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Abstract

:

Featured Application


This investigation has a potential application in the field of sport science, in order to improve the performance of fencing athletes.




Abstract


In recent times, infrared thermography has been often applied to sport science, in order to evaluate athletes’ performance in relation to their thermal behaviour. As there is a lack of studies for the sport of fencing, this paper aims to provide preliminary results showing the thermal behaviour of fencers of different competitive level and to provide a methodology for its assessment. In particular, thermal images were acquired before, during and after the training, as well as the metabolic rate and the rate of perceived exertion, for eight fencers with different competitive levels (international/national/veteran). Results showed that in moderate environments there was any correlation between the environmental parameters and temperature trend on athletes’ bodies, while competitive level and thermal behaviour were connected. The presence of thermal asymmetries was also detected. In general, from these preliminary results, professional athletes presented the same temperature trend. Therefore, further studies should be carried out in order to investigate these findings on a larger sample of elite athletes, as their thermal response may be important for improving their performance.
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1. Introduction


In recent times, infrared thermography (IRT) has been frequently applied to the human body, in order to detect skin temperature, as it is a non-invasive method that is not influenced by the presence of probes, which may modify the values of temperature through conduction or radiation [1]. IRT allows a complete temperature map of all the components of the subject considered and its variations [2]. The first thermal images applied to biomedical sciences are reported in the period between 1959 and 1961 [3], although the applicability of the method to the human body was proved by the work of the American physiologist, J. Hardy [4]. Several reviews regarding the use of infrared imaging in medicine [5,6,7] show the importance of this technique.



IRT has been also applied to sport science. The first research on this topic dates back to 1975 and it consisted of a study on injuries occurring in athletes due to sportive activity [8]. Later, the importance of detecting the skin temperature trend was evaluated by Clark and Mullan [9]. Currently, the number of publications regarding the use of IRT in sport science has rapidly increased, also as a result of the cost reduction of infrared cameras. This technique has been applied to outdoor and indoor sports, such as soccer [10,11], cycling [12,13], running [14,15], swimming [12,16] or combat sports [17].



There are several fields of application of IRT to sport science [18]. The most common is thermophysiology, which studies the effects of exercise on skin temperature between diverse groups of athletes (e.g., professional/amatorial, old/young, male/females, etc.) [19]. Other studies were focused on the prevention of injuries during exercise [20], on the relationship between animals’ thermal profile and their performance [21] or on the evaluation of sportive clothing during exercise [22,23]. Finally, methodologies for the use of IRT applied to different sports, in terms of the definition of the regions of interest (ROIs), assessment protocol and data analysis [24] were studied.



The application of IRT to sport performance is particularly relevant, as it allows the understanding of the thermal response during exercise, considering that the individual response can be affected by several factors, such as the environmental conditions, the presence of clothing, etc. [25]. Several thermophysiological studies show that the knowledge of skin temperature for athletes during intense activity is fundamental to understand the sustainability of muscular work, as well to deduce a possible association between the thermoregulatory response and the athletic performance [26]. In fact, the time evolution of skin temperature can provide important information on the performance and the level of training efficiency [27,28]. To investigate this relation, it is important to consider the environmental conditions in which the test is carried out, as large variations in the environmental parameters may influence the interpretation of the results [15]. Some studies were then focused on the determination of the thermal profile of different types of sport (e.g., soccer [29] and judo [30]), in order to correlate the thermal behaviour with the sport performance. In fact, especially for elite athletes, it is important to be aware of the comparison between the thermal behaviour of the single athlete and the common thermal profile of the sport performance. Other aspects that should be evaluated are the presence of thermal asymmetries and the thermal values of the single ROIs, especially the ones that present a greater physical load.



Even if an increasing number of studies can be detected in this direction, studies regarding the sport of fencing are very rare and usually limited to medical aspects [31] or to qualitative analysis. This is probably due to the difficulties in detecting body temperature in fencing, as athletes must perform this sport wearing uniforms according to the regulations by Fédération Internationale d’Escrime (FIE). Some companies developing fencing equipment provided qualitative analysis regarding the application of IRT for the comparison between different types of fencing uniforms and masks [32]. However, the results do not provide a solid scientific base, as the correlation between the measured temperature map of the exercising body and the performance of the fencers was not evaluated. The aim of this paper is to provide a preliminary analysis of the evaluation of the thermal profile of fencers, considering the environmental conditions and the competitive level of fencers, considering that during fencing athletes cannot remove their protective clothing, and since information loss would occur due to the time needed for their removal. As the methodology of data acquisition and analysis can have a large influence on the results, a protocol for the assessment of the physiological response of fencers during training, that is currently lacking, was developed.




