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“Life can only be understood backwards;  

but it must be lived forwards” 
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ABSTRACT 

Infrared thermography (IRT) is a safe and non-invasive tool used for examining 

physiological functions based on skin temperature (Tsk) control. Thermograms from 25 

anterior cruciate ligament (ACL) surgically operated patients (2 female, 23 male) were 

taken with a FLIR infrared camera according to the protocol established by the 

International Academy of Clinical Thermology (IACT). This work consists of 4 studies. 

Studies 1 and 3 were related to establish the probable thermal difference among 

different moments of an ACL rupture after surgery: before starting the rehabilitation 

(P0), at the end of rehabilitation (P1) and 18 months from the end of rehabilitation 

(P2). For this purpose, on the other hand, studies 2 and 4 were related to establish the 

skin thermal difference (Tsk) between the injured and the non-injured leg in P0, P1 and 

P2. Results of the first study showed significant temperature increases in the posterior 

thigh area between P0 and P1 probably due to a compensatory mechanism. According 

to this, we can conclude that temperature of the posterior area of the injured and non-

injured leg has increased from the first to the last day of the rehabilitation process. 

In the second study we found significant temperature differences between the injured 

and non-injured leg in both stages of rehabilitation (p<.01). On the one hand, the 

temperature of the injured leg is higher in the anterior view and the temperature of 

the non-injured leg is higher in the posterior view. By the time the patients had 

recovered from the reconstruction, thermal imbalances should have not been shown 

between symmetrical parts, but differences seemed to be still latent.. Study 3 shows 

that temperatures seem to be higher after a year and a half (P2) than in P1. Study 4 

shows how  thermal values 18 months later seemed to be normalized between both 
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legs. No significant differences were found between the injured leg and the non-

injured leg after one year and a half of the rehabilitation process. Considering results 

from Study 3 and 4 we can conclude that patients seemed to have recovered from a 

thermal point of view. The temperature in P2 was higher but symmetrical. 

Key words: Injury, knee, skin temperature, thermal evolution, ACL, infrared 

thermography. 
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RESUMEN 

La termografía infrarroja (IRT) es una herramienta segura y no invasiva 

utilizada para examinar funciones fisiológicas que se basan en el control de 

temperatura de la piel (Tsk). Termogramas de 25 pacientes intervenidos 

quirúrgicamente del ligamento cruzado anterior (LCA)  (2 mujeres, 23 hombres) fueron 

tomadas con una cámara de infrarrojos FLIR de acuerdo con el protocolo establecido 

por la Academia Internacional de Termología Clínica (IACT). Este trabajo consiste en 4 

estudios. Los estudios 1 y 3 describen la diferencia térmica entre los diferentes 

momentos tras la operación del ligamento cruzado anterior: antes de comenzar la 

rehabilitación (P0), al final de la rehabilitación (P1) y 18 meses tras finalizar la 

rehabilitación (P2). Por otra parte, los estudios 2 y 4 describen la diferencia de 

temperatura de la piel (Tsk) entre la pierna lesionada y la pierna no lesionada en P0, P1 

y P2. Los resultados del primer estudio mostraron aumentos significativos de 

temperatura en la zona posterior de los muslos entre P0 y P1, probablemente debido a 

un mecanismo de compensación. De acuerdo con esto, se puede concluir que la 

temperatura de la zona posterior de la pierna lesionada y no lesionada se ha 

incrementado desde el primero hasta el último día del proceso de rehabilitación. En el 

segundo estudio se encontraron diferencias significativas de temperatura entre la 

pierna lesionada y no lesionada en ambas etapas de la rehabilitación (p<.01). Por un 

lado, la temperatura de la pierna lesionada es mayor en la vista anterior. Por otro lado, 

la temperatura de la pierna no lesionada es mayor en la vista posterior. Una vez que 

los pacientes se han recuperado de todo el proceso, no deberían existir desequilibrios 

térmicos entre partes simétricas del cuerpo, pero las diferencias todavía estaban 

latentes. El tercer estudio muestra que la temperatura es más alta en P2 que en P1. El 
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cuarto estudio muestra cómo los valores térmicos entre ambas piernas en P2 se han 

normalizado entre ambas piernas. No se encontraron diferencias significativas entre la 

pierna lesionada y la pierna no lesionada después de 18 meses tras el proceso de 

rehabilitación. Considerando los resultados del studio 3 y 4, podemos concluir que se 

ha llegado a la recuperación total desde un punto de vista térmico. La temperatura es 

más elevada en P2 pero simétrica.  

