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Abstract In this chapter, we will describe how infrared thermography (IRT) can
help us to prevent and monitor injuries, always based on the use of standardised
protocols. We will explain some of the main physiological aspects and will enu-
merate the main applications, with examples gathered from our research and pro-
fessional experience with top sport athletes and teams. To summarize, IRT can help
us to reduce injury incidence and to increase the performance in a non-invasive, fast
and objective way.

4.1 Introduction: How Can Infrared Thermography Help
Us to Prevent/Monitor Injuries?

Despite the improvement of technology in recent decades, injuries are still a huge
problem for professional and amateur athletes and sport institutions. Moreover,
injuries are not just a health matter, but also an economic problem for the team or
athlete [1], and obviously a factor influencing individual and team performance.
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Nevertheless, we cannot deny the significant and useful changes that new tech-
nologies are bringing to sport professionals in order to reduce the injury incidence.
One of the key factors is related to the quantification of training loads: internal and
external. We speak about a new perspective that has arisen since the advent of tools
that help to control the training loads. On one hand, we have the external loads, such
as global positioning systems that calculate distances, acceleration, impacts, and so
on. On the other hand, we have the internal loads to quantify the biological responses
of each individual according to the type of training. In both cases technological tools
have been developed to quantify how the athlete is assimilating the training load.

One of the most significant works about the relationship between the workload
and the risk of injuries was made by Gabbett and Jenkins in which they identified
how the distribution of internal load affect in the incidence of injuries [2]. This
study is a milestone in sports science for determining how stimuli affect training in
injury prevention. Some years later, Gabbett exposed the fact that the
training-injury prevention paradox is based on situation where a training workload
control becomes the main tool for injury prevention [3].

In this context, we found different technologies, tools and methods focused on
the injury prevention. Among all of them, we identify infrared thermography
(IRT) as one of the most interesting technologies for preventing injuries in humans.
In recent years, some authors have described how this old technology can be used
as tool for injury prevention [4–9].

IRT is a safe, non-invasive and low-cost technique that allows for the rapid and
non-invasive recording of radiating energy that is released from the body. IRT
measures skin temperature (Tsk) and has been widely used since the early 1960s in
different sectors. During the first decades after its development, research into the
use of IRT in humans was mainly focused on its applications as a diagnostic tool.
However, IRT was replaced by newer and more accurate technologies (such as
X-rays and magnetic resonance imaging). Recent technical advances in infrared
cameras have made new human applications of IRT (beyond diagnostic techniques)
possible. Among others, the prevention and monitoring of injuries has been shown
to be one of the most interesting and useful applications because of its ability to
identify changes in body surface temperature, reporting on the metabolism of active
muscles and monitoring training workload [10].

It is widely known that there is a correlation between muscle activation and the
variation of skin temperature [11]. Depending on the type of exercise and intensity,
the area adjacent to the muscles involved in the exercise could experience a
decrease or increase of the skin temperature, as result of a combination of factors,
such as metabolism, muscle contraction, sweating or skin blood flow [12].

Ideally, our skin is supposed to maintain a constant thermal pattern over time,
with the constant aim of keeping the body in thermal balance or “homeothermy”
[13]. However, a lot of factors can affect the thermal asymmetry of a person during
their lifetime, and most of them are related to pathological reasons such as
inflammation or nerve dysfunctions [14].

In this sense, IRT can help us to identify thermal asymmetries by comparing
bilateral body areas (e.g., left and right knee, or dominant and non dominant calf)
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[15, 16]. Thermal asymmetries on those regions of interest (ROIs) may indicate a
non pathological pattern (related to dominance factors or ancient injuries or surg-
eries), but also it could show us a potential injury risk due to an incorrect workload
assimilation, excessive activity, asymmetrical exercise execution or muscle over-
load. Those asymmetries could appear before other indicators as pain, which is
extremely useful for implementing preventive strategies before injury occurs. In this
way, IRT can be used not only to identify those thermal asymmetries, but above all
to identify the reasons for such asymmetry and to modify the training load to come
back to the thermal balance.

Moreover, IRT can be also extremely useful once an injury occurs, because we
can monitor the thermal asymmetry evolution in order to check if the rehabilitation
process is correctly stimulating the areas involved and taking as reference the
thermal pattern before the injury [17, 18].

Obviously, there are a lot of factors affecting skin temperature [19], which makes
it in some cases impossible to prevent certain injuries. Nevertheless, the frequent
record of thermal images allows for an individual comparison of thermal asym-
metries over time, providing a reliable database evolution that is a key factor in
determining the normal thermal values of a subject, and therefore for individual-
izing and better understanding any changes to the thermal pattern, and therefore the
reasons that may lead to a thermal asymmetry.

To summarize, IRT represents a fast, cheap and useful technique that allows the
sport and health professionals to better understand the physiology and health status
of a subject. Indeed, if IRT is used following a standardized protocol, with a reliable
analysis method or software, and combined with other technologies and the col-
laboration of different sport professionals, it could really help to decrease the injury
incidence [5–9, 20, 21].

4.2 The Protocol: Methodological Aspects and Equipment
Requirements

IRT is not a perfect technique. Therefore, the use of a standardized protocol seems
to be absolutely essential for ensuring the quality of the thermal results [22].

