRT not only focused on the diagnose usages.  

Among the new applications, we highlighted those in physical activity and sport 

field, where it has been recently proven that high resolution thermal images can provide 

us with interesting information about the complex thermoregulation system of the body 

(Hildebrandt et al., 2010), information than can be used as: training workload 

quantification (Čoh & Širok, 2007), fitness and performance conditions (Chudecka et 

al., 2010, 2012; Akimov et al., 2009, 2011; Merla et al., 2010; Arfaoui et al., 2012), 

prevention and monitoring of injuries (Hildebrandt et al., 2010, 2012; Sillero et al., 

2010, Sands et al., 2011;Ring, 1990; Gómez Carmona, 2012) and even detection of 

Delayed Onset Muscle Soreness –DOMS- (Al-Nakhli et al., 2012).  

Although these results, applications and innovations make us think about an 

encouraging future for IRT, we cannot deny the existence of an enormous quantity of 

further work left to do. The careful review of previous mistakes done seems to be an 
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obligation in order to build a new period exempt from the same errors. Under this 

context, this work makes a small contribution to the following research lines: 

 Despite the evolution of IRT on technique, knowledge and usages, there is a lack 

of comprehensive information about the factors influencing the human IRT. 

Therefore, a basis analysis and classification of its influence factors is required: 

o To propose a common framework for further investigations.  

o To reinforce the human IRT accuracy,  

o To summarize the studies carried out on each factor. 

o To identify the factors requiring further research for setting their 

influence level on human IRT. 

 Ring recently defended and described the new features of IRT technology and 

the improvement on standardization protocols (Ring et al., 2012). Nevertheless, 

most research groups keep on analyzing IRT images using the software packages 

provide by the camera manufacturers, which are mainly created for industrial or 

architectural purposes, rarely adapted to human analysis (Murawski et al., 2003). 

Thus, our research group developed a specific IRT software for humans. In this 

thesis we investigated the reproducibility of IRT images on young, healthy and 

normal weigth subjects, and the reliability of the software called Termotracker®. 

 The possibilities of IRT in physical activity and sport sectors are remarkable, 

which contrasts with the lack of knowledge and results about how Tsk behaves 

during and immediately after exercise (Akimov & Son’kin, 2011, Merla et al., 

2010, Chudecka et al., 2010, 2012). The long-term thermal behaviour of the skin 

after exercise may be a reflex of the impact of physical activity on 

thermoregulation and metabolism. This could be very helpful to quantify the 

training load and recovery of the athlete, using IRT in an individual and analytic 

way. Additionally, we analysed the Tsk thermal response before a endurance, 

speed and strength training, immediately after and during an 8-hour recovery 

period. 



 
                                                                                                                 Introduction  

________________________________________________________________________________________________________________________________________ 

3 

 

1.1. BASIC CONCEPTS OF THERMOLOGY 

Many authors have described the main rules and details of heat transfer and 

thermodynamics. We recommend the lecture of some authors in order to go into detail, 

such as Serway & Beichner (2002) or other basic references books on the field of 

physics. 

1.1.1. THERMAL ENERGY, HEAT AND TEMPERATURE  

Matter is made of atoms and molecules. They are in constant motion due to the 

energy: rotating around themselves, vibrating or colliding with each other. The 

movement of atoms and molecules on a body creates a form of energy called thermal 

energy, which is present in all types of material. Even in the coldest corner of the space, 

there is matter with energy, very small but still measurable.  

Heat is known as the amount of thermal energy in a body or substance, whereas 

temperature is the measure of mean thermal energy. As matter of fact, the temperature 

is not an energy, but the measurement of heat or thermal energy of the particles from a 

substance. While heat depends on speed, number, size and type of particles, temperature 

is just the reflection of some of these qualities. This conceptual differentiation between 

heat and temperature did not appear until the work of Joseph Black (1728-1799), who 

distinguished between the quantity (calorie) and intensity (temperature) heat. Both 

terms are measurable and have a great importance for many processes. However, for 

simplicity and convenience, temperature is imposed between the two concepts as the 

term mostly used. 

Temperature is so important that has been defined as one of the seven 

fundamental quantities of the International System of Units (SI). Its unit is kelvin (K), 

which is set by choosing a value for the thermodynamic temperature (absolute) of a 

state of the art well defined, universal and reproducible, and it is defined as "the fraction 

1/27316 of the thermodynamic temperature of the triple point of water” (Serway & 

Beichner, 2002). 
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When looking at humans, a variation of body temperature may be related to a 

disease. In fact, the ancient Chinese philosophy considered that health was linked to the 

harmony of body and spirit (yin and yang). A classification of diseases was established 

based on body temperature: the excess of "yin" leads to acute, febrile and dry diseases, 

while the excess of "yang" leads to chronic, cold or wet illnesses. In other fields, finding 

a hot spot on a mechanical part may indicate abrasion or friction in this area. Those are 

some of many examples allowing us to relate a temperature gradient to the existence of 

defects or abnormalities in the bodies or materials. 

1.1.2. HEAT EXCHANGE BETWEEN THE HUMAN BODY AND 
ENVIRONMENT  

In case of the human body, the high metabolic activity generates a great amount 

of thermal energy, which must be dissipated to maintain the stability of the 

physiological processes of the body (Wilmore, 2008). The mechanisms used by the 

human body to transfer the calorific energy are: conduction, convection, radiation and 

evaporation (See figure 1). 

Convection

Co
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n

Breathing Evaporation Sweat Evaporation

RadiationRadiation

 
Figure 1.- Mechanisms of heat excess release in the human body. 
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1.1.2.1. Thermal transfer by conduction 

Heat conduction is the direct transfer of thermal energy between molecules when 

they collide to each other. The molecule that moves faster (higher temperature) 

transmits some of its energy the other one moving slower (lower temperature) (Serway 

& Beichner, 2002). Although conduction occurs in all kinds of substances (solid, liquid 

and gaseous ones), it is the most important heat exchange mechanism between solid 

bodies (Serway & Beichner, 2002). 

In the case of human beings, the core body temperature is around 37ºC, although 

it varies diurnally, decreasing to a minimum during the night. However, skin 

temperature at resting has average values around 34ºC (Lee & Cohen, 2008), with a 

difference between Regions of Interest (ROI) up to 9ºC (Zhu & Xin, 1999). 

1.1.2.2. Thermal transfer by convection 

Convection is the mechanism of heat transfer through a moving fluid (gas or 

liquid). Unlike conduction, which is performed between a fluid and a solid surface or on 

the surface of two fluids which are immiscible, convection takes place within the fluid 

(Incropera, 1999). Most gases are invisible to a infrared camera, so convection is often 

directly viewed only on liquids, or indirectly on the surface of the solids. 

 Figure 2 represents the convection currents in a bucket of warm water, where the 

hottest areas are move liquid towards the cooler areas. Likewise, the colder water 

masses have to occupy areas vacated by the rising hot water and, in this case the 

movement is facilitated by the increasing effect of gravity, generated by the density 

difference (cold water is denser than hot water), so a flow is also generated from the top 

to bottom. These convection currents can not be seen through the container, because as 

discussed below, the solid blocks thermal infrared radiation (ITC, 2009). 

In the human body, the convective heat transfer is very complex and depends on 

many variables such as the temperature difference (between ambient temperature and 

skin temperature), the direction of air flow and the existence of moving air (wind) 

(Incropera, 1999). Heat transfer by convection can be natural or forced: 
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a) In the free or natural convection, flow is induced by forces arising from the 

density difference caused by the temperature variation inside the fluids.  

b) Forced convection occurs when the flow is facilitated by external means, such 

as a fan, a pump or atmospheric winds.  

 

Figure 2.- Convection circulation flows inside a fluid. 

1.1.2.3. Thermal transfer by radiation 

The heat transfer by emission and absorption of radiation is called thermal 

transfer by radiation. We invite the reader to consult the works of Serway & Beichner 

(2002), Incropera (1999) or any other literature reference belonging to the field of 

physics in order to deepen about the energy transfer by radiation topic. 

Thermal radiation is one form of electromagnetic radiation. This concept will be 

further discussed in more depth at the point, "1.1.3. Methods for the measurement of 

heat transfer and temperature". The bodies emit thermal radiation due to its temperature: 

the higher the temperature, the more thermal radiation is emitted. However, each 

material has a different emissivity (Serway & Beichner, 2002). 
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Emissivity is the ability of each object to emit infrared radiation (Anbar, 1987). 

Not all objects emit 100% of what they should, if they would do so, the infrared signal 

that would be able to pick up a camera would be directly related to the temperature, 

according to the Stefan-Boltzmann Law, which relates directly to the energy 

temperature irradiated (Figure 3). 

Figure 3.- Stefan-Boltzmann law where the infrared radiation is associated with the temperature 
(Serway & Beichner, 2002). 

From the amount of energy dissipated by the human skin, approximately 60% is 

in the form of infrared radiation (Wilmore et al., 2007), and the remaining 40% 

corresponds to convection. Normally, when working with opaque bodies (as human 

bodies), the transmissivity is equal to “0”, because the radiation is unable to pass 

through the body. Consequently, the main concepts by working with radiation and 

human bodies are the emissivity and reflectivity. 

1.1.2.4. Thermal transfer by evaporation 

By exercising, evaporation accounts for about 80% of heat loss in an active 

subject, what confirms the importance of evaporation in the heat loss. Even at rest, 

evaporation represent between the 10% and 20% of body heat loss (Willmore et al., 

2008). The human body dissipates heat by sweat evaporation and water vapor 
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exhalation by breathing. Galindez Alberdi (2010) clearly explains the difference 

between these two phenomena: 

Respiratory evaporation (Eres): Some water is evaporated from the respiratory 

track. By breathing the air is taken with a given partial pressure of water vapor, and as 

we exhalate it some of the air becomes saturated in water. This phenomenon entails a 

form of heat loss, as each liter of water evaporated represents 49 kcal lost. 

Cutaneous evaporation (Esk): As core temperature increases, the body starts to 

sweat in order to lose heat. When the sweat reaches the skin, it is converting from a 

liquid to a vapor through the process of evaporation, whenever the air is not saturated 

with water. However, it may occur that we reach the maximal sweating rate (Smax), 

causing a heat stroke by the augmentation of core temperature, or a dehydration process 

due to an excess on sweating. 

1.1.3. METHODS FOR THE MEASUREMENT OF HEAT TRANSFER 
AND TEMPERATURE  

Following the Laws of Thermodynamics, by contacting two bodies, the heat 

(energy) flows from the body with higher temperature to the one with lower temperature 

until both bodies reach thermal equilibrium. Most of the thermometers and 

thermoscopes are based on the mechanism of thermal transfer by conduction. However,  

non-contact techniques could be of great interest because the object may be moving, at a 

great distance or be so hot that would degrade a contact thermometer. 

The thermal transfer by radiation, allows the estimation of the body’s 

temperature without contact. Thus, there are some optical or spectroscopic methods, 

based on the relationship between electromagnetic energy and the material. 

The optical methods for the measurement of temperature are inherent, non-

invasive and non-contact application. They also have high sensitivity, reliability and 

rapidity, and generally they do not alter the sample when it is assessed 
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A common classification divides the optical techniques according to the spectral 

region (see figure 3), which interacts with the matter. The electromagnetic spectrum 

ranges all possible frequencies, from radio frequency to gamma rays, passing through 

microwave, infrared, visible, ultraviolet and x-ray. 

 

Figure 4.- Parameters of the electromagnetic spectrum. Adapted from Gómez Carmona (2012). 

The wavelengths from the visible spectrum represent a very narrow range. In 

humans, this range is between 400 and 750 nm, whereas some animals can see other 

parts of the electromagnetic spectrum. The wavelengths below violet are called 

ultraviolet (UV), and below the UV rays are X and gamma rays. Besides that, infrared is 

above the red wavelengths, and beyond these we find the microwaves and radio waves, 

which may have an amplitude of kilometers. 

The recent development and commercialization of technological innovation on 

lasers, cameras and data processing systems has allowed a revival of these techniques 

and their potential spread to the quantitative analysis of the data. Among the optical 
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measurement techniques (optical metrology) for thermometry we find pyrometry and 

thermography. 

 

1.2. HISTORY OF INFRARED THERMOGRAPHY 

Heat and temperature have been linked to human history since its origins, in fact, 

in many areas and daily activities, one of the first symptoms that reveals the existence 

of an anomaly or irregularity is the usual temperature variation. Hippocrates stated more 

than 2500 years ago “should one part of the body be hotter or colder than the rest, then 

disease is present in that part” (Hildebrandt et al., 2012). Other remarcable authors have 

contributed in the medical field as Galileo with his thermoscope in 1595 (Ring, 2006), 

but we have to wait until the 19th century to find the starting point of IRT. 

From a scientific point of view, this starting point happened in 1800 when 

William Herschel discovered infrared rays. This "invisible" propagation of heat was 

afterwards named thermal radiation or infrared radiation, as part of the overall 

electromagnetic spectrum, straying approximately between the red region of the visible 

and microwave ranges. Some years after (in 1840), his son John Herschel captured the 

first ”thermogram” using the evaporograph technique (Ring, 2000, Ring, 2006). 

Moreover, we must emphasize in this century to Carl R. A. Wunderlich (1815-1877), a 

German physician and physicist who was the first to establish the extent of body 

temperature within a routine clinical indicator of fever. 

Throughout the nineteenth century the effort of researchers was directed, almost 

exclusively, to design devices capable of detecting and quantifying infrared radiation. 

Thus, we emphasize the appearance in 1829 of the first thermocouple that Nobili 

invented, based on the thermoelectric effect, to determine the surface temperature by a 

contact body (López, 2010). 

The bolometer was invented around 1880 by Samuel P. Langley. Thermal 

detection was a measurement allowing electromagnetic radiation from a body from 

which changes its electrical conductivity undergoes heat generated due to said radiation. 
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This instrument is able to feel the warmth of living more than 400 meters (Maldague, 

2001). 

However, it was in the twentieth century when the progress of infrared 

technology greatly accelerated thanks to strong stimulus of military applications. In 

1914, during the First World War, German troops used a thermal detection system to 

inspect the North Sea with a range up to 10 km in order to detect icebergs (López, 

2010). But perhaps the most significant boost what caused by the Second World War, 

where many thermal detection systems were developed, demonstrating not only the 

great potential of IRT, but also its extraordinary usefulness and effectiveness. After 

World War II, much of this was declassified military technology, and the progress made 

by the IT began to penetrate civil society, notably in the field of engineering. 

In the decades of the 60’s and 70’s began to reap the fruits of the research on the 

infrared radiation. It was in those years when there were some companies that initiated 

the marketing of infrared technology, as Inframetrics in America (Boston), or AGA in 

Europe (Sweden), which distributed the first infrared scanner in 1965, which was 

subsequently bought, like Inframetrics by FLIR Systems, the leading manufacturer of 

infrared technology available today (López, 2010). 

We could say that one of the most evolutionary steps on IRT occurred in the 

early 80's, thanks to the development of sensors or microbolometer thermal effect. They 

are detectors that require no refrigeration and, therefore, can reduce the size and weight, 

as well as the cost of thermographic systems (González, 2006). This new technology 

represented a significant improvement in the quality and size of the infrared cameras. 

Since then, they are capable of achieving higher spatial resolution without making noise 

(Maldague, 2001). 

The concept of quantitative infrared thermography emerged strongly in the 90’s 

using models to predict the thermal human behaviour, improving the diagnosis and 

allowing the user to further quantify certain parameters (Balageas, 2007). 
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The current thermographic media have evolved considerably, making 

technology more accurate, powerful, quick, instant and easy (Diakides & Bronzio, 

2007). Furthermore, research in the field of infrared detection is enabling increasingly, 

higher quality and cheaper instruments, encouraging their application in domain not 

only experimental, but daily practice (Lee & Cohen, 2008). 

1.3. INFRARED THERMOGRAPHY APPLICATIONS 

 Scientific literature is full of examples of the increasing interest on IRT, not just 

in the sectors where IRT is already settled and integrated, but also in the new potential 

ones. As table 1 shows, Maldague (2001) ordered most of these applications based on 

the field of action. In this case, we will use a classification divided between object and 

living beings applications. 

Table 1.- Classification of the most common object applications of IRT (Adapted from 
Maldague, 2001). 

Fields Applications 

Buildings Cracks in the walls, moisture assessment, roofs, liquid level in stagnant water 
tanks. 

Materials 
Efficiency of the braking system of the automobile inspection of aircraft 
structural components, inspection of welds. 

Degradation of EPROM (Erasable Programable Read-Only Memory). 

Defect detection 
Corrosion metals, detection of cracks, etching, inspection of turbine blades. 

Coating wear, fatigue tests, detection of cracks closed. 

Maintenance 
Fans and compressors, pipelines, cooling, coating. 

Rotary kilns, turbine blades, electrical, gas leaks 

Properties 

Thickness of the ceramic layer, thermophysical properties, the coating stages 
steel moisture anisotropic material characterization. 

Measurement of the thermal conductivity of CFRP, adherent strength, depth 
profile of the thermal conductivity.  

Public services 
Forest fire detection, locating people in fires or at night. 

Traffic monitoring, military target detection. 



 
                                                                                                                 Introduction  

________________________________________________________________________________________________________________________________________ 

13 

1.3.1. OBJECT APPLICATIONS 

In the first group, we identify the sector of military applications. Despite its 

strict confidentiality, some studies came out in order to clarify the use of thermography 

in this area, going from night vision through detection of facilities, vehicles or humans, 

until missile guidance (Manea et al., 2008). The start of this application seems to be 

World War I, when Theodore Case developed infrared sensors to detect enemy aircraft 

(López, 2010). After the World War II, most of this military technology was 

declassified and the applications developed by IRT arrived to the civil society, mainly 

in the field of engineering. 

Industry is meant to be one of the most important sectors of application for IRT. 

Its usefulness is largely described in literature, in sectors like steel production, electrical 

equipment or high voltage facilities (Nonaka et al., 1998). One of the most current 

topics on industry application are non-destructive tests (TNDE = Thermograpic Non-

Destructive Evaluation), which started with the purpose of J.T. Nichols in 1935 about 

uniformity steel temperature test (Maldague, 2001) and it still generates studies with 

several structures and materials (Titman, 2001; Clark, 2003; Marinetti, 2000). Other 

industrial application is gas leak detection (Lewis, 2003). 

Near to the industry field, thermography has been largely used on the 

construction of structures, buildings and facilities. Building and structures inspection is 

currently one of the strongest markets of infrared thermography, due to the availability 

of doing fast and economic evaluation of surfaces, facades, detecting thermal or cold 

bridges and diagnosing building states (Balaras & Argiriou, 2002; Avdelidis & 

Moropoulou, 2004). In addition, the electric and engine maintenance, leak detection in 

heat or humidity, or research and development of insulation products are other 

applications on this field (Lyon, 2004; Sham et al., 2008; Viale et al., 2007). 

In the recent years, other applications have been developed related to the field of 

construction: 

 Inspection of historic structures (Avdelidis & Moropoulou, 2004). 



 
                                                                                                                 Introduction  

________________________________________________________________________________________________________________________________________ 

14 

 Expertise of the integrity of structures and structural materials (Titman, 

2001). 

 Diagnosis of buildings (Balaras & Argiriou, 2002) 

 Analysis of material fatigue (Luong, 2000). 

Likewise, the procedure for thermal inspection of a building using IRT has been 

standardized in the European law EN 13187: 1998. "Thermal performance of buildings. 

Qualitative detection of thermal Irregularities in Building Envelopes-Infrared Method". 

Recently, many applications related with the environment and agriculture has 

been successfully developed, such as flowers and trees frost protection (Wisniewski et 

al., 1997) or monitoring sea or river pollution (Meola et al., 2004). 

1.3.2. LIVING BEINGS APPLICATIONS 

Besides, IRT has also many different applications on animals. We had the 

temptation of call this second section “human applications”, but the work done with 

thermography in animals is so relevant that missing the veterinary applications would 

be a huge mistake.  

Animal application of IRT is focused on the detection of thermal asymmetries, 

which could be associated with some kind of pain, injury or abnormal state that animals 

are not able to express. The literature is rich on works about this application of IRT 

(Speakman & Ward, 1998; Kastberger & Stachl, 2003; McCafferty, 2007) and more 

specifically on its diagnostic use (Stewart et al., 2008). It could be surprising for 

someone who is not related to that field, to discover how many studies have been done 

about the application of IRT on horses, particularly on racehorses (Stromberg, 1973; 

Webbon, 1978; Turner, 1991, 2001; Kulesza et al., 2004; Ciutacu et al., 2006; Fonseca 

et al., 2006; Berkman, 2011; Çetİnkaya & Demİrutku, 2012). 

But obviously, IRT has been used as well on human beings. The first logical 

step of IRT on the “human field” is medicine, and taking into account that the 

relationship between human Skin temperature and disease is almost as old as medicine 
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itself, we are speaking about a long relationship. Hippocrates with his definition of 

fever, Galileo and his thermoscope or Carl Wunderlich with the development of the 

clinical thermometer are the big names of this long affiliation (Ring, 2006), but we have 

to wait until the 20th century to find the meeting point between IRT and medicine. 

There is not a common version about the first use of medical thermography: 

Ring et al. (2007) set this point in 1959, when The Royal National Hospital of Bath 

(UK) used the prototype system called “Pyroscan”; however, Jiang (2005) and 

Mikulska (2006) affirmed that the first practice of diagnostic thermography was made 

by R. Lawson in 1957, detecting warmer areas over a breast tumour. Nevertheless, Berz 

and Sauer (2007) contradicted these statements, setting 1928 as the first time that an 

infrared image was taken from a subject (Czerny, 1929) and 1952 as the starting point 

of medical thermography with the application of an infrared system developed by 

Schwamm and Rhee (Ring, 2006). 

From that moment different electronic devices were developed for measuring 

infrared radiation: as contact thermography, liquid crystal devices and electronic 

thermometers. The first infrared cameras, although rudimentary, were very important in 

the world of medicine, since they were able to record temperatures without contact. 

Instead, it must be said that they had serious shortcomings in terms of thermal and 

geometric resolution, or other factors such as stability and measurement accuracy or 

reproducibility, and had a very high cost for use in clinical practice. 

What is sure about medical thermography during its first steps is its diagnostic 

perspective. Since the early 1960’s, the development of this technique was focused on 

discovering the validity of IRT to diagnose pathologies (Liu & Xu, 2000). During the 

80's improved infrared cameras were used (examples; Zeiss camera Icotherm 680 1985 

or AGA Medical) for the diagnosis of diseases and muscle injury (Devereaux et al., 

1984). However, since the main objective was to diagnose pathologies, specialists opted 

for emerging technologies such as X-rays, ultrasound devices or magnetic resonance 

imaging, technologies that provided greater accuracy, thoroughness and efficiency in 

diagnosing. Consequently, IRT underwent a rejection period during the 90’s not just for 
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the poor quality of the imaging systems, but also a lack of methodological standards and 

quality assurance (Head & Elliot, 2002). 

However, in recent reviews, Lahiri et al. (2012) and Ring & Ammer (2012) 

described a large list of diseases or disorders where IRT could be used as diagnostic 

tool, as for example: 

 Detection and diagnostic of breast cancer (Isard et al., 1972; Markel & 

Vainer, 2005; Ng, 2009) and skin cancer (Herman & Cetingul, 2011). 

 Location of cardiovascular and neurological diseases (Tham et al., 1990). 

 Management of pain points (Hooshmand et al., 2001a and 2001b; Ribera, 

2008). 

 Monitoring and support tool during surgery (Mikulska, 2006). 

 Diagnosis of Complex Regional Pain Syndrome CRPS (Huygen et al., 2004; 

Niehof, 2007). 

 Assessment of the severity of burns and dermatological diseases (Rumiński, 

2007; Zhu & Xin, 1999; Vargas et al., 2009; Di Carlo, 1995). 

 Deep vein thrombosis (Cooke & Picher, 1974) 

 Lateral epicondylitis (Binder et al., 1983) 

 Stress fractures (Devereaux et al., 1984; Goodman et al., 1985). 

 Rheumatic diseases (Collins et al., 1974; Ring et al., 1988, Cherkas et al., 

2003). 

 Neuropathies (Bruehl et al., 1996). 

 Diabetes diagnosis (Sivanandam et al., 2012). 

 Monitoring changes in grafts and ulcers (Birch et al., 1969). 

 Dental diagnosis (Sudhakar et al., 2011). 

 Tool in forensic and legal issues (Ammer & Ring 2005c; Ring et al., 2007; 

Ring et al., 2012). 

 Fever detection (Chiang et al., 2008; Nguyan et al., 2010). 
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Nowadays, IRT technology has considerably evolved, making IRT more accurate, 

powerful, fast, and simple. Althoug IRT is not as objective as other methods of 

diagnosing diseases in the functioning of the human body systems (i.e. X Rays or 

Magnetic Resonance Imaging), it may be sufficiently accurate and reliable to be used as 

a complementary tool, which brings thermal information about the theoretical thermal 

equilibrium body that, a priori, musculoskeletal structures should have in a natural and 

healthy state (Uematsu et al., 1988; Niu et al., 2001). The thermal asymmetry in body 

areas can help detect early overload and skeletal muscle fatigue, and therefore help 

prevent injuries in people who practice sport and physical activity (Gómez Carmona et 

al., 2008; Hildebrandt et al., 2010; Sands et al., 2011). 

Improvements on infrared cameras in the last decade could mean the revival of 

IRT in the upcoming years (Lahiri et al, 2012; Ring et al., 2012). However, we should 

not forget the weak points of IRT, which have relegated this technique for decades 

(Head et al., 2002). In order to correct the mistakes of the past, we suggest two 

strategies: firstly, opening IRT to new perspectives and sectors as for example, 

evaluation, monitoring and prevention of injuries and diseases (Hildebrandt et al., 2010; 

Sillero et al. 2010; Gómez Carmona, 2012) or physical condition and performance 

evaluation (Chudecka & Lubowska, 2010; Akimov & Son’kin, 2010), far from 

diagnostic perspective; and secondly, suggesting a comprehensive classification of 

influence factors, in order to reduce their impact by knowing their existence and 

controlling as much as possible their effects with standardised protocols (Ring, 2000; 

Costello et al., 2012).  

1.3.2.1. Application of IRT on physical activity and sport field 

As mentioned above, current IRT have evolved considerably (see table 2) 

making technology more accurate, powerful, fast, instantly and easily. Even if IRT is 

not as objective as other diagnostic methods such as MRI, ultrasound or X-rays, it is 

sufficiently accurate and reliable to be used in other fields like the physical activity and 

sport one. 

IRT in the field of physical activity and sport has had little significance, and the 

existing works are quite scarce and mainly from the medical sector. Regarding high 
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performance sport, the first investigations were done in the 70’s by several research 

groups. Among them we highlight the Clinical Research Center from Middlesex UK 

(Clark et al., 1974, 1977a and 1977b), University of California (Wade & Veghte 1977, 

Veghte et al., 1979), Universitätsklinik Orthopädische München Germany (Keyl & 

Lehnart, 1975) and in the 80's took over the research group of Addenhrooke's Hospital 

from Cambridge (Devereaux et al., 1986; Devereaux et al., 1984; Binder et al., 1983). 

It was not until the 90’s when research groups such as the New York Hospital 

Selden (BenEliyahu et al., 1990; BenEliyahu et al., 1992), the CAM Sport Monza in 

Italy (Garagiola & Giani, 1990; Garagiola & Giani, 1991; Giani et al., 1989), and the 

Department of Physiology from the Ruhr-Universität in Bochum, Germany (Hunold et 

al., 1992) began to investigate in depth in populations of athletes. Most studies related 

to thermography in the field of sport are quite old and conclude that this method is 

helpful for the diagnosis of injuries and appears to be an ideal tool for monitoring the 

progress of the lesions and the effectiveness of their treatment (Devereaux et al., 1984; 

Busoni et al., 1988; Devereaux et al., 1986; Garagiola & Giani, 1990; Giani et al., 1989; 

Keyl & Lehnart, 1975, Binder et al., 1983, BenEliyahu et al., 1990). All these studies 

were conducted in the medical field in order to diagnose diseases or injuries. 