Palabras clave: Lesión, rodilla, temperatura de la piel, evolución térmica, LCA, 

termografía infrarroja. 
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1..INTRODUCTION 

1.1..INTRODUCTION OF THE INFRARED THERMOGRAPHY 

Infrared thermography (IRT) is a technique that allows visualization of the 

heat radiated from a body. The camera captures the infrared emission of the body, a 

spectrum that is not visible to humans (Hildebrandt et al., 2010; Pascoe et al., 2001). 

There are  clear indications that thermography is a valid  technology (Ammer, 

2008; Ring, 1990;  Zaproudina et al., 2006), which is both non-invasive and low-cost, 

that rapidly produces a non-contact recording of the energy irradiated from the body 

surface (Chen et al., 2005; George et al., 2008; Piñonosa et al., 2013).  

The thermographic camera records heat emission as infrared radiation from 

each body part. Hyperthermic images appear when subcutaneous inflammatory 

reactions occur (Mangine et al., 1987). These reactions enhance the blood flow due to 

the increased cell activation. 

 Many authors have studied the rules of thermodynamics and heat transfer. 

We recommend their publications in order to go into detail such as (Serway & Beichner, 

2002), (Incropera, 1999), (Sigalés, 2003) or any other reference. 

1.1.1..HEAT EXCHANGE BETWEEN THE HUMAN BODY AND ENVIRONMENT 

The high metabolic activity of human bodies generates thermal energy which 

must be dissipated to maintain correct physiological processes of the body (Wilmore & 

Costill, 2008).The mechanisms used by the human body to transfer this energy are: 

Conduction, convection, radiation and evaporation. 
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1.1.1.1..Thermal transfer by conduction  

Heat conduction is the direct transfer of thermal energy between molecules 

when they crash to each other. The molecule that moves faster (and carries higher 

temperature) transmits part of the energy to the other one moving slower (lower 

temperature) (Serway & Beichner, 2002).  Conduction happens in solid, liquid and 

gaseous substances, but the solid one is the most important (Serway & Beichner, 2002).  

The core body of human beings is around 37°C (34°C when resting) (Lee & Cohen, 

2008). 

1.1.1.2..Thermal transfer by convection 

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

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

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

fluid. Most gases are invisible to a infrared camera, so convection is often directly 

viewed only on liquids or indirectly on the surface of the solids. In the human body this 

kind of thermal transfer depends on many variables such as the temperature 

difference between ambient and skin and the direction of air flow (Incropera, 1999). 

1.1.1.3..Thermal transfer by radiation  

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

transfer by radiation. Thermal radiation is one form of electromagnetic radiation. The 

bodies emit thermal radiation due to its temperature: The higher the temperature is, 

the more thermal radiation is emitted (Incropera, 1999), but depends on the emissivity 

of each material (Serway & Beichner, 2002). 

The 60% of energy dissipated by the human skin is in the form of infrared 

radiation (Wilmore & Costill, 2008) and the remaining 40% corresponds to convection. 
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1.1.1.4..Thermal transfer by evaporation  

When exercising, about the 80% of heat loss in a subject corresponds to 

evaporation. At rest this percentage decreases to 10% or 20% of body heat loss 

(Wilmore & Costill, 2008). Sweat evaporation and breathing are the main ways of the 

body to dissipate the heat (Galindez, 2010).  

1.1.2..HISTORY AND APPLICATIONS OF INFRARED THERMOGRAPHY  

Infrared thermography is a powerful tool to study the surface temperature of 

the human body. It is fast, it is not invasive, emits no radiation, is painless and  a non-

contact technique (Tkacova, 2010). 

Since John Herschel obtained the first infrared image in 1840, which was 

called "thermogram", thermography has evolved constantly. First study using 

thermography indexed in Medline was in 1951 (Mishin & Garbuzov, 1951). The first 

study using thermography in humans was published in 1957 (Lawson, 1957).  From 

then, especially in the 70´s, many studies were published.  