2. Materials and Methods


In order to reduce the error of measurement of the infrared camera and to increase the reproducibility of this kind of evaluation, several organizations proposed guidelines and recommendations for the application of IRT to human bodies. However, due to the difficulties and to the variability that different activities may present, several authors designed different methodologies that should be adopted when considering a specific activity. With regard to fencing, a methodology has not yet been developed; therefore, the aim of this paragraph was to report a standardized protocol that could be applied in this sport, based on previous studies and researches.



2.1. Selection of Participants


This investigation was conducted in the fencing hall Club Scherma Pisa Antonio Di Ciolo, a pillar of national and international fencing. This panorama gave the authors the possibility to work with a wide variety of athletes, of different ages and training level. Of the whole number of athletes, eight fencers (with different competitive level, i.e., international, national and veteran) were chosen in order to guarantee a various selection of athletes, according to the following factors:




	-

	
Sex;




	-

	
Age;




	-

	
Body surface;




	-

	
Injuries;




	-

	
Level of competition (physical fitness level);




	-

	
Weapon performed.









These criteria are fundamental, as factors such as sex and age may influence core and skin temperatures, due to the variation of metabolic rate. Body surface plays a key role in the capability of heat dissipation, as subjects with a greater body surface are able to lose a higher amount of heat [33]. Athletes participating in this investigation were not presenting any injury in the previous months, as traumas may affect the local blood flow, determining alteration of the temperature recorded in the regions involved by the injuries. Physical fitness level is another factor that largely influences the heat exchange between the body and the environment and therefore the temperature recorded on the body. In general, trained people present a higher capability to transfer heat from the core to the skin due to the high blood flow and the low body fat [24]. Participants were all well-trained athletes, who were training regularly from 4 to 10 sessions per week. Part of them were professional athletes, participating in international competitions. They were used to training two times per day, with a total of 10 sessions per week, 2 hours in the morning (fitness training) and 2.30 h in the evening (fencing). Some took part in the Italian Championships, while others used to participate in National Veteran Tournaments, and they were training 4–5 times per week. The weapon performed was another factor considered, as it may involve modifications in the energy expenditure and in the physiological response. In the case study, athletes were foil or epee fencers. For the investigation, the athletes of three different groups were selected: international, national and veteran, according to the level of competition that they performed (defined by the Italian Fencing Federation, FIS).



Characteristics of the participants (sex, age, height, weight, body surface area (BSA) and body mass index (BMI)), weapon performed, and level of competition are summarized in Table 1.



There is to notice that fencers perform using protective uniforms, according to FIE’s regulations [34], and the characteristics of which must be considered. In fact, the presence of the uniforms may affect the heat exchange between the body and the environment, as they constitute an additional layer. In particular, the foil uniforms presented an overall thermal resistance RCT≈0.15 m2K/W and a vapour resistance RET≈35 m2Pa/W, while the epee uniform had RCT ≈ 0.13 m2K/W and RET ≈ 33 m2Pa/W [32]. The infrared emissivity of skin was set at 0.98 [7], of the fencing clothing at 0.90, and of the electric jacket at 0.59.




2.2. Evaluation of the Measurements’ Location


Considering the place in which the measurements are carried out, the main features to examine are the space, temperature and relative humidity of the room and the presence of infrared radiation sources. In particular, the room should not be smaller than 6–9 m2, air temperature should range between 18 and 25 °C, relative humidity is recommended in a range of 40%–70%, and the presence of infrared radiation sources should be prevented [24].



The test was performed in the fencing hall Club Scherma Pisa Antonio Di Ciolo, located in Pisa, Italy. The fencing hall is characterised by a rectangular area of about 390 m2, with a ridge height of 5.9 m and a volume of about 2000 m3. It is a tensile structure with laminated wood beams and steel columns, covered with a white double membrane of PVC polyester fabric.



