
Chapter 3
Methodological Aspects of Infrared
Thermography in Human Assessment

Jose Ignacio Priego Quesada, Marcos Roberto Kunzler
and Felipe P. Carpes

Abstract Infrared thermography presents some important advantages in the
determination of skin temperature, as it is a safe, non-invasive and non-contact
technique with wide applications in the field of sports sciences. Like many others
techniques, valid measurement in thermography requires following strict method-
ological steps from data acquisition to analyses and interpretation. In this chapter,
we discuss the methodological aspects that must be taken into account when
acquiring thermic images, along with some practical examples and recommenda-
tions based on the current literature.

3.1 Thermography: Advantages and Limitations

In recent years, infrared thermography has become a popular technique to determine
the temperature of human skin during exercise [1–4]. The reasons accounting for its
popularization were the technological advances permitting assessment in a variety of
sporting conditions and the more accessible price of the cameras. Previously used
mostly with engineering applications, thermography became known by sports sci-
entists who detected its potential for field assessment of physical activity and sport.
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Many recent studies are available presenting data from experiments that can illus-
trate the different applications of thermography in the assessment of exercise per-
formance [5–7]. However, thermography in sports is still a recent topic and there are
many fundamental discussions concerning different methodological aspects (e.g.,
determination of the regions of interest, strategy for analysis of the data, etc.),
protocols of data acquisition, and the interpretation of results concerning its physi-
ological or even mechanical meaning in the context of sports performance. Although
the practice of infrared thermography has become more and more popular, these
points of concern need further research. The good news is that the implication of the
skin temperature information on athletic training is endorsed by basic research. For
example, high skin temperatures are known to reduce the temperature gradient
between the skin and the core, limiting heat transfer and producing a negative effect
on aerobic performance [8, 9].

It is true that infrared thermography presents some methodological advantages,
but also has some limitations. All these aspects must to be considered when
designing, developing and analyzing data from experiments involving infrared
thermography. De Andrade Fernandes et al. [3] described some of the advantages
and limitations of using thermography in the assessments of skin temperature in
humans. In Table 3.1 we summarize the description of advantages and limitations
presented by De Andrade Fernandes et al. [3] and we also include some additional
comments concerning the relevance of each advantage and limitation mentioned by
the authors.

One important advantage of infrared thermography over other methods to
determine skin temperature is that infrared thermography is considered to be a
distance technique, which means that the measurement can be performed without
interaction with the environment or subject. This advantage is essential in some
applications, such as the assessment of electric or nuclear facilities in which the
evaluator can analyze the components without being in danger. In the context of
human assessment, this characteristic is also beneficial in order to determine skin
temperature without interference in the processes of heat exchanges via convection,
conduction, radiation and evaporation [3, 10, 11]. This is an inconvenient aspect of
the sensors based on thermal contact, such as thermistors and thermocouples (see
the circle in the Fig. 3.1). It is known that the interaction between these sensors, the
skin and the environment can reduce the reliability of the measurement [12].
Additionally, the method used to attach these sensors to the skin (e.g., the clinical
tape used) has been shown to affect the local heat transfer [13, 14], and hence the
local thermal regulation and skin temperature might be altered [3, 10, 11, 15].

The non-invasive and non-harmful characteristics of infrared thermography
make it a very attractive technique in medical areas, since it allows human phys-
iological study without the risk invasive radiation presents in other imaging tech-
niques (e.g., X-rays) [7, 16]. One attractive application of thermography is to detect
injury. However, the association between thermographic data and injury remains
debatable [16], although it has been used as an complementary tool in the physical
examination [17, 18]. Some physiological disorders are associated with an alter-
ation of skin temperature in the patient [7, 16]. In the context of sports injury, there
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are some studies discussing the potential associations between local temperature
and specific injuries, but conclusions are still vague and further investigation is
needed [7, 19].

One possible reason for the lack of relationship with some physiological man-
ifestations of diseases or injury is that infrared thermography allows determination
of surface temperatures. While very useful for discussing heat dissipation,
inferences on central or tissues temperature are not possible. Some studies used
infrared cameras to obtain direct data from deep tissues such as muscles, and this
approach is limited due to all the processes of heat exchanges via convection,
conduction, radiation and evaporation, that make the temperature from the internal
tissues and the superficial skin temperature differ [20]. Furthermore, neuromuscular
electrical activity, even measured by surface electromyography in the muscle, does
not show a significant relationship with skin temperature in most of the lower limb
muscles involved in the pedalling gesture [21]. However, there are many situations
in which information regarding skin temperature is useful. The information about
heat dissipation in the different body sites and the responses to exercise are
important in the context of sportswear design [22] or in the assessment of the
capacity of heat dissipation due to the physical fitness level [1, 4].