Table 2.- Improvements on IRT technology (based on Hildebrandt et al., 2010 and Ring & 
Ammer, 2012). 

OLD FEATURES NEW IMPROVEMENTS 
Liquid detector cooling Uncooled camera technology 
Single element detector Focal plane array detector 
Slow mechanical scan mechanism Real time, high-speed imaging. Multi-elements arrays 
Low resolution camera High-resolution camera (up to 1280x1024 pixels) 
Analogue conversion and computing Digital conversion (real-time transfer from camera to PC) 
No standardization methods Standardization protocols for medical use 
Gray shade images Color visible images (different palettes) 
Expensive, big in size, not mobile Affordable, smaller and fully mobile (less than 1 kg) 
Predominantly low sensitivity Improved sensitivity (0.025ºC) 
Insufficient software and tools User-friendly image processing software 
2D images 3D, 4D and superimposition 
Low average speed rates (1-16 fps) High average (until 200 Hz per second) 
IRT images High-resolution video 
Poor accuracy Mild accuracy (1ºC or 1% of reading) 
Concrete and poor temperature range From -20ºC to +600ºC 
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From middle 90’s until recent years, research in the field of sport has declined 

considerably, exclusively highlighting the progress made in veterinary sector, 

specifically in the field of equestrian competition, with the aim of detecting diseases in 

racehorses (Autio et al., 2006; Ciutacu et al., 2006; Kulesza et al., 2004; Turner, 1991). 

It is not until 2007 when research groups such as the one from the University of 

Ljubijana (Slovenia) (Čoh & Širok, 2007) and pemaSiP research group from the Faculty 

of Physical Activity and Sport Sciences (UPM, Spain) (Gómez Carmona et al., 2008) 

began to investigate the application of IRT without a diagnostic purpose. It is precisely 

from this point on that thermography opens up the field of physical activity and sport to 

a large list of new applications, as for example: 

 The quantification of training workload (Čoh & Širok, 2007). 

 Detection of posture, anatomical and biomechanical imbalances (Abate et 

al., 2009). 

 Evaluation of fitness and performance conditions (Chudecka et al., 2010 and 

2012; Akimov et al. 2009; Merla et al., 2010; Arfaoui et al., 2012). 

 Detection of Delayed Onset Muscle Soreness (DOMS) (Al-Nakhli et al., 

2012). 

 Prevention and monitoring of injuries (Hildebrandt et al., 2010 and 2012; 

Sands et al., 2011; Sillero et al., 2010; Gómez Carmona, 2012). 

 Detection of lactate threshold (Akimov & Son’kin, 2011). 

In the concrete case of the research group of the Technical University of Madrid 

(UPM), a new perspective of application is given to IRT: the assessment, prevention 

and monitoring of injuries of high performance athletes and amateurs in order to 

improve their health, quality of life and performance. They use IRT for assessing the 

workload exercise assimilation in order to prevent injuries or, if they have occurred, to 

monitor them and to improve rehabilitation and recovery programs prior to the 

incorporation to the normal activity (Gómez Carmona, 2012). 
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1.4. FACTORS INFLUENCING THE APPLICATION OF IRT ON 

HUMANS 

Working with IRT requires taking into account many factors, which could 

influence either the evaluation or the interpretation of thermal images (Zaproudina et 

al., 2008). Pretending to control such a quantity of factors could entail an “impossible 

mission”, but in many cases, just the knowledge of these factors is a first but important 

step. Therefore, the main objective of this chapter is to propose a classification of IRT 

influence factors on humans. In order to make a clear division, those factors will be 

divided in three main groups (see figure 5).  

 Environmental factors: Related to the place where the evaluation is made. 

 Individual factors: Those related to the subject assessed and his personal 

characteristics, which could influence skin temperature (Tsk). Those will be 

divided in intrinsic and extrinsic factors. 

 Technical factors: Linked to the equipment used during the IRT evaluation. 

 

Figure 5.- Representation of IRT influence factors classification on humans. 
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1.4.1. ENVIRONMENTAL FACTORS 

As the first group of factors, we described those related to the natural characteristics of 

the place where the IRT evaluation is made. Environmental factors are very important, 

and unlike the individual factors group, they are more controllable. 

1.4.1.1. Room size 

The room itself is not a remarkable influence factor; however, it must meet 

certain basics requirements in order to stay as a neutral place. The cubicle should be 

enough big to locate the evaluation equipment and patient, and as well to maintain a 

homogeneous temperature in the whole room. The minimal room size recommendation 

is 2x3 meters, but a larger room would be desirable (Ring, 2000; Ammer & Ring, 

2007). 

1.4.1.2. Ambient temperature 

There is no doubt about the importance of the ambient temperature for most 

applications of IRT on humans (Ammer & Ring, 2005b; Harada et al., 1998; Ivanitsky 

et al., 2006). Therefore, the majority of references on literature suggest a range of 

temperatures from 18ºC to 25ºC (see table 3), because the subject is likely to shiver 

under lower temperatures and to sweat over 25ºC (Ring, 2000; Ammer & Ring, 2007; 

IACT, 2002; Mabuchi et al., 1997).  

Some authors have described the variations of Tsk in different ambient 

temperatures (Vegthe, 1965; Livingstone et al., 1987; Fisher et al., 2008; Pascoe & 

Fisher, 2009; Liu et al., 2011). More concretely, Ring and Ammer (2000) explained that 

there is an ideal ambient temperature depending of the examination aim. A warmer 

ambient (from 22ºC to 24ºC) is recommended for extremities evaluations, due to the 

influence of the sympathetic nervous system and the tendency of extremities to have 

cooler Tsk under low ambient temperatures. In contrast, inflammatory lesions are easily 

localized in cool conditions (below 20ºC). Garagiola & Giani (1990) described 21ºC as 

the perfect ambient temperature, because it is the temperature with highest infrared 

emission values on the skin. 
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Nevertheless, recent studies with IRT have described a high correlation between 

skin and ambient temperature, and consequently the possibility to normalize Tsk 

through a regression formula regardless of the ambient temperature (Gómez Carmona, 

2012). These results are similar to those given by the mathematical modelling 

developed by Deng and Liu (2004), or the experiment carried out by Pascoe and Fisher 

(2009) where the Tsk increases proportionally with the ambient temperature (Deng & 

Liu, 2004). A consensus on this issue should be reached in this regard in order to 

establish an appropriated correction formula for standardizing temperatures registered 

under extreme environment conditions. 

Finally, a matter related with ambient temperature is the acclimatization or 

equilibration period (see table 3). The time required to reach an adequate stability in Tsk 

is set around 15’ (IACT, 2002), nevertheless, different equilibration periods are used 

throughout the literature when using IRT: from 10’ (Akimov & Son’kin 2011, Ring et 

al., 1974), 15’ (Zaproudina et al., 2006), 20’ (Chudecka et al., 2010) to 30’ (Roy et al., 

2006) or even 60’ (Livingstone et al., 1987). After 30 minutes of acclimatization, Tsk 

could suffer oscillations resulting in thermal asymmetries between left and right sides 

(Roberts & Goodman, 1987).  

Table 3.- Experimental conditions used by several authors (based on Lahiri et al., 2012). 

   Experimental conditions 

Authors  Year Study 
Ambient 

  temperature (ºC) 
Acclimatitation 

 time (min) 
Akimov & Son’kin 2011 Lactate thershold 21-22 10 
Kolosovas et al. 2011 Distribution children 22 ± 1 15 
Bagavathiappan et al. 2010 Diabetic neuropathy 25 5 
Chudecka et al. 2010 Handball players during training 25 20 
Merla et al. 2010 Graded exercise in runners 23-24 20 
Hildebrandt et al. 2010 Sports medicine 21.5-22.3 20 
Bouzida et al. 2009 Thermoregulation 24 ± 2 10 
Savastano et al. 2009 Adiposity 23.1 ± 0.2 20 
Zaproudina et al. 2006 Low back pain 23-25 15 
IACT 2002 Guidelines 18-23 15 
Ammer 2002 Manual examination 24 15 
Ring & Ammer 2000 Guidelines 18-25 10-30 
Gratt & Anbar 1998 Facial telethermography 21-23 15 
Uematsu et al. 1988 Thermal asymmetry 23-26 20 
Devereaux et al. 1985 Rheumatoid arthritis 20.5 ± 0.5 15 
Feldman et al. 1984 Cervical spine standards 20 10 
Gershon-Cohen et al. 1968 Thermography of smoking 24 15 
Branemark et al. 1967 Diabetes mellitus subjects 18-20 15-20 
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Hart and Owens (2004) carried out an interesting investigation, where a constant 

decrease of Tsk was observed along 31 minutes acclimatization, with stabilized patterns 

after 16 minutes. Nevertheless, there was a high variation among participants and they 

analysed only paraspinal Tsk. Due to this lack of consensus, Fisher et al. (2008) carried 

out a study to highlight that previous extreme environmental conditions could 

significant affect Tsk, being 15 minutes not sufficient as most of reference suggest. 

1.4.1.3. Humidity 

The effects of humidity on skin have been already described (Reinikainen & 

Jaakkola, 2003). Despite the common report of humidity indicators on articles where 

IRT is used on humans, it is rarely to find the reasons why the authors control this 

parameter. IACT recommends keeping humidity under control (2002), and Amalu et al. 

(2007), specified that humidity should be controlled to prevent shivering or perspiring, 

but none of them specify between which ranges. In the literature, most of studies are 

done from 40% to 70% relative humidity (Torii et al., 1990; Teunissen & Daanen, 2011; 

Chudecka et al., 2010; Merla et al., 2010; Ferreira et al., 2008; Zaproudina et al., 2006; 

Zontak et al., 1998; Uematsu et al., 1988; Nakayama et al., 1981). 

Humidity could influence IRT evaluation in two ways: first of all, the particles 

of the steam have a potential (but minimal) capacity of irradiate infrared emissions 

(Sherway & Beichner, 2002; IACT, 2002); and secondly, there is a direct effect of 

relative humidity on Tsk. 

Authors like Pascoe and Fisher (2009) have described the huge relation between 

ambient temperature and humidity, and Deng and Liu (2004) explained it through his 

mathematical modelling. In contrast, the results from Gómez Carmona showed a poor 

correlation (Gómez Carmona, 2012) in Spain. Further investigation about the isolated 

effect of humidity on Tsk should be done in order to set a concrete range and describe 

specific skin responses to different relative humidity percentages. 

1.4.1.4. Atmospheric pressure 

Related to ambient temperature and relative humidity, atmospheric pressure is 

often ignored in the most of references. Gómez Carmona (2012) studied the correlation 
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between these three factors and Tsk obtained through IRT, finding ambient temperature 

as the most influencing factor (r=0.96) and humidity as the less influencing one 

(r=0.05). Surprisingly, the author found a significant influence of atmospheric pressure 

on Tsk (r=0.54) over the 730 IRT images analysed. Further investigation is need to 

identify the ideal range of atmospheric pressure to evaluate humans with infrared 

thermography. 

1.4.1.5. Source Radiation 

Besides the requirement of room size, several guidelines pointed out the 

importance of isolating the room from any source of infrared radiation (as windows, 

heating ducts, water pipes, heating lights, or airflow) (IACT, 2002). It is even suggested 

to carpet the room or have a well-insulated rug area in the data collection room. Setting 

as background non-reflective materials is also very important in order to avoid any 

reflection source (Hildebrandt et al., 2010). 

Indeed, many studies set a known temperature source (black body) into the 

thermogram with the aim of having a reference temperature for calibrating the potential 

error on measurement accuracy of IRT cameras (±2%). Ring (2000) asserts that, despite 

the internal reference temperature of many current thermal systems, an external 

temperature reference source for calibration is highly recommended to improve the IRT 

results (Simpson et al., 2008).  

1.4.2. INDIVIDUAL FACTORS 

As we described in the environmental factors, is possible to control them if a 

standardized protocol is followed. Nevertheless, the group of factors concerning the 

individuals is simply so huge and complex that pretending to control all of them, at least 

at the moment, is just utopic.We have no doubt, that one day the results of further 

investigations will make more affordable the control of this factors, but momentarily, a 

list of them seems to be necessary in order to take them into account. 

We establish a division in this group: in one hand, we propose a group called 

“intrinsic” factors, which belong to the nature of the individual permanently or with a 

long-term effect; on the other hand, we will consider the “extrinsic” factors, which are 
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supposed to be temporal and external, and normally related to the personal habits or the 

daily activity of the subjects.  

By evaluating someone with IRT, we strongly recommend to annotate all the 

factors that we are going to list. Some of them are obvious -as gender, skin humidity or 

hair density- but most of them are hidden and could definitively influence the Tsk, and 

thus the utility of IRT. One of the main aims of this classification is become any 

Thermographic Professional aware about the importance of building their own 

questionnaire to take into account all the factors, even those which may be have been 

forgotten. Acclimatization period could be the perfect moment to survey the subject. 

1.4.2.1. Intrinsic factors 

Intrinsic factors are those naturally belonging to the subject, mainly related with 

biological and anatomical parameters. Literature on this topic is reduced and it has been 

suggested further and deeper investigation in order to determine the influence of those 

factors on Tsk (Hildebrandt et al., 2012). 

1.4.2.1.1. Gender 

Being a man or women may influence the Tsk pattern (Hardy & Du Bois, 1940). 

Higher tympanic temperatures were shown on women (Chamberlain et al., 1995), a 

higher upper body Tsk also on women (Hashiguchi et al., 2010); in addition, intestinal, 

rectal, pectorals and hand temperatures were higher on females (van Ooijen et al., 

2001). However, the reasons of the thermal differences between man and women are 

unclear (Baker et al., 2001). Three main reasons could be the responsible of the gender 

differences on Tsk: the menstrual cycle, the subcutaneous fat and the metabolic rate.  

Many articles have been written about the influence of menstrual cycle on body 

temperature (Grucza et al., 1993; Coyne et al., 2000; Baker et al., 2001; Sund-Levander 

et al., 2002), but less about its influence on Tsk (Bartelink et al., 1990) and even less 

using thermography. A main statement is shared about the differences between luteal 

(warmer temperatures) and follicular phase (colder temperatures), comparing to the 

evolution of men (Baker et al., 2001) (see figure 6). Nevertheless, no differences were 

found in vascular or autonomic nervous system reactivity during the menstrual cycle 
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(Cankar & Finderle, 2003) but after menopause, the thermoregulatory control of the 

skin blow flow could be reduced (Charkoudian, 2003). 

It has also been published many literature about the relationship of subcutaneous 

fat and the Tsk differences between men and women. Hardy and Du Bois (1940) 

described it as a “thicker layer of insulation against cold”, asserting that women have a 

physiological advantage comparing to men, based on a better adaptation to warmer 

environments, a larger thermal comfort zone and a different higher sweating threshold. 

In contrast, the study of Karki et al. (2004) describes thermal gender differences after a 

knee washout due to the tendency of women to have higher fat percentages, thus they 

were more isolated and kept warmer temperatures after the cold stimulation. Recently, 

Fournet et al. (2011) described only Tsk differences in the thigh between males and 

females due to the local body fat, and they concluded that the lower overall mean Tsk of 

females were not due to the subcutaneous fat, but to the metabolic rate. 

Figure 6.- Tendencies of rectal temperatures between women in luteal and follicular phases and 
men (adapted from Baker et al., 2001) 

Therefore, metabolic rate plays also an important role on Tsk gender differences. 

This effect has been described by several authors (Hardy & Du Bois, 1940; Shapiro et 

al., 1980; Havenith, 2001), but none of them used IRT as tool to measure Tsk and the 

context was usually under extreme conditions.  
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Besides these three factors, there are other studies with IRT like the one 

conduced by Haas et al. (2007), showing male faster rewarming period in hand local 

thermal regulation after a cold stimulation. It could be due to a theoretical more 

prevalent reflex mechanism in men. 

As conclusion, it seems that gender may influence human IRT results, however, 

Zaproudina (2012) recently used IRT to describe non-significant gender-related 

differences in Tsk. In spite of that, it is still necessary deeper research on this topic 

using IRT as tool for Tsk assessment. 

1.4.2.1.2. Age 

It seems clear that temperature and age are related, but the question is how 

strong is this relationship and how Tsk get affected by it. Through the literature, several 

references were found, but from different perspectives. 

One of the most interesting and graphical descriptions of the evolution of 

temperature through the age, is the work conduced by Chamberlain et al. (1995), 

showing with a sample of 2447 subjects of different age groups, how tympanic 

temperature get lower in elderly groups, with a huge decrease until 15 years old (see 

figure 7). Niu et al. (2001) described in normative IRT study about subjects in Taiwan, 

slightly lower Tsk in elderly than young subjects. 

Figure 7.-. Evolution of Tympanic temperature through the age (adapted from Chamberlain et 
al., 1995) 
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The reasons for a temperature descend with age could be related to a poorer 

metabolic rate, and to a decrease on heat dissipation abilities (Petrofsky & Lohamn, 

2006). An age-related impairment of vasoconstriction and vasodilation has been 

documented, as well as a reduction of the Skin Sympathetic Nerve Activity (Kenney & 

Armstrong 1996; Holowatz & Kenney, 2010). Weinert (2010) has also described how 

circadian rhythm is modified with aging. 

Tsk has been observed in several group ages, as for example: neonates. IRT was 

found a very interesting tool to assess neonates in order to control a normal Tsk 

distribution and the adaptation to the new environmental conditions after the birth 

(Clark & Stothers, 1980; Hanssler & Breukmann, 1992; Christidis et al., 2003; Knobel 

et al., 2011). A recent study with a sample of Mexican children shows a lower Tsk 

variation in the early ages (Kolosovas-Machuca & González, 2011). However, it seems 

that after puberty, a long period of Tsk stability started, not being significantly modified 

until advanced stages of age. Therefore, Zaproudina (2012) did not find age as influence 

factor in their studies with samples between 18 and 28 years old. 

Two investigations with IRT comparing young (around 23 years old) and elderly 

(over 60 years) groups have described important age differences (higher of 1ºC) of 

temperature in hands and feet (Rasmussen & Mercer, 2004) and limbs (Ferreira et al., 

2008), being always lower in the elderly group. On one hand, Ferreira (2008) got results 

of slower heat dissipation on elderly limbs after exercise; on the other hand, Rasmussen 

and Mercer (2004) described a slower rewarming process in elder people after local 

cooling on hands and feet. 

1.4.2.1.3. Anthropometry 

The problem that we face by making a classification of anatomical parameters is 

the high relation between them. At this point, we wanted to gather the factors regarding 

the anatomical structure of the person, dividing it into two groups: factors concerning 

weight, and those related to the subject’s height. Obviously, the relations with other 

factors like gender would be high, but our aim is to evaluate the independent influence 

in itself. 
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1. Height 

Less has been written about the influence of human height on Tsk. Havenith 

(2001) explained in a review article the role of human surface on body temperature: 

“Heat loss is proportional to the gradient between skin and environment, […] and to 

the surface area available for heat exchange […] and thus a high body surface-to-mass 

ratio would provide a high heat loss surface area relative to the heat production 

volume. In effect, this implies that smaller people (i.e. females) should be at an 

advantage in the heat over bigger people (males)”. The same conclusions were reached 

by an article, where IRT was used by assessing hand and finger rewarming patterns 

(Hass et al., 2007), concluding as well, that a higher ratio on surface-area-to-volume (in 

females) entails a higher heat loss.  

However, no study was found relating size in cm in itself (regardless gender) 

and Tsk pattern, going deeper on their likely influence. 

2. Weight 

Weight is directly related to height and parameters as Body Mass Index (BMI). 

Therefore, some of the conclusions from this point could be related to those from the 

previous point or the one talking about gender or age. However, the most outstanding 

relation of weight could be with subcutaneous fat. The thermal isolating proprieties of 

adipose tissue have been considered one of the most important influences on individual 

thermal pattern (Glickman-Weiss et al., 1996). 

Leblanc (1954) described that variations in Tsk between different persons could 

be due to differences in fat thickness. Livingstone et al. (1987), in an interesting article 

using IRT and thermistors, shown results of cooler Tsk on areas with greater skinfold 

thickness. Furthermore, they explained larger variations of Tsk among subjects with 

higher body fat at cooler ambient temperatures (18ºC), variations that get lower as far as 

ambient temperature gets warmer (23ºC and 28ºC). 

Savastano et al. (2009) showed through thermography the characteristics of 

thermal pattern from obese subjects under thermoneutral conditions. They referred a 
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thermoregulatory compensation that relates reduced heat loss to high abdominal fat, 

accompanied by augmented heat dissipation on the hands. Karki et al. (2004) suggested 

that lower temperatures on knee women could be due to higher fat percentages. In 

contrast, Fournet et al. (2011) examined Tsk in the cold before and during exercise, 

founding an inverse relation between Tsk and skinfold thickness on anterior torso, but 

not on the back sites. He could not find any relation between the body temperature and 

the sum of all skinfold measured. 

Therefore, an inverse relation has been shown between body fat and Tsk, but 

only in some body areas. Further investigations are required in order to increase the 

knowledge about the thermal pattern of other body areas. 

1.4.2.1.4. Circadian rhythm 

Circadian rhythm and its influence on body temperature has been widely 

researched and described in many articles (Reinberg, 1975; Chamberlain et al., 1995). 

Binder et al. (1983) and Salisbury et al. (1983) showed in different articles with IRT, 

higher Tsk in diurnal assessments. Ring contributed as well highlighting that the more 

stable phase to assess Tsk is before 12 pm (acrophase) in UK subjects (Ring, 1990). 

A distinction must be done between works done about body and Tsk. The body 

thermoregulation works by a gradient between the body core and Tsk, allowing heat to 

be exchanged with the environment by means of convection and radiation (Waterhouse 

et al., 2005). Therefore, the current charts describing the evolution of rectal, gut or 

axillary temperatures (core temperatures) (Kelly, 2006) should be not taken as 

representative of what happen at skin level. 

The most interesting findings were done by Krauchi and Wirz-Justice (1994), who 

described different Tsk depending on the body area. Proximal Tsk (infraclavicular 

region, thigh, and forehead) followed the same circadian rhythm as rectal temperature, 

meanwhile distal Tsk (hands and feet) were opposite in phase (Krauchi & Wirz-Justice, 

1994). There is no doubt that daily activity directly influence the variations produced on 

Tsk (Miyakoshi et al., 1998), nevertheless, further studies with more specific data about 



 
                                                                                                                 Introduction  

________________________________________________________________________________________________________________________________________ 

31 

the daily evolution of Tsk in different body areas will be helpful in order to better 

understand daily variations. 

In addition to that, several authors have research about the best daily time to 

practice physical activity, considering the daily skin and body temperatures (Reilly & 

Garnett, 1995; Morris et al., 2009). Most of them agree that better performances are 

reached during the evening due to a better body ability to remove heat load (Aldemir et 

al., 2000; Arnett, 2002; Torii et al., 1995).  

1.4.2.1.5. Hair density 

When we see for the first time a human thermal image, it surprises us the 

distribution of colours all around the skin, the background darkness or the cold 

temperaturse of some human areas as hands or head. It is obvious than hair plays an 

isolating role on human thermoregulation. However, it is difficult to find references 

about the potential influence of hair density or length in other body areas. 

Barnes (1963) described the hair as an avascular item, which appears cold being in 

balance with room temperature. Ng (2009) spoke about influence factors for skin 

emissivity, mentioning the presence of hair as one of those factors. Uematsu et al. 

(1988) indicated the unpredictability of Tsk on hairy areas, and Togawa and Saito 

(1994) described lower values of temperature on body areas with hair.. But surprisingly, 

no guidelines, protocol or article have analysed the differences between hairy and 

hairless Tsk surfaces. Only Merla et al. (2010) mentioned that the subjects who took 

part in his study, should remove the body hair 5-6 days before the evaluation in order to 

obtain the most accurate thermal imaging. 

Most references about hair influence are on animal sector (Smith, 1964; Turner, 

2001; Auito et al., 2006). Obviously, hair presence on body human is not so common as 

in animals, but it is interesting to point out the potential influence in the cases were 

patients present important skin hairy areas. 
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1.4.2.1.6. Skin emissivity 

Skin emissivity is a current topic on literature. Since Hardy and Muschenheim 

(1934) wrote in 1934 the first article, many investigations have reported different 

values. However, despite these differences, it is certain than human skin emissivity is 

very high and constant, almost like a black body. 

Hardy wrote some works in the 1930’s analysing skin emissivity; they basically 

concluded that human skin emissivity was essentially that of a block body, and 

independently of the wavelength (Hardy & Muschenheim, 1934; Hardy, 1939).  

Some years later, Steketee (1973) published an interesting work reporting that 

emissivity is almost constant with a value of 0.98 ± 0.01, defending that the emissivity 

of black, white or burnt skin is the same and it is independent of the nature of the 

experiments (in vivo or in vitro) and in a range within 2 and 14 µm.  

Togawa (1989) described in his article about skin emissivity the most interesting 

results obtained by several investigations, analysing the factors and reason why the 

range obtained spread from 0.94 until 0.99. He suggested that results like those from 

Steketee (1973) were incorrect due to an underestimation of the Tsk because of a 

temperature gradient on the skin, setting the human Tsk on 0.97. 

Between the most recent published works, the one written by Sanchez-Marin et al. 

(2009) is the more relevant, contributing with an investigation where they established an 

emissivity of 0.996 at 10.6 µm.  

Despite the time passed since the first article from Hardy, it has not been still 

reached a consensus about the right value for skin emissivity. The colour of the skin 

plays a role on the emissivity, but the differences are suspected to be very small 

(Steketee, 1973). Although further research would be very interesting, it is clear that 

human skin emissivity ranges within 0.97 and 0.99 at a wavelength between 2 and 14 

µm (Togawa, 1989; Sanchez-Marin et al., 2009).  
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1.4.2.1.7. Medical history 

Human skin is call to be the natural protection of the body, a kind of biological 

shield that protect us against the environment dangers. In an utopian case, human skin 

should maintain a constant thermal pattern through the time, with the constant aim of 

keeping a body thermal balance or “homeothermy”. But following the example of the 

shield, lifelong exposure to many external factors (for example, solar radiation or scars) 

generates traces on human skin, breaking and changing the thermal pattern with 

permanent hot/cold spots, which could influence the correct interpretation of a 

thermographic image. 

Many articles have been published about the thermal responses of Tsk to injuries, 

diseases or wounds, but surprisingly, less have been written about the thermal effects of 

these causes that remain on Tsk once those are recovered or healed. 

Ring (1990) described two basic skin responses: increased and decreased 

temperatures or, in other words, hyperthermic and hypothermic patterns. In many cases, 

hyperthermia occurs when an inflammation or any other process related to a higher skin 

blood flow is present. Therefore, infections (Lambiris & Stoboy, 1981), tendinitis 

(Vecchio et al., 1992), bursitis, bone fractures (stress fractures included) (Goodman et 

al., 1985; Devereaux et al., 1984), tennis elbow (Binder et al., 1983), acute muscle 

injuries (Schmitt & Guillot, 1984), and other problems derived from inflammation or 

traumatic conditions have been already described. On the other hand, hypothermic cases 

could happen as consequence of degenerative processes (Rasmussen & Mercer, 2004), 

arterial or vein occlusion as deep vein thrombosis (Cooke & Picher, 1974), nerve 

damaged, reflex sympathetic dystrophy (Perelman et al., 1986; Bruehl et al., 1996), 

Raynaud’s phenomenon (Ammer, 1996a; Cherkas et al., 2003; Clark et al., 2003) or 

avascular tissues from wounds or burns (Orlov & Pil’nikov, 1974; Mason et al., 1981; 

Ammer, 2005c; Zhu & Xin, 1999). Moreover, other authors described how pain could 

represents both responses, hypothermy or hyperthermy (Pochaczevsky, 1987), or how 

temperature of skin changes due to diseases as allergy, brain lesions, cancer, Chronic 

Fatigue Syndrome, depression, febrile states, Human Immunodeficiency Virus (HIV), 

Insomnia, obesity, psoriasis and Thyroid function (Kelly, 2007).  
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However, there has not been described differences between the punctual or acute 

effects and the chronic consequences or long-term effects of those factors on the Tsk. 