Since body temperature is considerably influenced by environmental factors, during the test probes measuring air temperature and relative humidity were located inside and outside the fencing hall. In particular, the test was performed on Wednesdays and Thursdays (the days of the maximum occupancy of the fencing hall) of four different weeks during spring 2019, from 18:00 to 21:00, when the athletes were training. During the measurement period, the average ranges of air temperature and relative humidity stayed within the recommended ranges (tA,AV = 18.6 °C, RHAV = 67.8%).




2.3. Selection of the Measuring Equipment


For the detection of the thermal images, the choice of the thermal camera has a fundamental role. In particular, the minimum number of pixels to determine the temperature of a ROI is considered to be 25, according to the international standard [24]. In this research, the thermal images were taken using a digital infrared camera model PCE-TC 30 [35], with technical specifications summarized in Table 2. Since environmental parameters play a key role in determining the temperature evaluated with the thermal camera, values of air temperature and relative humidity were recorded with probes model PCE-HT110 [36].




2.4. Definition of the Regions of Interest (ROIs)


After the thermal images acquisition, the body of the athletes was divided into several regions of interest (ROIs). The definition of ROIs largely affects the result and it varies among different studies [37]. Indications regarding how to choose these areas [38] and to calculate properly the temperature of a specific region [1] have been often proposed. The different clothing of the fencers and the consequent diverse emissivity make it impossible to use standard shapes for choosing the ROI.



The ROI associated with a specific part of the body was selected considering a representative area of each body region. Each ROI was defined through the software Infrared Report Express–PCE, which provides also the calculation of the maximum, minimum and mean temperature of the ROI. For this research, as it was focused on the temperature evolution on the athletes’ bodies, only the mean temperature of the selected area was considered, which was evaluated as the arithmetic mean of all the pixels inside the ROI. Particular attention was given to ensure that each ROI was the same for all the subjects and that the pixels along the contour line were excluded from the calculation of the temperature of the ROI.



In particular, this research was focused on evaluating the mean temperature of the whole body over the fencing uniform, calculated with the definition of ROIs shown in Figure 1a-b and on the estimation of the mean temperature of the single body parts, defined by the ROIs shown in Figure 1c. Moreover, as fencing is not a sport in which muscles work symmetrically, the ROIs associated with the left and the right part were considered separately. The head was not included in the ROIs, as athletes use a protective mask during fencing. As it was not possible to distinguish the anterior to the posterior part of the hands, only the anterior part was considered.




2.5. Measurement Procedure


Before starting the measurement, participants received the instructions regarding the procedures. In particular, athletes performed a warm-up session before starting the fencing training clothed with common sportswear (not in fencing uniform). Then, they wore the fencing uniform and entered the fencing hall, where they remained in standing position for ten minutes, to get acclimatized to the environment. After ten minutes, the first thermal image was acquired (“Before the training”). Later, they started fencing with maximal exertion and low rest (4–5 assaults) for one hour. After that, they stopped training to let the second thermal image (“During the training”) be acquired. Then they continued fencing for another hour, but with lower effort (taking a fencing lesson, longer rest between the assaults, etc.). Finally, they stopped and stayed in passive recovery, sitting for ten minutes in the thermoneutral environment of the fencing hall, after which the last thermal image (“After the training”) was acquired.



During the measurements, athletes were wearing the uniform, as fencing cannot be performed without protective clothing. Since the position of the camera may affect the measurements, its location was fixed at 1.5 m from the body, perpendicularly to the ROIs. Therefore, images of the front and of the back part of the body were recorded. Thermal images were detected always in the same location, in front of a flat and temperature-uniform surface where the athletes were standing, so that the background did not interfere with the calculation of the temperatures on the uniform. As an error in the focus of the camera may lead to imprecisions in the calculation of the temperature, particular attention was given to its adjustment. The thermal camera was switched on 10 min before the start of the measurements, for the stabilization of this instrument.



There is to notice that fencing is not a sport that is performed continuously, but it consists of intermittent assaults, therefore athletes were asked to respond the Borg’s scale [39], for the determination of the rate of perceived exertion (RPE), before the images were acquired. The activities performed during the training by the eight athletes were also considered and the heart rate was measured.