We are also aware of the differences between using IRT in a scientific context, or
facing the reality out of a laboratory. As researchers, we must always try to
maintain the protocol quality, nevertheless we should also be able to manage real
situations with top elite athletes and institutions where not all the elements are under
control, but the results must be still excellent.

In addition to the Chap. 3 of this book, we will enumerate some of the more
recognised protocols. Then we will show a synopsis from the TERMOINEF
“Protocol for thermographic assessment in humans” [23]. Finally, we will describe
the different approaches to analyzing thermal images: qualitative and quantitative
analysis.
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4.2.1 Thermographic Protocols in the Literature

In recent years, several organisations from the health sector have generated and
published their own protocols and quality assurance guidelines. For example, below
we list some of the most relevant publications in the last several years:

(a) In 2002, IACT published Standards and Protocols in Clinical Thermographic
Imaging, which describes some of the basic requirements for performing an
accurate clinical assessment with IRT [24].

(b) In 2004, the International Organisation for Standardisation (ISO) pub-
lished ISO 9886 focusing on the ergonomic evaluation of thermal strain by
physiological measurements [25].

(c) In 2006, Schwartz published a complete guideline prepared by members of the
American Academy of Thermology (AAT) [26]. The guide was aimed at
neuromuscular thermologists and other interested parties.

(d) Among the large number of academies, associations and societies, the
European Association of Thermology (EAT) has been one of the most active
institutions in recent years in publishing IRT-related studies. The University
of Glamorgan group (recently renamed South Wales University) has worked
to better understand the technical factors that affect IRT measurements and to
create a strict protocol for reducing errors and increasing the accuracy and the
precision of temperature measurements [22, 27–35]. Ring and Ammer pub-
lished one of the most cited works regarding the requirements for using IRT in
the medical sector [34]. Other authors from this active group have noted
important factors in quality assurance [32] or specific applications in fever
screening [31]. Most of the works are summarized in the Glamorgan Protocol
[29].

(e) Most recently, the research group from the Technical University of Madrid,
presented during the XIII EAT Congress in 2015 a “Protocol for thermo-
graphic assessment in humans” [23], gathering the most recent updates and
results from the research and professional experience of the previous years.
The report was reviewed by Kurt Ammer and the EAT scientific board.

To summarize, most thermographic guidelines agree on the following items:

1. Location requirements
2. Equipment characteristics
3. Subject/patient information and preparation
4. Subject/patient assessment
5. Processing and presentation of results.

Regardless of the protocol followed, it is clear that it is absolutely necessary to
follow standardised guidelines when using IRT in humans to avoid risking the
quality and objectivity of our research or professional work on IRT.
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4.2.2 The “TERMOINEF” Thermographic Data
Collection Protocol

The TERMOINEF protocol aims to integrate and agree on the most important
points with other protocols in the literature [23]. In addition to what was described
in Chap. 3, TERMOINEF is a general protocol for taking thermal images with
humans, but it has been mainly used in the exercise sector with the aim of injury
prevention. Below we will summarize some of the most important points from this
and other protocols.

Considerations Prior to the Assessment

Before the assessment, it is highly recommended to have an informative session
with the athlete being assessed or the medical staff and professionals involved if
they are not familiar with thermography. In this session, which may be physical or
virtual, the subjects will be provided with written information, including informa-
tion about IRT, the processes to be followed during data collection, the type of
information to be provided in the final report, and recommendations to be followed
before the thermographic session.

We all know that in some institutions and teams, the access to top elite athletes is
restricted, but this information should be provided at least to the medical staff so
that they could inform them or at least take into account the following factors before
the session:

• All evaluations of the same subject should be conducted at the same time.
• No physical activity should be performed for at least 6 h prior to the evaluation

(so, ideally before the first training session).
• Avoid the application of creams, gels or sprays on the skin area to be evaluated
• Avoid coffee, alcohol or stimulants for 6 h prior to the evaluation.
• Do not smoke in the 6 h prior to the assessment.
• Do not receive any treatment or massage (it is especially important to coordinate

the session with the physiotherapists, so they do not proceed before the
evaluation).

• Avoid direct sun or UV sessions before evaluation.
• The previous day (when possible), avoid any drugs or treatment with any

substance that may alter the normal thermogram.
• Avoid taking a shower or bath before the evaluation.
• Do not alter rest or meal habits.

In addition to that and since not all facilities are perfectly adapted to data
collection, it is highly advisable to visit the location before the day, or with enough
time to get it adapted. Sometimes, the only place available is some space in the
changing room or near to the place the athletes prepare themselves before the
training session. We suggest that it should not occur in a place where the humidity
of the showers could change the room temperature and humidity.
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Likewise, sometimes the acclimatisation period must be reduced in order to get
the most of the athletes assessed. In this case and although some authors have
demonstrated the importance of having at least 15 min [36], we prefer to get the
thermal images without an ideal acclimatisation period rather than having no
measurement. Since we take into account this and other potential influence factors,
we can afterwards better interpret the results relating to thermal asymmetries, which
are theoretically not that influenced because, in most cases, the factors affect the
whole body equally. Standarized protcols are very important and we must try to use
them always, but in specific cases (which are common with top athletes), it is better
to have the thermal images despite not having them.