To draw consistent conclusions, accurate data are essential. To achieve this, a
rigorous methodology must be followed [17, 23, 24]. Infrared thermography
camera captures the infrared radiation, and the different levels of radiation define a
thermal image. However, the proper determination of the temperature from this
infrared radiation depends on technical and methodological factors that can influ-
ence the capture and the determination of temperatures (e.g., angle and distance of

Fig. 3.1 Thermal contact
sensor attached to the skin
during cycling (inside the
circle)
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the camera, emissivity, etc.). Therefore, it is very important to strictly follow a
protocol for the image acquisition. The main aspects that must be taken into account
during image acquisition will be discussed in the next sections.

3.2 Methodology for Infrared Thermography Assessment
in Humans

Different organizations proposed standard recommendations for the use of thermal
imaging in studies with humans. Some examples are the technical guidelines
published in 1986 by the American Academy of Thermology [25], the guidelines
for neuromusculoskeletal thermography published by the same association in 2006
[26], and the Glamoral Protocol published in 2008 by the European Association of
Thermology [23]. However, different methodological aspects remain unclear and,
for this reason, researchers are still working to clarify different issues. To this end,
recent scientific articles analyzed specific aspects of the methodology and ther-
mography outcomes in human assessment [11, 27–30]. Taking together guidelines
and publications, the main methodological aspects for assessment of humans with
thermography should attempt to:

1. Reduce the error of measurement of the infrared thermography camera (mini-
mum error is commonly established by the manufacturers at ±2%).

2. Reduce the variability in the measure of the skin temperature between
participants.

3. Increase the reproducibility of the measurements.

To achieve these three methodological concerns, both technical and method-
ological requirements must be considered and, more importantly, must be carefully
administrated to improve the measurements and therefore lead to valid conclusions.
The next sections will introduce each of these requirements.

3.2.1 Determination of the Region of Interest (ROI)

Determination of the ROI is one of the most important steps in the design of a
thermography study. The determination of the ROI will depend on the purpose of
the study. Therefore, the ROI must be determined in the early phase of study design
because this will affect other aspects such as the body position during the thermal
room adaptation or the position of the camera. The variables of interest, such as
descriptive statistics, will be extracted from each ROI obtained from the thermal
image. Determination of the ROI is important because it can also help in improving
data acquisition quality, especially when camera resolution is limited. ISO nor-
mative determines the size of the ROI. To reduce error, a minimum of 25 pixels is
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recommended [31, 32]. The camera should be placed as close as possible to the ROI
in order to increase the number of pixels of measurement [33]. Additionally, the
size of the ROI will directly influence the temperature measurement, as a smaller
ROI will present a higher temperature than a larger ROI due to the greater influence
of hot spots in these smaller areas [11].

The Glamorgan Protocol was published in 2008 with the purpose of standard-
izing the ROIs determination in thermographic studies [23]. This document presents
the definition of 90 different ROIs. Although the Glamorgan protocol provides
important guidance in the determination of the ROI, there are a number of studies
with very specific demands. Because of this, researchers have developed their own
criteria to define ROIs, with different geometries and methodologies [24, 30].
Differences in skin temperature between ROIs are due to the tissue composition,
muscular activity and capacity of sweating [21, 29, 30, 34], and these factors are
important to take into account during the definition of the ROI.

The reproducibility in the determination of the ROIs for different images is
another important factor in ensuring the accuracy of the results, especially when
different subjects are compared. Different strategies were observed in the literature
in order to increase the reproducibility of thermographical data. Some researchers
use software with an automatic ROI selection feature [22, 35, 36]. However, these
software are not accessible to all users, and for this reason one of the most used
strategies is the determination of ROI according to anatomical proportions [21] or
body segments [37–39].

Mathematical methods can also be used in the determination of ROIs. One
example of this is the Tmax method, which was proposed by Ludwig et al. [27]. In
this method, the operator selects an ROI and the software will automatically select
the five warmest pixels within the ROI, with a minimum distance of at least of five
pixels between each. The software selects an area of five � five pixels around each
of the five pixels previously selected, determining the mean temperature across the
125 pixels included in the selection [27]. These authors suggested that the main
advantage of this method is the use of the same number of pixels for the calculation,
removing the effect of the different anatomical sizes between participants [27].

It is also possible to determine the ROIs using markers in anatomical references
or outer delimiting areas of the body surface (Fig. 3.2) [7, 29]. This strategy can be
useful in ensuring the reproducibility in the delimitation of the ROI and it facilitates
further data analysis. After this recapitulation of information, we can provide some
overall recommendations for the determination of ROIs:

• To record the maximum number of pixels of the ROI in the thermal image, put
the camera as close as possible to the region (always considering that the image
must be focused). A higher number of pixels will provide more robust
descriptive statistical data relating to the ROI.

• Whenever the objective of the study permits, use large ROIs instead of small
ROIs. The large ROIs will reduce the possible effects of punctual points of the
ROI such as hot spots.
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• To reduce the subjective aspect for the delimitation of the ROIs as far as
possible, increase the reliability. Software with automatic ROI selection, the use
of markers in the skin, or the delimitation using anatomical references are
strategies that can help in this objective.

• To determine the ROIs, take aspects like tissue composition, muscular activity
and capacity of sweating into account. In this sense, we recommend avoiding
measurements in the same ROI, regions in which the muscles are close to the
skin (e.g., thigh or leg) and regions with a higher proportion of bone and
connective tissue close to the skin (e.g., knee or Achilles).