A great step for this technology was the quantitative thermography. It began 

since analyzing and storing the images digitally was possible (Ring, 2007). In the 1970s, 

the computerized infrared imaging and the incorporation of colors in the thermograms 

increased the possibility of achieving better quantification and images that allowed 

thermography to penetrate into different areas (Birch et al., 1969; Dittmar et al., 2006; 

Geneve, 1971; Gershon-Cohen & Haberman, 1968; Isard et al., 1972; Keyl & Lenhart, 

1975; Reinberg, 1975; Rothchild & Barnes, 1952; Steketee, 1976; Yang, 1988). This 

breakthrough marked the beginning of quantitative thermography (Ring, 1990), and 

sports medicine was not an exception. 
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Figure 3.- Thermogram of the breasts. Healthy right breast and the cancerous left 

breast (Costa et al., 2012) 

Breast cancer is now also the leading cause of cancer death among females in 

economically developing countries, a shift from the previous decade during which the 

most common cause of cancer death was cervical cancer (Jemal et al., 2011). 

It has been observed that breast cancer can produce an increase in infrared 

emission causing a disparity in thermogram of breast skin thus can not only serve for 

early detection but also for the development of medical treatment. It is mainly based 

on obtaining abnormal temperatures in the breasts and later additional research by 

other diagnostic procedures. Therefore, the thermographic data do not initially 

indicate a condition or malignant situation but simply an abnormal situation (Isard et 

al., 1972; Zadeh et al., 2015).  

The use of thermal tests on health is not something new for this purpose. The 

first use of thermography was in 1957 when Lawson found that the temperature of the 

skin over the breast cancer was higher than normal tissue. The relationship between 

skin temperature and breast cancer was also studied by Gautherie and Gross in 1975 

(Acharya et al., 2010), who detected differences in skin temperature of healthy and 

cancerous breasts. However, until the late '70s, few documents showed that the 
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thermographic images had a direct relationship with both the clinical findings and 

diagnosis and with breast pathologies. The lack of proper training, understanding the 

equipment and the absence of protocols has led to inappropriate use of the method 

and errors of interpretation of thermograms. These drawbacks of thermography were 

discredited by many medical professionals (Brioschi, 2006). 

The mammary tumor requires a steady flow of nutrients to develop. For this, 

new blood vessels are created around the tumor (angiogenesis), which ultimately 

increases the local temperature. This temperature rise can be detected on the surface 

of breast cancer through examination of thermography (Costa et al., 2012). 

Therefore, in the prognosis of breast cancer it is crucial the stage in which the 

disease is located, which is why early detection is important. Deep physical 

examination can locate small tumors but unfortunately these usually appear at an 

advanced period, that is why mammography is used but many times is very limited 

(Table 1). Then, thermography as an initial test appears to focus attention on those 

women at risk or young age (Isard et al., 1972; Koay, 2005; Markel & Vainer, 2005; 

Mital, 2004;  Ng, 2009; Parisky et al., 2003) . 

A study done in Japan with 48 women who underwent surgery for resection of 

the breast, had thermographic images collected from the suspected area and the 

underlying tissues, in addition to measuring the local temperature using a 

thermometer inserted in breast tissue. The temperature was found higher on the 

diseased tissue, which coincided with the images of the thermograms. Thermograms 

were found abnormal in 43 of the 48 women (Yahara et al., 2003). 
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Table 1.- Advantages and disadvantages of diagnostic methods for breast cancer 

(Costa, et al., 2012) 

EXAM Advantages Disadvantages 

MAMMOGRAPHY 

Reduction in mortality from breast cancer. 
Relative risk reduction and absolute. 
Increased survival time from diagnosis. 
Reduced need for mastectomy (Jorgensen et al., 
2007; Youk & Kim, 2010).  

Low sensitivity  for  dense  breasts. 
High cost. 
Patient's exposure to radiation. 
Little accuracy  when the tumor is 
located deep. 
Some patients report discomfort 
during the exam (Foster, 1998). 
 

ULTRASOUND 
 

Low cost. 
Does not require use of contrast. 
Well tolerated by patients. 
More accessible than complex exame  like 
magnetic resonance (Youk & Kim, 2010) . 