Selection of the Camera

We strongly recommend using a thermal imaging camera with a resolution equal to
or greater than 320 (horizontal) � 240 (vertical) pixels, a minimum sensitivity of
65 m K, a measurement range covering the possibilities of the human environment
(between 0 and 50 °C), a thermal sensitivity of 0.02 °C or lower, and standard data
outputs for a PC. The resolution of the camera is one the most important factors for
obtaining a high-quality thermal images. A camera with a high resolution will
provide a sharper image and a greater number of pixels of the considered ROI, and
will improve the quality and reliability of the results.

In recent years, some camera manufacturers have launched low-cost cameras
with attractive prices but poor resolution features. Some authors have already
analyzed their performance and concluded that they do not have the minimum
technical requirements to perform a reliable analysis [37].

Even if it sounds strange, nowadays, most of thermal cameras used with humans
are designed and manufactured for other applications, such as industry, security and
construction (there is not a specific need to measure 150 °C when working with
human skin). However, the potential for sports and human applications for IRT is
such a reality that some companies are already working on specific cameras that
may be launched by the end of 2016. The more specific they are for human
application, the higher the quality of the results will be.

Considerations on the Evaluation Day

On the day of data collection it is necessary to carry out the following steps before
starting:

• The first day, the subject should be briefly informed about the characteristics of
thermography, the purpose of the data collection and the data details (including
anonymity and data processing).

• On the first day, subjects have to sign the informed consent.
• The subject has to undress, staying in underwear (women preferably without

bra) for around 10–15 min to acclimate to the temperature of the room, which
should be between 18 and 25 °C (ideal: 21 °C).
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• During the acclimatization time, we recommend performing a survey with
questions concerning the existence of possible influencing factors such as the
previous training session, the intake of medicaments, the application of creams
or ice on the skin and other influencing factors gathered in the literature [19].

The technician/researcher The person charged with carrying out the evaluation
must perform the following tasks before starting:

• To prepare the room at a suitable temperature (between 18 and 25 °C).
• To turn on the IRT camera at least 20’ before (to avoid calibration problems).
• To prepare the tripod (if necessary).
• To locate a step to elevate the subject and isolate the feet from the cold floor.

Placingmarks on the step will help to standardise the location of the subject’s feet.
• To prepare roll up (if necessary) or make sure to have a proper and

non-reflecting background.
• To turn on the weather station.
• To prepare the “black body” or calibration system (if necessary).
• To check with the IRT camera any radiation source in the room (hot pipes,

windows, etc.).
• To prepare the notebook with questionnaire data collection for each subject or

have a software ready to take those data.
• To turn on the computer, which will be used for transfer and analysis of the

photos.
• To check the card or USB drive (or the connection of the camera to the com-

puter) for the data acquisition.
• To turn on the computer, which will be used to transfer the photos and to

analyze them.

Camera position This depends on the subject’s height. Normally, it is placed
between 2.5 and 3 m (for a subject of 1.70 m height). Regarding the height of the
camera, it will be located so that the centre of the image matches the geometric
centre of the area to be evaluated (about 65 cm for the lower limbs and 125 cm for
the upper body). It is important to keep the IRT camera in a perpendicular angle in
relation to the subject. There will be a transparent template to guide the technician
on the placement of the subject (see Figs. 4.1, 4.2 and 4.3).

Other protocols, such as the one from Glamorgan [29], have proposed different
body views in order to get closer images from the ROIs to be analyzed. Our
proposal is based on four thermal images: two from the upper body and two from
the lower limb, anterior and posterior views. Obviously, closer perspectives are
richer in number of pixels and therefore in objective information, but our proposal
is also adapted to specific situations with a lack of time; we can get the whole body
from an athlete analyzed with just four images, which is very convenient when we
must assess 20 players as fast as possible. We also trust our software analyses and
its reliable performance [12] in that the results produced will be good enough to
inform decisions and to make a good interpretation.
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Fig. 4.1 Position of technician behind the IRT camera and transparent template to guide the
protocol image record

Fig. 4.2 Lower body transparent template reference
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During the evaluation Subjects have to follow the following instructions in lower
body images (Fig. 4.2):

• The subject stands on a “step” platform to raise his feet (about 10 cm).
• Maintaining an anatomical position (upright and symmetrical).
• Slightly open legs (about 40 cm).
• Feet straight toward the camera.
• Looking ahead.
• Arms crossed or hands behind the head in lower body images.
• Feet must be clearly distinguishable from the background.
• Use of the transparent template as a reference:

– The lower brands are the places where feet should appear.
– The crossing of the two lines coincides with the abductors area.
– The highest point on the vertical line must match the navel.

In the case of upper body images (Fig. 4.3),

• The subject stands on a “step” platform to raise his feet (about 10 cm).
• Maintaining an anatomical position (upright and symmetrical).
• Same leg position.
• Looking ahead.
• Arms relaxed, stretched and slightly supinated so you can see the front or back

of the forearm.