Scars are a good example, but atypical on literature, lightly mentioned just in some 

articles (Barnes, 1963; Jones, 1998; Sherman et al., 1996; Littlejohn, 2008; Ring & 

Ammer, 2012). From our experience, other examples could contribute to illustrate this 

point, like the asymmetries that we have found after Anterior Cruciate Ligament 

injuries, were the affected areas maintain a constant asymmetry once the injury is 

completely recovered or even years afterwards (see figure 8). Varicose or superficial 

veins are also other examples found in literature about long term alterations of Tsk 

(Rosenberg & Stefanides, 1964; Bagavathiappan et al, 2009) (see figure 9). It has been 

documented that skin tattoos could lead to some different thermal pattern (Vermiglio et 

al., 2007)  

 

Figure 8.-. Subjects 9 months, 4 years and 6 months after an Anterior Cruciate Ligament 
surgery on the right knee. 

Therefore, we strongly suggest performing a medical anamnesis before a 

thermographic examination. Information about the main injuries, diseases and 

operations could provide us with essential information to understand potential chronic 

thermal asymmetries that may influence the interpretation of IRT images. 
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Figure 9.-. Some IRT images with varicose and superficial veins examples. 

1.4.2.1.8. Metabolic rate 

Jiang et al. (2005) described shortly that Tsk is the result from heat balance 

generated by metabolism and heat loss through thermal conduction, forced and natural 

convection, perspiration and exhalation. Therefore, the role of metabolism on Tsk is 

very important, but it is difficult to determinate how Tsk is affected by this factor 

(Garagiola & Giani, 1990; Deng & Liu, 2004). 

This relation between metabolism and Tsk made possible that IRT was considered 

as a valuable and accurate tool to quantitate heat loss and energy expenditure in human 

beings (Shuran & Nelson, 1991; Adams et al., 2001). Indeed, one of the most interesting 

applications of IRT on medicine (i.e. breast cancer) is based on the detection of a higher 

metabolism activity of carcinoma (Gauthiere & Gros, 1980; Ng et al., 2001 and 2009; 

Arora et al., 2008; Umadevi et al., 2011; Lahiri et al., 2012). But breast cancer is not the 

only application where IRT and metabolism are related. Diabetes is a metabolic disease, 

whose patients present abnormal temperature patterns in feet and hands due to the 

hyperglycemia caused by the insulin impairment (Branemark et al., 1967). Furthermore, 

recent studies insisted on the applicability of IRT as an accurate indicator of diabetes, 

even better than the blood sugar measurement (Jiang et al., 2002; Sivanandam et al., 

2012; Lahiri et al., 2012). 
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Finally, there are other studies reporting metabolic activation measured through 

IRT. Physical activity increases metabolism, generating a higher body temperature, 

which should be dissipated through the skin (Pennes, 1948; Petrofsky et al., 2011). In 

this sense, the IRT evaluation after any kind of physical activity could be a good 

indicator of metabolism activation, as Knab et al. (2011) showed increased energy 

expenditure even 14 hours after doing exercise. 

1.4.2.1.9. Skin blood flow 

Skin blood flow has been described, together with other factors as metabolic rate 

or the subcutaneous adipose tissue, as one of the more determining factors on the heat 

exchange process (Garagiola & Giani, 1991; Deng & Liu, 2004). Consequently, the 

relation between Tsk and skin blood flow is enough relevant to consider it as one of the 

main IRT influencing factor. 

Skin blood flow is related to the autonomic nervous system, whose control the 

vasoconstriction and vasodilatation of the capillary vessels to maintain the homeostasis 

(Charkoudian, 2003; Merla & Romani, 2006). Therefore, other influence factors (i.e. 

sweating or physical activity) may have a direct relation with skin blood flow. 

However, skin blood differs between subjects and may lead to variability on Tsk 

values (Charkoudian, 2003; Zaproudina, 2012). Some studies showed opposite reactions 

in same conditions as cold test or physical activity (Costello et al., 2012; Merla et al., 

2010), which could be explained by the fitness (Akimov et al., 2010), genetic (Wu et al., 

2010) or ethnic condition (Lambert et al., 2008). A deeper knowledge between skin 

blood flow and Tsk through IRT is required in order to understand the different 

influences of skin vascularity and Tsk.  

1.4.2.2. Extrinsic factors 

Following the classification proposed, extrinsic factors are considered as those 

affecting skin human temperatures for a certain period of time, having most of them an 

external origin. Considering the large list of external factors, a subdivision has been 

made in order to difference them according to their main characteristics: factors that 

could be considered as an intake but affect the Tsk, others that could be applied directly 
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on the skin, those related with therapies on the skin, or factors concerning physical 

activity.  

The knowledge of these factors is an essential to assess a thermogram because in 

the practice, the control of all of them is merely impossible. Although literature offers 

us many studies, there are factors more studied than others and, in most of cases, the 

duration of the effects and its intensity are not clearly described (Costello et al., 2012) 

1.4.2.2.1. Intake factors 

In this section we aim to describe the list of factors affecting the Tsk or emissivity 

due to the consumption or intake of medicaments, drinks or other products, which could 

influence temporally Tsk. 

1. Drug treatment or medicaments 

It is often to find recommendations about avoiding medicaments before a 

thermographic assessment (IACT, 2002; Zaproudina, 2012; Ring, 2000). Some general 

indications are shown about the nature of the drug treatments to avoid, but it does not 

exist a specific list of medicaments affecting the Tsk. 

It would seem easy to make a list with all the medicaments or drugs influencing 

the body thermoregulation, but according to the lack of a classification on literature it 

seems that this list is not so “evident”. Drug treatments can affect the Tsk, but so far, the 

main utility of IRT would be to evaluate the therapeutic effects of medicaments (Ring, 

1984). Based on the literature research done about IRT, we propose a medicament list 

based on five main groups: analgesics, anti-inflammatories, vasoactives, hormonal 

medicaments (contraceptives), prophylactics and anaesthesias. 

The first step on this field was made by Ring et al. (1974) and Collins et al. 

(1974), who started a number of works analysing the effects of different treatments for 

rheumatoid arthritis and gout on the IRT. They described how Tsk changed under the 

effects of Non-steroidal anti-inflammatory drugs (NSAID), intra-articular anti-

inflammatory steroid and analgesics during several days of treatment. IRT was 
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presented as a useful tool for the clinical testing of these drugs, using temperature 

changes in the affected joints as an objective marker (Ring & Ammer, 2012). 

Some years later, it was described that paracetamol augmentates Tsk in small 

joints, meanwhile a week was needed for the same effect with anti-inflammatory 

treatment (Bacon et al., 1977). More articles were published about NSAID and 

thermography (Handwerker, 1991). Indeed, Giani et al. (1989) showed the usefulness of 

IRT as tool to evaluate the application of NSAID in sport injuries. 

Other group of medicaments is related with hormones. The effects of this group of 

drugs are pretty complex, affecting directly the metabolism and thus the 

thermoregulation. Uematsu et al. (1987) described the flare effect on Tsk after 

intradermal injection of histamine.  

However, the most frequently used group of hormonal drugs is the contraceptives. 

They are able to significantly change daily temperature, shifting the whole curve 

upward until 0.6ºC (Baker et al., 2001). Other components as melatonin administration 

have shown effects on body temperature (Gubin et al., 2006). 

In the chapter of prophylactics medicaments, we found an example reported by 

Henahan (1982), who explained how Doctor Jan Frens “noted that many drugs act on 

the hypothalamus and other brain centers involved in controlling the body's 

thermoregulatory system”, showing how methysergide maleate, used as prohylaxis for 

migrane, caused a decrease of 10ºC on Tsk due to its role as antagonist of serotonin, 

which regulates body heat loss.  

Vasoactive and anti-inflammatory medicaments are frequently quoted as influence 

factor (Zaproudina, 2012; IACT, 2002; Ring & Ammer, 2000). Caramaschi et al. (2006) 

described through IRT the effects of Iloprost injection (anti-inflammatory) on the Tsk. 

Other works evaluating the effect of cardiovascular system drugs were mentioned (Ring 

et al., 1981; Lecerof et al., 1990, Tham et al., 1990), but it still detailed investigations 

should be carried out in other to describe the effects on Tsk of all these medicaments 
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mainly those frequently taken by patients (i.e. paracetamol, aspirin, contraceptives), 

which could often affect the interpretation of a thermogram. 

2. Alcohol 

Alcohol intake has been associated with an increase of Tsk due to the skin 

vasodilatation and the consequent augmentation of skin blood flow (Hughes et al., 

1984). Ewing et al. (1973) were the first to illustrate this statement through IRT, 

describing in a text were more influence factors were tested, how alcohol consumption 

entailed “an overall increased temperature and a more diffuse thermal pattern than 

normal” on the breast.  

Some years later, another study used IRT to assess the effects of 25cc of whisky at 

40% on hands temperature, showing and augmentation of Tsk during the 9 minutes after 

the consumption, more important on the subjects, who were not used to drink (Mannara 

et al., 1993) (see figure 10). However, the same effects were not observed if alcohol was 

drink with a meal. 

 

Figure 10.-. Effects of alcohol consumption on Tsk between non drinkers and drinkers (adapted 
from Manara et al., 1993). 
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Nevertheless, Wolf et al. (1999) discussed in a review article how since ancient 

times, “it had been believed that alcohol dilates blood vessels, causes flushing, and 

raises skin temperature” while in the last years, new investigations have shown that the 

matter is not that simple, existing disagreements which hamper a basic consensus due to 

contradictory results with similar methods. 

Two more recent works examined the response on hands, knees and face after 

drinking alcohol, showing differences in the augmentation of Tsk depending on the 

body area. Hands reached the maximal augmentation with 1ºC after 15’, meanwhile 

temperatures of the knees increased only 0.3ºC or even decreased 0.2ºC (Melnizky & 

Ammer, 2000; Ammer et al., 2003).  

But other factors seem to influence the alcohol effect on Tsk as, for example, an 

empty stomach (Mannara et al., 1993), the quantity of alcohol (Finch et al., 1988), the 

race (Harada et al., 1981), the habit of drinking alcohol (Mannara et al., 1993), or even 

the ambient temperature. It seems that the alcohol effects only become more apparent 

within temperatures between 20ºC and 35ºC. In colder or hotter environments 

thermoregulatory system is stronger than ethanol (Hughes et al., 1984; Risbo et al., 

1981). 

As Wolf et al. (1999) pointed out that the main influence of alcohol on Tsk has 

been already shown. Nevertheless more research should be carried out to have more 

information about the responses of Tsk not just over joints or the face, but also over the 

whole body, and likewise the duration of this influence. 

3. Tobacco 

By contrast with the most of influence factors, the effects of smoking on Tsk have 

been widely studied. It is well know the vasoconstriction action of nicotine on the skin, 

reducing therefore the temperature (Maddook & Coller, 1933). Nicotine affects as well 

heart rate and blood pressure, but in the opposite direction (Maddook & Coller, 1933; 

Bornmyr & Svensson, 1991). 
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The greater interest on the effects of smoking on the health boosted many studies 

during the 60’s and 70’s. IRT was used to analyse the thermal effects mainly on hands 

and feet. The results showed a decrease on temperature between 0.5ºC and 3.0ºC on the 

extremities, reaching the lower point within 15 and 30 minutes after smoking (Gerson 

Cohen, 1968, 1969, Ewig, 1973, Malizky, 2000). Ewing et al. (1973) described a 

decrease of 3ºC on the breast during smoking and Gershon-Cohen et al. (1968 and 

1969) pointed out that the vasoconstrictor effects remained until 90 minutes after 

smoking. The unique critics about this consensus were made by Usuki et al. (1998), 

who showed an increase on Tsk after nicotine consumption by chewing gum. 

It seems clear the effect of smoking on IRT (i.e. reducing Tsk); nevertheless, more 

information about the response of other body areas apart from hands and feet would 

throw light on whole body response to nicotine. 

4. Tea or coffee 

Caffeine is a common substance on drinking habits of the population. In this 

sense, knowing the effects of this stimulant, present in coffee, tea or other soft drinks is 

important for assessing a thermogram. Reported results highlight the augmentation 

effect of caffeine on Tsk (Tagliabue et al., 1994; Koot & Deurenberg, 1995). 

Accordingly, Quinlan et al. (1997) concluded that the consumption of hot drinks with 

caffeine activates physiological process boosting the increase of Tsk. They described a 

thermal peak of 1.7ºC 15 minutes after the intake, turning to the baseline temperatures 

one hour after the consumption (Quinlan et al., 1997). Nevertheless, Koot and 

Deurenberg (1995) pointed out that caffeine keep metabolic rate elevated during 3 

hours, but Tsk was only elevated until 90 minutes after. 

Surprisingly, the only article found using IRT as Tsk measurement tool to measure 

the effect of tea was the one by Clark et al. (1977a), but the aim of the study was to 

determinate the effectiveness as Tsk cooling strategy of a cup of hot tea or an ice-cold 

drink. Amazingly it was the cup of hot tea. However, it would be advisable to carry out 

further research about the effect of caffeine and other stimulants on Tsk using IRT. 
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5. Food intake 

Although it is well established that food intake entails an augmentation of body 

temperature (Reilly & Waterhouse, 2009) the results about the impact on Tsk are not 

conclusive (Ring & Ammer, 2000).  

On the one hand, some studies have analysed the effects of food intake on Tsk, 

finding no changes using IRT (Trembley et al., 1983; Federspil et al., 1989; Mannara et 

al., 1993) or observing how timing of food intake did not alter circadian rhythm 

(Reinberg, 1975; Harada et al., 1998). 

But on the other hand, other investigations maintain opposite conclusions. Firstly, 

Kelly (2007) described in his review how timing of food intake is influenced, taking as 

example the case of Ramadam, when muslims abstain from eating and drinking between 

sunrise and sunset for 30 days. Food intake is related with an increase on oxygen 

consumption and energy expenditure (Shuran, 1987), what is known as Diet-Induced 

Thermogenesis (DIT). It is believed that DIT is caused by the activation of intestine, 

liver and Brown Adipose Tissue (BAT) activity (Shlygin et al., 1991). However, the 

investigations carried out following this line could not conclude the role played by the 

liver or BAT, even if Tsk was observed to rise using IRT (Dauncey et al., 1983; Shuran 

& Nelson, 1991; Akimov et al., 2010).Some authors described the differences between 

the increase of metabolic rate and Tsk in the postprandial period, existing a rapid effect 

on energy consumption immediately after eating (Federspiel et al., 1989; Shuran, 1987). 

Nonetheless, Tsk reacts later, reaching his peak between 60 and 90 minutes after eating, 

followed by an initial and smooth decrease on Tsk (Dauncey et al., 1983; Shuran & 

Nelson, 1991; Shuran, 1987) (see fidure 11). Further studies using IRT could bring 

more light about the main body areas influenced and differences depending on the 

quantity and quality of food eaten. 
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Figure 11.-. Effects of food intake Tsk (adapted from Dauncey et al., 1983)  

6. Hydration 

We could think that the normal hydration does not affect Tsk, because drinking 

does not entail digestion, and therefore an energy activation process. However, it was 

described how sparkling water consumption generated a drop on hands, knees and face 

Tsk on humans (until -0.89ºC) (Ammer, 2003) (see figure 12). 

 

Figure 12.-. Effects of sparkling water intake on Tsk of the hands (adapted from Ammer, 2003) 
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The aim of the study was to investigate alcohol influence, so it was surprising to 

discover a reduction of the Tsk in the control group, maybe due to the concentration of 

CO2 on sparkling water. Only this study was found hydratation level and thermography, 

therefore more studies would be suitable in order to know more about this potential 

influence.  

1.4.2.2.2. Application factors 

The second group of extrinsic factors refers to those, which are applied directly on 

the skin affecting its emissivity or the blood flow, such as cosmetics, different ointments 

or topical products or radiations. 

1. Ointments and cosmetics 

If we take a look into scientific articles using IRT, it is very frequent to find 

recommendations about the advisable procedures to achieve a neutral IRT evaluation. 

So far, ointments, creams, makeup, deodorants, antiperspirants or oils are often cited in 

order to be avoided by the subject before the assessment (Henahan, 1982; Prokoski et 

al., 1992; Thomas et al., 1992; Ring & Ammer, 2000; IACT, 2002; Jones & Plassmann, 

2002; Chan et al., 2004; Schwarz, 2006; Selfe et al., 2006; Fisher et al., 2008; 

Zaproudina et al., 2008; Ng, 2009; Sanchez-Marin et al., 2009; Vargas et al., 2009; 

Pascoe & Fisher, 2009; Merla et al., 2010; Lahiri et al., 2012). However, it is hard to 

find specific articles analysing the effect of those topical factors that Vainer (2001) 

called “unnatural factors”, which are often used in the daily life. 

In order to make a difference, we suggest differentiating these factors into: 

cosmetics (makeup, deodorant, antiperspirants, talc, etc.), ointments (creams, oil, skin 

lotions, etc.) and medicated ointments (analgesic, vasodilators, cold gel, spray, etc). 

An early work about the influence of ointments and cosmetics analysed how 

different products, as sun cream, talcum, Vaseline or oil can influence skin emissivity 

(Steketee, 1976). Sadly, he did not specific describe the effects in degrees augmentation 

or decrease. Nevertheless, other authors have described afterwards a direct influence of 

this kind of topical products on Tsk (Henahan, 1982; Webb, 1988; Engel, 1984; 

Ammer, 1997; Vainer, 2001). Mainly, the effect consists on masking the real Tsk with a 
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different emissivity, affecting therefore the thermographic recording of Tsk with a 

thermal decrease (Villaseñor-Mora et al., 2008). 

Henahan (1982) reported the differences between non-medicated and medicated 

ointments. Some of the medicated ointments work as vasodilators, as the ones with 

nicotinic acid or the creams containing estrogenic hormones, which could cause local 

hot spots that could persist for 24 hours (Engel, 1984; Ammer, 1997). Other medicated 

ointments have been reported with the opposite effect, like Deep Freeze Cold Gel, used 

by Ring et al. to prove a decrease of Tsk due, among other reasons, to the evaporation 

of alcohol (Ring et al., 2004). Another recent publication described the cooling effect of 

the skin application of Voltaren® (Hug et al., 2012)  

A recent study showed the results of Tsk using IRT after the application of several 

innocuous products as ethylic alcohol, Vaseline, penicillin cream, moisturizing creams, 

baby oil and talc, Melox, ultrasound imaging gel, sun tanning products and sun 

blockers. The aim of the investigation was to enhance the contrast between Tsk and 

subcutaneous veins, resulting sun blockers as the best product to decrease Tsk and 

easily visualize the veins (Villaseñor-Mora et al., 2008). 

In addition to that, hypoallergenic massage cream has been used in order to 

eliminate the cream as confounding factor by several authors in their studies (Sefton et 

al., 2010). Therefore, depending on the content of the topical product used, the effect 

will be different. More research is required in order to establish how long the skin effect 

persists.  

2. Water 

Some authors recommend avoiding a shower one or two hours prior to a 

thermographic evaluation (Schwartz et al. 2006; Ng, 2009). We have again the problem 

a lack of references explaining the reasons why we should avoid it. Obviously, the 

application of water on the skin depends on how we do: application of ice pack, sauna, 

cryotheraphy, hot or cold shower. Nonetheless, most of these examples will be describe 

in Therapies section.  
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The hydration of the skin through a shower or a bath is expected to influence Tsk; 

thus, we recommend both, to keep the instruction of preventing showers or baths before 

the thermographic evaluation and to perform studies on this issue in order to 

determinate the importance and duration of this influence factor. 

3. Sunlight 

Another factor commonly mentioned to be avoided is heat radiation. In that case, a 

large list of articles suggest carrying out the infrared evaluation in a standardized and 

conditioned room without radiation sources, as for example direct sunlight (Collins et 

al., 1974; Jones, 1998; Ring et al., 1998; Owens et al., 2004; Selfe et al., 2006; Ng, 

2009; Lahiri et al., 2012; Zaproudina, 2012). This influence is more frequent and 

problematic in other IRT applications, as in veterinary thermography, due to a greater 

exposure to sunlight and the difficulties to avoid it (Dunbar, 2006, Johnson, 2011). 

The most interesting publication found was made by Clark and his collaborators in 

1977. They carried out an experiment to discover the effect of sunbathing during 20 

minutes in a temperature of 31ºC. Through IRT they discovered an augmentation of 5ºC 

on the side exposed, reducing as well the whole body Tsk from the normal 8-10ºC range 

of Tsk to 4-5ºC (Clark et al., 1977a).  

1.4.2.2.3. Therapies 

We identify on this group the influences derived from therapies applied on the 

skin, and therefore affect its radiation and temperature. We will mention the references 

about the most current therapies and methods from physiotherapy, notwithstanding that 

other less known therapies could have influence as well. 

Electrotheraphy is known as the medical treatment, which uses electrical energy. 

In physiotherapy, it can be used modifying the wave frequency, wavelength and 

intensity in order to reach different objectives: pain management, improvement of 

muscle performance, stimulation for tissue repair and increase of functional activity 

(Nelson et al., 1991). Ring and Ammer (2000) cited different authors, who have 

described the effects of electrotherapy on Tsk, but unfortunately, these references are 

not easily reachable. Nevertheless, other interesting article mentioned the different 
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effects of electrical and manual acupuncture, showing a localized short-term cooling 

effect in the electrical modality with an increase in sympathetic activity (Ernst & Lee, 

1985). We have found similar effect on test not published yet (see figure 13). 

Figure 13.-. Example of the effects of electrotherapy before and after 10’ of treatment  

Ultrasound is used in physiotherapy as technique to transmit ultrasonic waves 

directly to the skin, in order to be absorbed primarily by connective tissue: ligaments, 

tendons and fascia (Watson, 2008). Ultrasound has two main effects: thermal, due to the 

absorption of ultrasonic waves, and non-thermal based on the cavitational effects from 

vibration (Wilkins et al., 2004). Watson (2008) obtained by IRT an increase of 3ºC after 

a 5-minutes application of ultrasound on a hand. In other study, a similar procedure was 

followed to check the thermal recovery of the muscle after warming it 5ºC with 

ultrasound therapy (Draper & Ricard, 1995). It was reported a swift return to the 

baseline, needing just 18 minutes to recover the initial temperature.  

Heat treatment is a common therapy for injuries and diseases. Obviously, the 

logical effect of this treatment leads to a different increase of Tsk, depending on how 

the heat is applied (for example, hot packs, diathermy or infrared pads) and the duration 

of the treatment (Rahtkolb & Ammer, 1996b; Goodman et al., 1991). The application of 
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heat has been widely used and observed (Wu et al., 2009), however, it is hard to find 

articles describing the thermal effects and duration of them through IRT.  

Cryotheraphy is contrarily, one of the most investigated topics on IRT field 

(Rathklob & Ammer 1991; Ammer, 1996b; Cholewka et al., 2004, 2006, 2010 and 

2011; Karki et al., 2004; Ring et al., 2004; Selfe et al., 2006, 2007 and 2009; Hardacker 

et al., 2007; Schnell & Zaspel, 2008; Costello et al., 2012). It consists on the 

refrigeration of the area with a medical aim: to reduce an edema, decrease the tissue 

metabolism or provide analgesia (Knight, 1995). There are several modalities: whole 

body cryotherapy (WBC), cold water immersion (CWI), ice and cold packs. Each of 

them has different cooling effects on Tsk (Costello et al., 2012).  

In an interesting recent review, Costello et al. listed the most relevant works using 

IRT to analysed cryotherapy effects (Costello et al., 2012). Recent cryotherapy 

guidelines recommend reductions of Tsk between 5 and 15ºC, being 12ºC the Tsk limit 

set by experts, under the risk of causing injuries (Bleakley & Hopkins, 2010). Between 

all the references cited, almost all modalities reached a minimum reduction of 5ºC on 

Tsk, and some of them obtained decreases over 15ºC (Oosterveld et al., 1992; Ammer, 

1996b; Hardacker et al., 2007; Kennet et al., 2007; Kim et al., 2002; Selfe et al., 2007). 

A single case of cooling by WBC decrease the Tsk less than 5ºC (Cholewka et al., 

2004),  

Greater thermal reductions with cryotherapy are reached on limbs, joints, hands 

and feet (Oosterveld et al., 1992; Ammer, 1996b; Hardacker et al., 2007; Herrera et al., 

2010; Kennet et al., 2007; Kim et al., 2002; Selfe et al., 2007); meanwhile, decreases on 

core areas (i.e. pectoral or back) do not undergo 7ºC (Ring et al., 2004; Cholewka et al., 

2010 and 2012). Regarding the duration of thermal effects, most of articles could not 

report a return to the baseline levels of temperature even 120 minutes after, remaining 

normally several degrees below the Tsk recorded before the test (Kennet et al., 2007; 

Hardacker et al., 2007; Ring et al., 2004; Kim et al., 2002). Surprisingly, we found some 

investigations, where baseline Tsk was reached some minutes after the cold test 

(Ammer, 1996b; Rasmussen & Mercer, 2004), even occurring hyperthermia of 1ºC 

higher. Both articles analyse extremities: hands (Rasmusen & Mercer, 2004) and 
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forearm (Ammer, 1996b), both one using covered ice for only 30 seconds (Ammer, 

1996b) and the other short time (2 minutes) cold water immersion (Rasmusen & 

Mercer, 2004). However, we highlight the exceptionality of these investigations and the 

general tendency is to remain lower Tsk 2 hours after cryotherapy. 

Massage is one of the traditional disciplines in order to get therapeutic or medical 

objectives. There are many massage techniques, but most of them involves a direct 

contact to the skin. The thermal effects of this therapy have been studied using IRT, 

reporting an increase of Tsk (Kainz, 1992; Mori et al., 2004; Bonnet et al., 2006; Roy et 

al., 2010; Sefton et al., 2010; Holey et al., 2011). Effleurage massage (sport technique) 

reached the greatest augmentation of Tsk (about 1.8ºC with 10’ and 2.8ºC with 30’ of 

massage) (Bonnet et al., 2006) (see figure 14). In general, Tsk increases roughly 0.5ºC 

with a 20-minutes massage (Kainz, 1992; Mori et al., 2004; Sefton et al., 2010). 

Precisely, Sefton et al. (2010) analysed the thermal effect of a 20-minutes massage in 

the different body areas, describing a general tendency of Tsk to increase up 

approximately 0.7ºC (even in non-massaged body areas), peaking 35’ after the massage 

session and returning to the baseline after 60’ with differences between regions: hands 

even reached an hypothermia and back neck remained 0.4ºC warmer after 60 minutes. 

In addition, it was observed that mobilisation techniques cause non-significant Tsk 

increases (Roy et al., 2010) or even slightly decreases (Ammer, 2002; Holey et al., 

2011). Holey et al. (2011), carried out an investigation about Connective Tissue 

Massage (CTM) with two techniques, fascial and flashige, reporting 0.8ºC increments in 

fascial discipline and 0.1ºC decreases in flashige with a maintained tendency after 60’. 

To summarize, massage therapy results commonly in an augmentation of Tsk with a 

relatively fast return to the thermal baseline; nevertheless, more investigation would 

bring more interesting knowledge about thermal response and influence grade of the 

different techniques. 

There are other therapies that are related with some of the modalities already 

described. That is the case of hydrotherapy, a discipline based on the use of water for 

pain relief and treatment. Essentially, hydrotherapy uses cold water, hot water, or both 

of them (known as contrast hydrotherapy). We have already mentioned the effects of 

Cold Water Immersion (CWI) (Rasmusen & Mercer, 2004; Herrera et al., 2010; Kennet 
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et al., 2007). But regarding hot water, less has been written (Rusch & Kiesselbach, 

1984). Ring et al. (1989) described and increase of 5ºC after hot water inmersion on 

ankles’ Tsk, and 2.4ºC on the knees, needing more than 2 hours to reach again the 

thermal baseline. However, this study used thermistors instead of IRT. Therefore, it 

would be necessary further investigation to know better the skin thermal response after 

hot water exposure, as well as other daily activities already mentioned as having a 

shower or having a bath. 

Figure 14.-. Example of the effects of effleurage massage (sport technique) before and after 10’ 
of treatment on the posterior right thigh.  