3.2.2 Methodological Aspects of the Camera

The choice of camera is an important step in the use of thermography. Cameras for
thermographical assessment can be cooled or uncooled cameras (Fig. 3.3). Cooled
cameras normally operate at cryogenic temperatures [40]. The older cameras were
cooled by the addition of liquid nitrogen, argon gas or sterling cooler, resulting in a
limitation of the angle of operation of the camera [40–42]. In this case, a high
camera angle could put the liquid nitrogen or other cooling system in contact with
the electronics and cause damage. Other cooling systems (e.g., thermoelectric
systems) were introduced to overcome the angle problem of the camera [40, 41].
The cooling system is usually associated with power and time taken to cool the
camera, and it is bulky and expensive [33, 40]. However, the cooled detectors

Fig. 3.2 Examples of the use of markers to delimit the ROIs in the quadriceps (a) and back (b)
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provide a superior image quality and a greater sensitivity to small differences in the
scene temperatures than the uncooled detectors [33, 40]. The more recent genera-
tion of uncooled cameras can be used without cooling, but using a microbolometer
[42]. These cameras will be stabilized at ambient temperatures using temperature
control elements (based for example on changes on resistance and voltage) to
reduce the image noise [40]. Although these cameras provided a lower quality of
image and have lower sensitivity, they are less expensive in price and maintenance,
smaller and easier to use [40, 41].

Also related to the choice of the camera, infrared resolution is an important
technical aspect to be considered (Fig. 3.4). Although infrared resolution is not the
most important factor in the accuracy of the calculation of the temperature [43], it is
always preferable to have a camera with the best resolution that you can afford [24].
Each pixel in the thermal image represents one thermal data, and a higher number
of pixels will result in a more robust measure when average temperature is cal-
culated in the ROI. One example of this is that 25 is considered to be the minimum
number of pixels to determine average temperature for a region of interest for the
ISO normative [31, 32]. In this regard, an infrared resolution of 320 � 240 pixels is
commonly considered to be the minimum resolution necessary for satisfactory data
in the human assessments [7, 24].

For sports science applications in particular, the capacity to record thermo-
graphic video is an important feature in the thermographic camera. There are a few

Fig. 3.3 Examples of cooled and uncooled cameras and respective image record (figure modified
using images from the FLIR website)
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studies using this feature in sport assessment [2, 44, 45]. Despite the higher cost and
specific configuration required for proper image acquisition during thermographical
video records, the calculation of the temperature in an sports assessment could be
disturbed by nearby electronic equipment (e.g., ergometer, computers, etc.) [41].
This is the reason why researchers usually try to analyze static images recorded
before and after exercise [11, 46].

As observed in many other instruments, a proper calibration is also necessary for
thermographical assessment. Infrared cameras are calibrated by the manufactures
with a high number of black body sources at different temperatures when the signal
of each pixel is determined [47]. A black body source is an instrument with a stable
and accurate temperature surface, with a high emissivity, configured with a specific
temperature emission (Fig. 3.5). These black body sources usually have an emis-
sivity as high as 0.98 [47]. In addition to the manufacture calibration, in research
studies, the camera usually is calibrated again before every experiment starts. To do
this, the black body sources need time to stabilize temperature before the calibration.
The calibration is more precise when the black body source is set at a higher
temperature than the room temperature, and it is important to know the accuracy and
the emissivity of the black body source in order to perform the best calibration
possible. For example, black body source can be configured to some specific

Fig. 3.4 Example of the same image recorded with an infrared camera with a resolution of
140 � 140 pixels (a) and with an infrared resolution of 320 � 240 pixels (b)

Fig. 3.5 Examples of black body systems
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temperature emission (e.g., 50 °C). When the black body is stabilized, thermography
camera can record a thermal image where is the black body. After that, we can
analyze the difference between the temperature of the black body source in the
thermography and the set temperature of the black body source. If the difference is
inside of the accuracy of black body source, the camera is measuring correctly, but if
we have a higher difference, we can compensate this difference in the data analysis.
However, if the difference is very high it is recommendable to send the camera to the
manufacturer for calibration. In addition, the black body (and also a black plate
thermistor) can be placed in the space of measurement in order to have this reference
in the image, which also permits any drift in the temperature sensitivity during the
laboratory daily routine to be checked and increases reliability [17, 41] (Fig. 3.6).

Another important aspect to consider is that the camera should be turned on
some time before the measurements start. Infrared thermography cameras have a
condenser to stabilize the electronics and compensate its temperature variations.
However, it needs time to adjust to the environmental conditions and to work
properly. The time necessary for this stabilization may differ between camera
models. For example, the minimum time determined for the uncooled camera used
by the authors of this chapter was 5 min [30]. However, since their camera mea-
surements became stable after 5 min of turning on the camera, they determined a
10 min stabilization period to ensure this process [30]. There are cameras that may
need a minimum of 10 min to stabilize [47]. The most common procedure to ensure
camera stabilization time is to set some system with a stable temperature (black
body source or hot plate system), turn on the camera and record thermal images
continuously. When there is no variation in the temperature data with the time, it
means that the camera is stable.