2.6. Methodology of Data Elaboration


After the acquisition of the data, the thermal images were analysed with the software Infrared Report Express–PCE. As previously stated, the investigation was focused first on the determination of the mean temperature of the whole body and then on the temperature on the single ROIs (measured on the fencing uniforms).



According to the investigation carried out for subjects at rest [2] and to the research performed on exercising athletes [15] the mean temperature on the fencing uniform was calculated as following:


TMEAN = Σ TROI/n



(1)




with: n, the number and TROI, the temperature of ROIs shown in Figure 1a,b. For the calculation of the temperature of the single body parts corresponding to the ROIs shown in Figure 1c, the average value calculated as the arithmetic mean of the temperatures in the selected area given by the software was considered.



In order to evaluate the effect of exercise on fencers during training, temperature variations between the three phases in which thermal images were recorded have been calculated as following:


ΔT12 = T2 − T1,



(2)






ΔT23 = T3 − T2,



(3)




with: T1, temperature measured before starting the training, 10 min after entering the hall; T2, temperature measured after 1 hour of training and T3, temperature measured 10 min after the training.





3. Results


The thermal images were analysed according to the procedure shown in Section 2.6. In particular, the mean temperature difference on the fencing uniform was calculated considering the ROIs shown in Figure 1a,b, while the variation of temperature of the single body part was determined for the ROIs shown in Figure 1c.



3.1. Estimation of the Metabolic Rate


The metabolic rate is a function of the activities carried out during the training. For this reason, the activities performed during the measurement campaign and their duration was considered for each athlete (Table 3). The detection of the heart rate was performed in three different times, before the training (10 min after entering the fencing hall), during the training (after 1 h of fencing) and after the training (10 min after the end of the training).



The selection of the measurement time was carried out to evaluate the time-evolution of temperature during fencing. In particular, for the assessment of heart rate during exercise, athletes briefly interrupted their training. The heart rate recorded for all the athletes is reported in Table 4. The results indicate that the physical demand of fencing is relatively moderate for skilled fencers, as demonstrated also in other studies [40,41].




3.2. Rate of Perceived Exertion (RPE)


The Borg RPE scale consists of a 15-points scale for assessing the perceived exertion, from 6 (no exertion at all) to 20 (maximal exertion) [39]. Values of RPE were detected for all the eight athletes before training (10 min after the athletes were entering the fencing hall), after one hour of training (maximum exertion) and finally, 10 min after the end of the training (Table 5). It can be noticed that when the athletes were entering the fencing hall, their RPE was quite low (it ranged between 7 and 8), as they were in resting conditions. After one hour of training, the RPE results were high (it ranged between 16 and 19), showing that after one hour the exertion reached the highest values, as in the first hour athletes were fencing almost without rest (usually 4–5 assaults). Finally, at the end of the training after 10 min of rest, RPE was again quite low, showing the good training conditions of the fencers. The low values of RPE at the end of the training are probably related to different factors. First, to the physical condition of all the athletes that were in general good: the sample included all well-trained fencers that need less time to recover. Second, we need to consider that the first RPE was measured before the fencing training but after the warm-up, while the last RPE was acquired after the end of the training, when the heart rate was in most cases again quite low. This is probably because, after the first hour, when the intense exercises are carried out, it follows another hour of low-intensity training (fencing lessons, longer rest between the assaults, etc.) that added to the 10 min of rest sitting in the hall, allowing the recovery of the athletes. These factors may have produced a final RPE that was similar to the one before the training.




3.3. Mean Temperature Differences of the Whole Body


To calculate the mean temperature differences on the fencing uniform, the ROIs shown in Figure 1a,b were considered. Analysing foil and epee fencers collectively, 50% presented first a decrease of temperature between the start and the middle of the training and then an increase from the middle to the end of the training. The remaining 50% was divided in 38% presenting always an increase of temperature from the start to the end of the training and 13% that had first an increase and later a decrease of temperature.



This temperature trend can be attributed to the individual response of the athletes. During the investigation, the air temperature stayed in the recommended range of 18–25 °C that does not affect the thermoregulation mechanisms related to shivering or sweating [24]. Further evidence of the independence from the environmental parameters was given by the calculation of the correlation between the temperature difference recorded in the air and on the fencing uniform. Any correlation was found between these parameters (R2 < 0.01), showing that during fencing the main cause of the temperature increase or decrease is related to thermoregulatory processes occurring while practising this sport.