Among all these therapies, acupuncture was not mentioned, but gathers a lot of 

published investigations done with IRT searching for thermal evidence from meridians 

and acupuncture points (Ernst & Lee 1985; Zhang, 1990, 2004 and 2007; Kitzinger  & 

Ammer, 1992; Litscher, 2005 and 2006; Schlebusch et al., 2005; Jin et al., 2008; Yang 

et al., 2007; Chen & Lv, 2011). We are aware of the existence of more, but the most of 

them are inaccessible from occidental databases due to the oriental origin of this 

technique. Nonetheless, articles as the one conducted by Lo (2002), described the 

thermal effects of acupuncture therapies, with Tsk decreases up to 1.48ºC, or 

augmentations of 0.69ºC. In most of the cases, the acupuncture needle treatment was 

done in body areas far from the painful region with increased temperatures. There is no 
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doubt that IRT could help to better understand the thermal effects of this traditional 

Chinese technique. 

As we have seen, the influence of therapies on Tsk is obvious, and therefore it 

should be avoided or reported before a thermographic assessment (Schwartz, 2007; 

IACT, 2002; Ng, 2009; Lahiri et al., 2012). Ring and Ammer (2000) established 

thermal effects between 4 and 6 hours after the therapy, nevertheless this long-term 

effect has not been described in any work present in the database used in this review. 

1.4.2.2.4. Physical Activity 

In this group, we aim to include the factors related with physical activity and 

exercise, which are supposed to be one of the main sources of homeostasis disturbance 

in human body (Johnson, 1992; Jones, 1998; Zontak et al., 1998; Kenny et al., 2003; 

Ferreira et al., 2008), We have also included in the physical activity part other factors as 

sweating, the fitness level, the dominance or the specific thermal distribution due to an 

sport specialisation. 

1. Recent activity 

Muscle activity is one of the main heat sources in human body (Johnson, 1992, 

Kenney & Johnson, 1992; Jones, 1998; Ferreira et al., 2008). Therefore, exercise is 

considered as one of the most influencing factors on Tsk, and consequently, many 

authors recommend avoiding it before an IRT evaluation (Draper & Boag, 1971; Ring 

& Ammer, 2000; IACT, 2002; Fisher et al., 2008); however, it is hard to find in the 

scientific references about thermal effects of physical activity on Tsk. 

Physical activity and exercise seems to be one of the most potential application 

sectors for IRT. Indeed, the technological advances of infrared cameras have made 

possible a resurgence of investigation in this sector, enhancing new and old 

applications, as for example: training workload quantification (Čoh & Širok, 2007), 

fitness and performance conditions (Chudecka et al., 2010 and 2012; Akimov et al., 

2009 and 2011; Merla et al., 2010; Arfaoui et al., 2012), prevention and monitoring of 

injuries (Hildebrandt et al., 2010 and 2012; Sands et al., 2011; Sillero et al., 2010; 
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Gómez Carmona, 2012) and even detection of Delayed Onset Muscle Soreness 

(DOMS) (Al-Nakhli et al., 2012). 

Among the studies of the thermal response after exercise, two main behaviours 

are clear: those that documented increasing skin temperatures and those that showed 

decreasing temperatures immediately after the exercise. One of the main reasons of 

those contradictory results lies in the type and duration of exercise. Normally, the 

increasing Tsk is related with constant and prolonged aerobic tasks (Hildebrandt et al., 

2012; Clark et al., 1977b) whereas those with decreasing Tsk are mostly brief intense or 

maximal exercises (Afraoui et al., 2012; Hildebrandt et al., 2012; Akimov & Son’kin, 

2011; Merla et al., 2002, 2005 and 2010; Bonnett et al., 2006; Zontak et al., 1998; 

Nakayama et al., 1981). A more concrete description of the exercise influence on skin 

temperatue is developed in 1.5.2 point (skin thermoregulation during exercise). 

We decided to entitle this point as “recent activity” instead of “physical 

activity”, because other kinds of exercise could influence Tsk even if they are not 

rigorously related to the sport field. So, sexual activity should be considered as an 

influence factor, not only due to the same reasons as exercise, but also because -as some 

authors documented- sexual arousal, masturbation or having sex affect not only Tsk in 

genital areas (Kukkonen et al., 2010; Seeley et al., 1980), but also in other ROI like 

abdominal or breast (Beck et al., 1983; Abramson et al., 1983). 

2. Sweating 

As mentioned in the points of hydration and hydrotherapy, water can influence 

the skin emissivity and, therefore, the results of IRT on humans. Sweating represents a 

thermoregulatory response to the heat production, in order to dissipate the excess of 

heat of the body by evaporation (Nadel et al., 1971; Charkoudian, 2010). Most of 

authors have described it’s the cooling effect of sweating on Tsk using IRT (Stüttgen & 

Eilers, 1971; Deng & Liu, 2004; Vainer, 2005; Chudecka et al., 2008, 2010 and 2012; 

Akimov & Son’kin, 2011), with the exception of Torii et al. (1992), who affirmed that 

this cooling effect is not due to sweating, but to vasoconstriction. However, few authors 

have focused on the potential influence of sweating as disturbing factor to IRT records. 

Ammer (2009) has highlighted the potential influence of sweating on skin emissivity, as 
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a filter against infrared radiation, and it may cause a prolonged cooling evaporation 

effect.  

In conclusion, sweating represents a factor affecting the Tsk (mainly in specific 

situations as exercise) and, so on, it could influence the application of IRT on humans. 

3. Fitness level 

Just as it was described in the section of medical history, the ideal 

“homeothermy” of each subject undergoes different influences along the life. The 

individual thermal pattern changes to become a personal and unique version for each 

subject at any moment of their life. Fitness level can be also a factor influencing the 

thermal pattern. Cena and Clark (1976) were the first to underline the difference in 

thermal emission between trained and undertrained. More recent studies have shown 

differences in thermoregulation depending on the fitness and expertise level of the 

subject (Fritzsche, 2000; Liu et al., 2003; Bonnett et al., 2006). Untrained subjects show 

a poor cooling capacity during exercise, and their recovery is slower (Merla et al., 

2005). In addition, Akimov and his collaborators (2009, 2010, 2011) have shown in 

their recent studies the relationship between the human thermal portrait and the aerobic 

working capacity and blood lactate level, both indicators of fitness level. Further 

investigation is necessary to establish differences in thermal pattern at rest between 

trained and untrained subjects. 

4. Dominance 

Side-to-side comparison between bilateral body areas is one of the most used 

mechanisms to detect abnormal patterns in Tsk (Uematsu et al., 1988). Several authors 

have described side-to-side Tsk asymmetries in healthy (Feldman & Nickoloff, 1984; 

Uematsu et al., 1988; Ring et al., 1990; Niu et al., 2001; Zhu & Xin, 1999; Zaproudina, 

2012) and pathological samples (Salisbury et al., 1983; Uematsu, 1985; Bruehl et al., 

1996; Oerlemans et al., 1999; Wasner et al., 2002). In the first thermographic studies, 

the normal difference side-to-side was set at 1.0ºC (Barnes, 1963; Feldman & 

Nickoloff, 1984), but the most accurate IRT has become, the less was reduced the 

normal ranges of side-to-side asymmetry (see table 4) 
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Table 4.- Skin temperature asymmetries results in different studies with IRT. 

Year Author N Subjects ROI Asymmetries 

1963 Barnes 100 patients Breast > 1ºC 

1984 Feldman & Nickoloff 100 healthy Normative data > 1ºC 

1985 Uematsu 32 healthy Knee 0.24ºC 

1988 Uematsu et al. 90 healthy Forehead, leg & foot 0.18 (±0.18) to 
 0.38ºC (±0.31) 

1990 Ring 150 healthy Legs 0.17 (±0.16) to 
 0.28ºC (±0.22) 

1992 BenEliyahu 70 patients and 
healthy Knee 0.5ºC 

1999 Zhu & Xin 233 healthy Different ROI 0.6 to 1.8ºC 

2001 Niu et al. 57 Healthy Different ROI 0.2 to 0.5ºC 

2008 Selfe et al. 30 Healthy Spine > 0.75 

2008 Vardasca 35 Healthy Total body 0.25 ± 0.2ºC 

2009 Hildebrandt & 
Raschner 10 Healthy Knee 0.1ºC 

In the most recent studies, Vardasca (2008) set the overall temperature 

symmetry difference at 0.25ºC ± 0.2ºC. In addition, another recent study described the 

application of IRT to detect Limb Length Discrepancy (LLD), thanks to the study of 

thermal asymmetries in contralateral parts after artificial imbalances (by placing a 20 

mm foot support under the dominant foot).  

Nevertheless, other authors have suggested that the side-to-side differences in 

healthy subjects are almost nil (Gross et al., 1989). Gross et al. affirmed that the limb 

dominance does not affect temperature asymmetry in patellar tendon and wrist extensor 

tendon, with side-to-side differences lower than 0.02ºC. 

However, due to the huge quantity of different results in different body areas, we 

suggest further investigation to establish maximal normal asymmetries in healthy 

subjects. 

5. Specialization 

In relation with the previous point, sport specialisation could affect the normal 

thermal pattern in a healthy subject. Athletes from different sports have been assessed 

using IRT, like for example: Running (Clark et al., 1977b; Merla et al., 2010), 

swimming (Wade et al., 1977; Zaidi et al., 2007), Tennis (Smith et al., 1986), football 

(Gómez Carmona, 2012), handball (Chudecka et al., 2008 and 2010), Cycling (Afraoui 
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et al., 2012), Judo (Arnaiz Lastras et al., 2011), volleyball (Chudecka et al., 2012), 

American football (Garza et al., 2008), gymnastics (Sands et al., 2011), skiing 

(Hildebrandt et al., 2009a) and even sport disciplines less conventional as Taijiquan 

(Liu et al., 2003).  

In order to apply IRT on sports field, side-to-side asymmetries in Tsk are one of 

the strategies used to detect abnormalities, prevent injuries (Gómez Carmona, 2012; 

Hildebrandt et al., 2012) or monitor the right evolution of a sport injury (Sillero et al., 

2010). In this sense, knowing the specific thermal patterns of each athlete and their 

sports helps to evaluate properly those asymmetries because, as some of these 

publications have shown, the specialisation could lead to “normal” asymmetries due to 

the specific movements of a sport discipline, as the forearm of a tennis player (Smith et 

al., 1986), the tibialis anterior in football players (Gómez Carmona, 2012), the arm in 

volleyball and handball players (Chudecka et al., 2010 and 2012) or the grasping 

forearm of a judoka (Arnaiz Lastras et al., 2011).  

We have seen that symmetries in Tsk are frequent due to sport specialisation. 

Further investigation is necessary to create a thermal pattern not only for each sport but 

also for any work or physical activity or even for each individual, to help in the 

appropriate interpretation of the thermograms. 

1.4.3. TECHNICAL FACTORS 

The last group of factors is related with the equipment. As mention in the 

introduction, the revival of the IRT is significantly due to the improvement of technical 

factors in the last decades. Nevertheless, a greater resolution, new features as 3D IRT or 

better accuracy do not mean the technical factors reduce their influence on the proper 

collection of IRT data on humans. 

1.4.3.1. Validity 

Validity refers to something, which is well founded and corresponds accurately 

to the real world. In the case of IRT, validity would be the ability to estimate 

temperatures of an object’ surface from its infrared radiation recorded by a thermal 

camera. Burnham et al. (2006) showed a good validity of a skin infrared thermometer 
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(r=0.92), but only Sherman et al. (1996) have published a study of the validation of 

“videothermography”. 

Among the several technical improvements of IRT in the last decades, some 

aspects as the number of frames by seconds, the resolution or the weight of the 

equipment have notably improved (see table 2). 

Accuracy is directly related with the validity of IRT, because it refers to how 

close are the thermal readings of an IRT camera to the real temperature. Even if the 

accuracy has improved, it is still over 1ºC or 1% of the reading (in the best cameras). 

This is not a big error for evaluating a building or a industrial apparel but, considering 

how important is the precision in humans (more than 0.25ºC of side-to-side asymmetry 

is considered abnormal, see table 7), poor accuracy could represent one of the weakest 

points of IRT. 

It has been proved the validity of IRT as diagnostic tool in several pathologies or 

injuries: Reflex sympathetic dystrophy (Bruehl et al., 1996), stress fractures (Goodman 

et al., 1985), pneumothorax (Rich et al., 2004), dermatological pathologies (George et 

al., 2008) or diabetes (Sivandandam et al., 2012). But the study to describe its validity 

has been proved just for specific applications (Owens et al., 2004; Roy et al., 2006).  

Burnham et al. (2006) showed a good validity of a skin infrared thermometer 

(ICC = 0.92) (see table 5), but only Sherman et al. (1996) have published a study of the 

validation of “videothermography” as the technique that we use.  

In order to avoid the potential error on measurement accuracy of IRT cameras 

(±2%), some authors set a constant and known temperature source into the thermogram 

to calibrate the measurement of the thermal imager. Ring (2000) asserts that, despite the 

internal reference temperature of many current thermal systems, using a reference 

source for calibration is highly recommended to improve the IRT results (Simpson, 

2008). Therefore, we suggest that until the camera providers do not improve the imager 

accuracy into the range of 20-50ºC, it is recommended the use of a calibration source 

for using IRT on humans. 
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Table 5.- Reliability results (ICC) of several published articles about IRT validity 

Year Autor N   Technique ROI ICC 
1991 Plaugher 19 Healthy IRT Paraspinal 0.5-0.8 
1999 Oerlemans 13 Patients IRT thermometer hands 0.94 
2003 Ammer 1 Healthy IRT Arm 0.48-0.87 
2004 Owens 30 Healthy IRT scanner Paraspinal 0.92-0.97 
2004 Varju 91 Patients IRT Hands 0.90 
2006 Burnham 17 Healthy IRT thermometer Different ROI 0.97 
2006 Selfe 9 Patients IRT Knee 0.82-0.97 
2007 Hart 30 Healthy IRT scanner Spine > 0.75 
2008 Spalding 5 Patients IRT Wrist 0.99 
2008 Zaproudina 16 Healthy IRT Different ROI 0.47 
2009 Gold 45 patients and healthy IRT Hands 0.46-0.85 
2009 Hildebrandt 15 patients and healthy IRT Knee 0.75-0.85 
2010 Denoble 30 patients and healthy IRT Knee 0.5-0.72 
2011 McCoy 100 Healthy IRT scanner Spine 0.95-0.97 
2011 Pauling 15 Healthy IRT Hands 0.83-0.96 

1.4.3.2. Protocol 

One of the main keypoints to improve the application of IRT on humans and 

reduce at maximum the potential influence of technical factors is to apply a 

standardized protocol (Ammer, 2006). Since IRT is applied on the medical sector, 

several organisations were created and published their own protocols (Schwartz et al., 

2006; IACT, 2002).  

Among the large quantity of Academies, Associations and Societies, in the last 

years the European Association of Thermology (EAT) has become one of the most 

active in experience and publications. An important part of the EAT is based on the 

work done by the group from the University of Glamorgan, where several studies and 

works have been published in order to better understand the technical factors and create 

a strictly protocol reducing errors and increasing both accuracy and precision of 

temperature measurements (Ring & Ammer, 2000; Ammer, 2003; Ring et al., 2004; 

Ammer, 2006; Plassmann et al., 2006; Ring et al., 2007; Ammer & Ring 2007; Ammer, 

2008; Ring & Ammer, 2012). Their work is summarized in the Glamorgan Protocol 

(Ammer, 2008) and, as in other protocols, they gathered the main published outcomes 

about technical factors affecting IRT data collections. 
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1.4.3.2.1. Distance 

Some authors have mentioned the importance of the distance between the 

camera and the subject (Ring & Ammer, 2000; Ivanitsky et al., 2006; Tkacova et al., 

2010a), but most of the studies use different distances depending on the measured area 

and the optical characteristics of the camera. 

The atmosphere is a body that transmits its own radiation between the body and 

the camera. Furthermore, the atmosphere passes much of the radiation from the body, 

but absorbs a small portion of the outgoing radiation. Therefore, there is little radiation 

loss when the body raditates through the atmosphere. Both radiations (emitted by the 

body and the one reflected from the environment) are equally affected by the 

atmosphere (Ammer, 2008). This variable is corrected by introducing the distance on 

the IRT camera (Figure 15). 

 
Figure 15.- Representation of the importance of the distance and the radiation atmosphere. 

Ammer (2005a) carried out a study to describe the influence of the number of 

pixels (related to the size of the area to measure and the distance of the camera) on the 

temperature registered by a thermal imager. He concluded that results were different 

when the size of the measured area differed by 100% or more, with a high influence of 

the ambient temperature. 

Ivanisky et al. (2006) analyzed infrared cameras of 3-5 µm and 8-12 µm 

wavelength ranges at different distances, concluding that 3-5 µm wavelength cameras 

ATMOSPHERE 

DISTANCE 
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remain stable up to 1 meter distance, meanwhile 8-12 µm cameras performed almost 

equal results up to 2.5 meters.  

  Finally, two works of Tkacova et al. (2010a, 2010b) analyzed the importance of 

camera-to-subject distance, showing a small difference of 0.2ºC between measurements 

done from 0.2m to 2.5m. It has been suggested that distance is less important that the 

ambient temperature in the room in order to obtain a valid measurement (Tkacova et al., 

2010a and 2010b; Ammer, 2006); however, we recommend using a short distance if the 

target of the data collection is only a concrete body area in order to increase the number 

of pixels, and hence the thermal information from the area. 

1.4.3.2.2. Background 

The use of a uniform and matt background is mentioned in some studies 

(Hildebrandt et al., 2010) in order to avoid the reflections from other sources of light or 

even radiation coming from the subject on the background. To our knowledge, no study 

has been done about the influence of different background types and materials on the 

human IRT recordings. 

1.4.3.2.3. Camera position 

Another factor that may influence IRT images is the position of the camera. 

More than the height from which the camera is used, the main factor that is supposed to 

affect IRT recording is the angle subtended by the axis camera with the surface to be 

measured. Watmough and his collaborators (1970) set that the errors in surface 

temperature measurement are small for viewing angles up to 90°. These results were in 

accordance with those of Clark et al. (1976), reporting the importance of viewing angles 

on the record of IRT images. Some years after, Ammer (2003) described that for angles 

of view beyond 30º small losses start to occur, and for angles of 60° the loss of 

information becomes critical and may lead to inaccurate temperature readings. Chen et 

al. (2005) explained in their article that the loss of information due to the angle of view 

is based on Lambert’s law and could be corrected by applying an equation. Recently, 

Tkacova et al. (2010a) carried out an experiment to describe the importance of distance 

and angle, concluding that minimal changes occur by modifying the angle (see figure 

16). 
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However, it seems that a perpendicular angle is the best option to get the more 

accurate reading, and more than 60º entails a critical loss of information. Considering 

the anatomical structure of human body, new techniques as the application of Infrared 

in 3D may be the solution to reduce the influence of the angle of view (Cheng et al., 

2009).  

 

Figure 16.- Representation of different distances and angles to record IRT images (adapted 
from Tkacova et al., 2010a) 

1.4.3.3. Camera features 

Nowadays, IRT cameras features are not comparable with those from the last 

decades. Among the great number of features, some of them could be important to the 

reading quality and application of IRT on humans. 

1.4.3.3.1. Temperature range 

IRT cameras are able to identify temperatures between a certain range of 

temperatures. The variety of application fields has forced the IRT cameras 

manufacturers to raise the range from -20ºC up to 3000ºC. To our knowledge, there is 

no study done about the likely influence of using different temperature ranges to 

measure the same object. Nevertheless, it could be understandable to think that a wider 

temperature range will be less sensitive by measuring humans, due to the small 
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temperature range of human Tsk (about 9º) (Zhu & Xin, 1999). Therefore, we suggest 

that an optimized temperature range (around 20ºC to 50ºC) will be perfect to maximize 

the sensitivity of the sensor, instead of using wider ones (as the standard -20ºC to 120ºC 

from FLIR cameras) with the consequently loss of sensibility. 

1.4.3.3.2. Resolution 

Another interesting feature is the one related with the resolution of the IRT 

camera. Considering that each pixel of the thermogram represents one temperature data, 

a bigger number of pixels (resolution) means more thermal information.  

Some studies like the one conducted by Ammer (2005a), concluded that 

temperature readings are less dependent on the number of pixels than other influence 

factors as room temperature. Cameras with a 320x240 pixels resolution are commonly 

used on scientific works (Tkacova 2010a and 2010b; Sands et al., 2011) and may be set 

as the minimum resolution to use for human beings evaluation. However, the bigger 

number of pixels, the better is the IRT camera. In the recent years, they have been 

developed High Resolution cameras with up to 1280x1024 (Ring & Ammer, 2012), 

which provide us with impressive thermograms 12 times better that the minimum 

recommended resolution (320x240).  

Nevertheless, as we mention in the point of distance, the quantity of thermal 

information depends on the distance from the camera to the body area analysed. 

Therefore, some protocols as the one from Glamorgan (Ammer, 2008) suggest 24 

different body views in order to measure different areas with an appropriate position 

and size (resolution). 

1.4.3.4. ROI Selection 

One of the most conflictive points about IRT application on humans is the 

selection of the Regions of Interest (ROI). Along the scientific works using IRT on 

humans, authors have developed their own criterion to create and select ROI. Even if 

protocols as the one from Glamorgan (Ammer, 2008) showed standardized ROI, there is 

still a lack of consensus between researchers. 
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The ROI selection is also a key point when bilateral (side-to-side) areas of the 

body are compared (Uematsu et al., 1988; Niu et al., 2001). Some authors have 

developed procedures as external markers to do a better ROI selection (Hildebrandt et 

al., 2009b and 2010; Wang & Toh, 2001; Denoble et al., 2010; Selfe et al., 2007), but 

others like Ferreira et al. (2008) decided to avoid any marker around the ROI to avoid 

temperature changes by conduction. 

The controversial nature of ROI selection is based basically on the manual 

procedure required to obtain them. In the previous point of reliability, we saw that the 

results (intra- and inter-examiner Correlation Coefficient ICC) were often not that 

optimal as wished due to factors depending on the ability of the observer for manually 

selecting the ROI (Zaproudina et al., 2008; Ring & Ammer, 2000). In order to improve 

reliability results and to open the possibility of comparison of IRT results between 

studies, we suggest that the development of automatic and objective procedures to select 

the ROI. In this sense, software solutions with automatic features of ROI selection 

would be a first step, as the one proposed from the research group of the Technical 

University of Madrid (Fernández-Cuevas et al., 2012, Fournet et al., 2012). 

1.4.3.5. Statistical analysis 

Finally, other important factor usually ignored is based on the analysis of the 

IRT data. The aim of this point is not to examine the statistical possibilities of IRT data, 

which depends on the design of the study and the criterion of each researcher, but to 

evaluate the influence of the usage of different units or strategies to present the IRT 

results. 

Most of authors used ROI averaged temperatures to express their results. This is 

logical because they represent the mean temperature of each ROI. However, average 

values may have occasional errors, because the body areas are traced manually. When 

ROI of interest are manually selected they can have some pixel from the background or 

from the borders of the ROI with lower temperature values, thus the average 

temperature of the area is lower than the real one. In those cases, the use of maximal 

temperatures may be a solution. 
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Other authors, as Vainer (2005), used histograms to represent the data 

distribution and hence detect possible errors. Deng and Liu (2004) proposed a 

mathematical modelling of IRT application based on statistical principles. Most of the 

efforts done in the way of standardization (Ammer, 2008;  Plassman et al., 2006; 

Ammer, 2003) are the basis to reduce the influence of a bad analysis of IRT data. The 

future efforts may be directed in the normalisation of thermal results by correcting the 

influence of factors to make more objective the use of IRT on humans and the 

comparison between subjects and along the time independently of the environmental, 

individual and technical factors. 

1.5. THERMOREGULATION DURING EXERCISE 

Body thermoregulation system masters many factors in order to maintain the 

homeostasis. During exercise, homeostasis is strongly affected by skeletal muscle 

(metabolism), the cardiovascular system (blood flow), the nervous system (central and 

local), the adrenergic system (Cheuvront et al., 2010; Johnson et al., 2010) and it is 

additionally influenced by the type of exercise (Hildebrandt et al., 2012; Clark et al., 

1977b), duration (Kenney & Johnson, 1992) and intensity (LaForgia et al., 2006).  

Core temperature increases during physical activity, where less than 30% of the 

heat generated is converted to mechanical energy (Novachek, 1998). On the contrary, 

more than 70% of metabolic heat generated has to be transported from the peripheral 

compartments of the body to the skin to be dissipated to the environment. Heat starts to 

accumulate in the body when the heat dissipating mechanisms are unable to cope with 

metabolic heat production, leading to an increase in body temperature. As we can see in 

figure 17, gastrointestinal temperature significantly increased during a 45 minutes of 

moderate intensity (Lim et al., 2008). Hypothalamus prevents dangerous increases in 

temperature detecting stimuli (central and peripheral) such as blood temperature, blood 

pressure and level of metabolic activity.  

Hypothalamus is charged of maintaining the homeostasis by activating several 

mechanisms, such as vasoconstriction in inactive areas and vasodilatation on active 

muscles and towards skin (Charkoudian, 2010). This increased blood flow has two 
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functions in an attempt to cool the skin: a) to stimulate the sweat glands to produce 

more sweat to refrigerate the skin by evaporation and consequently reducing blood and 

body heat (Charkoudian, 2010) b) to reduce the temperature of the blood by convection 

when the air is cooler than the skin (Pascoe et al., 2007; Charkoudian, 2003).  

 

Figure 17.- Augmentation of gastrointestinal temperature during 45’ of moderate running 
(adapted from Lim et al., 2008) 

In the last years, many publications about exercise on extreme temperature 

conditions have highlighted the importance of body temperature on health and 

performance (Johnson, 2010; Cheuvront et al., 2010; Havenith, 2001). The Tsk can be 

considered as a parameter to understand better this overall process (Pascoe et al., 2007; 

Merla et al., 2010). Above all, when Sawka et al. (2012) concluded that hot Tsk and not 

high core temperature, is the ‘primary’ factor impairing aerobic exercise performance. 

1.5.1. SKIN TEMPERATURE AND EXERCISE 

Many articles have been published in the last decades focusing on the thermal 

effects of exercise in Tsk (see table 6). Cooke et al. (1974) used for the first time IRT to 

measure the effects of exercise in deep vein thrombosis patients in order to detect veins 

occlusions. Some years later, Clark and collaborator (1977b) carried out a research 

where healthy subjects were assessed with IRT before and after running, reporting for 

the first time the “dramatically” different thermal distribution after exercise, with 

increased Tsk over the muscles used in the activity.  
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Table 6.- Studies analysing the influence of exercise on Tsk before (BE) during 

(DE), immediately after (IAE) and some minutes after exercise using IRT. AMBTEM 

(Ambient Temperature) 
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So far, many authors have described using IRT the thermal response of Tsk in 

different body areas or Regions Of Interest (ROI) under different conditions of 

intensity, duration, discipline, fitness level and ambient temperature (Wade et al., 1977; 

Veghte et al., 1979; Nakayama et al., 1981; Torii et al., 1987; Hirata et al., 1989; 

Hunold et al., 1992; Pascoe et al., 1992; Torii et al., 1992; Zontak et al., 1998; Wang & 

Toh, 2001; Merla et al., 2002, 2005 and 2010; Liu et al., 2003; Vainer, 2005; Bonnet et 

al., 2006; Zaidi et al., 2007, Chudecka et al., 2008, 2010 and 2012; Ferreira et al., 2008; 

Hildebrandt et al., 2012; Arfaoui et al., 2012). 

 

From the large variety of results, a main conclusion can be drawn: exercise 

challenge body thermoregulation resulting in different thermal responses. It seems that 

duration and intensity of the exercise play a crucial role to understand the skin thermal 

response.  

Most the articles where subject were exposed to a constant and prolonged 

exercise resulted in an increase of Tsk (Clark et al., 1977b; Wade et al., 1977; Veghte et 

al., 1979; Hirata et al., 1989; Hunold et al., 1992; Wang & Toh, 2001; Liu et al., 2003; 

Vainer, 2005; Zaidi et al., 2007; Ferreira et al., 2008; Hildebrandt et al., 2012). On the 

other hand, graded, intermittent or maximal exercises, normally short time performed, 

resulted in a decrease of Tsk (Nakayama et al., 1981; Torii et al., 1987; Merla et al., 

2005 and 2010; Chudecka et al., 2008, 2010 and 2012; Akimov & Son’kin, 2011).  