Fig. 3.6 Examples of different references (black body and thermocouples) placed in the space of
measurement to increase the reliability
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The position of the camera (distance and angle in relation to the ROI) can affect
the measurements and needs to be controlled [48–50]. The camera lens should be
placed perpendicularly to the ROI. Angles higher than 60º between the camera and
the ROI considerably modify the data [50]. It is important to take all the thermal
images of one study at the same distance to minimize these errors. In this sense,
Tkáčová et al. [50] observed differences of 0.2 °C between measurements per-
formed between 0.2 and 2.5 m between the camera and the ROI. Although the
distance is an important parameter to control, it also depends on the infrared res-
olution of the camera and the ROI (Fig. 3.7). Most of the studies with humans
registered the measurements at distances between 1 and 3 m [1, 3, 11, 22, 30, 39,
46]. The camera should be placed as close as possible to the ROI and record the
highest number of pixels in that region [33]. In order to have some reference values,
a distance of 1–1.5 m it can be enough for a ROI that is a body segment (Fig. 3.7a),
and a distance of 3–4 m it can be the necessary when the ROI is all the whole
surface of the subject body (Fig. 3.7b). Similarly, when taking thermographic
images, the focus of the camera must be adjusted. Errors in the focus adjustment
consistently produce errors in the temperature calculation of the ROI (see details in
the Fig. 3.8).

3.2.3 Methodological Aspects Related to the Space Where
the Measurement Will Be Conducted

Considering the space measurement, the main methodological aspects to take into
account are the room space, the room temperature, the relative humidity, and all
sources of infrared radiation that might affect the thermographic measures by

Fig. 3.7 Example of the position of the camera in relation with the ROI
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standing around the subject. The parameters of the room temperature and its relative
humidity must be informed in the camera setup. The minimum space dedicated for
the measurement is 6–9 m2, but spaces of 12 m2 are preferable [41, 47]. The room
temperature is one of the most important factors affecting skin temperature,
because both are directly related [51–53]. Different authors have suggested that
room temperature should be between 18 and 25 °C during thermography assess-
ment with humans [42, 49]. This is because the room temperatures outside of this
range could affect the thermoregulation mechanisms, resulting in sweating when the
room temperature is higher than 25 °C, or shivering when the room temperature is
lower than 18 °C [42]. Furthermore, temperature variation in the room should be no
higher than 1–2 °C. When data from measurements made in the trunks of 64 male
cyclists were analyzed, it was observed that an increase of 1 °C in the room
temperature resulted in 0.35 °C higher skin temperature (r = 0.5 and p < 0.01).
This influence was minimized when temperature variations (difference before and
after) were determined (Fig. 3.9). Ring and Ammer suggested that an environ-
mental temperature of 20° is better for visualizing inflammatory injuries [41].
Therefore, the ideal environmental temperature for thermographical measures may
depend on the purpose of the experiment.

Fig. 3.8 Example of error calculation in images with an incorrect (a) and correct (b) adjustment
of the focus
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The relative humidity in the room where the measurements are taken affects the
sweat evaporation rate during physical activity and sport performance [54]. The
influence of relative humidity can be higher when the camera is positioned far from
the ROI [47]. It is recommended to control relative humidity to values between 40
and 70% [1–4, 11, 22, 38, 46, 55, 56]. It is also important to avoid the presence of
particles in the air, such as dust or vapor, because these can absorb the radiation
emitted by the participant and therefore cause measurement errors because all the
infrared radiation of the participant does not arrive at the camera.

Reflected temperature is defined as the temperature of other objects that are
reflected by the target into the infrared thermography camera [57]. This temperature
should be measured and informed during camera setup configuration. The software
of the camera will disregard this parameter from the calculation of temperature of
the ROI. It is recommended to measure the temperature reflected in each test. The
reflected temperature can change when the environmental conditions change (e.g.,
variation in the room temperature), the conditions of the evaluator (e.g., changes in
clothing) or any feature of the space changes. One of the most used methods to
measure the reflected temperature is the “reflector method” described in the inter-
national normative ISO 18434-1:2008 [57]. This method consists of:

1. Informing the following parameters to the camera: distance with a value of 0 and
an emissivity with a value of 1.

2. Positioning cardboard with aluminum foil at the same level as the participant
(Fig. 3.10a).

3. Measuring the average temperature of the aluminum foil (using a rectangle ROI)
(Fig. 3.10b).

4. Introducing the thermal average obtained, such as the reflected temperature.

The presence of infrared radiation sources close to the measurement space
should be avoided. Infrared radiation sources include the incidence of sunlight in
the space of measurement, the presence of electronic devices and the number of
people in the measurement space (evaluator and participant). Other sources of
radiation are heating ducts, water pipes, heating lights and airflow. Likewise,
reflections of infrared radiation around the participant should be avoided, so we
recommend placing anti-reflective material behind the plane of interest [7, 47].

