


 

 

 

 

 

 

 

 

 

 

 



 





 

 

 

 

 

 









 

 



 



 



 

 

 





 

 



 

 

 

𝐸 =  𝜎𝑇4                                 

𝜎 𝜎

𝐸 =  ԑ𝜎𝑇4                               

ԑ

𝜀 =
𝑊𝑟𝑒𝑎𝑙 𝑏𝑜𝑑𝑦(𝑇)

𝑊𝑏𝑙𝑎𝑐𝑘 𝑏𝑜𝑑𝑦(𝑇)



 

 

 

 

 

 

 













 

 







 







∆ ∆

 

t





∆

∆



 





∆



∆

 



 

 





 

±

± ± ±

± ±

± ±

’

 



±

ε

E =  ԑλ,θ,𝑇 σT4                            



ε

λ θ 428106693.5  KmW

±

®









 



±



 





∆ ∆



± ±





 

 





 

   





 



±

±



 

±




























	SCUOLA DI SCIENZE MOTORIE
	Dipartimento di Scienze Biomediche per la Salute
	Scuola di Dottorato in Scienze Morfologiche, Fisiologiche e dello Sport
	Corso di Dottorato in Scienze dello Sport XXVII Ciclo
	EXERCISE-ASSOCIATED SKIN TEMPERATURE DYNAMICS BY INFRARED THERMOGRAPHY. METHODS AND APPLICATIONS.
	Docente Tutor:
	Prof. Giampietro Alberti
	Internal Supervisor:
	Dott. Nicola Ludwig
	Coordinatore del Corso di Dottorato:
	Chiar.mo Prof. Livio Luzi
	Tesi di Dottorato di ricerca di:
	Damiano Formenti
	Matricola: R09803
	Triennio accademico:
	2012-2014
	PROLOGUE
	ACKNOWLEDGEMENTS
	PUBLICATIONS
	ABSTRACT
	Heat dissipation during sport exercise is an important physiological mechanism that may influence athletic performance. Therefore, monitoring skin temperature during exercise provides important physiological information about thermoregulatory processe...
	The aim of the present investigation were: first, to compare three methods of thermal images analysis in skin temperature evaluation, and second to study the skin temperature dynamics during two types of physical exercise. In the present thesis three ...
	PART 1: INTRODUCTION
	1.1.1. A general overview of the use of infrared thermography in biomedical sciences

	The first use of infrared thermography technology in the biomedical sciences was reported in 1960 (Ring 2007; Ring and Ammer 2012), although its application in the evaluation of skin temperature were already proposed several years before, by Hardy in ...
	IRT has been applied in the last 50 years in studying diseases in which skin temperature is an indicator of inflammation, or skin blood flow modifications caused to a clinical abnormality (Lahiri et al 2012; Ring and Ammer 2012).
	1.1.2. The measure of skin temperature during physical exercise: thermocouples vs. thermography
	1.1.3. The application of infrared thermography in sport and exercise sciences
	1.1.4. A brief literature overview of the application of infrared thermography in sport and exercise
	1.2.1. Theoretical aspects of infrared physics
	1.2.2. Methodological aspects of the application of infrared thermography