Obsolete tools. 
Lack of skilled operators. 
Inability to detect microcalcifications 
Higher rates of false positives than 
mammography  (Youk & Kim, 2010).  
 

CLINICAL 
EXAMINATION 

Helps detect breast cancer. 
 Easily applied (Kennedy et al., 2009). 

Low sensitivity. 
Does not reduce the mortality rate. 
Low adherence. 
Increases the number of biopsies 
(Broderse et al., 2010; Kennedy et 
al., 2009; Sadler et al., 2007). 
 

MAGNETIC 
RESONANCE 

Locates precisely  the tumor. 
 It has high sensitivity, even in dense breasts. 
 Determines the size of the malignant injury known 
(Alvares & Michell, 2003; Hlawatsc et al., 2002). 

High cost. 
Difficult access to most of the 
population. 
Low specificity (Alvares & Michell, 
2003). 
 

BIÓPSY 

Lower inadequate and suspicious rates, allowing 
easier grade assessment and ancillary testings 
(hormome receptors, HER2) in cases of cancer  (Tse 
et  al., 2010). 

One can confidently diagnose 
papillary lesion, although there is 
still significant false positive and 
false negative rates, even with 
immunohistochemistry (Tse et al., 
2010). 
 

INFRARED 
THERMOGRAPHY 

Noninvasive. 
Painless. 
Low cost. 
Not radiate. 
Portability. 
Easy access to the population (Ng, 2009; Tang, et 
al., 2008). 
 

Not able to locate precisely  the 
tumor in order  to lead to surgical 
excision. 
Depends on optimal conditions to 
maintain the accuracy of the method 
(Kennedy, et al., 2009). 
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1.1.2.3.2. Other medical fields 

Thermography has been used in several fields in medicine to investigate 

different diseases (Staffa et al., 2016; Ring, 2004, 2006, 2007; Ring & Ammer, 2000; 

Ring & Phillips, 1984). 

Examples include studies of thyroid diseases (Helmy et al., 2008), 

dermatological diseases (Di Carlo, 1995; Mohammed et al., 2014), back pain (Roy et al., 

2013; Feng et al., 1998; Pichot, 2001; Ping & You, 1993; Stupka & Krumelovä, 2002), 

diseases of the nervous system (Brusselmans et al., 2012; LaBorde, 1989; Leisman, 

1990), cardiovascular diseases (Benetos et al., 2015; Tham et al., 1990; Usuki et al., 

1998), etc. 

1.1.2.4..ANIMAL FIELD 

In veterinary medicine, thermography is extremely useful because of the 

inability to communicate of the animal. Studies with cats, dogs and horses where 

thermography was used in the diagnosis were very positive (Donna & Harper, 2005). 

Most of the references when searching "thermography" and "Animal" leads 

us to investigations related to the detection of pathologies in horse riding. Their 

interest in this tool is increasing exponentially as diagnosis of neurological injuries and 

musculoskeletal systems of horses (Autio et al., 2006; Ciutacu et al., 2006; Hamilton, 

1998; Kulesza et al., 2004) such as back pain, soft tissue injuries, arthritis and overloads 

(Shamaa & Gohar, 2002). 
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Figure 4.- Equine thermogram shows the difference of temperature between the two 

hooves. Retrieved 15-12-2014, from http://equinethermographyoregon.com/ 

The equine thermograms can detect musculoskeletal injuries several weeks 

before that they are latent (Figure 4), and help professionals to follow the response to 

treatment of horse (Ciutacu et al., 2006). 

1.1.2.5..SPORT FIELD 

Infrared thermography was used more than thirty years ago in sport injuries 

to detect the temperature of the tissues involved (Keyl & Lenhart, 1975b), and now, 

with new technologies, many new studies every year are being launched (Formenti et 

al., 2013; Fournet et al., 2013; Perez et al., 2003; Piñonosa et al., 2013; Yabroudi & 

Irrgang, 2013). The thermographic camera records the heat emission from the skin 

surface (Tsk). Different colors are recorded when inflammatory reactions occur  

(Mangine et al., 1987).  

Furthermore, thermography can detect alterations in sports injuries (Figure 5) 

showing the temperature of the tissues involved (Sands et al., 2007; Tkacova, 2010), as 

it identifies heat emission from a body part. It is a safe, non-invasive and useful tool to 

detect injuries such as tennis elbow, ankle injuries, fractures, spinal pain, shoulder 

injuries or foot pain (BenEliyahu, 1990a). 
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Figure 5.- This thermogram shows the temperature difference between an injured leg 

(right knee) and non-injured leg. 