It should be reminded that not all articles analyse the same body areas, and some 

of them describe opposite thermal responses to same exercise condition depending on 

the evaluated ROI (extremities, active musculature or core) and its implication in the 

exercise performed (Clark et al., 1977b; Vainer, 2005). There are exceptions that made 

even more difficult understanding this factor, with discordant results maybe be caused 

by non-active subjects (Bonnet et al., 2006), the special characteristics of the exercise 

(Zaidi et al., 2007) or the selection of the analysed ROI (Pascoe et al., 1992; Zontak et 

al., 1998).  

However, the thermal effects after exercise have been shortly described. Some 

of the references monitored Tsk only for a short time after the exercise, reporting a 
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tendency to recover the thermal baseline (Merla et al., 2010; Akimov & Son’kin, 2011; 

Chudecka et al., 2008 and 2012), but in other cases they showed increasing tendencies, 

even further the pre-exercise values (Hunold et al., 1992; Chudecka et al., 2010). It 

could be deduced, that the normal Tsk pattern is affected during many hours after 

exercise. Further research is required in other to set the duration of thermal effects after 

exercise on the different body areas, depending on the type of exercise, intensity, and 

duration and the fitness level of the athlete. 

. 
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2. HYPOTHESIS AND OBJECTIVES 

2.1. HYPOTHESIS 

The hypothesis of this study is: 

The effect of exercise on skin temperature varies depending on the type of 

activity and the Region of Intereset, remaining at least 8 hours after the training and 

being measured by Infrared Thermography. 

2.2. OBJECTIVES 

The main and secondary objectives are: 

1. To investigate the reproducibility and reliability of IRT on humans. 

a) To calculate the reliability of the software Termotracker®, specialized 

on the analysis of IRT images of human beings. 

b) To analyse the reproducibility of skin temperature (Tsk) measurements 

of Termotracker on healthy subjects using IRT in different Regions of 

Interest (ROI), moments and side-to-side differences (ΔT) 

2. To analyse the effects of different types of training programs on the skin 

temperature before, immediately after and during the recovery using IRT.  

a) To determine the thermal response of skin temperature by IRT after an 

aerobic training of 45’ running on a treadmill at a moderate intensity 

and along an 8-hours recovery period. 

b) To determine the thermal response of skin temperature by IRT after a 

strength training of hypertrophy and along an 8-hours recovery period. 

c) To determine the thermal response of skin temperature by IRT after an 

anaerobic alactic running training and along an 8-hours recovery 

period. 



 
                                                                                                    Hypothesis & Objectives 

________________________________________________________________________________________________________________________________________ 

72 

 



 
                                                                                                     

 

 

 

 

 

 

 

 

 

 

 

 

 

3. METHODOLOGY    

 

 





 
                                                                                                    Methodology 

________________________________________________________________________________________________________________________________________ 

75 

3. METHODOLOGY 

 

3.1. STUDY DESIGN 

Based on statements of Shuttleworth and Blakstad (2010), we will make the 

classification of the study design used on each part of this work:  

 We designed a reliability study for the software used to analyse the IRT 

images: Termotracker® (pemaGROUP, Madrid, Spain), and a reproducibility 

study about the skin temperature in a young, healthy and normal weight 

population. In both cases it was a repeated measures design. 

 We made an analyse of the different training effects on Tsk by a quasi-

experimental study with a crossover repeated measures design, where the 

sample was randomized and performed three types of training along the data 

collection period. 

3.2. VARIABLES 

Tables 7 and 8 show two list including the dependent and independent variables 

considered in the studies of this work: 

Table 7.- Dependent variables and their values. 

Dependent Variables Type Values 
Time of the day Continuous (ratio) hh:mm 
Regions of Interest (ROI) Nominal ROI 
Hear rate Continuous (ratio) Bpm 
Age Continuous (ratio) Years 
Height Continuous (ratio) M 
Weight Continuous (ratio) Kg 
Weight loss Continuous (ratio) Kg 
Perception of exercise intensity Ordinal Borg scale (6 to 20 points) 
1RM (one-repetition maximum) Continuous (ratio) Kg 
Core temperature Continuous (interval) Celsius degrees (ºC) 
Skin temperature Continuous (interval)  Celsius degrees (ºC) 
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Table 8.- Independent variables and their values. 

Independent Variables  Type Values 
Ambient temperature Continuous (interval) Celsius degrees (ºC) 
Humidity Continuous (ratio) % 
Atmospheric pressure Continuous (interval) mb/hPa 
Level of activity Dichotomous Active / non active 

Type of training Nominal Endurance (aerobic), strength  
and speed (anaerobic) training 

Reliability Test moment Ordinal (Moment 1, Moment 2, Moment 3) 

Repeated measures  Ordinal 
Before Exercise (BE), Immediately 
After Exercise (IAE), After 1 hour 
(A+1)…(A+n)… After 8 hours (A+8) 

Intensity of endurance 
exercise Ordinal % of Maximal Heart Rate (MHR) 

Intensity of strength 
exercise Ordinal % of 1RM 

 

3.3. SAMPLE 

A total of 46 subjects participated in the four studies (see Table 9). They 

reported exercising at least 3 times per week and did not report any orthopedic 

limitation or diseases, consumption of medications, or drugs. 

Table 9.- Descriptive characteristics of the study subjects; mean±SD 

	   	   Trainings 
Study Reliability Endurance Strength Speed 

Number of subjects 32 14 14 14 
Gender M/F 18/14 14/0 14/0 14/0 
Age (years) 22.23±3.88 21.44±2.64 21.45±2.63 21.43±2.64 
Height (m) 1.71±0.09 1.78±0.04 1.78±0.04 1.78±0.04 
Weight (kg) 66.08±10.03 73.23±7.63 73.42±7.60 73.49±7.50 
BMI 22.58±2.24 23.05±1.56 23.11±1.57 23.13±1.53 

Subjects were previously instructed to avoid a list of factors affecting skin 

temperature commonly on the daily activity (i.e. consumption of alcohol or tobacco, 

application of creams or ointments or physical activity) in the 15 hours before the test. 

During the acclimatization period, they were asked to answer the questions from a 

questionnaire to know the existence of any possible influence factor. The study plan 

was previously approved by the Ethics Committee of the Technical University of 

Madrid (see Appendix I) following the principles outlined by the World Medical 



 
                                                                                                    Methodology 

________________________________________________________________________________________________________________________________________ 

77 

Declaration of Helsinki (Williams, 2008). In addition, all procedures used in this study 

conformed to the Spanish law about Protection of personal data 15/1999. 

3.4. EQUIPMENT 

3.4.1. GENERAL EQUIPMENT 

During the different parts of the study, a number of common instruments and 

equipment were used. 

 Thermal images were recorded with a T335 FLIR® infrared camera (FLIR® 

Systems, Sweden) (figure 17). Table 12 shows the general characteristics of 

the thermographic camera used in the study: 

Figure 18.- IRT camera T335 (FLIR® Systems, Sweden). 

Table 10.- General characteristics of IRT camera T335 (FLIR® Systems, Sweden). 

Specifications of IRT camera T335 (FLIR® Systems, Sweden)  
Imaging performance 
IR resolution 320 × 240 pixels 
Object temperature range 7.5 - 13 µm 
Image frequency 30 Hz 
Thermal sensitivity/NETD 50 mK at 30°C 
Spectral range 7.5 - 13 µm 
Spatial resolution (IFOV) 1.36 mrad 
Focal Plane Array (FPA) Uncooled microbolometer 
Measurement 
Object temperature range –20 °C to +650 °C in 3 ranges: -20°C to +120°C or 

0°C to +350°C or +200°C to +650°C 
Accuracy ±2°C or 2% of reading 
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 The temperature data were extracted with Termotracker® software 

(Pemagroup, Spain).  

 Tympanic temperatures were recorded with the ThermoScan® PRO-4000 

(BRAUN®, Germany) (see table 10).  

 The environmental conditions were controlled by a BAR-908-HG® portable 

weather station (Oregon Scientific®, USA) (see table 11).  

Table 11.- General characteristics of tympanic thermometer ThermoScan® PRO-4000 
(BRAUN®, Germany). 

ThermoScan® PRO-4000 
Calibration Accuracy  ±0.2 °C for the thermometer at 35.5 - 42.0 °C 
Response Time  3-7 seconds 

Unit Dimensions  152 mm x 44 mm x 33 mm (height x width x 
depth) 

Weight (without batteries)  100 grams 
Ambient Temperature Range 10.0 °C - 40.0 °C 
Patient Temperature Range  20.0 °C - 42.2 °C 

Table 12.- General characteristics of the weather station, model BAR-908-HG® (Oregon 
Scientific, Portland, Oregon). 

Characteristics of the portable weather station, Oregon BAR-908-HG® model 
Weight 376 grams. 
Dimensions 188 x 120 x 86 mm. (height x width x depth) 
Temperature Interior (-5 / +50ºC)  
Humidity Interior and exterior (25 - 95%). 
Atmospheric pressure Numeric value; 500 – 1050 mb/hPa. Resolution: 1 mb/hPa 
Indicators Trends and comfort zones 

Others - Evolution charts of the atmospheric pressure in the last 24 hours. 
- Weather forecast with symbols 

 

 A tripod Hama Omega Premium II (Hama®, Monheim, Germany) was used 

to hold the camera during the data collection. 

 A “Roll-up" of 125 x 206 cm was used to obtain a homogeneous background 

behind the subjects.  

 A "step" Domyos 160 (Decathlon, France) with marks was used to fix the 

standing protocol position and raising 10 cm the subject from the floor 

surface. 
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 Integrated weight and height scales (SECA®, Germany) were used for 

measuring weight and height.  

 As regards to the calibration procedure, a black body was used to control 

temperature and precision of the measurement of the camara by means of a 

thermistor PT-100 (Telemeter Electronic®, Donauworth, Germany) with a 

precision of ±0.01 °C . All IRT images were calibrated in order to have the 

most accurate values with this system. 

3.4.2. SPECIFIC EQUIPMENT 

For the specific parts of the study, in which different trainings were performed, 

we use the equipment belonging to the Faculty of Physical Activity and Sport Sciences 

INEF of the Technical University of Madrid (UPM): 

 For the aerobic training, a treadmill Runner Advance ´´E`` (Panatta®, Italia). 

 For the strength training, we used the following equipment: the leg extension 

(Series X Pression, Panatta®, Italy); leg press (Series Free Weight Panatta®, 

Italy); Smith machine (Series X Pression, Panatta®, Italy); cable station with 

bar (Series X Pression, Panatta®, Italy). RS400 heart rate monitor (Polar®, 

Finland) was used to do and control the initial assessment and the 

experimental trial..  

 For the speed training, we use an indoor facility in order to avoid the 

influence of external factors as direct radiation or weather events (wind, rain, 

etc.). 

 In all the trainings, subjects wore a RS400 heart rate monitor (Polar®, 

Finland) to control the initial assessment and the experimental trial. 

3.5. THERMOGRAPHIC SOFTWARE 

Termotracker® (pemaGROUP, Madrid, Spain) is a software designed for 

analysing IRT images of human beings. It was created by the Thermography research 

group of the Faculty of Physical Activity and Sport Sciences-INEF from the Technical 

University of Madrid with the collaboration of several institutions, as TS Company 

(Madrid, Spain), Spanish National Research Council (CSIC, Spain) or Alava Ingenieros 
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(Madrid, Spain). The software is able to analyse four IRT images of a subject (Anterior 

and Posterior, Upper and Lower body) recognising a total of 78 ROI by computer vision 

based on an algorithm able to identify anatomical key points to automatically trace the 

ROI, without any external marker. The ROI are based on articular and muscular areas of 

the human anatomy (as it is shown in figure 18).  

 

 
Figure 19.- Distribution of the 78 Regions of Interest (ROI) made by Termotracker® software 
by analysing IRT images. 

During the software development period, a data collection was performed in 

order to improve the anatomical templates with the distribution of ROI. 30 volunteers 

from different anthropometrical conditions were evaluated following an adaptation of 

the guidelines from the European Association of Thermology (EAT) (Ammer et al., 

2008) described in appendix II. Thermal images were recorded with a T335 FLIR® 

infrared camera (FLIR® Systems, Sweden). 4 IRT images were recorded for each 

volunteer (Anterior and Posterior, Upper and Lower body), and then printed on 

transparencies. All transparencies from the same position (Anterior and Posterior, 
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Upper and Lower body) were put together on an overhead project screen in order to 

visualize the “general” profile. Then, we marked the extremes and measure the 

distances in mm to drew an average line in order to obtain a mean profile for each 

perspective. The results of that experiment can be seen on figure 19. 

 

 
Figure 20.- Improved anatomical templates based on the profile of 30 volunteers used by 
Termotracker® software to detect ROI on IRT images. 

 Termotracker® extracts from the total of pixels of each ROI the maximum, 

minimum and mean temperature with standard deviation (SD). For this study, we 
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selected from the 78 available ROI a concrete group, in order to reduce de quantity of 

information and focus on the most relevant ROI. 

3.6. METHODOLOGY 

Each part of the study followed a specific methodology, which are detailed in 

the following points.  

3.6.1. LITERATURE REVIEW METHODOLOGY 

The search engines Medline, Pubmed, ISI Web of Knowledge, Ingenio, Science 

Direct, EBESCO, Springerlink, IEEE Xplore and Google Scholar were used to identify 

studies related with infrared thermography and its influence factors. Due to the huge list 

of keywords, there was not a unique “search sentence”, but a combination between the 

common keyword “infrared thermography or thermal imaging or thermology or infrared 

or thermometry or thermovision or IR imaging or thermal video” and a long list of 

influence factors keywords, as for example “humidity”, “alcohol” or “injuries”.  

Because of the technological improvement of IRT in the last years, original 

papers published in the last 20 years were preferentially considered. The inclusion 

criteria for study selection were (1) the literature was written in English, (2) participants 

were human beings, and (3) skin temperature assessed by non-contact Infrared 

Thermography. Potentially relevant studies, which may have been missed in the original 

search, were also included by reviewing the bibliography of the found articles. 

3.6.2. RELIABILITY AND REPRODUCIBILITY METHODOLOGY  

The evaluation took place in a laboratory with standardized conditions 

(Temperature = 23.55±1.19ºC; Humidity = 46.59±4.08%; and Atmospheric Pressure = 

942.69±3.03 mb/hPa) following an adaptation of the guidelines from the European 

Association of Thermology (EAT) (Ammer et al., 2008) described in appendix II. 

Whole body skin temperatures (Tsk) of each subject were recorded in four IRT images 

(Anterior and Posterior of Upper and Lower body). 
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Concerning the reliability of Termotracker® software, all images were assessed 

in two different laptops with the same software. Concerning the reproducibility of IRT 

images, previous studies recorded two images, normally separated by several hours or 

days (Zaproudina et al., 2008; Hildebrandt et al., 2009b). Therefore, we decide to record 

three thermograms: two separated by 5 seconds in-between, and the third one under the 

same conditions and time 24 hours after (see figure 20). All images were taken an 

analysed by the same observer.  

 

Figure 21.- Representation of the methodology used in the reliability and reproducibility study. 

3.6.3. TRAINING STUDY METHODOLOGY 

The last part of the study consisted on a data collection in which 14 subjects 

performed in different days three trainings. For each part there are specific and common 

conditions, which are described in the following points. 

3.6.3.1. Initial assessment 

After being informed about the aims, procedures and risks involved in the 

investigation (see appendix III), all subjects signed their consent to participate in the 

study and answered questions about injury history, training experience and other 

personal details. Anthropometric measurement of height (m) and weight (kg) were 

recorded.  
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3.6.3.1.1. Aerobic training 

Between seven and three days before the trial, each subject was assessed in the 

early morning to estimate the individual Resting Heart Rate (RHR). Whaley’s formula 

(1992) [203.9 – 0.812 • (age) + 0.276 • (RHR) – 0.084 • (Weight) = Maximal Heart 

Rate (MHR)] was used to find out the (MHR). Based on those calculations, we 

estimated the 60% and 75% on the result of calculating MHR-RHR. Resting Heart Rate 

was added again to establish the limits of heart rate in between subjects had to run. 

After setting the heart rate limits, at least one training season near to 45’ was done on a 

treadmill for experiencing the characteristics of the trial. 

3.6.3.1.2. Strength training 

One week before the trial, all participants completed a 1RM test for each 

exercise in two separate sessions. Two exercises that involved two main muscle groups 

were completed during each strength session: bench press and flat bench cable fly for 

the pectoral and leg press and extension for the thigh. At the beginning of each session, 

participants were required to complete a standardized warm-up consisting of 5’ cycling. 

The 1RM test was based on the principles described by Baechle and Earle (2008), with 

a warm-up phase and five progressive steps with a systematic progression in work load 

until the maximum weight that could be lifted for 1 repetition with correct exercise 

technique and a rhythm of 2:2 (2 seconds eccentric and 2 seconds concentric). A 

maximum of 5 sets was established for each 1 RM test in order to prevent muscular 

fatigue (Taylor et al., 2012). Table 13 summarizes the maximal strength (1RM) 

obtained for the exercises involved in the protocol. 

Table 13.- Environmental conditions for the three parts of the study. 

Strength exercises 1RM 1RM/kg 
BP: Bench press (session 1) 76.36±9.44 0.79±0.10 
FB: Flat bench cable fly (session 2) 26.07±6.01 0.27±0.06 
LE: Leg extension (session 1) 107.86±14.24 1.11±0.15 
LP: Leg Press (session 2) 180.57±28.25 1.86±0.29 
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3.6.3.1.3. Speed training 

After being informed about the characteristic of the standard speed training and 

the specific warming up, subjects were told to perform at least one similar training 

during the days before, with the aim of getting experience on the trial. 

3.6.3.2. Experimental trial 

Participants maintained normal habits of breakfast and resting, and were 

instructed to not do any exercise at least 15 hours before the trial. Always between 8:30 

and 11:30 AM, each participant (wearing only underwear) acclimated to the controlled 

environmental conditions of the laboratory (see table 14) for a minimum of 15’ in order 

to obtain a baseline thermal record. During the workouts, subjects were asked to avoid 

fitting clothing; they wore shorts, T-shirts and training shoes. Subjects were weighed 

with this clothing on immediately before and after the trials in order to establish their 

dehydration levels, which could influence the thermoregulatory system, and indicate 

them the minimal consumption of water after-exercise (Swaka et al., 2007). They were 

instructed to consume the minimum necessary amount of water during each trial. A data 

collection notebook was used to record all variables (see appendix IV). 

Table 14.- Environmental conditions for the three parts of the study. 

	   Trainings 
Study Aerobic Strength Speed 

Number of subjects 14 14 14 
Ambient temperature (ºC) 20.01±0.7 20.07±1.1 20.12±1.03 
Humidity (%) 41.3±2.53 42.3±3.39 41.3±2.55 
Atmospheric pressure (mb/hPa)  963.8±4.1 962.9±3.3 961.6±4.2 

3.6.3.2.1. Aerobic training 

Trial started with a 5-minutes of progressive warm-up followed by 45’ of 

continuous and moderate intensity (60-75% MHR) running on treadmill (gym 

temperature: 19.47 ± 2.1°C and humidity: 48 ± 4.7%) (see figure 21). Intensity of the 

exercise was additionally controlled by the Borg scale (6 – 20 points), asking the 

participants to run at a self-perceived moderate intensity.  
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Figure 22.- Representation of the methodology follow in the aerobic training study. Before 
Exercise (BE), Immediately After Exercise (IAE) and once per hour during the 8 hours After 
training  (A+1 to A+8 = A+n). 

3.6.3.2.2. Strength training 

 The strength-training program started with a 5’ warm-up in cycle. Before each 

exercise, every subject performed 6 to 10 repetitions with a light load to adjust his 

technique and rhythm of execution. All of the participants performed 4 sets of 10 

repetitions (70% of 1RM) for the four selected exercises with a rest period of 90” 

between sets and 3’ between exercises (see figure 22). Participants were instructed to 

perform the movement at a 2:2 rhythm (2 second eccentric and 2 second concentric 

phase). 70% of 1RM represents a hypertrophy, used previously in other studies as 

standard strength training and told to be influent on metabolism (Geliebter et al., 1997). 

All subjects were monitored during the entire training season, providing them 

with real-time feedback about their speed and range of movement for each exercise. All 

of them started with the two general exercises, bench press (BP) and leg press (LP), 

followed by more analytic exercises as flat bench cable fly (FB) and leg extension (LE) 

exercises. Intensity of the exercise was additionally controlled by the Borg scale (6 – 20 
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points). The temperature of the gym, where the training took place was also controlled 

(temperature: 18.19 ± 0.12°C and humidity: 44.21 ± 1.04%). 

 

Figure 23.- Representation of the methodology follow in the strength training study. Before 
Exercise (BE), Immediately After Exercise (IAE) and and once per hour during the 8 hours 
After training  (A+1 to A+8 = A+n).  

3.6.3.2.3. Speed training 

The speed (anaerobic alactic) training started with a specific warm-up for speed 

sessions described and called “Russian warm-up” by Cometti (1998). 

 It started with 5’ warm-up running on a treadmill 

 10 repetitions of leg extension for each leg. 

 10 repetitions of ankle extension for each leg. 

 10 repetitions of hamstring contraction for each leg. 

 10 repetitions of hip resisted flexion for each leg. 

 10 repetitions of resisted adductor contraction. 

Then participants did technique exercises for ankle and hip and 2 progressive 

sprints in order to get ready for the speed training. Subjects performed 2 sets of 3 

repetitions of 40 meters in an indoor track at maximum speed. Between repetitions they 

had 3 minutes of recovery that they used to return to the starting line doing dynamic 
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movements (Bishop et al., 2006) (see figure 23). Between the sets they had 6 minutes of 

active stretching. Immediately after the last sprint they went to the laboratory. 

 

Figure 24.- Representation of the methodology follow in the speed training study. Before 
Exercise (BE), Immediately After Exercise (IAE) and and once per hour during the 8 hours 
After training  (A+1 to A+8 = A+n). 

All subjects were monitored during the entire training season, providing them 

with real-time feedback about their technique and range of movement. Intensity of the 

exercise was additionally controlled by the Borg scale (6 – 20 points). The temperature 

of the indoor track, where the training took place was also controlled (temperature: 

18.01 ± 0.40°C and humidity: 46.21 ± 2.6%). 

3.6.3.3. Thermal data collection 

Immediately after finishing the trainings, subjects returned to the data collection 

room, where all thermograms were performed within two minutes. Afterwards, a 

passive stretching session of 10’ was performed, focusing on the exercised muscles. 

 A series of four thermograms (Anterior and Posterior of the Upper and Lower 

body) were registered first before exercise (BE), immediately after exercise (IAE) and 

once every hour after the workout (“A+1” to “A+8”). In the data collection room, the 

distance between the subject and the infrared camera was from 2.4 m to 3 m, depending 
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on the height of subjects, because the aim was to fit the body shape on the image frame. 

The camera was positioned around 60 cm from the ground for Lower body images, and 

around 120 cm for the Upper body images, depending as well on the subjects height in 

order to avoid the angles (Ammer, 2003). Tympanic temperature was recorded twice in 

each thermal assessment. 

 After the training session, subjects remained in the data collection room during 

the 8 following hours with a constant ambient temperature between 18.5°C and 21.0°C. 

Subjects did not shower and dressed in comfortable sportswear. During the monitoring 

period, they were allowed to perform passive activities (e.g., reading, studying or using 

the computer). Participants only left the room for 30’ to eat between 13:30 PM and 

15:30 PM. Food ingestion was not controlled but always remained within the normal 

habits of each subject and water consumption represented at least 150% of the weight 

lost during the trial in order to avoid dehydration (Sawka et al., 2007). 

3.7. STATISTICAL ANALYSIS 

For all the data collected, Kolmogorov-Smirnov tests were used in order to 

verify the normality of the dependent variables. The results indicated a normal 

frequency distribution in all samples, therefore parametric statistics were applied.  

All statistical analyses were performed using the software SPSS 20.0 (IBM, 

Chicago, USA), and the level of significance was always set at α=0.05. Besides, the 

specific data analysis for each part is described in the points below. 

3.7.1. RELIABILITY AND REPRODUCIBILITY STATISTICS 

A two-way mixed model was used to determine: the Intra-class Correlations 

Coefficient (ICC) considering the obtained data from two different computers 

(reliability of the software); the reproducibility of Tsk on young, healthy and normal 

weight subjects (three thermograms of all subjects separated by 5 seconds and 24 

hours); and the reproducibility of thermal asymmetries between bilateral ROI (ΔT) 

(obtained by two computers from three different thermograms). Coefficient of Variation 

(CV) (SD/mean * 100) was also used to analyze the dispersion of the data. In addition, 
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Bland-Altman plots were calculated to show the intra-examiner agreement (Kottner et 

al., 2011), and the dispersion of all readings with 95% agreement limits. 

3.7.2. TRAINING STUDY STATISTICS 

The data are given as the means ± SD. ANOVA Multivariate analyses of 

repeated measures were performed to test the differences in temperatures of each ROI 

over time. Fisher's least significant difference post-hoc tests were calculated where 

appropriate. Student’s t-tests for related samples were used to compare paired data (i.e. 

right and left side temperatures for each area and two different moments of the protocol) 

and to compare tympanic temperatures with the average temperatures of muscles and 

joints.  

3.7.3. SELECTION OF REGION OF INTEREST 

Although Termotracker® is able to get the temperatures of 78 ROI, the quantity 

of regions selected for the statistical analysed were few in order to reduce de quantity of 

information and focus on the most relevant ROI. They were in almost all of the cases 

the same, and divided in: main muscles, secondary muscles and joints. Figure 24 shows 

Termotracker® templates and the ROI selected and Table 15 identify the different ROI 

analysed in each study. 
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Figure 25.- Template where all ROI selected for the studies are highlighted 
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Table 15.- Relation of Regions of Interest selected for each study. 
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	   	   	   Trainings 

ROI Side Reliability 
Enduranc

e Strength Speed 
Thigh FR x x x x 
Thigh FL x x x x 
Knee FR x x x x 
Knee FL x x x x 
Biceps FR x x x x 
Biceps FL x x x x 
Shoulder FR x x x x 
Shoulder FL x x x x 
Pectoral FR x x x x 
Pectoral FL x x x x 
Hamstrings DR x x x x 
Hamstrings DL x x x x 
Elbow DR x x x x 
Elbow DL x x x x 
Dorsal DR x x x x 
Dorsal DL x x x x 
Ankle FR x x  x 
Ankle FL x x  x 
Abdominal F x x  x 
Calf DR x x  x 
Calf DL x x  x 
Back D x x  x 
Lumbar D x x  x 
Triceps DR x  x x 
Triceps DL x  x x 
Trapezius FR  x   
Trapezius FL  x   
Elbow FR   x  
Elbow FL   x  
Knee DR   x  
Knee DL   x  
Shoulder DR   x x 
Shoulder DL   x x 
TOTAL 	  	   25 25 24 27 
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4. RESULTS 

 

4.1. RELIABILITY STUDY 

4.1.1. SKIN TEMPERATURE AND COEFFICIENTS OF VARIATION 

Major individual temperature variations between the subjects existed, especially 

in the distal parts of the extremities. However, the mean of side-to-side (ΔT) values 

were more than 0.10ºC only in biceps, triceps and shoulder. The mean Tsk values of 

regional temperature with the standard are presented in table 17 with coefficient of 

variation. The ΔT values with standard deviation are presented in table 16, where 

Pearson Correlation Coefficient are shown for the 1st and 2nd thermogram, and the 1st 

and 3rd thermogram, showing a significant correlation in all ROI between Thermogram 

1 and 2 (5 seconds in between), but losing this correlation in almost all ROI between 

Thermogram 1 and 3 (24 hours in between) excepting for the joint ROI (i.e. knee, 

ankle, elbow and shoulder). 