Fig. 3.9 Influence of the room temperature on the skin temperature measured before (a) and after
cycling (b). The influence was removed when skin temperature variations (difference between
temperature after and before cycling) were assessed (c)
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3.2.4 Methodological Aspects Related to the Person

Considering the characteristics of the subject going to be evaluated, one of the
factors to take into account is the emissivity of human skin. Different studies
determined the skin emissivity and described values between 0.97 and 0.99 [58–
60]. Thermographic studies with humans commonly consider an emissivity of 0.98
[1, 3, 7, 21, 22, 61]. These studies used this emissivity value for all the participants
due to the lower variability observed—standard deviation of 0.01 [58, 60]. This
standard deviation in the emissivity resulted in approximately ±0.05 °C or ±0.12%
of change in the absolute temperature, and such error will be smaller than the
thermal sensitivity of the camera or the variability of the skin temperature between
participants and trials. These values of emissivity of the skin means that humans are
a good emitter of infrared radiation, and therefore we can obtain accurate surface
temperatures [59, 62]. The emissivity value must be introduced into the camera or
thermographic software for the correct calculation of the temperature.

Fig. 3.10 Reflector method
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The thermal variability of the human skin temperature can be very high due to a
great number of factors, such as the individual metabolism, blood flow, adipose
tissue, etc. [24]. The present chapter has an applied orientation, and for this reason
the factors will be classified considering the experimental process and when they will
be taken into account: (1) in the design of the experiment; (2) in the criteria for
selection of the participants; and (3) in order to elaborate the instruction that par-
ticipants need to follow (Fig. 3.11). Some of the points related to the selection of the
participants or instructions they will receive can be interpreted in a different clas-
sification depending of the researcher. For example, some researches will consider it
important to classify the participant as a smoker or non-smoker in the inclusion
criteria for the research, while for others such information will be pertinent when
sending the instructions to the subject before the assessment. For this reason, it is
important to understand that the authors of the present chapter do not think that their
classification is the only one to be considered, but rather is the classification con-
sidered suitable for the purpose of this chapter. On the other hand, the most
important aspects in which the thermography evaluator can act were addressed in
this section. Other factors, such as genetics, were not addressed in this chapter.

Fig. 3.11 Classification of the methodological aspects related to the person following the
experimental process
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3.2.4.1 Factors to Take into Account in the Design of the Assessment
Protocol

Some factors are essential to take into account in order to obtain the maximum
reproducibility in the accomplishment of thermographic measurements. The tem-
perature of the skin usually presents high variability, which may limit the comparison
of results between and within subjects. Therefore, some general recommendation can
be followed to reduce these intervenient factors.

Room time adaptation One of the most important methodological aspects is the
time required to achieve a stable measurement of skin temperature in a controlled
environment [28, 41]. When the individual arrives at the measurement space (typ-
ically he/she comes from a different environmental temperature) and prepares for the
thermographic measurements (e.g., undressing), it will produce a change in thermal
conditions, and hence a variation in the skin temperature. Therefore, an adaptation
period is necessary; otherwise the repeatability of the measurements will be very low
because the external conditions of each day and each subject are different. During
this adaptation time, the participant must avoid all the movements and contact that
can affect the skin temperature of the ROIs; for instance, actions such as folding or
crossing the extremities, placing bare feet on a cold surface, etc. [41]. In this sense,
the use of a carpet or rug in the ground is recommended. Studies commonly use
room time adaptation ranging from 10 to 20 min [4, 11, 21, 38, 56, 63, 64]. Longer
periods are not recommended because when the time adaptation exceeds 30 min, the
temperature oscillation are higher and may result in thermal asymmetries [28, 41].
Marins and colleagues concluded that a minimum time of 10 min is suitable for
temperature stabilization, but they suggested that longer times can be required when
participants come from extreme environments (cold or hot) [28].

Body posture Body posture during the image acquisition will be dependent on the
ROI defined. Some examples and guidelines are present in the catalogue of ROIs
described in the Glamorgan Protocol [23]. In this sense, the anatomical position is
usually a very common position for thermal measurement using infrared thermog-
raphy. However, there will be some cases not considered in that protocol and, for
these cases, special attention should be given. The body posture needs to be the same
during the whole room time adaptation [41]. In some exercises, it is possible to take
the thermal images during the moments of force production or along the movement
(e.g., in a static contraction or during a body segmental movement), [4, 64, 65]. We
do not recommend comparison of thermal images taken in different body postures
because the posture changes the body surface exposed to the environment and then
the skin temperature may also be changed [17, 41, 66] (Fig. 3.12).

Circadian rhythm The circadian rhythm affects the core temperature [67, 68],
skin blood flow [67] and skin temperature [69, 70]. Skin temperatures are lower in
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the morning and increase during the day [69, 70]. The hands are the body region
with the highest increase in skin temperature during the day [69, 70]. These effects
of skin temperature could be related to the same trend observed by Smolander et al.
about the relationship between skin blood flow and the circadian rhythm [67]. In
order to minimize this effect, some studies have performed all measurements in the
same period of time [1, 3, 4, 27, 38]. Another possible strategy to reduce the
intra-subject effect of the circadian rhythm, when the study has a cross-over
experimental design, is to ensure that measurements of each participant are always
performed at the same time of the day [55, 56].