High-temperature variations were recorded during the test, as it is shown in Figure 2. There is to consider that this is not the skin temperature variation, but the difference of temperature on the fencing uniform, which may vary in a larger range. ΔT higher than 10 °C would not be realistic on the skin, but the external surface of the protective clothing is usually colder than the internal part, and therefore much colder than the skin temperature.



It was possible to recognise a correspondence between the competition level (and therefore the fitness level) and the thermal behaviour of the athletes, which shows that professional athletes, who were participating in international competitions, were the only ones showing a constant increase of temperature in the measurement phases (ΔT12 > 0, ΔT23 > 0). Veteran athletes showed first a decrease and a later increase in temperature (ΔT12 < 0, ΔT23 > 0), but lower ΔT were detected when compared to national and international athletes. Finally, most of the national athletes were presenting first a decrease and a later increase of temperature (ΔT12 < 0, ΔT23 > 0), with the exception of only one fencer, who was showing the opposite trend (ΔT12 > 0, ΔT23 < 0). This is because the heat produced by this athlete was already given up to the environment, therefore the temperature on the fencing uniform was already low.




3.4. Mean Temperature differences on the Body Parts


The temperature differences on the single body parts are the ones calculated for the ROIs shown in Figure 1c. All the measurements were taken on the sports apparel, which included a jacket, breeches (fencing uniform), socks and, for foil fencers, conductive jacket, except the one on the hands that were recorded on the skin. Since the previous analysis showed that there was a correspondence between the level of competition and the thermal behaviour, the temperature differences on the defined ROIs recorded during the training for foil and epee fencers are reported in Figure 3 and Figure 4. It resulted that the ΔT for less trained athletes was lower than the one of the professional athletes and that the front and the back part of the fencers had almost the same thermal behaviour. Furthermore, the muscles that are more involved in the movements of this sport presented a higher temperature increase (or a lower decrease). The complete results regarding the investigation of the mean temperature differences on the body parts of all the athletes can be found in Supplementary Materials.



Since fencing is a sport in which muscles do not work symmetrically, an analysis concerning the comparison between the dominant and non-dominant part was considered. The trunk was considered apart, as it is the centre of the vital organs. In fact, combat sports athletes are often characterized by thermal asymmetries between different sides due to the laterality of the athletes [17], as it is shown by the qualitative analysis reported in Figure 5. The asymmetry is a peculiar characteristic of the sport of fencing and the dominant part can be recognized as the one that athletes use to keep their weapon. The asymmetry can contribute to an overheating of the dominant part [42], thus it is particularly important to evaluate it.



Table 6 shows a comparison between the left and right side of the body and between the dominant and non-dominant part. The difference between the right and the left part was more evident for foil fencers, probably due to the different workloads that they require. In fact, in some cases, the temperature difference between the right and the left part of the body for epee fencers is equal to zero. However, it is also important to consider the difference between the dominant and non-dominant side, as the pattern of temperature was the same for epee and foil fencers. As expected, when the temperature trend was decreasing, the dominant part was decreasing less than the non-dominant part, while when the temperature trend was increasing, the highest increase was detected in the dominant part.





4. Discussion


This paper provided a preliminary analysis of the thermal profile for fencers, as studies concerning the application of IRT to this sport are generally limited to qualitative results. Therefore, there was a necessity to develop a methodology for the use of this innovative technology to fencing.