Fig. 4.3 Upper body transparent template reference
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• Both hands with fists clenched.
• The head and fists must be clearly distinguishable from the background.
• The transparent template might be used as reference.

– The temperature bar is just above the knees.
– The body shape must fit on the image (see Fig. 4.3). That is, the head should

be very close to the top edge and the hands to the lateral edges of the image.

4.2.3 Thermal Image Analysis

Once the thermal image is taken, the professional has two main ways to analyze the
thermograms: qualitative and quantitative methods.

The quality of the qualitative analysis depends on the experience of the ther-
mographer. The image is interpreted by analyzing the color patterns of the ther-
mograms, and a correct analysis depends on the accurate settings of the camera’s
temperature ranges. This method can help to identify the most evident asymmetries,
but it could be that significant asymmetries are not seen.

The quantitative analysis makes thermography more objective and reliable. It
records thermal data (normally maximum, minimum, average and standard devia-
tion) from each ROI by manual or automatic procedures. The thermal results of
each ROI can be compared with contralateral or adjacent ROIs of the same subject
or with the same ROI of other subjects. In that case, the thermal results for each
ROI can be compared with previous thermograms independent of the temperature
range settings (Fig. 4.4).

Manual

One of the most controversial points regarding IRT applications in humans is the
selection of the ROIs. Many IRT studies have developed their own criteria for
creating and selecting ROIs.

The controversy around ROI selection is based on the manual procedure that is
required to create ROIs. We observed that the reliability of ICC results (intra- and
inter-examiner Correlation Coefficient ICC) were often suboptimal, due to factors
that depended on the ability of the observer to manually select the ROI [34, 38]. In
some cases of specific thermal images (analyzing closer ROI) it could be appro-
priated, but the fact that the results will be more difficult to compare with time and
with other subjects if the observer is different should be taken into account.

Automatic

To improve reliability and to open up the possibility of comparing IRT results
among studies, we suggest the development of automatic and objective procedures
to select the ROI. In this sense, software solutions with automatic ROI selection
features would be a first step, such as that proposed by different research groups
[6, 39–41].
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Among all of them, we highlight ThermoHuman. It is a big data Software as a
Service (SaaS) online program that uses an applied automatized computer vision
solution to obtain human body thermal data. Day-to-day data points are extracted
for monitoring thermal asymmetries to help sports professionals in the objective
decision-making process and to help avoid injuries. It uses both thermal and per-
sonal variables, such as previous injuries, type of sport, dominance, age, height,
weight or body mass index, and offers the chance to filter all this information and
correlate variables in order to prevent sport injuries.

The ROIs extracted by ThermoHuman allow the professional to obtain the
average, maximum, minimum, standard deviation and, of particular importance for
data analysis, the number of pixels from each ROI. Currently, there are four pro-
tocols that divide the human body in four regions: upper anterior, upper posterior,
lower anterior and lower posterior (Fig. 4.5), but more protocols will be developed
in the future.

ThermoHuman uses the same procedure than the previous non-commercial
version, Termotracker, which was tested with excellent reliability results [12].

We highly recommend performing the thermographic evaluation before the
training session. In those cases, it is especially important to get the results as soon as
possible, because one of the most interesting advantages of IRT is to obtain fast and
objective results that allows themedical and technical staff to take decisions regarding

Fig. 4.4 Flow chart of the analysis of thermograms. Figure adapted from Sillero-Quintana
et al. [23]
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the adaptation of training if needed, obviously before the session starts. This possi-
bility is only possible by performing an automatic analysis, since manual analysis
would not be sufficiently fast to get the outcomes before the training, and, obviously,
the results would not be that reliable. In addition to that, automatic analysis helps to
compare thermal images of the same subjects or between athletes, so we can get a
better and reliable perspective for our athletes and/or team through the time.

Therefore, when using IRT to prevent injuries, it is absolutely necessary to
analyze the thermal images with an automatic process (e.g., software) to get more
possibilities for preventing injuries or just to adapt the training based on the
physical status the athlete.

4.3 The Athlete: Physiology Concepts: From Thermal
Asymmetry to Thermal Pattern

In order to understand how IRT can be used, we must describe some aspects related
to the subject of physiology. Concepts such as thermal homeostasis and thermal
symmetry/asymmetry are the basis for understanding how can we detect injury risk
areas.

Fig. 4.5 Different interfaces of ThermoHuman software
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Another concept worth highlighting is the thermal profile, or the specialization
thermal characteristics derived from a sport discipline or concrete performance.

Finally, it is also worth to summarizing the factors affecting human skin
temperature.

4.3.1 Biological Principles

Human skin, with an emissivity (an object’s ability to emit radiation) of 0.98, is
almost equal to a black body radiator [42]. The physics of heat radiation and the
physiology of thermoregulation in the human body make the reliable and valid
interpretation of thermal images difficult. Skin temperature regulation is a complex
system that depends on blood-flow rate, local structures of subcutaneous tissues and
the activity of the sympathetic nervous system [43]. However, there is evidence that
the sympathetic nervous system is the primary regulator of blood circulation in the
skin and is, therefore, the primary regulator of thermal emission [44].
Vasoconstriction and vasodilation of the blood vessels function to regulate blood
flow in the skin. Thermoreceptors in the skin, also known as Ruffini corpuscles,
recognize the ambient temperature. An increased temperature results in vasodila-
tion, leading to increased blood flow to the skin, whereas vasoconstriction occurs
by a decrease in temperature and results in reduced blood flow to the skin [45].
These physiological processes combine with heat transfer and thermoregulation in
convection, conduction, radiation and sweat evaporation. Heat transfer by radiation
is of great value in medicine [46]. To date, the mechanism of thermoregulatory
adaption to exercise is complex and not entirely understood.