Table 16.- Mean temperatures and standard deviations (SD) of thermal asymmetries (ΔT) –side 
to side temperature differences- of the Thermogram 1, 2 and 3. Pearson Correlation Coefficient 
between Thermograms 1-2, and 1-3. p value **p < .001 *p<.005 (n=32) 
 ΔT of ROI  Pearson 

 
Thermogram 

1 
Thermogram 

2 
Thermogram 

3  
Thermogram  

1-2 
Thermogram 

 1-3 
ROI Mean±SD Mean±SD Mean±SD  Pearson P value Pearson P value 
Thigh 0.10±0.20 0.10±0.20 0.11±0.21 	   0.972** 0.000 0.272 0.132 
Knee -0.13±0.40 -0.12±0.40 -0.02±0.40 	   0.987** 0.000 0.734** 0.000 
Ankle -0.06±0.40 -0.03±0.41 0.05±0.42 	   0.985** 0.000 0.123 0.502 
Biceps 0.09±0.21 0.11±0.21 0.10±0.18 	   0.953** 0.000 0.398* 0.024 
Shoulder 0.16±0.28 0.17±0.30 0.08±0.24 	   0.968** 0.000 0.656** 0.000 
Pectoral 0.01±0.19 0.00±0.18 -0.03±0.18 	   0.917** 0.000 0.081 0.659 
Hamstrings -0.01±0.19 -0.03±0.20 0.03±0.19 	   0.975** 0.000 0.065 0.645 
Calf -0.02±0.24 -0.02±0.23 -0.03±0.28 	   0.993** 0.000 0.022 0.905 
Triceps 0.25±0.28 0.26±0.29 0.20±0.25 	   0.933** 0.000 0.154 0.401 
Elbow 0.06±0.44 0.05±0.38 -0.07±0.37 	   0.936** 0.000 0.392* 0.027 
Dorsal -0.04±0.16 -0.02±0.18 -0.07±0.15 	   0.869** 0.000 0.198 0.279 
TOTAL 0.04±0.27 0.04±0.27 0.03±0.26 	  	           
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Table 17.- Mean temperatures with minimal and maximal values, standard deviations 
(SD) and coefficient of variation (CV) of each Region of Interest (ROI) on Thermogram 1, 2 
and 3 (n=32). 
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Coefficients of Variation (CV) were calculated (see Table 19) showing higher 

CV on distal body ROI (i.e. triceps, biceps, hamstrings and knee) and lower CV on the 

body core (i.e. dorsal, back and abdominal). Nevertheless, the CV results were ranged 

between 1.06% and 3.12% in the three thermograms, with a CV mean values around 

2% in the three. 

4.1.2. SOFTWARE RELIABILITY 

 Reliability results with Intra-class Correlation Coefficients (ICC) analysis is 

summarized in table 19. On the one hand, the Intra-class Correlation Coefficients (ICC) 

from the analysis of the Tsk values of IRT images in two different computers was very 

high in all the ROI and the three thermograms (mean ICC = 0.999); on the other hand, 

the ICC values for the software reliability of thermal asymmetries (ΔT) considering the 

bilateral ROI were also very high in the three thermograms, but lightly lower than Tsk 

values (mean ICC = 0.988 for thermograms 1-2 and ICC = 0.987 for thermograms 1-3).  

 Regarding the reliability of Tsk values, the lowest ICC value for the three 

thermograms was found on Dorsal left Elbow ROI (ICC = 0.989 for thermograms 1-2 

and ICC = 0.987 for thermograms 1-3). In the case of side-to-side values (ΔT), Dorsal 

ROI registered the lowest ICC value (ICC = 0.946 for thermograms 1-2 and ICC = 

0.940 for thermograms 1-3). However, all ICC values for the reliability of the software 

were higher than 0.940. 

4.1.3. REPRODUCIBILITY OF IRT VALUES 

 Reproducibility results with Intra-class Correlation Coefficients (ICC) analysis 

is summarized in table 20. On the one hand, the Intra-class Correlation Coefficients 

(ICC) from the analysis of the Tsk values of IRT images in two different thermograms 

(1 and 2) separated by 5 seconds was very high in all the ROI (mean ICC = 0.991), but 

when compared with thermograms 1 and 3 (separated by 24 hours) the ICC are lower 

(mean ICC = 0.681). On the other hand, the ICC values for the reproducibility of 

thermal asymmetries (ΔT) considering the bilateral ROI were also very high in the two 

first thermograms (mean ICC = 0.953), but in the comparison of thermogram 1 and 3 

(24 hours in between) ICC values were much lower (mean ICC = 0.512).  
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Table 18.- Reliability results with Intra-class Correlation Coefficients (ICC) and their mean 
with Standard Deviation (SD) for Tsk and thermal asymmetries (ΔT) in two different computers 
with the same software Termotracker® and in three different thermograms for each Region of 
Interest (ROI) (n=32). 

  Software reliability  Software reliability of ΔT 

ROI Side 
Thermogram 1-2 
(5" in between) 

Thermogram 1-3 
(24h in between)   

Thermogram 1-2 
(5" in between) 

Thermogram 1-3 
(24h in between) 

Thigh FR 1.000 1.000  1.000 1.000 
Thigh FL 1.000 1.000  
Knee FR 1.000 1.000  1.000 1.000 
Knee FL 1.000 1.000  
Ankle FR 1.000 1.000  1.000 1.000 
Ankle FL 1.000 1.000  
Abdominal  0.999 0.999    

Biceps FR 0.999 0.999  0.992 0.991 
Biceps FL 1.000 1.000  
Shoulder FR 0.993 0.994  0.994 0.993 
Shoulder FL 0.998 0.998  
Pectoral FR 1.000 1.000  0.968 0.966 
Pectoral FL 0.996 0.997  
Hamstrings DR 0.999 0.997  0.999 0.997 
Hamstrings DL 1.000 0.998  
Calf DR 0.999 0.999  1.000 1.000 
Calf DL 0.999 0.999  
Triceps DR 0.998 0.998  0.994 0.994 
Triceps DL 1.000 1.000  
Elbow DR 0.998 0.998  0.979 0.978 
Elbow DL 0.989 0.987  
Back  1.000 1.000    

Dorsal DR 0.999 1.000  0.946 0.940 
Dorsal DL 1.000 1.000  
Lumbar  1.000 1.000    

MEAN±SD 0.999±0.003 0.999±0.003   0.988±0.017 0.987±0.019 
 

 Reproducibility of Tsk and side-to-side values (ΔT) were both very high when 

comparing thermogram 1 and 2. However, the ICC results when comparing 

Thermogram 1 and 3 (24 hours in betweem). Concerning Tsk values, the lower ICC 

values were obtained in joint ROI (i.e. ankle, elbow and knee), however, in the case of 

thermal asymmetries (ΔT) the lowest ICC results were obtained by muscular (i.e. thigh, 

triceps, biceps and dorsal).  
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Table 19.- Reproducibility results with Intra-class Correlation Coefficients (ICC) and their 
mean with Standard Deviation (SD) for Tsk and thermal asymmetries (ΔT) in three different 
Thermograms (1 and 2 separated by 5 seconds, and 1 and 3 separated by 24 hours (n=32). 

  Reproducibility of Tsk   Reproducbility of ΔT of Tsk 

ROI Side 
Thermogram 1-2 
(5" in between) 

Thermogram 1-3 
(24h in between)   

Thermogram 1-2 
(5" in between) 

Thermogram 1-3 
(24h in between) 

Thigh FR 0.998 0.707  0.972 0.272 
Thigh FL 0.997 0.808  
Knee FR 0.996 0.544  0.987 0.734 
Knee FL 0.998 0.403  
Ankle FR 0.996 0.394  0.985 0.652 
Ankle FL 0.997 0.317  
Abdominal  0.987 0.747    

Biceps FR 0.987 0.586  0.953 0.398 
Biceps FL 0.992 0.689  
Shoulder FR 0.968 0.736  0.968 0.656 
Shoulder FL 0.982 0.704  
Pectoral FR 0.989 0.754  0.917 0.618 
Pectoral FL 0.984 0.722  
Hamstrings DR 0.996 0.801  0.975 0.587 
Hamstrings DL 0.996 0.807  
Calf DR 0.995 0.793  0.993 0.717 
Calf DL 0.994 0.771  
Triceps DR 0.991 0.693  0.933 0.154 
Triceps DL 0.996 0.624  
Elbow DR 0.985 0.597  0.936 0.446 
Elbow DL 0.970 0.542  
Back  0.996 0.841    

Dorsal DR 0.989 0.817  0.869 0.399 
Dorsal DL 0.993 0.808  
Lumbar  0.995 0.811    

MEAN±SD 0.991±0.008 0.681±0.146   0.953±0.037 0.512±0.191 

4.1.4. BLAND – ATLMAN PLOTS 

 Figures 25, 26 and 27 show the Bland-Altman mean difference plots, which can 

be used to visualize the overall degree of agreement. In this case, they correspond to 

intra-examiner agreement between two computers (figure 25) and three thermograms: 1 

and 2 (figure 26), 1 and 3 (figure 27). In the case of the software with the two 

computers, only 2.37% of all readings felt outside the 95% agreement limits. 
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Figure 26.- Bland – Altman plots for intra-examiner agreement between two computers and the 
same software. 2.37% of all readings done fell outside the 95% agreement limits 

 

Figure 27.- Bland – Altman plots for intra-examiner agreement between the same observer in 
two thermograms (1 and 2, separated by 5 seconds). 3.87% of all readings done fell outside the 
95% agreement limits 

 In the case of Figures 26 and 27, both plots show aceptable levels of agreement, 

which is better in the case of Thermograph 1 and 2 with 3.87% of all readings felling 
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outside the 95% agreement limits. The results for the Thermograph 1 and 3 are slightly 

higher, with 5.25% of all readings felling outside the 95% agreement limits. 

 

Figure 28.- Bland – Altman plots for intra-examiner agreement between the same observer in 
thermograms 1 and 3 (separated by 24 hours). 5.25% of all readings done fell outside the 95% 
agreement limits. 

4.2. TRAINING STUDY 

4.2.1. AEROBIC TRAINING 

 For the study of aerobic training, we decide to use 25 ROI, divided in three 

groups: Group 1 or Main Muscles: thigh (THI), hamstrings (HAM) and calf (CAF); 

Group 2 or Secondary Muscles:  Abdominal (ABD), Back (BAK), Pectoral (PEC), 

Anterior Trapezius (TRA), Dorsal (DOR), Shoulder (SHL), Biceps (BIC) and Lumbar 

(LUM); and Group 3 or Joints: Elbow (ELB), Knee (KNE) and Ankle (ANK). In some 

cases, as the thigh, we considered the evaluation side-to-side. 

 Tables 21, 22 and 23 summarize the mean and standard deviation values of Tsk 

from group of main muscles (Table 21), secondary muscles (Table 22) and joints 

(Table 23).  
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Table 20.- Average temperatures °C (±) standard deviations and Multivariate analyses of 

repeated measures for each considered main muscular ROI in aerobic training (n=14) 
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Table 21.- Average temperatures °C (±) standard deviations and Multivariate analyses of 

repeated measures for each considered secondary muscular ROI in aerobic training (n=14) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
                                                                                                    Results 

_______________________________________________________________________________________________________________________________________ 

 

104 

 

 

 

Table 22.- Average temperatures (±) standard deviations and Multivariate analyses of repeated 

measures for each considered joints ROI in aerobic training (n=14) 
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 The data show the thermal condition Before Exercise (BE) Immediately After 

Exercise (IAE) and once every hour after the workout ("A +1" to "A +8"). P-values are 

shown in the cases where statistical differences were found. 

 Tsk from the muscle ROI mainly involved in the running training did not 

increased significantly immediately after the exercise; however, one hour after the 

exercise (A+1) the Tsk of all ROI increased. Those areas did not show any significant 

differences within the 8 hours after the training season, except for the hamstrings ROI 

(HAMR: p=0.021: HAML: p=0.013). Hamstrings ROI remained significantly warmer 

up to 7 hours after the training season comparing the data with the baseline Tsk 

registered before exercise (BE). Thigh ROI decreased the Tsk after 1 hour and 

remained stable and warmer than BE up to 8 hours after. Calf ROI described and 

irregular skin thermal evolution along the 8 hours of recovery period. Significant 

differences were found along the evaluated period for the TYM (p=0.028). TYM 

increased immediately after the exercise, not significantly but with closer to significant 

values (p=0.069). One hour after, Tympanic temperature decreased significantly up to 5 

hours after the training (see figure 28). 

 
Figure 29.- Mean and Standard Deviation values of Tympanic temperature (TYM) after aerobic 
training. Before Exercise (BE), Immediately After Exercise (IAE) and during the recovery 
period (A+n). Units in Celsius degrees (ºC) (n=14) 

 In table 22, we show the results from secondary muscle ROI involved in 

running. Excepting the Lumbar ROI (LUM p=0.053), the rest reached significant 
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differences along the measured period (ABD p<0.001, BAK p=0.001, PECR p<0.001, 

PECL p<0.001, TRAR p<0.001, TRAL p<0.001, DORR p=0.020, DORL p=0.018, 

SHLR p=0.020, SHLL p=0.018, BICR p=0.006, BICL p=0.003). 

 Immediately after exercise (IAE), the Tsk of all ROI from the secondary 

muscles decreased significantly, excepting Lumbar ROI. Contrarily, one hour after the 

exercise (A+1), all ROI from this group (except Lumbar ROI) increased the Tsk, most 

of them significantly (table 22). After the first hour, the main tendency of Tsk from all 

secondary muscles ROI was to remain stable up to 8 hours after the trail, still 

significantly warmer than the baseline Tsk registered BE.  

 The results showed in table 23 correspond to those from the joint ROI. These 

ROI showed a similar tendency between them, but completely different from the one 

described on group 1 and 2. As shown in table 4, all ROI showed significant 

differences along the measured period (ELBR p=0.001, ELBL p<0.001, KNER 

p<0.001, KNEL p=0.005, ANKR p<0.001, ANKL p<0.001). 

  Immediately after the trial, all joint ROI increased significantly the Tsk 

between 1.21°C and 2.19°C (see table 23). One hour after the training, all ROI from 

this group decrease the Tsk progressively, reaching from the second hour after the 

training (A+2) similar Tsk values as those recorded BE. The skin thermal behaviour of 

these ROI up to 8 hours after was similar and relatively stable.  

 Figure 29 illustrates the qualitative thermal changes along the protocol in one of 

the subjects analysed. Figure 30 summarize in a quantitative way the evolution of Tsk 

Before Exercise (BE), Immediately After Exercise (IAE) and during the recovery 

period (A+n) according to the considered groups of Regions of Interest (ROI). 
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Figure 30.- Anterior IRT images (320x240 pixels) of the Upper and Lower Body of a 
representative subject taken Before Exercise (BE) of aerobic training, Immediately After 
Exercise (IAE), 2 hours after (A+2), 4 hours after (A+4) and 8 hours after the end of the 
exercise (A+8). The Upper and Lower views are presented with the same thermal scales in order 
to highlight local contrast. 
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Figure 31.- Main tendencies of Skin Temperature (Tsk) evolution Before Exercise (BE) of 
aerobic training, Immediately After Exercise (IAE) and during the recovery period (A+n) 
depending on the groups of Regions of Interest (ROI) (n=14) 

 Concerning the side-to-side Tsk asymmetries (ΔT) in the analyzed ROI, table 24 

shows that BE, the maximal difference was 0.14°C in the thigh ROI. After the exercise, 

ΔT remained stable with some exceptions as Knee and Elbow. The tracked resting 

period was characterized by ΔT less than 0.20°C, excepting for the Elbow. 

Table 23.- Average bilateral differences (ΔT) at each time point. (n=14) 

ROI 
BE IAE 

RECOVERY POST EXERCISE 
A+1 
(1) 

A+2 
(2) 

A+3 
(3) 

A+4 
(4) 

A+5 
(5) 

A+6 
(6) 

A+7 
(7) 

A+8 
(8) 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

ΔT R-
L 

Main 
Muscles 
(Group 

1) 

Thigh 0.14 -0.01 0.05 0.09 0.05 0.05 0.09 0.11 0.12 0.13 
Hamstrin

gs -0.13 0.16 0.07 -0.04 -0.03 -0.05 -0.12 -0.11 -0.12 -0.08 

Calf 0.01 0.10 0.02 0.00 0.07 -0.01 0.06 0.07 -0.03 0.05 
Seconda

ry 
muscles 
(Group 

2) 

  

Pectoral 0.01 -0.12 -0.04 -0.03 -0.03 0.00 0.00 -0.02 -0.05 -0.03 
Trapeziu

s 0.15 -0.05 0.10 0.07 0.17 0.18 0.21 0.10 0.17 0.17 

Dorsal -0.07 -0.17 -0.07 -0.08 -0.07 -0.06 -0.06 -0.08 -0.08 -0.03 
Shoulder -0.07 -0.19 -0.08 -0.04 -0.01 0.01 -0.03 0.09 -0.07 -0.03 
Biceps -0.04 0.02 -0.07 -0.03 0.05 0.03 0.01 0.01 -0.04 0.01 

Joints Elbow 0.04 -0.60 0.07 0.36 0.16 0.15 0.12 0.36 0.23 0.12 
(Group 

3) Knee 0.00 0.28 0.00 -0.05 -0.10 -0.07 0.01 -0.01 0.06 0.05 

  Ankle -0.12 -0.18 -0.12 -0.06 0.01 -0.05 0.06 0.02 0.09 0.07 
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4.2.2. STRENGTH TRAINING 

 For the study of aerobic training, we decide to use 24 ROI, divided in two 

groups: 1) the main muscular groups involved in the exercises: pectoral (PEC), dorsal 

(DOR), shoulder (SHL), biceps (BIC), triceps (TRI), thigh (THI) and hamstring 

(HAM); and 2) the main joints mobilized in the exercises: elbow (ELB) and knee 

(KNE). All of these measurements were acquired for the left (L) and right (R) side and, 

when it was applicable, from both the frontal (F) and dorsal (D) view. 

 Table 25 summarizes averaged Tsk and their standard deviations for each 

muscular ROI in the 10 conditions: baseline before exercise (BE), immediately after 

strength training (IAE) and at each hour during the 8-hour recovery period (“A1” to 

“A8”). The difference of absolute temperature between BE and the last assessment 8 

hours after the training (A+8) is also indicated. Additionally, there are indicated 

significances of the multivariate analysis of repeated measures for Tsk by the time of 

data collection and the post-hoc analysis at different times when the Tsk values were 

recorded. Table 26 shows the same data for the Tsk from two articular regions (Elbow 

and Knee). 

 Table 25 shows that the Tsk immediately after exercise (Dif. IAE – BE) is lower 

or similar to Tsk before exercise in all of the muscular areas. However, most of the 

muscles were significantly warmer 8 hours after the training (A+8). The data show 

some differences in thermal responses by muscle function in the selected exercises 

(agonist, synergist or antagonist) for the lower or upper limb. 

 The thermal response of the skin of the joint areas varied from the limb 

behaviour (see Table 26). In the upper limb, the effect of strength exercise on the Tsk 

on the anterior part of the elbow differed from that on the posterior part. However, 

elbow did not reach significant variations on Tsk trough the period analysed. In the case 

of the knee, the response to strength training immediately after exercise did not reflect a 

significant decrement of the Tsk in most of its areas. 
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f Table 24.-  Average temperatures °C (±) standard deviations and Multivariate analyses of repeated 

measures for each considered main muscular ROI in strength training (n=14) 
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f Table 25.-  Average temperatures (±) standard deviations and repeated measurements 

multivariate analysis for each considered joint ROI in strength training (n=14) 
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 Table 27 indicates symmetry in the Tsk values for most of the ROI, except for 

some moderately asymmetric responses in the posterior part of the knee and quadriceps. 

Table 26.- Average bilateral differences (ΔT) after strength training. (n=14) 
 

ROI 
BE IAE 

RECOVERY POST EXERCISE 
A+1 
(1) 

A+2 
(2) 

A+3 
(3) 

A+4 
(4) 

A+5 
(5) 

A+6 
(6) 

A+7 
(7) 

A+8 
(8) 

ΔT 
 R-L 

ΔT  
R-L 

ΔT 
 R-L 

ΔT 
 R-L 

ΔT 
 R-L 

ΔT  
R-L 

ΔT 
 R-L 

ΔT  
R-L 

ΔT 
 R-L 

ΔT  
R-L 

Main 
Muscles 

Shoulder -0.05 -0.09 -0.09 0.02 0.02 0.03 0.07 -0.01 0.02 0.02 
Shoulder 0.03 0.05 -0.02 0.08 0.17 -0.04 0.02 0.02 0.02 0.03 
Pectoral 0.03 -0.04 0.00 0.02 0.02 -0.02 0.01 -0.04 -0.03 0.03 
Dorsal -0.07 -0.09 -0.09 -0.09 0.02 -0.05 -0.11 -0.06 -0.07 -0.05 
Biceps 0.06 -0.01 0.01 0.15 0.14 -0.01 0.05 0.03 0.10 0.11 
Triceps 0.05 -0.07 0.08 0.19 0.26 0.11 0.10 0.14 0.09 0.07 
Thigh 0.12 0.04 0.08 0.10 0.11 0.11 0.19 0.17 0.13 0.10 

Hamstrings -0.02 -0.03 -0.04 -0.01 -0.06 -0.08 -0.07 -1.03 0.01 0.00 

Joints 

Elbow 0.05 0.11 0.00 0.15 0.10 0.07 0.04 0.02 0.01 0.10 
Elbow 0.03 -0.06 0.14 0.31 0.36 0.18 0.42 0.30 0.20 0.22 
Knee 0.00 0.18 -0.05 -0.04 -0.12 -0.10 -0.05 -0.02 0.00 -0.02 
Knee -0.15 -0.32 -0.24 -0.20 -0.22 -0.28 -0.21 -0.17 -0.13 -0.11 

 Significant differences were found along the evaluated period for the Tympanic 

temperature (p=0.012). TYM increased immediately after the exercise, but decreased 

significantly two hours after  (p=0.045). From this point, Tympanic temperature 

increased progressively up to 6 hours after the training (see figure 31). 

Figure 32.- Mean and Standard Deviation values of Tympanic temperature (TYM) after 
strength training. Before Exercise (BE), Immediately After Exercise (IAE) and during the 
recovery period (A+n). Units in Celsius degrees (ºC) (n=14) 
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 Figures 32 and 33 summarize the evolution of Tsk BE, IAE and during the 

recovery period (A+n) according to the function of muscles: agonist, antagonist and 

joints of upper and lower body in strength training. Figure 34 illustrates the qualitative 

thermal changes along the protocol after strength training in representative subject. 

Figure 33.- Main tendencies of Skin Temperature (Tsk) evolution Before Exercise (BE), 
Immediately After Exercise (IAE) and during the recovery period (A+n) in upper body 
examples of agonist, antagonist and joints in strength training (n=14) 

Figure 34.- Main tendencies of Skin Temperature (Tsk) evolution Before Exercise (BE), 
Immediately After Exercise (IAE) and during the recovery period (A+n) in lower body 
examples of agonist, antagonist and joints in strength training(n=14)  
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Figure 35.- Anterior IRT images (320x240 pixels) of the Upper and Lower Body of a 
representative subject taken Before Exercise (BE) of strength training, Immediately After 
Exercise (IAE), 2 hours after (A+2), 4 hours after (A+4) and 8 hours after the end of the 
exercise (A+8). The Upper and Lower views are presented with the same thermal scales in order 
to highlight local contrast. 
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4.2.3. SPEED TRAINING 

 For the study of aerobic training, we decide to use 26 ROI, divided in three 

groups: Group 1 or Main Muscles: thigh (THI), hamstrings (HAM) and calf (CAF); 

Group 2 or Secondary Muscles:  Abdominal (ABD), Back (BAK), Pectoral (PEC), 

Anterior Trapezius (TRA), Dorsal (DOR), Back (BAC), Shoulder (SHL), Biceps (BIC) 

and Lumbar (LUM); and Group 3 or Joints: Elbow (ELB), Knee (KNE) and Ankle 

(ANK). In some cases, as the thigh, we considered the evaluation side-to-side. 

 Table 28 shows the mean and standard deviation values of Tsk from group of 

main muscles. The data show the thermal condition Before Exercise (BE) Immediately 

After Exercise (IAE) and once every hour after the workout ("A +1" to "A +8").           

P-values are shown in the cases where statistical differences were found. 

 Tsk from the muscle ROI mainly involved in the speed training decreased 

significantly immediately after the exercise; however, one hour after the exercise (A+1) 

the Tsk of all ROI increased. Those areas showed significant differences within the 8 

hours after the training season, and all excepting Thigh ROI (THIL: p=0.056) remained 

significantly warmer up to 8 hours after the training season comparing the data with the 

baseline.  

 In table 29, we show the results from secondary muscle ROI involved in 

running. As in the case of main muscles, all ROI belonging to the second group reached 

significant differences along the measured period, with an initial significant decrease 

(up to -2.74ºC in the case of Lumbar (LUM)), followed by an augmentation IAE of Tsk 

to values close to those BE. Excepting Biceps and Triceps (BICL: p=0.052; TRIL: 

p=0.087) all ROI remained significantly warmer up to 8 hours after the training season 

comparing the data with the baseline, with absolute Tsk values up to 0.85ºC comparing 

to BE (i.e. Abdominal, Pectoral and Lumbar). 
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Table 27.- Average temperatures °C (±) standard deviations and Multivariate analyses of 
repeated measures for each considered main muscular ROI in speed training (n=14) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
                                                                                                    Results 

_______________________________________________________________________________________________________________________________________ 

 

117 

 

 

 

 

Table 28.- Average temperatures °C (±) standard deviations and Multivariate analyses of 
repeated measures for each considered secondary muscular ROI in speed training (n=14) 
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Table 29.- Average temperatures °C (±) standard deviations and Multivariate analyses of 
repeated measures for each considered main muscular ROI in speed training (n=14) 
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 The results showed in table 30 correspond to those from the joint ROI. These 

ROI showed a similar tendency as the ROI from group 1 and 2. IAE, the Tsk decreased 

significantly and it increased one hour after (A+1) to maintain stable Tsk. This thermal 

behaviour was different in the case of Ankle ROI, which followed a completely 

opposite tendency: it was the only ROI between all the groups increasing the skin 

temperature IAE, and decreasing progressively during the recovery period up to -

0.55ºC (ANKR) and -0.78ºC (ANKL).  

 All joint ROI reached significant differences within the 8 hours after the training 

season (ELBR p<0.001, ELBL p=0.004, KNER p<0.001, KNEL p<0.001, ANKR 

p=0.021, ANKL p=0.007), but the main tendency was relatively stable or decreasing 

and the Tsk values during the recovery period did not reach significant differences 

compared with the basal values BE.  

 Tympanic temperature (TYM) did not reach significant differences within the 8 

hours after the training season, but with closer values (p=0.081). During the recovery 

period, TYM thermal behaviour was irregular, decreasing not significantly IAE (TYM: 

p=0.100), and then TYM increased progressively up to A+2, decreasing A+3 and 

increasing up to A+6, when it remained stable with the maximal values of all records 

(see figure 35). 

Figure 36.- Mean and Standard Deviation values of Tympanic temperature (TYM) after speed 
training. Before Exercise (BE), Immediately After Exercise (IAE) and during the recovery 
period (A+n). Units in Celsius degrees (ºC) (n=14)  
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Figure 37.- Anterior IRT images (320x240 pixels) of the Upper and Lower Body of a 

representative subject taken Before Exercise (BE) of speed training, Immediately After 

Exercise (IAE), 2 hours after (A+2), 4 hours after (A+4) and 8 hours after the exercise (A+8). 

The Upper and Lower views are presented with the same thermal scales in order to highlight 

local contrast. 
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 Figure 36 illustrates the qualitative thermal changes along the protocol after 

speed training in one of the subjects analysed. Figure 37 summarize the evolution 

tendencies of Tsk Before Exercise (BE), Immediately After Exercise (IAE) and during 

the recovery period (A+n) according to the considered groups of ROI: main muscles, 

secondary muscles, joints and the exceptional case of ankle. 

 

 

Figure 38.- Main tendencies of Skin Temperature (Tsk) evolution Before Exercise (BE) of 
speed training, Immediately After Exercise (IAE) and during the recovery period (A+n) 
depending on the main groups of ROI and ankle ROI (n=14) 

 Concerning the side-to-side Tsk asymmetries (ΔT) in the analyzed ROI, table 31 

shows that BE, the maximal difference was 0.36°C in the Triceps ROI. After exercise, 

ΔT in almost all ROI tended to negative values excepting for Knee and Elbow ROI. 