Sweat Moistening of the skin surface due to perspiration may influence thermo-
graphic data [11]. Ammer [71] suggested that a film of water on the skin may act as a
filter for infrared radiation and that could lead to an error in the estimation of the skin
temperature. Removing the sweat or water from the skin has been tried as a solution
[72, 73]. These studies [72, 73] tried to remove the sweat without friction of the skin.
However, in other studies, temperature could increase as a consequence of rubbing
the skin surface and also as a result of the reduction of the natural process of sweat
evaporation [11]. On the other hand, the results of one study indicated that the
accumulation of sweat during cycling is not enough to form a film of water, and that
sweat produced under these conditions does not affect the thermographic data [11].
However, the influence of the sweat on the skin emissivity in infrared measurements
as well as the possible strategies to deal with the effect of sweating on skin emissivity
during thermographic examinations are unclear to date. Hence, future studies are
necessary to explore this methodological aspect in more detail.

Fig. 3.12 Effect of the body posture on the heat flow. Figure obtained from Houdas and Ring [66]
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3.2.4.2 Factors to Take into Account in the Criteria Selection
of the Participants

In order to reduce the variability of the skin temperature results, many factors
should be considered. It starts with the definition of the criteria for the selection of
the participants. Some of the most relevant factors are commented.

Sex Women present higher core temperature [68, 74], lower whole-body sweat rate
[75] and higher percentage of body fat than men, which influences heat loss and
results in lower skin temperature in most of the body regions [37, 76]. The lower
heat production during exercise presented in women is another explanation for
these lower skin temperatures [77]. These gender effects are more evident in the
morning than in the evening, possibly because the blood flow is lower and then the
thermal insulation effect of the body fat is higher [70]. It is also important to
consider the influence of the menstrual cycle. Different studies have shown that core
temperature [78, 79] and skin blood flow [80] were higher during the luteal phase
than in the follicular phase resulting in a higher skin temperature in the women.

Age Older people present lower basal values of skin temperature [51, 64, 81] and
after an intervention aimed at increase body temperature (e.g., exercise), a lower
response of skin temperature was found among the elderly [51, 64]. The reasons for
the skin temperature decreases with age may be related to a lower metabolic rate
[82], lower core temperature [68], and the lower capacity of heat dissipation via
vasodilation/vasoconstriction [51, 83] and sweat rate [82, 84].

Body surface and body composition Body surface has an important role on
whole-body heat exchange [85, 86]. Individuals with a greater body surface have a
greater capacity for heat dissipation [85]. This happens because they have a greater
skin surface and then greater absolute rates of convection, radiation and sweat
evaporation [86]. For this reason, in order to compare different groups or partici-
pants, it is recommended that some body surface variables be normalized (e.g.,
sweat rate; mg cm−2 min−1). Body surface is usually measured using predictive
equations considering the height and body mass, and one of the most used equa-
tions is the DuBois and DuBois’ equation [87]. In relation to body composition, the
level of body fat influences the capacity for heat loss resulting in lower skin
temperatures [88]. Body fat tissue had an insulation capacity resulting in impair-
ment in heat dissipation between the core and the skin [46, 88, 89].

Injuries An injury is often related to variations in the regional blood flow. Changes
in blood flow affect skin temperature, which can increase in the case of an
inflammation, or decrease in the case of tissues with poor perfusion, degeneration or
reduced muscular activity [7, 42]. Individuals with overuse and traumatic injuries
could present with an alteration of skin temperature and thermal symmetry [7, 42]
(Fig. 3.13a). In addition, other disorders such as diabetic neuropathy, fever and
vascular disease, among others, can influence skin temperature [16] (Fig. 3.13b).
For this reason, studies selected participants without history of injuries in the
previous months [3, 56, 90]. This is certainly a fertile topic for further investigation,

66 J.I. Priego Quesada et al.



since the medical application of the thermography, as mentioned before, has many
advantages over other imaging methods.

Physical fitness level Physical fitness influences skin temperature [1, 2, 4, 21, 46].
Larger heat loss is observed among participants with better physical fitness, which
could be explained mainly through the higher capacity of evaporation of sweat
during exercise [46, 91]. Moreover, trained people usually have greater capacity for
heat transference between the core and the skin due to higher blood flow and lower
body fat [21, 46, 89, 92]. The variability of fitness level will result in a high
variability of the skin temperature if considering a heterogeneous group.

Medicaments Medicaments could alter skin blood flow and then skin temperature.
It is known that different kinds of medicaments such as analgesics,
anti-inflammatories, vasoactives, hormonal medications, prophylactics and anes-
thetics can affect the normal values of skin temperature [24]. Furthermore, infrared
thermography was used in different studies as a method to determine the response
of a medicament [93–96]. In human assessment, when the objective of a study is
not to assess a medicament, it is common to recruit participants without a
medicament prescription or to avoid the intake of medicaments before a study in
order to remove this factor [1, 4, 38, 90].