Heat exchange between the human body and environment

In the case of the human body, the high metabolic activity generates a great amount
of thermal energy, which must be dissipated to maintain the stability of the phys-
iological processes of the body [47]. The mechanisms used by the human body to
transfer the calorific energy are: conduction, convection, radiation and evaporation
(see Fig. 4.6).

Fig. 4.6 Mechanisms of heat
excess release in the human
body
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The heat transfer by emission and absorption of radiation is called thermal
transfer by radiation. We invite the reader to consult Chap. 2 of this book and the
work of Incropera [48] or any other literature reference belonging to the field of
physics in order to deepen their knowledge about the topic of energy transfer by
radiation.

Bodies emit thermal radiation due to their temperature: the higher the temper-
ature, the more thermal radiation that is emitted. However, each material has a
different emissivity (see Chap. 2 of this book for emissivity values of different
materials).

Emissivity is the ability of each object to emit infrared radiation [49]. Not all
objects emit 100% of what they should; if they did so, the infrared signal that would
be able to pick up a camera would be directly related to the temperature, according
to the Stefan-Boltzmann Law, which relates directly to the energy temperature
irradiated.

From the amount of energy dissipated by the human skin, approximately 60% is
in the form of infrared radiation [47], and the remaining 40% corresponds to
convection. Normally, when working with opaque bodies (as human bodies), the
transmissivity is equal to “0”, because the radiation is unable to pass through the
body. Consequently, the main concepts in working with radiation and human
bodies are the emissivity and reflectivity.

4.3.2 Thermal Homeostasis, Thermal Symmetry/Asymmetry
and Thermal Profile

Given that certain physiological disorders may influence the local exchange thermal
response [21, 50–52], the use of thermography in sports can help to prevent muscle,
joint or tendon injuries since, in cases of overuse or overtraining, the local tem-
perature of the affected areas may be increased, compared with other similar areas
or to the contralateral body region [7]. IRT can detect thermal asymmetry that could
lead to injury, with its consequent impact on performance and health of athletes,
team planning and even, in cases of professional sport or high performance, the
economic impact for the athlete or club.

With a periodic thermographic monitoring of the athlete, a specific thermal
profile of both the subject and the sport discipline or the team can be created; that is,
a “map” with the normal thermal characteristics of each ROI, such as the frontal and
posterior legs of a soccer player. Thus, any abnormal temperature rise in both legs
or in one specific region, or that takes place continuously or more intensely than
normal in an athlete can be related to an inflammatory process [21, 51]. This
situation may occur as a result of: a load of training above the assimilative capacity
of the athlete, being able to produce a risk of damage by overload; or inappropriate
development of recovery patterns, such as balanced nutrition, hours of rest or
specific physiotherapy treatments. In any case, it will be necessary to evaluate the
cause of the thermal alteration before an injury occurs.
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Considering the concept of anatomical proportionality, the thermal response
between two contralateral body parts is expected to be symmetrical [53, 54].
Thermal monitoring comparing bilateral body parts indicates that differences up to
0.25 °C [53], 0.4 °C [55], 0.5 °C [15], or 0.62 °C [56] are considered as accept-
able. However, differences above these values may indicate that the ROI with a
higher or lower temperature, contrasted with the individual’s usual thermal profile
settings, might have some inflammatory problem (hyperthermia) or degenerative
(hypothermia) [21, 51, 55, 57].

According to our research and practical experience, we propose a “level of
attention” scale to be considered depending on the bilateral temperature differences
recorded (Table 4.1).

Based on the table above showing indications for the level of attention, it should
be borne in mind that a difference � 0.4 °C would be considered normal [53–55].
For levels higher than 0.5 °C, the following would be advised: (a) verifying if some
external factor could be influencing the result; (b) monitoring the athlete to assess
his/her environmental and training conditions; (c) increasing the frequency of
monitoring. We never recommend taking drastic decisions after the first negative
assessment. In the case that the difference is repeated in the second assessment, an
appropriate intervention by the physician, physical therapist or trainer would be
recommended, and the intervention should last until the differences come back into
an acceptable range considering the normal values of the athlete.

With values classified as “prevention“, an immediate decrease in training load or
even training suspension is recommended, since when values are higher than 0.8–
1.0 °C the existence of a significant inflammatory process [51] or a risk of injury in
an ROI is clearly described, even without prior symptoms of pain, and a medical
and/or physiotherapy evaluation of the athlete is recommended. The state of
“alarm” imposes an immediate suspension of training and a medical and physio-
therapy assessment. The “High Severity” status indicates a difference that may be
pathological or a sign of major injury; as in other cases, coordination with the
medical team is essential to determine the actual state of the athlete.