Considering the mean temperature differences of the whole body, most athletes showed first a temperature decrease and a later increase. This trend was also observed in studies examining other sports, both for graded and constant load exercise [15,26]. The initial decrease of temperature is usually attributed either to vasoconstriction, due to the delivery of the blood flow to the working muscles, or to sweat evaporation since it can remove latent heat from the skin [15]. This is the general pattern of skin temperature observed despite the sport performed, even if individual differences of the time evolution of this parameter can be detected [12,13,26]. In the case of fencing, the majority of the athletes presented first a decrease and a later increase in temperature (ID3 – ID4 – ID5 – ID7), as it happened in other sports. The increase of temperature at the end of the training can be attributed to the release of the heat stored in the body core to the ambient. The opposite trend was detected only for one fencer (ID 6), probably due to the different individual response of this athlete. After the first hour of training ID 6 is probably in the phase of vasodilation and already cooled at the end of the training. Finally, it is interesting to notice that international athletes presented all the same temperature pattern, consisting of a high increase in temperature during and after the training. They also showed the highest temperature differences, probably due to the high effort that these athletes present during training. However, this result could also correspond to a particularly favourable thermal profile for the sport of fencing, which allows international athletes to lose heat through the skin and uniforms, helping them to reduce the core temperature and improving their performance. Individual differences occurred in the extent of ∆T, even if the temperature differences were particularly high for international athletes. There is to notice that in the case of fencing it was not possible to detect directly skin temperature, due to the presence of the protective clothing and the consequent loss of information that would occur in the time needed to remove it, which also explains the consistent temperature differences.



The temperature variation of the single ROIs is often a function of the thermal profile of the sport performed. For example, in sports such as running the initial skin temperature decrease is more evident in the most peripheral regions such as the upper body, as it is not directly involved in the muscular work, while the most used muscles present a lower temperature decrease [26]. The same trend can be detected in other sports such as cycling [13], while for example in swimming even the different swimming style can determine a diverse temperature trend of the single ROIs [16]. Usually, in combat sports, the higher temperature increases are related to the ROIs that include the muscles more involved in muscular work [17]. This is confirmed also in the sport of fencing, where the highest temperatures were recorded on the legs, leading arm or trunk. High temperatures in the part of the trunk are a consequence of the increase of the core temperatures that can be reached while practising this sport, as the trunk is where vital organs are located. Minimum temperatures were instead generally recorded in the arm, forearm and hand of the non-dominant side, showing that the less involved muscles in the muscular work are more subjected to vasoconstriction.



Comparing the dominant and non-dominant side of the athletes allows defining the thermal profile of the sport of fencing. In this sport, asymmetries are expected, and their investigation may help to prevent injuries and hazards for the athletes [17]. Differences in skin temperature between the right and the left part of the body higher than 1.6 °C can be considered harmful for athletes [20]. These differences were highlighted in Table 6 for foil and epee fencers and show that they were in some cases higher than this limit. However, we need to consider that this value referred to the skin temperature and not to the temperature difference recorded on the fencing uniform, so it is not possible to draw any conclusion on this problem, and medical considerations may be necessary. Thermal asymmetries between the dominant and non-dominant side were present in foil and epee fencers, as it happens in other combat sports [17]. The dominant part usually showed a lower decrease in temperature and a higher increase, while the non-dominant part had the opposite trend. The International fencers were instead presenting again a different behaviour, as they had a similar temperature trend on the dominant and non-dominant side, probably because elite fencers usually tend to involve all the muscles during their performance.



It is important however to notice some limitations that the IRT technology and the present study may have. The current number of studies of the application of IRT to sport does not provide a specific thermal profile for each discipline like it happens for fencing, making difficult the comparison and the interpretation of the results. This implies that also the methodology to assess thermal images, which can largely influence the results, is not clear for each sport. Regarding the sport of fencing, two other problems may occur: it is not possible to carry out tests in a laboratory to control better the environmental conditions and it is not possible to perform this sport without the protective uniform. The time needed for its removal would lead to an information loss about the thermal pattern, thus the measurement must be performed over the clothing, producing results more difficult to interpret.



However, despite these limitations, IRT remains an important tool that can be used in the field of sport. This paper had the aim to provide both a methodology for assessing the temperature trend and a preliminary thermal profile for the sport of fencing. This will be useful for the evaluation of athletic efficiency and performance, but also to avoid possible injuries. Furthermore, as the extent of the temperature difference was generally high, especially for International athletes, future studies should be focused on the assessment of heat stress that may occur during fencing training.




5. Conclusions


In the last years, an increasing number of studies concerning the use of IRT in sport science can be detected. In this research, it is shown how IRT can be useful for assessing the thermal response of the athletes during training and the possible implications on their performance. In the case of non-stationary conditions, the metabolic rate seems to play a key role in the heat exchange between the body and the environment, due to the high amount of heat produced by the body. In particular, physiological responses were examined to determine a preliminary thermal profile of fencers, through the detection of temperature differences on the body of the athletes before, during and after training. The results showed that the thermal behaviour of the fencers was mostly related to their competition level.