Factors to Take into Account in Instructing Participants

It is suggested that participants be instructed by means of a previous session or by
means of a written letter or email containing the information and procedures nec-
essary to avoid possible measurement errors. When possible, a familiarization
session can be very valuable in order to fully address all the factors that can
influence measurement. Some of the most important factors are described below.

Nutrition It is commonly established that after food intake, blood supplies the
stomach to the detriment of the skin, resulting in a lower skin temperature in the

Fig. 3.13 Example of the presence of undiagnosed injury in the knee (a) and a varicose vein in
the leg (b)
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extremities [97, 98]. Heavy meals approximately 4 h before the measurement
should be avoid for the human thermography assessments [1, 21, 30].

Hydration and drinks Prior to the thermographical assessment, it is important to
ensure that the subject is adequately hydrated. Hipohydration can affect the sweat
rate response and then the skin temperature, as detected by infrared thermography
[99]. On the other hand, intake of different liquids has been associated with alter-
ation of skin temperature. For example, alcohol intake increases skin temperature
due to the increase of the skin blood flow [100–103]. Liquids with caffeine, and
others stimulants such as teas, stimulate the physiological function, resulting in an
increase in skin temperature [104–106]. For these reasons, participants of the
studies are usually requested to avoid ingestion of alcoholic or caffeine at least 4 h
[1, 27, 38] or, preferentially, 12 h before the measurements [21, 30, 56].

Tobacco It is well established that nicotine has a vasoconstrictive effect and
therefore it may reduce skin temperature [107–109] (Fig. 3.14). In addition, it is
known that smokers have a reduced circulatory system compared with non-smokers
(e.g., they have impaired capillary recruitment and impaired vasodilation) [109].
Thus, it is usually recommended that thermographic studies do not include smokers
[1, 38], or that smokers are instructed to avoid smoking for 12 h before the mea-
surement [21, 30, 56].

Fig. 3.14 Example of the effect of smoking on skin blood flow and then in the skin temperature.
Thermal images were taken before (a) and after smoking (b)
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Hair The presence of the hair on skin surface can alter the estimation of the skin
temperature using infrared thermography [24]. Hair is an avascular tissue [110]
with a low heat capacity and then with a lower temperature [111] (very similar to
room temperature). For this reason, if there is a high hair density in the skin, this
hair could be considered to be an artifact resulting in an underestimation of the skin
temperature (Fig. 3.15). For this reason, some studies asked for participants to
remove their body hair before the study [1, 4, 27, 38]. However, this could be
inconvenient during participant recruitment.

Application of cosmetics on the skin This group of variables is especially
important since they influence the radiation emitted by the skin and are difficult to
detect. The use of cosmetics, creams, gels or any other type of skin treatment are
relevant to the analysis of thermographic images, since they will act as a filter on the
skin, distorting its radiation, influencing the emissivity and resulting in an under-
estimation of the skin temperature [62]. The different studies usually avoid the use of
skin lotions or other cosmetic products in the day of the measurement [1, 4, 21, 27].

Physical activity Exercise recovery is a process in which the body works to restore
the different physiological processes that occurred in the body during exercise, such
as muscle damage, DNA damage, oxidative stress, among others [112, 113]. In
relation to the skin temperature, Fernández-Cuevas et al. observed that, after a
training session, there is a progressive increase in the skin temperature up to 6 h
after exercise [35]. This idea that exercise affects skin temperature a posteriori is an
important factor to take into account, and for this reason the studies should request
that participants avoid physical exercise on the day of the study [90] and also refrain
from high intensity exercise the day before the study [1, 21, 55].

Sunbathing and UV rays The exposure of the skin to sunbathing and UV radi-
ation results in a higher absorption of radiation by the skin, and then in an increase

Fig. 3.15 Example of
thermography of the chest of
a subject with hair
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of skin temperature [114]. A good recommendation for the participants in a human
thermography assessment is to refrain from sunbathing or from being exposed to
UV rays 12 H before the test [21, 30, 56].

3.3 Analysis of the Thermal Data

The analysis process in thermography data still very conservative, as its use in the
field of exercise science has only recently begun to grow. Before presenting con-
clusions from thermal data analyses, there are some important and mandatory steps
for proper data analysis.

3.3.1 Qualitative Representation

The thermographic analysis can involve qualitative and quantitative approaches.
Qualitative analysis consists of the representation and description of the images
obtained. Although a quantitative analysis of the data is fundamental to drawing
consistent conclusions, the qualitative analysis is very important for checking
whether there is any factor that should be considered in the quantitative analysis.
For example, in the qualitative analysis we can see that the assessed person has a
varicose vein in the legs and therefore it is very possible that there is a thermal
asymmetry. Because of this, it is necessary to always perform a qualitative analysis
to ensure the correct interpretation of the numerical data. In addition, this analysis
can provide a much faster feedback to the concerned subjects: the athlete, the coach
or the medical staff.