However, to properly apply the ranges of severity from Table 4.1, we must
always consider the individual thermal profile of the athlete and the sport practiced,

Table 4.1 Level of attention scale in terms of the temperature differences obtained between
contralateral ROI or between two different measurements of a ROI for the same athlete

Temperature difference Level of attention

� 0.4 °C Normal

0.5°–0.7 °C Monitoring

0.8°–1.0 °C Prevention

1.1°–1.5 °C Alarm

� 1.6 °C High Severity
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since the previous injury of athletes or characteristics of the sport practiced can
cause imbalances in the thermal baseline profile that are within normal limits for
this specific athlete or discipline, and which could lead the criteria to be applied
incorrectly. For example, if the specificity of sport always makes the forearm grip
0.4 °C warmer, it may be normal that one day the athlete has a 0.8 °C imbalance in
the forearms, and would not require any special attention.

When significant temperature differences are observed, repetition of the
assessment is recommended after 15 min to confirm whether this difference is
maintained [55]. Another possibility is to spray the area with an alcohol or con-
vection cooling and wait for five minutes to see the thermal response of the area
[55]. This technique is known as dynamic thermography [58].

IRT also allows evaluation of the level of metabolic activity when there is a
trauma [21] or after surgery [55]. A regular monitoring during the recovery process
allows one to track the evolution of the athlete’s thermal profile prior to his/her
normal condition before the injury. In addition, the thermographic monitoring
allows assessment of whether the medical and physiotherapy intervention evolves
as expected.

4.3.3 Factors Influencing the Application of Infrared
Thermograhy on Humans

Working with IRT requires taking into account many factors, which could influence
either the evaluation or the interpretation of thermal images [38]. Pretending to
control such a quantity of factors could entail an “impossible mission”, but in many
cases, just the knowledge of these factors is a first but important
step. Fernández-Cuevas and collaborators published a comprehensive classification
of factors that could affect the use of IRT in humans [19]. They divided them into
three main groups (see Fig. 4.7).

• Environmental factors: Related to the place where the evaluation is made.
• Individual factors: Those related to the subject assessed and his/her personal

characteristics, which could influence skin temperature (Tsk). Those will be
divided into intrinsic and extrinsic factors.

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

As we described in the previous subchapter about protocols, the best way to be
aware of the existence of such factors is to use standardised protocols and surveys,
so we can note the existence of some of those factors.
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4.4 Main Applications of Infrared Thermography in Sport
Injury Detection

Physical activity and exercise are one of the most potentially promising IRT
applications. Indeed, technological advances in infrared cameras have allowed for a
resurgence of investigation in this sector, enhancing new and old applications, such
as the following:

• The quantification of training workload [10, 12, 20, 59–61].
• The detection of anatomical and biomechanical imbalances [62, 63].
• The evaluation of fitness and performance conditions [59, 64–66].
• The detection of high temperature risk in pregnant women [67].
• The detection of delayed onset muscle soreness (DOMS) [50].
• The monitoring of fatigue during exercise [68].
• The support in screening and early diagnosis in emergencies [69].
• The evaluation of efficiency levels in some disciplines [66, 70].
• The detection of the lactate threshold [59].
• The monitoring of the respiration rate [71].
• Clothing design and thermal comfort [72–74].
• The prevention and monitoring of injuries [4, 6–9, 20, 21].

Fig. 4.7 Representation of IRT influence factors classification in humans. Figure obtained from
Fernández-Cuevas et al. [19]
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Of all those applications, the one focused on the prevention and monitoring of
injuries is the one really grabbing attention from researchers and professionals. IRT
is able to provide an easy way to record non-invasive and momentary information
of the athlete’s thermal balance. The objective data given by the thermography
expert must be analyzed by the coaching staff (physical trainer, injury therapist,
medical staff and coach) in a coordinated way. Therefore, the data will be processed
by the sport scientist, who is an expert in thermography and a specialist in research
in exercise and sport science and in high performance sport. All of this will posi-
tively affect the decrease in the number of injuries and the increase in the team
performance, allowing the best players to miss the fewest matches. Based on
standardised protocols, IRT will allow us to:

(1) Prevent injuries with the previous training information.
(2) Monitor an injury already started.
(3) Know the answer to the training load.
(4) Have additional information on initial evaluations of athletes.

4.4.1 Injury Prevention

A professional football team has an average of 81 injuries per season [75] and it is
expected to have 15 muscle injuries in a 25-player squad [76]. Of those muscle
injuries, 92% will impact in four areas: hamstring (37%), adductors (23%),
quadriceps (19%) and calf muscle (13%). More than 50% of injuries occur in the
muscle and tendon, while two-thirds of them are from muscle fatigue, and the
remaining third are from trauma [77]. It is important to categorise the risk
depending on the type of injury, the areas that are injured and the total number of
days the player misses due to the injuries. Knowing this fact will determine an
efficient and concise approach to injury prevention, focusing on areas with the
highest incidence and severity.