Generally, the temperature on the uniforms in moderate environments is higher than the temperature indoors, so it can be presumed that athletes give up heat to the environment. How the heat flows from the body to the environment may vary according to the metabolic response of the single person. From these preliminary results, it is shown that the majority of the trained athletes were presenting first a decrease and a later increase of temperature, while professional athletes (international level) were presenting a constant temperature increase. This suggests that this temperature trend typical of professional athletes may be one of the factors related to their high performance. From this research, further studies should be developed in accordance with National and International Federations, as they could support better performance of the athletes.
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Figure 1. Definition of the regions of interest (ROIs; front and back side) used to calculate the mean temperature on the body for foil fencers (a) and epee fencers (b). Definition of the ROIs for the single body parts (c). Note that, to evaluate the temperatures, only the parts covered by the fencing uniform were considered. Since foil fencers wear an additional electric jacket over the uniform, the trunk was not considered in the definition of the ROIs for these athletes. Athletes were asked to remove the protective glove before acquiring the thermal image. 
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Figure 2. Temperature variations on the fencing uniform sorted per competition level. In black it is reported ΔT12, while in white ΔT23. It can be noticed that temperature variations for veteran athletes are generally lower than for the others (especially ID 4). National athletes were presenting high ΔT, with the tendency to reduce and then increase their temperature. The only exception is ID 6, who presented the opposite trend. International athletes were presenting a constant increase of temperature. 
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Figure 3. Temperature difference ΔT12 on the front and the back part of the body for foil (a) and epee (b) fencers. In black veteran fencers (ID 4 for foil, ID 7 for epee), in grey national fencers (ID 3 for foil, ID 5 for epee) and in white international fencers (ID 1 for foil, ID 8 for epee). 
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Figure 4. Temperature difference ΔT23 on the front and the back part of the body for foil (a) and epee (b) fencers. In black veteran fencers (ID 4 for foil, ID 7 for epee), in grey national fencers (ID 3 for foil, ID 5 for epee) and in white international fencers (ID 1 for foil, ID 8 for epee). 
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Figure 5. Infrared image of fencers before and during training (image not in scale). From this temperature map, it can be noticed that the dominant part of the body presents an overheating when compared to the non-dominant part. 
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Table 1. Characteristics, weapon performed, and competition level of the eight fencers selected.
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	ID
	Sex
	Age

(years)
	Height

(m)
	Weight

(kg)
	BSA

(m2)
	BMI

(kg/m2)
	Weapon
	Competition Level





	1
	F
	29
	1.72
	61
	1.72
	20.62
	Foil
	International



	2
	M
	17
	1.74
	72
	1.86
	23.78
	Foil
	International



	3
	M
	22
	1.83
	80
	2.02
	23.89
	Foil
	National



	4
	M
	49
	1.70
	86
	1.97
	29.76
	Foil
	Veteran



	5
	F
	21
	1.67
	58
	1.65
	20.80
	Epee
	National



	6
	F
	24
	1.74
	68
	1.82
	22.46
	Epee
	National



	7
	M
	24
	1.79
	82
	2.01
	25.59
	Epee
	Veteran



	8
	M
	25
	1.80
	78
	1.97
	24.07
	Epee
	International
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Table 2. Technical specifications of the infrared thermal camera PCE TC-30. Data provided by [35].
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Technical Specifications PCE TC-30 Thermal Camera






	
Resolution of the sensor

	
80 pixels × 80 pixels




	
Measurement range

	
0–250 °C




	
Display

	
LCD (320 pixels × 240 pixels)




	
Thermal sensibility

	
80 mk




	
Frequency

	
50 Hz




	
Operative Temperature

	
0–50°C
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Table 3. Activities carried out by eight fencers during the training. The resting time during the training is considered as the total amount of rest between different assaults.
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Before the training

(10 min after entering)

	
Standing in the fencing hall, 10 minutes




	
During the training

(after 1 h of fencing)