Another utility of qualitative analysis is to obtain a graphical representation of
what is being evaluated. In this sense, it is important to know the different types of
representation currently offered by the thermographic software. Infrared cameras
usually have an incorporated digital visual lens that provides interesting visual-
ization tools. Besides the infrared image (Fig. 3.16a), infrared images superimposed

Fig. 3.16 Different thermal image representations
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on the visual can also be obtained (Fig. 3.16b) as well as an image that integrates
infrared and the visual (Fig. 3.16c). According to the camera, the software, and how
both correct the differences between lens in position and other characteristics, the
overlap is more or less accurate.

Some of the recommendations usually performed for the qualitative represen-
tation of images with humans are listed below [42, 47]:

• Use of a rainbow palette, with white-red as hot and blue-black as cold.
• Use of an image range defined with a minimum of 23–24 °C and a maximum of

36–38 °C. In addition, use of the same image field for all the comparable images
b comparable.

3.3.2 Quantitative Analysis

Different variables can be obtained from analysis of the ROI in the thermographic
analysis, such as the average temperature, the maximum temperature, the minimum
temperature and the standard deviation. In addition, it is possible to calculate other
variables such as the variation (D) temperature or variation of the skin temperature
(difference between before and after an intervention), the thermal symmetry (dif-
ference between both body hemispheres) and the D temperature of the ROI (dif-
ference between the maximum and minimum values). Different studies used
different variables for the analysis of thermal images, and there are many still many
open questions in this regard. The more common approaches to quantify thermal
data are discussed below.

Average temperature is the most used skin temperature variable in the literature
[1, 2, 22, 46, 64]. The advantage of using the average of skin temperature in large
ROIs is that it can be a representative value and removes the effects of punctual
higher values that can be a source of errors. However, when variations are
important, the average temperature may not provide the experiment with significant
information [30, 55, 56].

Maximum temperature is another thermal variable used in thermography studies
[19, 115, 116]. Some previous studies with animals suggest associations between
maximal temperature and injury [115, 116], but this needs to be further researched
in humans. Related to the maximum temperature is the Tmax method suggested by
Ludwig et al. [27], which is described in the Sect. 3.2.1 of this chapter. A positive
feature of this method is that, using it, all the ROIs will have the same number of
pixels for the calculation, which minimizes the problem of the differences in the
anatomical size between participants.

Temperature variation, as produced by exercise, has been suggested as a valid
measure for determining the effects of different interventions in studies using repeated
measures design [30, 55, 56]. This idea is supported by some studies that observed
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differences in skin temperature variation after interventions without differences when
looking at the absolute magnitudes of temperature [4, 56].

Thermal symmetries were explored in different studies assessing the normal
thermal behavior of the participants or the risk of injuries [65, 117, 118]. Vardasca
et al. [117] defined thermal symmetry as “the degree of similarity between two
areas of interest, mirrored across the human body’s longitudinal main axes which
are identical in shape, identical in size and as near identical in position as possible”.
Thermal symmetry assessment is considered a valuable method to assess the
physiological normality/abnormality in sport medicine [7, 117], because asymme-
tries higher than 0.5–0.7 °C are usually associated with a dysfunction in the
musculoskeletal system [117, 119, 120].

D temperature of the ROI can be an useful measurement for exploring thermal
gradients [121, 122]. For example, forearm-finger skin temperature gradient is
usually considered to be an index of peripheral circulation and vasomotor tone [121].

Finally, the mean skin temperature is the most common variable used in the
thermal studies with thermal contact sensors [123]. This variable is determined
using different equations and including temperatures from different body regions
[123, 124]. There are equations that make the calculations with temperature data
from only three regions, whereas other equations that are considered more accurate
will need temperature data from up to 15 regions [123, 124]. There is no clear
conclusion about how many measurements represents the ideal condition. There are
studies showing good results with different numbers of measurements with data
from, for example, seven [124] or four [29] measurements. Although this variable is
not commonly used in thermography studies, it is possible to measure infrared
thermography in the same way, and it can be useful in studies when the main
purpose is to obtain an overall value of skin temperature for the whole body.

Other authors suggested that skin temperature should be normalized using the
difference between each body regions with one specific body region, rather than
considering only absolute magnitudes of temperature [125, 126]. The aim of this
normalization is to reduce the variability of the absolute temperatures [125].
Forehead [125] and chin [126] were some of the body regions used as references,
probably due to the consideration of these regions as more temperature stable
regions.

All of these methods described, in addition to another methods, such as the
spectral analysis of the image, need to be investigated in order to elucidate which
method is the most suitable for each situation.

3.4 Conclusions

In this chapter, we tried to briefly present the major concerns and implications of
selecting a methodology for determining human skin temperature from measure-
ments using infrared thermography. It is possible to note that thermography has
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many applications in the context of human movement, but more research is needed
to determine the adequate procedures for data acquisition and analysis. Furthermore,
unlike other techniques for the assessment of human movement, there are significant
efforts prior to data acquisition to ensure that the participant will arrive in a condition
that minimizes the influence of intervenient factors in the assessment.
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