The use of IRT could save the 7.5 million euros that a Spanish First Division
League loses on average due to the injuries [1], if it achieved the reductions of 90%
muscles injuries and muscle fatigue in professional football, as suggested by
Gomez-Carmona [20]. Then, by continuously monitoring the thermal evolution of
the comparison of the dominant and non-dominant members of the football player,
we will establish optimal ranges of asymmetry [78] that will allow us to have a
standard of care (see Table 4.1, shown in the previous subchapter).

Consequently, when an increase in the thermal imbalance between members
(Fig. 4.8) is detected, the technical staff can individualise the training process of
that player using the following options:

– Designing specific protocols for the area with asymmetry.
– Reducing the volume of individual work.
– Modifying training tasks to avoid impacting the area with asymmetry.
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– Dealing with the physiotherapist.
– No training (giving rest to the player).
– Carrying out additional tests (MRI, X-ray etc.) depending on the severity of the

asymmetry.

As mentioned in the previous subchapter, for an optimal tracking of the asym-
metries, automatic solutions that quantify the temperature of different ROIs are
needed. Using an algorithm for artificial vision, each ROI (muscle areas and/or
joint) can automatically be identified and, therefore, comparative reports can be
carried out easily between a left–right member or a dominant–non dominant in a
scientific way and reliable. This allows us to accumulate and manage the data
recorded, establishing thermal evolution of each player, which is essential for
assessing individual training load and match response.

One example of how IRT can prevent injuries is the one we experienced with a
javelin thrower during our work in Olympiastüztpunkt in Hannover, Germany. We
used IRT before starting the physiotherapy session, so we could take the images and
analyze them to inform the physiotherapist before he started the session, reporting
the main asymmetries.

In that case, the athlete complained about pain in his dominant shoulder.
Nevertheless, the thermal images after the training showed a colder asymmetry: his
dominant shoulder was 0.4 °C colder than the non-dominant shoulder. We asked
him to come before training in order to confirm if this thermal pattern was normal,
and before the training, the pattern was different: his right shoulder before training
was 0.2 °C warmer. That same day, after the training, the colder asymmetry

Fig. 4.8 Front view of a
football player with a thermal
imbalance in the right knee
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occurred again. Thanks to this information, the physiotherapist could think about a
potential nerve compression, and treat the athlete in this way. Hopefully, some
weeks after, the pain disappeared and the pattern was different: before and after
training, the dominant shoulder was warmer (Fig. 4.9).

Dynamic thermography involves thermal monitoring after a physical stress
(cold, heat, exercise) and can be ideal for monitoring possible alterations that are
not visible on a daily basis [58]. This technique is often used on the postgame day,
involving immersion in cold water that many professional teams perform. In the
example of Fig. 4.10, we can observe how the cold stress on the skin temperature is
not symmetrical, and therefore we can identify a warmer area around the individ-
ual’s left ankle. This warmer area could be related to an old injury or area that has
been abnormally activated or irrigated. In this case, this thermal pattern was
reported to the medical staff in order to follow the evolution and to determine if
there could be any dysfunction or problem.

Fig. 4.9 Evolution of shoulder thermal asymmetries (ΔT) on a javelin thrower with pain in his
right shoulder (red bar). Thermal images were taken after training, excepting the second one
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4.4.2 Injury Follow-Up

In cases we cannot prevent, when injury occurs, IRT can help in the rehabilitation
process quantifying the return to the normal thermal of the player. The degree of
asymmetry is recommended for the return to training is still to be defined. For
example, it is important to investigate from which thermal asymmetry (1.5 °C, 1 °C
or even less) is a player ready to start transition from the process of rehabilitation to
training after an anterior cruciate ligament injury operation. This would provide the
possibility to individualise rehabilitation and may shorten or lengthen periods in
response to the thermal response of each player.

In Fig. 4.11 the evolution of a sprained right ankle over the three weeks of the
recovery process of a football player is shown. IRT can help us not just to shorten

Fig. 4.10 Dynamic thermography after immersion in cold water, where a different thermal
response can be seen in an ankle with an old injury that permits a clear recognition of the affected
area

Fig. 4.11 Weekly evolution of a sprained right ankle in a professional football player
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the recovery process by tracking the thermal asymmetry, but also, to check that the
healthy body area (in that example, the left leg) is not getting overloaded and
therefore increasing the risk of injury in this area.

Furthermore, Fig. 4.12 shows three stages of evolution of the anterior cruciate
ligament injury in the right knee of a judoka with a recovery of several months.

The main problem with thermal monitoring lays in the work of analyzing each
muscle area in an isolated way in case there are several injuries that need moni-
toring. In this case, not only knee cruciate ligament injury, but the response from all
the adjoining areas such as the tibial, quadriceps and even popliteal [17]. Therefore,
computer applications have been created to automate the identification of muscle
areas and extract thermal information referring to each of these areas individually.
An example is the software TermoTracker, and its new version ThermoHuman,
which identifies 80 ROIs of full body enabling the quick preparation of reports to
distribute to the technical or medical staff.

We present an Anterior Cruciate Ligament (ACL) injury evolution in a rugby
player: from the day before the injury until the return to play (Fig. 4.13). What
makes this case study unique is that during the whole process, the rugby player was
monitored by IRT.