	
ID 1

	
5 assaults, 55 min—Standing (rest), 5 min




	
ID 2

	
5 assaults, 50 min—Standing (rest), 10 min




	
ID 3

	
4 assaults, 50 min—Standing (rest), 10 min




	
ID 4

	
4 assaults, 45 min—Standing (rest), 15 min




	
ID 5

	
4 assaults, 40 min—Standing (rest), 20 min




	
ID 6

	
4 assaults, 50 min—Standing (rest), 10 min




	
ID 7

	
4 assaults, 45 min—Standing (rest), 15 min




	
ID 8

	
4 assaults, 55 min—Standing (rest), 5 min




	
After the training

(10 min after the training)

	
Sitting in the fencing hall, 10 minutes
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Table 4. Heart rate of all the eight athletes measured before, during and after the training.
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ID

	
Heart Rate (bpm)




	
Before the Training

	
During the Training

	
After the Training






	
1

	
63

	
161

	
72




	
2

	
59

	
138

	
68




	
3

	
54

	
120

	
70




	
4

	
82

	
149

	
91




	
5

	
73

	
134

	
97




	
6

	
70

	
125

	
78




	
7

	
79

	
195

	
102




	
8

	
57

	
166

	
62
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Table 5. Rate of perceived exertion (RPE) scale measured for all the athletes before, during and after the training (before the thermal images were acquired).
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ID

	
RPE Scale Measured




	
Before the Training

(10 min after Entering)

	
During the Training

(after 1 h of Fencing Assaults)

	
After the Training

(10 min after the Training)






	
1

	
7

	
19

	
7




	
2

	
7

	
18

	
7




	
3

	
7

	
16

	
8




	
4

	
8

	
17

	
8




	
5

	
7

	
18

	
8




	
6

	
7

	
17

	
7




	
7

	
8

	
16

	
8




	
8

	
7

	
16

	
7
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Table 6. Comparison between the right and the left part and between the dominant and non-dominant side of foil and epee fencers (DP: Dominant part; NDP: Non-Dominant Part, T: Trunk).
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FOIL FENCERS




	

	
Veteran ID 4

	
National ID 3

	
International ID 1




	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L

	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L

	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L




	
Arm

	
2.3

	
−1.6

	
−0.9

	
1.1

	
2.2

	
−0.9




	
Forearm

	
0.7

	
1.4

	
1.4

	
0.2

	
0.9

	
−0.8




	
Hand

	
1.6

	
−1.6

	
1.0

	
1.1

	
0.4

	
0.3




	
Thigh

	
0.5

	
−0.1

	
1.1

	
0.1

	
0.2

	
0.2




	
Shin

	
0.9

	
0.2

	
0.3

	
−0.5

	
−1.1

	
−0.6




	

	
ΔT12

	
ΔT23

	
ΔT12

	
ΔT23

	
ΔT12

	
ΔT23




	
DP

	
−0.5

	
6.0

	
−10.3

	
9.5

	
3.5

	
7.8




	
NDP

	
−1.1

	
6.1

	
−11.0

	
9.0

	
3.6

	
8.1




	
T

	
2.2

	
5.4

	
−12.4

	
9.7

	
4.8

	
9.0




	
EPEE FENCERS




	
BODY PART

	
VeteranID 4

	
NationalID 3

	
InternationalID 1




	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L

	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L

	
ΔT12R-ΔT12L

	
ΔT23R-ΔT23L




	
Arm

	
0.4

	
0.3

	
−1.0

	
2.2

	
−0.5

	
1.5




	
Forearm

	
0.0

	
0.4

	
−2.9

	
2.8

	
0.5

	
1.5




	
Hand

	
−1.2

	
1.8

	
1.0

	
0.0

	
0.9

	
0.3




	
Thigh

	
0.3

	
0.0

	
−0.5

	
0.5

	
0.0

	
0.5




	
Shin

	
−3.0

	
2.4

	
0.0

	
−0.5

	
0.0

	
1.5




	

	
ΔT12

	
ΔT23

	
ΔT12

	
ΔT23

	
ΔT12

	
ΔT23




	
DP

	
−3.2

	
9.5

	
−12.6

	
4.8

	
15.1

	
4.8




	
NDP

	
−3.7

	
10.3

	
−13.3

	
6.1

	
14.9

	
3.9




	
T

	
−2.3

	
11.5

	
−14.3

	
4.8

	
15.7

	
3.3
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