The rest of the tracked period was characterized by a progressive tendency to get 

similar values of ΔT as BE. However, most of ΔT were more positive than the basal 

values BE, excepting for Knee, Ankle and Shoulder ROI. 
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Table 30.- Average bilateral differences (ΔT) at each time point after speed training. (n=14) 

ROI 
BE IAE 

RECOVERY POST EXERCISE 
A+1 
(1) 

A+2 
(2) 

A+3 
(3) 

A+4 
(4) 

A+5 
(5) 

A+6 
(6) 

A+7 
(7) 

A+8 
(8) 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

ΔT  
R-L 

Main 
Muscles 

 

Thigh 0.06 0.06 0.12 0.12 0.12 0.12 0.16 0.12 0.13 0.13 
Hamstrings -0.05 -0.10 0.00 -0.01 0.01 -0.03 -0.04 -0.07 -0.11 -0.04 

Calf 0.06 0.03 0.04 0.01 0.04 0.02 0.05 -0.05 0.07 0.10 

Secondary 
Muscles 

Pectoral -0.05 -0.01 -0.06 -0.04 -0.04 -0.01 -0.04 0.00 0.02 0.01 
Trapezius 0.14 0.01 0.13 0.12 0.10 0.19 0.16 0.11 0.09 0.20 

Dorsal -0.02 -0.12 -0.07 -0.01 -0.03 -0.02 -0.01 -0.09 -0.02 -0.07 
Shoulder -0.03 -0.17 -0.08 0.01 0.03 0.04 -0.07 0.02 0.00 -0.09 
Biceps -0.02 0.00 -0.02 0.07 0.10 0.10 -0.02 0.02 0.03 0.02 

 
Joints 

Triceps 0.17 -0.05 0.05 0.15 0.14 0.17 0.16 0.20 0.36 0.24 
Elbow 0.07 -0.14 -0.05 0.05 0.17 0.06 0.03 0.16 0.26 0.17 
Knee -0.03 0.14 0.04 -0.06 -0.12 -0.14 -0.19 -0.10 -0.11 -0.10 
Ankle -0.15 -0.21 -0.03 -0.03 0.03 0.03 -0.02 0.02 0.10 0.09 
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5. DISCUSSION 

 

5.1. RELIABILITY AND REPRODUCIBILITY STUDY 

Even though skin temperature is supposed to be constant along the time (Frim et 

al., 1990), or symmetrical on both sides of the body in terms of skin temperature 

(Uematsu et al., 1988; Niu et al., 2001), the list of factors affecting the skin temperature 

is so large (Ring & Ammer, 2000), that a lack of feasibility on Tsk records could be 

considered one of the weakest points of IRT. 

Therefore, in order to improve the applicability of IRT not only better cameras 

with more advanced features should be developed, but also we should go further away 

on the knowledge of the behaviour of skin temperature under different extrinsic and 

intrinsic factors. Among the enormous quantity of work to be done, this study pre-tends 

to take two small steps forward: firstly, to analyse the reliability of a specific software 

created to analyse IRT images of human beings; and secondly, examining the 

reproducibility of IRT on healthy, young and normal weight subjects (which are the 

characteristics of the sample taking part of the training study). 

5.1.1. SOFTWARE RELIABILITY 

According to the first objective, we examined the reliability of Termotracker ®, 

a software created to analyse human IRT images. Traditionally, human IRT images 

have been processed manually using IRT applications designed for other purposes or 

sectors (i.e. industry, construction, etc.). In this sense, some authors reported inter-

examiner variations (Plaugher et al., 1991; Zaproudina et al., 2008) due to the difficulty 

of selecting manually the areas of the ROI from the human IRT images (Ammer, 2003).  

Therefore, in addition to the efforts done on creating standardised protocols and 

guidelines (Ring & Ammer, 2000; Schwartz, 2006; Ammer, 2008), it should be suitable 

to develop specific and automatic software that makes more easy, efficient and reliable 

this difficult task. Termotracker® is a new software with a computer vision algorithm, 
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which automatically identifies the body shape and ROI from the IRT images, providing 

a database with the main data of the considered ROI. The results of reliability reached 

in this study by the software Termotracker, both in Tsk values and side-to-side 

differences are almost perfect (table 19). By comparing the results with those obtained 

by Zaproudina et al. (2008), the higher reliability even in ICC intra-examiner results 

could be due to the automatic process to identify ROI, a task done by the observer in 

other similar studies (Selfe et al., 2006; Hildebrandt et al., 2009b; Denoble et al., 2010).  

The automation on the process of determining the areas of each ROI improves 

the IRT reliability and makes possible a faster and more efficient IRT analysis of the 

thermograms from human beings. These results should be expected to be perfect (ICC = 

1.0), but the few imperfections showed in figure 27 (Bland-Altman plots) should be 

improved by fixing the number of the decimal position on the results and removing 

some random parameters from the computer vision algorithms implemented in 

Thermotacker®. 

5.1.2. REPRODUCIBILITY OF IRT VALUES 

Concerning the second objective, IRT reliability has been studied in several 

works, both with patients (Selfe et al., 2006; Spalding et al., 2008; Hildebrandt et al., 

2009b; Denoble et al., 2010) and healthy subjects (Zaproudina et al., 2008; Littlejohn, 

2008; Pauling et al., 2011). So far, most of the studies cited above reached ICC results 

ranged between 0.4 and 0.9 (see table 5 at the introduction chapter). However, some of 

them reported the influence of factors as technical errors, the physiological variability 

from one day to other (Zaproudina et al., 2008), or the existence of anterior injuries 

(Hildebrandt et al., 2009b). Consequently, we decided to perform the study with only 

one examiner, following an adaptation of the guidelines from the European Association 

of Thermology (EAT) (Ammer, 2008) described in appendix II, using three consecutive 

thermograms from healthy subjects, separating the two first thermograms by just 5 

seconds, and waiting 24 hours to record the third thermogram under similar conditions 

to the two first assessments. With that study design, we pretended to see the influence of 

time on the variability of Tsk, and also avoiding the potential influence of factors 

mentioned in previous research. 
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According to the Littlejohn (2008) classification of ICC values (poor: 0 – 0.39, 

Fair: 0.40 – 0.59, Good: 0.60 – 0.79 and Excellent: 0.80 – 1.0), our results showed 

excellent ICC values between the two first thermograms (5 seconds in between), both in 

Tsk values (mean ICC = 0.991) and side-to-side differences (ΔT) (mean ICC = 0.953), 

which are excellent results, almost perfect. We suggest that the little variation between 5 

seconds could be due not to the variability of Tsk but small variation on the infrared 

camera; therefore, a calibration system with a black body was used (Plassmann et al., 

2006). Besides, when comparing the results of Tsk from the Thermogram 1 and 3 

(separated by 24 hours) in similar conditions, as other authors done (Zaproudina et al., 

2008; Hildebrandt et al., 2009b), the ICC outcomes different depending on the ROI. 

Concerning Tsk values, the better ICC values were those from muscular and central 

ROI (i.e. Abdominal, Back, Thigh, Lumbar, Dorsal), and the worst ICC values were 

related with joint ROI (i.e. Knee, Ankle, Elbow).  These results are coincident with 

those of Zaproudina et al. (2008), who showed lower ICC values for the distal and joint 

ROI, as is the case of knee.  

In addition, we took into account the growing use of thermal asymmetries in the 

application of IRT on humans (Feldman et al., 1984; Uematsu et al., 1988; Niu et al., 

2001; Vardasca, 2008) to calculate the side-to-side differences (ΔT) in the selected 

bilateral ROI. In that case, our reproducibility results for bilateral ΔT between the two 

first thermograms were slightly lower than those for the absolute Tsk values, but still 

excellent, with a mean ICC of 0.953. The highest results correspond to Calf, Knee and 

Ankle ROI, reaching Pectoral and Dorsal lower values. Nevertheless, as it happened 

with Tsk values, the comparison between two consecutive days (thermogram 1 and 3) 

resulted in lower ICC values, and surprisingly, the side-to-side differences (ΔT) reached 

worst reproducibility in the ROI with better Tsk value reproducibility. Consequently, 

joints as Knee (ICC = 0.734) or Ankle (ICC = 0.652) reached good ICC results by 

comparing with muscular areas as Thigh (ICC = 0.272) or Dorsal (ICC = 0.399). 

Zaproudina et al. (2008) also showed higher ICC values for ΔT, as for example Knee 

(ICC = 0.76). 

In order to better understand the results, Bland-Altman plots showed a very good 

representation of the main findings: on the one hand, we can see in figure 27 the almost 
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perfect agreement of data comparing the results on two different computers, where the 

lost points maybe due to the generation of Tsk values with different number of decimals 

in each thermogram. On the other hand, figure 29 show the agreement when comparing 

thermogram 1 and 3, and as we can see, the plot has a “trumpet shape”, which indicates 

a mayor dispersion on colder values, and a more constant tendency on warmer values 

through the time (muscle and central ROI). The interpretation of those results indicates 

that, when tracking a single ROI along the time (for example, monitoring an injury), 

muscular and central ROI are more reproducible. However, when working with 

asymmetries or side-to-side values (ΔT), which is actually a very useful tool to detect 

pathologies (Niu et al., 2001) or injury risks (Gómez Carmona, 2012), the most reliable 

ΔT are joints and central ROI (i.e. Pectoral and Shoulder). 

In addition, the use of coefficients of variation (CV) showed a small dispersion 

of the Tsk in all ROI. Our results are better than those reported by Zaproudina et al., 

(2008), which indicated CV lower than 10%. Our mean CV values of 1.98%, 1.98% and 

2.03% (Thermograms 1, 2 and 3 respectively) reinforce the good data obtained on the 

reproducibility results. Likewise, excellent results of reliability agreement for the 

software, with only 2.375% of the readings out of the 95% agreement limits.  

In general terms, the results of this study agree with those of Owens et al. (2004) 

and Burnham et al. (2006) with ICC over 0.90, but both authors did not used IRT 

cameras, but a handheld thermographic scanner and Infrared Skin Thermometer 

respectively. Other studies examining inter- and intra-examiner reliability of IRT 

cameras reached good results (Selfe et al., 2006; Littlejohn, 2008; Spalding et al., 2008; 

Zaproudina et al., 2008; Hildebrandt et al., 2009b; Denoble et al., 2010; Pauling et al., 

2011), but none reached so excellent ICC results like the ones showed in our study. 

Moreover, among the new technological features (Lee & Cohen, 2008; Spalding et al., 

2008; Skala et al., 2011) and similar softwares (Murawski et al., 2003), Termotracker® 

seems to be one of the first IRT software created to analyse IRT images of human 

beings, which has reported excellent reliability results. Nonetheless, it should be 

improved until reaching ICC values of 1, to ensure an automatically perfect analysis of 

the considered ROI in IRT images. 
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5.2. TRAINING STUDY 

Ring and Ammer (2000) suggested that the influence of exercise on Tsk should 

be taken into account up to 6 hours after exercise. However, we did not find any 

scientific work published analysing the effect of exercise on Tsk more than 60’ after the 

end of exercise. Even when the theory explains how the thermoregulation works after 

exercise, there is a lack of scientific works about the influence of exercise on Tsk. 

There is no doubt that in the course of an exercise core temperature increases, so 

that the magnitude of the increment is directly affected by exercise intensity (Stannard 

et al., 2011; Fortney & Vroman, 1985). Hypothalamus prevents dangerous increases in 

temperature detecting stimuli (central and peripheral) such as blood temperature, blood 

pressure and level of metabolic activity, by activating vasoconstrictor mechanisms in 

inactive areas and vasodilators mechanism on active muscles and towards skin, that 

under extreme conditions can receive between 6 and 8 l/min of blood (Charkoudian, 

2010). This increased blood flow has two functions in an attempt to cool the skin: a) 

stimulate the sweat glands to produce more sweat to refrigerate the skin by evaporation 

and consequently reducing blood and body heat (Charkoudian, 2010) b) reduce the 

temperature of the blood by convection when the air is cooler than the skin (Pascoe et 

al., 2007; Charkoudian, 2003). So that, IRT captures the radiated skin temperature to 

obtain a record of what is happening in the physical context (Pascoe et al., 2007). 

Body thermoregulation system masters many factors in order to maintain the 

homeostasis. During exercise, homeostasis is strongly affected by skeletal muscle 

(metabolism), the cardiovascular system (blood flow), the nervous system (central and 

local), the adrenergic system (Cheuvront et al, 2010; Johnson, 2010) and it is 

additionally influenced by the type of exercise (Hildebrandt et al., 2012; Clark et al., 

1977b), duration (Kenney & Johnson, 1992) and intensity (LaForgia et al., 2006). The 

Tsk can be considered as a parameter to understand better this overall process (Pascoe 

et al., 2007; Merla et al., 2010). 
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5.2.1. TSK BEFORE EXERCISE (BE) 

Although the list of factors affecting the skin temperature is large (Ring & 

Ammer, 2000; IACT, 2002), the skin temperature of a young and healthy subject is 

supposed to be constant along the time (Frim et al., 1990) and symmetrical when 

comparing side-to-side Tsk (Uematsu et al., 1988; Niu et al., 2001). 

In the three studies (aerobic, strength and speed training), subjects presented a 

state of thermal balance between the right and the left side of the body, with no 

significant differences among the considered ROI. The greatest temperature difference 

recorded in the three studies at rest was 0.17°C. According to Niu et al. (2001) and 

Uematsu et al. (1998), a difference greater than 0.5 °C between two body segments is a 

strong indication of a metabolic disorder in the parts of the body assessed.  

This means that in our sample the bilateral distribution of the hypothalamus 

stimulation was similar in both limbs (Niu et al., 2001) and that there were no local 

inflammatory processes or circulation alterations (Hildebrandt et al., 2010) that could 

have affected the skin temperature (Zaproudina et al., 2006). Therefore, we can consider 

that subjects began the training with ideal thermal status. 

5.2.2. TSK IMMEDIATELY AFTER EXERCISE (IAE) 

Among the studies of the thermal response after exercise, two main behaviours 

are clear: increasing or decreasing Tsk immediately after the exercise. One of the main 

reasons of those contradictory results lies in the type and duration of exercise. 

Normally, the increased Tsk is related with constant and prolonged aerobic tasks 

(Hildebrandt et al., 2012; Clark et al., 1977b) whereas decreased Tsk are mostly linked 

to brief intense or maximal exercises (Afraoui et al., 2012; Hildebrandt et al., 2012; 

Akimov & Son’kin, 2011; Merla et al., 2002, 2005 and 2010; Bonnett et al., 2006; 

Zontak et al., 1998; Nakayama et al., 1981). 

5.2.2.1. Aerobic training 

This study is based in a constant aerobic exercise, with a moderate intensity 

(60% to 75%) of 45’ running in a treadmill under controlled and standard environmental 



 
                                                                                                    Discussion 

________________________________________________________________________________________________________________________________________ 

 

131 

conditions. Recently, Hildebrandt et al. (2012) have described not significant 

increments of Tsk of the thigh (0.7ºC, p=0.215) after 45’ of treadmill running at 60% 

MHR. Our results are similar with non-significant increments of 0.59°C. However, the 

Hildebrandt sample performed an efforce of 5’ at 90% MHR with a strong anaerobic 

component, and the results showed a decrease of 1.5°C in the same ROI. Vainer (2005) 

has already pointed out the importance of the ways of energy consumption used by 

aerobic and anaerobic exercise, with differences in the heat-release level.  

Nonetheless, the type of exercise is closely related to its duration. Most of 

maximal test take not longer than 15 minutes, and as Lee and Cohen (2000) described 

exactly that duration as the time required for registering significant increments on 

resting core temperature indicators when subject is performing a physical activity.. 

Authors as Zontak et al. (1998) and Vainer (2005) reported an initial decrease on Tsk, 

boosted by the onset of sweating described by Vainer as an “perspiration avalanche”, 

which accelerates this drop on Tsk up to the onset of noticeable changes in the body-

core temperature, about 10-15 minutes after the beginning of exercise.  

Therefore, shorter exercises tend to be associated with a decrease on Tsk (Torii 

et al., 1992; Zontak et al., 1998; Merla et al., 2002, 2005 and 2010), but longer periods 

of exercise could affect due to the continuous augmentation of core temperature and the 

difficulty of vasodilation and sweating capacities to dissipate the heat generated by 

active muscles (Kenney & Johnson, 1992). Further investigations should clarify if this 

decrease is more dependent on the type or the duration of exercise. 

However, there are examples among the scientific literature, which show results 

differing from those statements. For example: Hunold et al. (1992) showed higher Tsk 

than the resting values after 10’ of constant exercise in an ergometer. Contrarily, Pascoe 

et al. (1992) described a decrease of Tsk after 90’ of constant ergometer exercise, and 

Vainer (2005) showed a deeper decrease on Tsk after 60’ of a similar exercise.  

The key to understand these different results lies in the Region of Interest (ROI) 

analysed and they are based on the concept of redistribution of blood during exercise. 

At the beginning of any exercise, it is generated a vasoconstriction of peripheral vessels 
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from the inactive areas and a vasodilatation in the vessels of active areas in order to 

regulate the blood flow for providing the working area with a higher amount of 

nutrients (Vainer, 2005; Charkoudian, 2010). Authors as Clark et al. (1977b) or Wade et 

al. (1977) have explained using IRT why the warmer ROI are on the surface of active 

muscles. In the above examples, Pascoe et al. (1992) made and average between thigh 

and forearm Tsk, and in the case of Vainer (2005), he reported Tsk from upper body 

ROI’s while exercising with an ergometer. 

Consequently, we highlight the importance of grouping the ROI and describing 

their thermal behaviour depending on their function in main muscles, secondary 

muscles and joints ROI. 

During the course of an exercise, the body thermoregulation system undergoes a 

homeostatic disturbance generated by an augmentation of the core temperature, which 

produces vasodilatation of the skin in order to sweat and refrigerate the body 

(Charkoudian, 2010) and to reduce the temperature of the blood by convection when the 

air is cooler than the skin (Charkoudian, 2003; Pascoe et al., 2007). Therefore, the 

decrease of Tsk from the secondary muscle ROI could be understood as an example of 

how the body uses inactive and large areas to cool them through sweating and to 

compensate the augmentation of core temperature (Hildebrandt et al., 2012). In this 

regard, Hirata et al. (1987) showed cooler thigh Tsk during exercising in an ergo-arm 

and Vainer (2005) cooler upper body areas during ergometer exercise. 

In the case of the ROI from main muscles involved in the exercise, the same 

cooling mechanism is activated, but the heat produced by the active muscles under the 

skin (i.e. thigh in running) hinders the cooling process occurred in the secondary 

muscles, producing hot spots named by Merla et al. (2010) as “hyperthemal spots tree-

shaped” after exercise, likely due to the presence of muscle perforator vessels, described 

by many authors (Akimov et al., 2010; Merla et al., 2010; Vainer, 2005; Binzoni et al., 

2004; Hunold et al., 1992) (see figure 31). Some authors showed similar results on 

active areas as those shown in this study. Hildebrandt et al. (2012) described a warmer 

Tsk of the thigh after 45’ of running and Wade and Veghte (1977) described, using IRT, 

how active areas were warmer after training. In addition, Clark et al. (1977) had already 
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described, using IRT but with different environmental conditions (chamber with 11°C 

and application of wind), warmer active muscles and cooler areas as abdominal during 

60’ of running. 

Finally, the ROI from joints areas showed a totally opposite thermal response 

immediately after the exercise, both in the upper body (elbow) and the lower body (knee 

and ankle). The increment of around 2°C compared with the values before the exercise, 

could be explained by a poorer sweating capacity of those areas (Smith & Havenith, 

2011), which could result in a poorer dissipation of the heat generated by the 

mechanics, impact and kinetics of the movement, mainly the joints of lower limbs due 

to their function during running (Novacheck, 1998).  

To our knowledge, it is the first time that such thermal responses are described. 

The systematic Tsk increment of joint ROI immediately after aerobic exercise makes 

clear that these structures have completely different thermal responses comparing to the 

muscles ROI. This fact highlights the need for specific research on the thermal load of 

the joints, considering that most of the studies using IRT to analyse exercise were focus 

just on Tsk in the muscle groups (Merla et al., 2002, 2005 and 2010; Hildebrandt et al., 

2012; Akimov et al., 2010). 

 

5.2.2.2. Strength training 

Although there is a decreasing tendency on muscular areas IAE (12 of the 16 

evaluated muscle ROI), it can be generalized from our data that depending on the 

muscle function Tsk responses varied. In this sense, antagonist muscles registered 

greater and significant drops in temperature (around 1.7°C on dorsal and 1.6°C on 

hamstrings) than agonist muscles (around 0.6ºC on pectoral and no reduction on thigh 

Tsk). Moreover, the thermal response was heterogeneous in the joints (Table 26), with a 

significant rise (p <0.05) in the back part of the elbow (around 0.7°C) and a temperature 

reduction in the knee joint, but significant (p <0.05) mainly in the posterior part 

(decrease of around 2.0°C). 
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As we mentioned before, there are two main categories among articles analysing 

the effects of exercise on Tsk. In this sense, the strength training results belong to the 

group with decreasing Tsk and, consequently, indicate a relation between strength 

training and maximal or graded exercise.  

Using infrared thermography (IRT), Merla et al. (2010) monitored the Tsk 

during a 12-minute trial of running exercise with gradually increasing intensity. Their 

results were a reduction of the Tsk at all points monitored of approximately 5.2°C in the 

forearms, 3.0°C in the trunk and 4.6 °C in the quadriceps. Other studies performed with 

IRT showed smaller decreases in skin temperatures, ranging from 1°C to 2.76°C, in 

exercises which were normally maximal tests or training without constant loads 

(Chudecka et al., 2012; Akimov & Son’kin, 2011; Nakayama et al., 1981) 

It seems that thermal response is most likely caused by two main factors: 1) the 

evaporative effect of sweat on the skin and 2) the reduction of Tsk is the displacement 

of skin blood flow to active muscle areas. 

The sweat increases the thermal gradient between the skin and the blood. Thus, 

the blood is refrigerated to maintain the internal temperature at acceptable levels 

(Charkoudian, 2010; Kenny et al., 2008). Indeed, this effect was reflected in our 

measurements of tympanic temperatures, which were significantly higher than the skin 

temperatures after exercise and throughout the evaluation period and always within 

normal limits for the internal environment.  

The second factor that may have influenced the reduction of Tsk is the skin 

blood flow redistribution to active muscle areas, a condition frequent in short-term 

exercise (Merla et al., 2010). The type of activity performed, strength training with 

well-defined intervals (3 minutes), can be an specific local thermal adjustment factor in 

contrast with a continuous run, which imposes a neurogenic vasodilatation reflex in the 

skin (Charkoudian, 2010). The difference between agonist and antagonist could be 

mainly explained by mayor blood flow redistribution to agonist areas (pectoral and 

thigh ROI), which did not decrease as much as antagonist ROI (dorsal and hamstrings). 
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Synergist muscles (i.e. Biceps in upper body) maintained a stable temperature through 

all the evaluation period. 

 

5.2.2.3. Speed training 

As we mentioned before, there are two main tendencies on skin thermal response 

after exercise: warmer or colder Tsk. Theoretically, this tendency depends on several 

exercise factors as the type of exercise or intensity (aerobic or anaerobic), exercices 

duration or the analysed ROI.  

After speed training, we observed a reduction of Tsk temperatures in almost all 

ROI analysed, ranging from -1.06ºC (Left Trapezius) to -2.74ºC (Lumbar). To our 

knowledge, it is the first time that the thermal responses to speed training are described. 

Nevertheless, the outcomes obtained in this study could be related to the ones showed in 

articles on which brief, intense or maximal exercises were analysed (Afraoui et al., 

2012; Hildebrandt et al., 2012; Akimov & Son’kin, 2011; Merla et al., 2002, 2005 and 

2010; Bonnett et al., 2006; Zontak et al., 1998; Nakayama et al., 1981). 

Hildebrandt et al. (2012) described a non-significant decrease (-1.5°C, p=0.094) 

on Thigh Tsk after performing an anaerobic exercise of 5’ at 90% MHR on ergometer, 

results very similar to our significant decrease of 1.35ºC (p=0.002) and 1.36ºC 

(p=0.003) on Thigh ROI, right and left respectively. Likewise, Merla et al., (2010) 

showed decreases ranging between 5ºC and 3ºC after 12-minute trial of running 

exercise with gradually increasing intensity. Other studies performed with IRT showed 

smaller decreases in skin temperatures, ranging from 1°C to 2.76°C, in exercises which 

were normally maximal tests or training without constant loads (Chudecka et al. 2012; 

Akimov & Son’kin, 2011; Nakayama et al., 1981) 

Therefore, the results from the studies cited above are similar in terms of Tsk. 

However, the main difference bases on the duration of the effort. Almost all studies 

performed short and brief efforts (Hildebrandt et al., 2012; Merla et al., 2010; Akimov 

& Son’kin, 2011; Nakayama et al., 1981). Indeed, a longer duration of exercise 

(independently on the type or intensity) increases the possibilities for finding Tsk 
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increments caused by the exercise (Kenney & Johnson, 1992). Our results are 

coincident with the ones obtained by Chudecka et al. (2008, 2010 and 2012), who have 

described Tsk decrease immediately after 90’ of speed-endurance training (handball and 

volleyball) with certain game elements (i.e. aerobic exercise, running with changes in 

pace and as a race; games such as a paced attack/block exercise). However, these tasks 

are far from the standard speed training applied in this study.  

We highlighted the importance of the Region of Interest (ROI) in order to 

understand the different thermal responses. Surprisingly, our results of the speed 

training showed an overall decrease of Tsk IAE, independently from the part of the 

body (distal or proximal) and the function (main muscles, secondary or joints). There 

was just one ROI showing a different thermal response: the Ankles. Unlike the previous 

studies, the reason of this contrary response cannot be explain by the location (because 

other distal parts as Elbow decrease) or function (Knee joint is also in lower limb and 

play a main role by running or sprinting).  

Table 30 shows how different Ankle ROI behaves IAE with a non significant 

increase around 0.75ºC in right and left sides (ANKR: p = 0.126, ANKL: p = 0.077) 

compared with the significant Tsk decrease in the rest of ROI (see figure 39). This 

response could be explained by different reasons.  

Firstly, it could be due to a technical problem, because the point of view to 

analyse Ankle ROI is frontal, whereas the optimal one might be lateral. However, we 

follow the principles from official protocols as the one from Glamorgan (Ammer, 

2008), which recommends a frontal view to analyse ankles. Another technical reasons 

could be the reduced area from the Ankle ROI and the wide angle subtended according 

to the camera axis, with could reduce the registered Tsk values on Ankles (Ammer, 

2003).  

The second reason that could explain the different behaviour of the Ankle IAE 

may be the poorer sweating capacity of ankles and feet. In this sense, Smith and 

Havenith (2011) showed in their study a significantly increase of sweat rate from the 

low to high intensity exercise, with exception of feet and ankles, which could might 
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entail a worst capacity of heat dissipation by sweat evaporation and conduction. The 

results of Smith and Havenith (2011) are also coincident in the opposite example. 

Lumbar is one of the ROI with a higher sweat rate and in our study Lumbar ROI 

reached the higher Tsk decrease IAE (-2.74ºC, p<0.001). In addition, it could be also 

due to a biomechanical reason, because as Novacheck (1998) described the Running 

Power Overlay of biarticular muscles, indicating that ankle is the most active joint of 

lower limb by running at 3.2 m/s with generation peaks over 10 Watts, fact that could 

explain the difference in thermal response between knee and ankle after a speed 

training. 

To conclude, the overall Tsk cooling effect after speed training is most likely 

caused by two main factors: 1) the characteristics of speed training, with a specific 

warm up followed by short, explosive and maximal activation, characteristics that could 

might stimulate the hypothalamus, which prevents dangerous increases in temperature 

by activating vasoconstrictor mechanisms in inactive areas and vasodilators mechanism 

on active muscles and towards skin (Charkoudian, 2010). 2) the sweating effect (linked 

to the first one). The lack of activity IAE makes the cooling strategy stronger against the 

“false alarm” of a theoretical homeostastic imbalance, reducing significantly the Tsk in 

almost all ROI. Therefore, the short and explosive stimuli of speed training trigger 

powerful thermoregulation strategies to cool down the body more than it really needs. 