Fig. 4.12 Evolution of an anterior cruciate ligament injury in the right knee of a judoka. From left
to right just after the injury, two months and six months

Fig. 4.13 Infrared images of the subject in specific moments from the day before the injury (day
0) to the return to play (day 242)
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Before the surgery (from day 12 to 94), the subject followed a progressive
programme five days a week with isometric and concentric exercises to prepare the
limb muscles and to maintain the physical condition. After the surgery (from day
111 to 242), the rehabilitation programme consisted of a progressive adaptation to
gain range of motion, to reduce the inflammation, to strengthen the muscles, and to
gain ability and confidence.

The results can be divided into three phases. Firstly, from the injury to the
surgery, we saw a decrease in pain perception and regular DT variations, from the
biggest (+1.20 °C on day 1) to the smallest difference (+0.08 °C on day 82).
Secondly, from the surgery (day 95), we found a similar decrease in the evolution of
pain, but a different DTsk behaviour, which was maintained during the first weeks of
the rehabilitation due to the exercises performed (2). The third phase started some
weeks before the return to play (day 175), when the subject again felt a “crack” on
his right knee during his first game in a training session. DTsk (+1.36 °C) and pain
increased but, fortunately, ACL was not torn again. We restarted the rehabilitation,
which ended on the 27th June 2012 (day 242) with his first game, and the last one of
the season for the team.

In conclusion, IRT results were especially useful regarding the return to play:
since Tsk is directly related to the inflammation and muscle activity, it helped both
the medical and technical staff to adapt and optimize the rehabilitation process. In
addition, the subject described to us how IRT helped him to visualize the evolution,
and somehow motivated him to move forward despite the relapse (Fig. 4.13).

4.4.3 Training Load Assimilation

The study of the thermal response to training is one of the most promising fields of
IRT. If we are able to predict which areas will be activated depending on the
exercise carried out, we will be entering the field of predictive analysis. This
thermal information combined with external load indicators such as GPS and
internal load indicators such as the subjective perception of the effort or heart rate,
can give us a more accurate approach regarding how each individual reacts and
assimilate different training loads. It could also help either to predict individual or
group response to different training stimulus.

An example would be the realization of high intensity interval training (HIIT),
and how its different methods (repeated sprint training, sprint interval training, short
bouts or long bouts) [79] impact on one or more muscle areas. If the location and
intensity of each of the exercises are known at the thermal level, we will be able to
anticipate and individualise what type of training will have less risk for a player.

Observing an explosive player profile that has an asymmetry in the hamstring of
more than 0.5 °C. During the training and much more in competition, the player
will perform a large number of sprints and a very high percentage of high-intensity
running, which increases the risk of injury in the most vulnerable areas, such as the
hamstring. Considering the thermal asymmetry in the hamstring area, we should
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avoid HIITs, whose effects can be seen in Fig. 4.14, which increases the effects of
the load on that muscle group.

It is not only important to monitor the thermal response immediately after
training, but also before starting the session the next day and throughout the week.
Sometimes it may appear that residual effects occur, affecting only one of the
members, in which localized unilateral temperature patterns are altered (Fig. 4.15)
that may constitute a harmful risk if the evolution is not controlled and prevention
measures are not taken.

Fig. 4.14 Example of different HIIT protocols on the hamstring temperature in several soccer
players of the Madrid highest youth category

Fig. 4.15 Example of
residual effect of workload on
the right leg two days after a
workout on a football player
in Brazil 1st Division
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4.4.4 Initial Physical Evaluation

The arrival of a new player to a team involves the medical staff performing a series
of tests and evaluations to prove that the player is suitable for physical activity and
arrives at the club with a minimum level of fitness. This medical examination
includes tests from electrocardiograms to stress tests, but rarely includes tests that
reflect vascular alterations as IRT can.

Here is an example of a player in whom a vascular problem was discovered in an
initial evaluation in the right lower limb presenting an asymmetry of level four at
the knee and thigh. We informed the medical doctor, who transfer the case to the
vascular specialist to assess the case and treat the player (Fig. 4.16).

Other thermal changes can also be signs of postural imbalances [62] which,
combined with assessments such as tread analysis and manual scan, can increase
the success rate in identifying potentially dangerous imbalances for the player.

Fig. 4.16 Example of a
varicose vein that was located
by IRT in a football player on
the first thermal evaluation
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4.5 Conclusions

IRT has been widely shown to be a tool that can be used by sport professionals with
interesting and useful applications. Since IRT is non-invasive, the technology is
becoming more accessible in terms of pricing and its results are objective, easy to
interpret and fast to get using new software, we strongly believe that IRT will
become a commonly used tool, not only by top sport professionals, but also by
generic users.

In this sense, our obligation is to highlight the necessity of using IRT with
standardised protocols, in order to reduce the influence of factors that can affect the
interpretation and results of this technique.

Obviously, IRT is not the final solution for injuries. There is still a lot of research
to be performed in order to better understand the human thermoregulation and the
skin temperature behaviour. Despite this lack of knowledge, nowadays we can
confirm that, based on our research and professional experience in several top sport
institutions, IRT is an extremely useful tool to prevent and monitor injuries, and
control the individual assimilation of the exercise workload in professional and
amateur athletes based on the evolution and asymmetries in skin temperature.
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