	PART 2: THREE EXPERIMENTAL STUDIES
	Subjects observed the following standard preliminary protocol for infrared thermal imaging measurements, indicated by (Merla et al 2010) and (Ferreira et al 2008) in previous studies: they abstained from assuming alcoholic or caffeine-containing produ...
	The thermo-regulatory system of human body has the task to maintain a constant temperature despite the variations caused by environmental conditions and/or physical work. The control of heat exchange between human body and the environment is essential...
	The effect of physical exercise on skin blood flow has been previously studied and reviewed by Johnson (Johnson 1992) and Kenney and Johnson (Kenney and Johnson 1992). They found that the modifications of cutaneous blood flow during exercise is linked...
	Usually, cutaneous temperature is estimated by averaging values of the cutaneous temperature recorded in predetermined Regions of Interest (ROI) by contact temperature probes, but since many years several group of research tried to use infrared thermo...
	Using this technique Merla et al.(Merla et al 2010) studied thermoregulation during and after the exercise in runners as well as Torii et al. (Torii et al 1992) and Zontak et al. (Zontak et al 1998) for bicycle ergometer, and Ludwig et al. (Ludwig et ...
	We considered two groups of female subjects: one of trained and one of sedentary subjects. The group of trained was composed by seven athletes, selected from a synchronized swimming team that took part in Spring Italian Synchronized Swimming National ...
	In a preliminary test aimed to find out the appropriate exercise duration, the subjects performed their maximum number of repetitions of heel raise exercise without overload (using a metronome to standardize the pacing). We chose heels raise exercise ...
	Subjects observed this standard preliminary protocol for infrared thermal imaging measurements: they abstained from assuming alcoholic or caffeine-containing products for a 4-h period prior to the start of the experiment; they removed body hair on leg...
	After being acclimated to the room climate conditions (temperature 22-23  C; relative humidity 60 ± 5 %; no direct ventilation and constant intensity of light) for 15 minutes before the exercise, the subjects performed heel-raise exercise without over...
	The pace of movement was set with a metronome in order to standardize the number of repetitions: in 1 second the subjects raised up heels as high as possible, and during the following second they lowered heels back to the starting position (Figure 10).
	Figure 10: Thermal images of one repetition of standing calf raise exercise performed by an athlete.
	Thermal imaging records temperature of objects without any contact with their surface by detecting infrared radiation emitted following the Stefan-Boltzmann law. It can be written for a real body with an emissivity value ε:
	E= ,ԑ-λ,θ,𝑇. σ,T-4.                            Equation 4
	where E is the energy emitted per unit area and per unit time [Wm-2], ε is the emissivity that depends on the wavelength λ, the angle θ and on temperature T [K], and is the Stefan-Boltzmann constant.
	Finally, it is worth emphasizing that non-contact measurements avoid any local alterations of heat exchanges mechanism through skin, its surrounding and body core, and it free the subjects from physical and psychological constrictions. Source of artif...
	Thermal images were recorded during 1 minute of pre-exercise to determinate basal temperature, 2 minutes of exercise and 7 minutes of recovery-time.  Thermal image sequences of the surface of the subject’s calves were recorded by a 14-bit digital infr...
	The time course of skin temperature showed a nonlinear profile displaying three phases (Figure 12 shows a representative subject). The first phase was the 1-min time window prior to the exercise. During this phase, the skin temperature remained approx...
	Data analysis of skin temperature data was aimed to quantify key parameters descriptive of the skin temperature time course. The definition of each parameter (together with its abbreviation and units) is reported in Table 2. Calculation of parameters ...
	Figure 12: Time course of cutaneous temperature during the experiment in a representative subject (athete). The dots are the experimental data and the continuous line is the smoothed profile provided by a low-pass filter over three points for each hom...
	Statistical Analysis
	Table 2: Parameters used to characterize the skin temperature time profile.
	Results of the two-way ANOVA with repeated measures provided evidence of a statistically significant interaction between group and time (p=0.03), thus indicating that athletic subjects increased their skin temperature differently with respect to seden...
	The main finding of the present study is that, during steady-load localized exercise, the skin temperature of female athletes increases more quickly than that of female sedentary controls. Many lines of evidence point to such a conclusion. First of al...
	One initial observation is that the initiation of exercise was not followed by an immediate rise in skin temperature above the baseline. Rather, many subjects, and especially sedentary controls, responded to the initiation of exercise displaying a lat...
	The presence of a latency period at the onset of the exercise has been previously observed by other investigators (Johnson 1992; Kenney and Johnson 1992; Torii et al 1992; Zontak et al 1998; Merla et al 2005; Merla et al 2010). As reviewed by Johnson ...
	After the latency period, skin temperature increased in both groups. Such temperature increase is in accordance with previous work by Bertmaring et al. (Bertmaring et al 2008) and Ferreira et al. (Ferreira et al 2008). In the paper by Bertmaring et al...
	In the present study, skin temperature increased approximately to the same extent in the two groups, but the speed of rise of skin temperature resulted higher in athletes than sedentary controls. In fact, the temperature rate of change, Tir, in athlet...
	Finally, we put in evidence that our conclusions cannot be surely extended also to male subjects. Heat dissipation is influenced by many variables. Among them, variables such as body surface, presence of body hair, fat distribution are different in ma...
	In conclusion, we found evidence that the level of physical training influences how fast skin temperature increases in response to localized exercise in female subjects. This work contributes to improve the knowledge about the potential of infrared th...
	Experimental Protocol
	The experiment was structured in three different days, each one separated by five days with the following one. The subjects were instructed to refrain from strenuous physical activity the two day prior the trials and abstained from assuming alcoholic ...
	Thermographic analysis
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