 

5.2.3. TSK RESPONSE DURING 8 HOURS AFTER EXERCISE 

5.2.3.1. Aerobic training 

The Tsk during the 8-hour recovery period shows again different tendencies 

depending on the ROI analysed and, as IAE, main muscles, secondary muscles and 

joints show different thermal responses. Most of the works in literature were focused on 

describing the thermal response of the skin during the exercise (Hildebrandt et al., 2012; 

Afraoui et al., 2012; Akimov & Son’kin, 2011; Bonnett et al., 2006; Zontak et al., 1998, 

Torii et al., 1992; Pascoe et al., 1992; Hunold et al., 1992; Clark et al., 1977b), but only 

a few of them described the evolution of the Tsk during the recovery period (Chudecka 

et al., 2008, 2010 and 2012; Teunissen & Daanen, 2011; Ferreira et al., 2008; Merla et 

al., 2002 and 2005; Hirata et al., 1989; Nakayama et al., 1981) and none beyond 60 
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minutes after (Kenny et al., 2008; Liang & Norris, 1993). However, Al-Nakhli et al. 

(2012) have recently described the use of IRT to detect Delayed Onset Muscle Soreness 

(DOMS) after a strength training of 4 sets of 25 repetitions of biceps curl at 35% of 

1RM, but taking the photos before and 24 and 72 hours after, with a significantly 

increase of more than 1ºC (p<0.001) 24 hours after. 

In general, the reaction of the Tsk after the exercise consists on a drastic change 

on the tendency followed during the exercise. Merla et al. (2010) described an 

augmentation on Tsk of around 3°C just 8’ after a similar drop generated by a maximal 

test of 12’. Chudecka et al. (2008, 2010, and 2012) showed in three similar studies a 

remarkable increment on Tsk 10’ after a 90’ training, which caused Tsk decrements of 

more than 2°C. Hirata et al. (1989) described how the Tsk of the leg dropped 0.6°C 

after 30’ of arm ergometer and 30’ after the end of exercise the Tsk of the leg increased 

1°C. On the other hand, Ferreira et al. (2008) described the contrary tendency: an 

increase on the active leg of 0.3°C, and decrease after 10’ of 0.4°C. In that case, the 

exercise was very light and consisted in 3’ of knee extension with 1 kg weight 

resistance. 

Our results are coincident to most of the articles cited above, with a change on 

the thermal tendency followed during the exercise (see figure 32), and an augmentation 

of Tsk of the ROI corresponding to the main muscles and secondary muscles, most of 

them with significant differences comparing with IAE Tsk values (p<0.05) (Abdominal, 

Back, Pectoral, Trapezius, Shoulder and Biceps). Concerning to the ROI from the joints, 

no references were found describing its thermal response after exercise. The results of 

this study showed a significant decrease of all ROI from joints group compared to their 

IAE Tsk values (p<0.05). 

Our results showed different tendencies during the 8-hour recovery period: ROI 

belonging to the main muscles group, described warmer Tsk 8 hours after the training. 

In the case of Hamstrings with significant differences (p<0.05), but we should mention 

that it could be due to the seated position that all subjects keep during this period. Thigh 

ROI showed stable Tsk 4 hours (A+4) after the exercise, which remained around 0.5°C 
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warmer up to A+8. Calf ROI response were heterogeneous during the recovery period, 

but reaching warmer Tsk after 8 hours compared with resting values.  

The ROI corresponding to the secondary muscles, showed a surprisingly 

homogeneous response (with the exception of lumbar ROI), keeping similar Tsk values 

from A+1 to A+8, which were in all cases more than 0.4°C warmer than resting values.  

Finally, the recovery period for the joint ROI stabilized after 2 hours of recovery 

reaching similar values to those before the exercise and remaining stable up to A+8, 

except for the ankle ROI, which showed cooler Tsk than the resting values. 

The warmer Tsk of the ROI from muscle areas (both main and secondary) 8 

hours after the exercise could be explained by different processes. Firstly, circadian 

rhythm has been described as one of the factors affecting Tsk (Salisbury et al., 1983), 

with an increasing core and skin temperature along the day (Krauchi & Wirz-Justice, 

1994). This fact could have influenced our results generating warmer Tsk along the day. 

However, Reilly and Waterhouse (2009) described that circadian rhythm has an 

acrophase (warmest point) at about 17:00, and our protocol finished around 19:00 pm. 

Secondly, an increased energy intake has been shown to contribute to increased energy 

expenditure (Goran et al., 1994) and Tsk (Shuran, 1987) by the effect of the Diet-

Induced Thermogenesis (DIT). Nonetheless, subjects were told to keep normal nutrition 

habits and they did not report any special difference comparing with other days. Other 

potential influences include those caused by the homeostatic disturbances from 

exercise: including the effect known as excess post-exercise oxygen consumption 

(EPOC), which could be related to increased temperatures (LaForgia et al., 2006); a 

new metabolic condition that demands specific thermal adjustments; redistribution of 

blood flow; increased circulation of stress hormones; increased sympathetic tone; and 

recovery from depleted muscle glycogen levels (Hunter et al., 1994). Knab et al. (2011) 

showed in a recent article that metabolism is significant higher during the 14 hours after 

45’ exercising; this is an outcome that could be related to our thermal results. Kenny et 

al. (2008) established that 53% of the heat stored during 60’ of cycling at 70 W was lost 

over 60’ of recovery. Some or all those mechanisms could explain the increases in skin 

temperature obtained during the recovery period. 
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The neutral or even cooler Tsk after the recovery period showed in the ROI from 

joints (knee, ankle and elbow) could be explained by the lack of muscles under the skin 

of those areas, and therefore the weaker persistence of the recovery effects occurring in 

joint areas compared with those cited above for muscles (LaForgia et al., 2006; Hunter 

et al., 1994). 

5.2.3.2. Strength training 

The Tsk in strength training during the 8-hour recovery period shows a clear 

upward trend when compared to both the initial (BE) and especially the after training 

(IAE) temperatures. This trend was significant in 14 of the 16 muscular areas assessed, 

except for the biceps (Table 25). In joints, the increment of Tsk was significant (p 

<0.05) only in the dorsal part of the elbow (R & L). There is no literature on Tsk that 

describes the response during the recovery period after strength training using IRT. 

However, a rise in Tsk in several parts of the body was also identified by Merla et al. 

(2010) during 20 minutes after a maximal running test. 

In general, the higher temperature time points were concentrated between 4 and 

6 hours after exercise. The highest Tsk in muscular areas was usually obtained after 6 

hours of recovery (see figures 34 and 35), with the exception of the hamstrings (after 5 

hours). The joints exhibited different responses; whereas the time of peak Tsk in the 

elbow joint (L + R) was 6 hours after exercise, in the knee joints the peak Tsk was only 

4 hours after exercise. This general tendency of increased temperature was never higher 

than 1.5 °C when compared with the rest values (BE). In the case of hamstrings, this 

augmentation of temperature (around 1.3°C after 5 hours) could be due to the sitting 

position of the subjects most of the time during the recovery period. 

It is noteworthy that the lack of ROI where the average temperature obtained 

after 8 hours of rest was below the initial Tsk. In fact, excepting articular areas (elbow 

and knee) and shoulder and biceps, all the resting areas reached significant warmer Tsk 

(p <0.05) (see table 25 and 26) when comparing the A+8 values with those BE (ranging 

from 0.38°C to 0.67°C), indicating that recovery may have not yet been completed in 

these areas. Exercise is considered as one of the most influencing factors on skin 

temperature, and consequently, many authors recommend avoiding it prior to IRT 
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evaluation (Draper & Boag, 1971; Ring & Ammer, 2000; IACT, 2002; Fisher et al., 

2008). But surprisingly, it is hard to find references analysing the thermal effects and 

duration of physical activity on skin temperature, not during or immediately after 

exercise, but above all, in the following hours. 

It seems clear than after exercise arises a new metabolic condition that demands 

specific thermal adjustments, including a redistribution of blood flow. Furthermore, it is 

known that during a recovery period, the internal esophageal temperature remains 

elevated, indicating a persistently increased metabolic activity (Journeay et al., 2006). 

After the completion of exercise, it remains necessary to continue the mechanisms for 

releasing the metabolic and mechanical energy produced during the training period and 

their long term effects. Knab et al., (2011) showed in a recent article that metabolism is 

significant higher during the 14 hours after 45’ exercising, an outcome that could be 

related our thermal results. Kenny et al. (2008) established that 53% of the heat stored 

during 60’ of cycling at 70 W was lost over 60’ of recovery. Besides, exercise produces 

an increase of nitric oxide (NO) in the blood, which has an important role in 

vasodilatation of the cutaneous arteriole. Given the need for local metabolic heat loss, 

NO can promote vasodilatation in exercised regions through a mechanism called 

prolonged plateau NO-dependent vasodilatation (Johnson & Kellogg, 2010), allowing 

increased blood supply and causing an elevation of local temperatures, as captured by 

thermal imagers. Those mechanisms can partly explain the increases in skin temperature 

obtained during the recovery period. 

The trend toward increased Tsk during recovery is most likely also influenced 

by other mechanisms to restore the normal conditions of joint and muscle structures, 

such as glycogen resynthesis (Naperalsky et al., 2010) or adaptive mechanisms of 

hypertrophy (West et al., 2010), thus generating heat in the anatomical structures just 

under the skin. From our results, it can be generalized that Tsk from the main muscular 

areas involved in the strength exercise are influenced 8 hours after the training. IRT 

could provide us with important information about local adaptations to recover the 

initial temperature and may be an interesting indicator of their time to completion, thus 

allowing the subject to exercise again when recovery is complete. If this theory is 
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correct, IRT would be a practical and easy tool for monitoring the athletes’ training 

load. 

5.2.3.3. Speed training 

Unlike the common response IAE of almost of ROI, we can appreciate a slightly 

different Tsk evolution during the 8-hour recovery period depending on the considered 

ROI. Nonetheless, the reaction of the Tsk after the speed training consists on a drastic 

change on the tendency followed IAE, that is to say: a rise on Tsk on all ROI excepting 

the ankles. We found similar results in articles where the subjects performed similar 

exercises in terms of intensity (Merla et al., 2010), type of exercise and duration 

(Chudecka et al., 2008, 2010 and 2012). In the case of Merla et al. (2010), an 

augmentation on Tsk of around 3°C just 8’ after a similar drop generated by a maximal 

test of 12’during the exercise was described. In the case of Chudecka et al. (2008, 2010 

and 2012) showed in three similar studies a remarkable increment on Tsk 10’ after a 90’ 

of speed-endurance training. But as we mentioned before, most of the works in 

literature were focused on describing the thermal response of the skin during the 

exercise (Hildebrandt et al., 2012; Afraoui et al., 2012; Akimov & Son’kin, 2011; 

Bonnett et al., 2006; Zontak et al., 1998; Torii et al., 1992; Pascoe et al., 1992; Hunold 

et al., 1992; Clark et al., 1977b), few of them described the evolution of the Tsk during 

the recovery period (Chudecka et al., 2012, 2010 ans 2008; Teunissen & Daanen, 2011; 

Ferreira et al., 2008; Merla et al., 2002 and 2002; Hirata et al., 1989; Nakayama et al., 

1981) and no one beyond 1 hour after. 

Generally, the higher Tsk time points were concentrated between 6 and 8 hours 

after exercise. In figure 39, main muscles ROI show a slightly increasing Tsk tendency 

along the recovery period. In the case of hamstrings, this augmentation of temperature 

(around 1.4°C after 5 hours) could be due to the common sitting position among the 

subjects during the recovery period. Secondary muscles were characterised by a stable 

evolution during the recovery period after speed training, obtaining the highest Tsk after 

6 hours of recovery. On the contrary, joints exhibited different responses: whereas the 

elbow joint showed an increasing Tsk tendency, knee and ankle behaved unlikely with a 

decreasing trend. However, excepting joint ROI and the left part of Biceps, Triceps, 

Thigh and Calfs, all the resting areas reached significant warmer Tsk (p <0.05), (which 
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could be related to the fact that all subjects were right handed, see table 28, 29 and 30) 

when comparing the A+8 values with those BE (ranging from 0.46°C to 1.19°C), 

indicating that recovery may not yet have been completed in these areas (mainly 

belonging to secondary and main muscles).  

The warmer Tsk of the ROI from muscle areas (both main and secondary) 8 

hours after the speed training is actually surprising considering the general colder status 

IAE of almost all ROI. This Tsk increase is especially interesting because the effects of 

speed training are not that disturbing in metabolic and physiological terms as the ones 

of aerobic and strength trainings (Kanb et al., 2011; West et al., 2010). Speed training 

has an important effect on Central Nervous System (CNS) due to its complexity and the 

velocity of muscle contraction during sprinting (Ross et al., 2001). However, this 

complexity is not accompanied by a constant and high level of muscle contractions, as 

in case of aerobic training; or by bigger muscle recruitment and hypertrophy muscle 

effects, as in strength training (West et al., 2010). At this point, we observed that during 

the 8 hours of recovery, the stimuli effects of sprints cause a slightly augmentation of 

Tsk in the muscle areas up to 8 hours, mainly in the ROI placed close to the core (as 

Abdominal, Pectoral or Dorsal). It could be concluded that the heat production after 

exercise tends to be focused on muscular areas close to the core, where the heat is easily 

maintained (Clark et al., 1977b).  

There might be other factors influencing these results. Firstly, the circadian 

rhythm could affect Tsk (Salisbury et al., 1983), with an increasing core and skin 

temperature along the day (Krauchi & Wirz-Justice, 1994). However, Reilly and 

Waterhouse (2009) described that circadian rhythm has an acrophase (warmest point) at 

about 17:00, and our speed protocol finished around 20:00 pm.  

Other cuases might be the same mentioned in the previous discussion points 

(5.2.3.1 and 5.2.3.2): about EPOC (LaForgia et al. 2006), and DIT effects (Shuran, 

1991), metabolic activation and the production of nitric oxide (NO) (Johnson & Kellog, 

2010). 
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It is noteworthy to point out that Ankle ROI was the single case where the 

average temperature obtained after 8 hours of rest was colder than the initial Tsk (-0.78, 

p=0.001). This effect could be partly explained by the recovery process, mainly 

affecting muscular and central areas, as for example glycogen resynthesis (Naperalsky 

et al.,, 2010). 

 

5.2.4. TYMPANIC TEMPERATURE 

Tympanic temperature is considered to be an indicator of the internal 

temperature (Brinnel & Cabanac, 1989). In the work of Meir et al. (2003), tympanic 

temperature had a statistically significant increase of 0.34 °C when compared to the 

resting condition at the end of a rugby match. 

5.2.4.1. Aerobic training 

The rise show in the work of Meir et al. (2003) was similar than in our study, 

with an almost significant increase of 0.30 °C (p=0.069). But after that augmentation, 

the thermal evolution of tympanic temperature decreased to similar values compared to 

the temperatures before exercise. It remained stable up to A+3, when it started to 

slightly rise up to A+7, and then decreasing in the last hour A+8. This thermal 

evolution, which is not comparable with any other Tsk recorded in this study, could be 

related with the circadian rhythm and the influence of the exercise on the core 

temperature (Reilly & Waterhouse, 2009). 

5.2.4.2. Strength training 

The rise showed in the work of Meir et al. (2003) was higher than in our, with its 

significant increase of 0.10 °C. This difference in the magnitude of rise was most likely 

due to the longer duration and higher intensity of a rugby match when compared with 

the strength training proposed in this study. 

As in previous articles, the 24 monitored ROI had Tsk values consistently lower 

than the tympanic temperature recordings (Cheuvront, 2010). This reinforces the 

concept of a gradient from body core temperature to the skin in order to reduce the 
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internal temperature to keep it at normal levels, and it suggests that we should not use 

the internal temperature, especially as measured tympanically, as an indicator of Tsk. 

5.2.4.3. Speed training 

In the case of speed training, Tympanic temperature did not reach significant 

temperatures along the evaluated period (p=0.081). Indeed, the tympanic temperature 

decrease IAE instead of increasing as it was in the other two exercises and the article of 

Meir et al. (2003). 

This result could be explained by an incorrect use of Tympanic temperature 

when aiming to record core temperature (Deschamps et al., 1992), or a more unlikely 

reduction of tympanic membrane or hypothalamus temperature during exercise, what is 

against the theory about internal heat production after exercise (Wilmore et al., 2008; 

Robinson, 1963). 
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6. CONCLUSIONS 

The conclusions derived from the achievement of the primary and secondary 

objectives of this work are: 

6.1. CONCLUSIONS OF 1ST MAIN OBJECTIVE AND THEIR 

SECONDARIES 

Conclusions about objective "1a": 

 Skin temperature on young, healthy and normal weight subjects has an 

excellent reproducibility for consecutive thermograms. 

 The reproducibility of IRT images on this population is slightly inferior 

when the assessment is spaced 24 hours. 

 Muscle ROIs have a better reproducibility than joints when the moments 

of assessment are are spaced 24 hours hours. 

 The reproducibility of thermal asymmetries (ΔT) is also good, with better 

results when using ΔT of joint areas than muscular ones. 

Conclusions about objective "1b": 

 Termotracker® is a reliable and objective software to analyse IRT 

images of human beings. 

 Some random parameters from the computer vision algorithms 

implemented in Thermotacker® should be adjusted in order to improve 

its reliability. 
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6.2. CONCLUSIONS OF 2ND MAIN OBJECTIVE AND THEIR 

SECONDARIES 

Conclusions about objective "2a": 

 Skin temperature demonstrates specific responses to aerobic training 

depending on the Regions of Interest. 

 Main muscles have non-remarkable Tsk descends immediately after 

aerobic exercise compared to the initial temperature values, followed by 

an increase of Tsk immediately after exercise, and keeping warmer Tsk 

over the 8-hour recovery period.  

 Secondary muscles decrease their Tsk immediately after aerobic 

exercise, followed by a recuperation of Tsk after one hour, and keeping 

stable temperature along the recovery period with warmer Tsk compared 

to the resting values.  

 The effect of aerobic exercise on joint areas Tsk remarkably differs from 

the muscle areas, with a remarkable increase immediately after exercise, 

turning to resting values one hour after the end of the exercise, and 

remaining stable along the recovery period. 

 Tsk measured by IRT is affected by aerobic training up 8 hours after, 

thus it could help to quantify the recovery status of the athlete as 

workload assimilation indicator. 

 There is a clear tendency to maintain a constant bilateral thermal 

response and the tympanic temperature after aerobic exercise and during 

the first 8-hours of recovery. 
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Conclusions about objective "2b": 

 Skin temperature demonstrates specific responses to strength training 

depending on the Regions of Interest. 

 Tsk of the muscular areas underwent reductions immediately after 

strength exercise compared to the initial temperature values, followed by 

a progressive ascent over the 8-hour recovery period, with Tsk peaks 

between 4 and 6 hours after the end of the exercise. 

 The Tsk reductions immediately after strength exercise are more 

accentuated in agonist than antagonist muscle ROI. 

 The impact of strength exercise in Tsk in the joints is much more 

moderate than in muscles without reaching significant differences after 

exercise. 

 The main muscle ROI (antagonist and agonist) maintained warmer 

significant Tsk 8 hours after the strength training, indicating that the 

effect of strength exercise on Tsk last at least 8 hours on these ROI. 

Conclusions about objective "2c" (see page 104): 

 In general, Tsk tends to decrease IAE on speed training, independently 

from the part of the body (distal or proximal) and the function (main 

muscles, secondary or joints) of the considered ROI. 

 Ankle ROI has a totally opposite response compared to the general 

tendency: increasing the Tsk IAE and decreasing the Tsk after 8 hours 

under the basal values. 

 During the recovery period, Tsk demonstrates specific responses to 

speed training depending on the Regions of Interest. 
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 Despite the general Tsk decrease IAE, most of the muscle ROI 

(excepting the upper limbs ROI) maintained warmer significant Tsk 8 

hours after the speed training. 

 The heat production after speed training tends to be focused on in 

muscular areas close to the core. 

The application of Infrared Thermography on humans has an enormous quantity 

of further work to do, mainly in the new applications oriented to the physical activity 

and sport sector. We encourage contributing with further research on IRT weakest 

points in order to develop a better theoretical support for designing new tools for 

applying IRT to human beings. 

On this work we have performed a preliminary analysis about the short and 

middle term effects of aerobic, strength and speed training on Tsk describing different 

responses depending on the type of exercise, Region of Interest, moment of the 

assessment and the function of the considered ROI.  

We have found that most of muscular ROI maintained warmer significant Tsk 8 

hours after the training, indicating that the effect of exercise on Tsk last at least 8 hours 

in most of ROI. That leads us to think that IRT could help in an early future to quantify 

the recovery status of the athlete as an indicator of workload assimilation. 
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7. LIMITATIONS OF THE WORK 

After the experience gained during the development of data collection, the 

difficulties involved in it, the analysis and discussion of the results, we have a critical 

view of the work focused on the next points: 

 IRT still has limitations linked to the factors, which are hardly manageable. 

According to Konen (2000), problems related to equipment and 

standardization in IRT studies hinder its feasibility, and some of the existing 

IRT cameras for humans still have a remarkably poor accuracy (±2°C or 2% 

of reading, see table 11). Some of those factors may be controlled by carring 

out a standardised protocol (Ammer, 2008). However, as it was shown in the 

review literature, there is a large list of factors, which have not been 

(enough) analysed yet, and whose influence on Tsk is still somehow 

unpredictable (age, gender, subcutaneous fat, etc.). 

 The lack of rectal or gastrointestinal temperatures to compare with Tsk and 

an extension of monitoring until 24 hours after exercise can be considered 

limitations of this study; however, the absence of appropriate instruments 

and the daily tasks of the subjects did not allow us to include these 

components in the protocol. 

 In addition, the lack of physiological blood markers as lactate, CPK, etc. and 

the lack of a VO2 max test or Maximal Heart Rate test might be considered a 

limitation in the training study in order to quantify the intensity of the 

performed exercise. 

 In addition, the absence of a comparison group to check the likely influence 

of circadian rhythms on our results can be also considered as a limitation. 

However, considering that the first temperature record (BE) began around 

the 10:00 h and the last one was taken around the 20:00 h, the higher values 

obtained in most of the ROI (after 6 hours of exercise) correspond to 18:00 
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h, which is around the time period where the peak temperature (acrophase) is 

expected to occur (Reilly & Waterhouse, 2009). 

 During the training study, the environmental conditions of the speed training 

were not the same as the aerobic and strength training, because speed 

training had to be done in an indoor track with different ambient temperature 

compared to the gym. 
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8. FUTURE RESEARCH LINES 

As we mentioned during this work, there is still a huge amount of work to be 

done. During the development of this work new ideas and lines of research has been 

considered for further investigations:  

 To improve the IRT software in order to eliminate the residual error and 

reach perfect reliability values, and make a new system with the 

improvements proposed by the research team, and new features as 3D or 

virtual analysis. 

 So far, the literature review showed us the quantity of influence factors, 

which have not been explored or rarely. Factors as the influence of age, 

gender (menstruation) or subcutaneous fat should be further explored. 

 We believe that thermography could be used to quantify the effects and 

assimilation of the training workloads. Further investigation should 

quantify it with bigger samples, describing the effects of different 

training methods at different volumes and intensities of work. It may be 

also convenient to evaluate the effectiveness of different means of 

recovery from moderate or high exercise or physical activity. 

 To investigate the potentiality of IRT in all new applications on physical 

activity and sport sector, above all as injury prevention method (Gómez 

Carmona, 2012) and as fitness condition evaluator (Chudecka et al., 

2010; Akimov et al, 2009; Akimov & Son’kin, 2011; Merla et al., 2010)  

. 
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10. APPENDIX 

10.1. APPENDIX I: ETHICS COMMITTEE REPORT OF THE 

TECHNICAL UNIVERSITY OF MADRID 
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10.2. APPENDIX II: PROTOCOL OF IRT EVALUATION 

Previous information. In addition to the informative session, you are given a sheet 

with the following recommendations is given to the subjects: 

 All evaluations should be done at the same time: preferably mornings. 

 No physical activity should be done during the 6 hours prior to the evaluation. 

 Avoid the application of creams, gels or spray onto the skin area to evaluate. 

 To avoid coffee, alcohol or stimulants within 6 hours prior to the evaluation. 

 Do not smoking in the previous 6 hours. 

 Inform the technician if you have received any treatment or massage. 

 Avoid taking directly the sun or UV sessions before evaluation. 

 Inform the technician if you have received any drug or treatment. 

 Avoid taking a shower or bath before evaluation. 

 Do not alter the habits of rest or meals. 

Evaluation day. On the day of data collection it is necessary to carry out the following 

steps before starting: 

 The first day, the subject should be briefly informed about the characteristics of 

thermography, the purpose of the data collection and the data details (including 

anonymity and data processing). 

 The first day subjects have to sign the informed consent. 

 The subject has to undress staying in underwear (women preferably without bra) 

arround 10-15 minutes to acclimate to the temperature of the room, which 

should be between 18 º C and 25 º C (ideal 21 º C) 

 During the acclimatization time, the survey show in appendix IV should be 

done, noting the existence of possible influence factors. 

The technician/researcher. Regarding the person charged of carrying out the 

evaluation, he must perform the following tasks before starting: 
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 To prepare the room at a suitable temperature (between 18 - 25 ° C) 

 To turn on the IRT camera at least 20’ before (to avoid calibration problems)  

 To prepare the tripod, step and roll up. 

 To turn on the weather station. 

 To prepare the “black body” or calibration system. 

 To check with the IRT camera any radiation source in the room (hot pipes, 

windows, etc.) 

 To prepare the notebook with questionnaire data collection for each subject. 

 To turn on the computer, which we will use to transfer the photos and to analyse 

them. 

Camera position. It depends on the subject’s height. Normally, it is placed between 2.5 

and 3 meters (for a subject of 1.70m height). Regarding to the height of the camera, it 

will be located so that the center of the image matches the geometric center of the area 

to be evaluated (about 65 cm for the lower limbs and 125 cm for the upper body). It is 

important to keep IRT camera in a perpendicular angle in relation to the subject. There 

will be a transparent template to guide the technician on the placement of the subject 

(see figure 38 and 39). 

Figure 39.- Position of technician behind the IRT camera and transparent template to guide 
the protocol image record.. 

 



 
Appendix 

________________________________________________________________________________________________________________________________________ 

 

216 

During the evaluation. Subjects have to follow the following instructions in lower 

body images: 

 The subject stands on a “step” plataform to raise his feet (about 10 cm). 

 Maintaining an anatomical position (upright and symmetrical). 

 Slightly open legs (about 40 cm). 

 Feet straight toward the camera. 

 Looking ahead. 

 Arms crossed or hands behind the head in lower body images. 

 Feet must be clearly distinguishable from the background. 

 Use the transparent template as a reference: 

� The lower brands are the places where feet shoul appear. 

� The crossing of the two lines coincides with the abductors area. 

� The highest point on the vertical line must match the navel. 

 

Figure 40.- Lower body transparent template reference. 

 

In the case of upper limb images, 

 The subject stands on a “step” plataform to raise his feet (about 10 cm). 

 Maintaining an anatomical position (upright and symmetrical). 

 Both legs together. 
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 Looking ahead 

 Arms relaxed, stretched and slightly supinated so you can see the front or back 

of the forearm 

 Both hands with fists clenched. 

 The head and fists must be clearly distinguishable from the background. 

 The transparent template might be usde as reference 

o The temperature bar is just above the knees 

o The body shape must fit on the image (see figure 40). That is, head 

should be very clos from the top edge and the hands from the lateral 

edges of the image. 
	  	  	  	  	  	  	  	  	  

 

 

 

 
 

Figure 41.- Upper body transparent template reference. 

 

!
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10.3. APPENDIX III: DATA COLLECTION INFORMATION 

SHEET FOR THE SUBJECTS 
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10.4. APPENDIX IV: DATA COLLECTION NOTEBOOK 

(TRAINING STUDY) 
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