Hyperthermic images appear when there are inflammatory reactions due to 

an increase of the metabolism (Litscher, 2013) by increasing the blood flow through 

the cellular activation and hypothermic images when there is compression or 

degenerative processes (Čoh & Širok, 2007). 

Vasomotor and metabolic problems modify significantly the emission of body 

heat. The temperature of contralateral areas or of the same area at different times can 

be compared to check how it evolves. The thermal alteration depends on the intensity 

of the underlying biological phenomenon which is occurring and on the size and depth 

of the involved tissue. Thermography does not reveal anatomic abnormalities, but the 

state of the tissues (Garagiola & Giani, 1990).  

In the early days of an acute injury there is a hyperthermic peak which lasts 

for at least 24 hours, and then temperature decreases gradually. No pain does not 

mean that the injury has fully recovered, and thermography can be effective to check 

whether the injured area is still affected (Garagiola & Giani, 1990). 

The range of studies with positive results using thermography is quite wide, 

even in high-performance sports (Lopez et al., 2008). Clark and colleagues (1977) 
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obtained significant results recording the distribution of skin temperature during a 

race. Other studies have been conducted on, for example, patellar tendinitis (Mangine, 

et al., 1987) and ankle injuries (Specchiulli et al., 1991), or on gymnasts (Caine et al., 

1989; Meeusen & Borms, 1992). Hildebrandt and Raschner (2009) applied 

thermography on alpine skiers with ACL tears, observing significant differences in the 

thermograms of the injured and non-injured leg. The thermogram of the affected knee 

shows a massive increase of hyperthermia under the patella that represents the 

inflammatory process. After six months, the knee still showed a thermal imbalance 

when compared to its contralateral joint. 

Different authors have established ranges that indicate the temperature 

difference between symmetrical sides that can be considered as an injury. Thermal 

bilateral symmetry is justified by the concept of proportionality between contralateral 

body areas (Brioschi et al., 2003). Thermal values of symmetrical parts of the body 

surface should be similar (Ammer, 2008; Piñonosa et al., 2013) with a small range of 

variation. This means that the normality of a healthy subject is that these differences 

do not exist at any time, and when they do it means that there has been some kind of 

impairment. Vardasca (2008) considers abnormal asymmetric differences 

temperatures (ΔTsk) over 0.27 °C while BenEliyahu  (1990a) cites  0.29°C and 

Hildebrandt et al. (2010) 0,62°C. According to Niu et al. (2001) and Uematsu et al., 

(1988), a ΔTsk greater than 0.5°C between two body symmetrical segments indicates a 

functional disorder. Following these authors, ΔTsk under these values seem to be 

normal. Higher impairments could mean that the subject is suffering an imbalance in 

some aspect of his or her body which is manifested through thermal asymmetry 

(Bouzas et al., 2014). There may be many reasons that cause this variation in 
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temperature such as problems in technique, in the metabolic system (Brelsford & 

Uematsu et al.,, 1985), in the nervous system (BenEliyahu, 1992b; Bertmaring, 2008) 

and the endocrine system, or any injury or overload (Čoh & Širok, 2007), etc.  

Nevertheless, it has been suggested that a ΔTsk over 1°C can be considered a strong 

indicator of abnormality (BenEliyahu, 1992a), requiring further diagnostics protocol to 

identify the cause of this difference. 

1.2..FACTORS INFLUENCING THE USE OF INFRARED THERMOGRAPHY IN HUMANS 

The interpretation of a thermal image is subject to many variables and factors 

that may influence a remarkable way the conclusions we get, for that reason, we must 

be able to identify those variables or factors that can hinder the work of interpretation.  

Working with IRT requires accounting for many factors that can influence 

either the evaluation or the interpretation of the thermal images (Zaproudina et al. 

2008). Attempting to control for such a large number of factors may seem impossible, 

but simply being acquainted with these factors is an important step in many contexts. 

These factors are divided into three primary groups (Fernández-Cuevas et al., 2015) 

(Figure 6). 
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Figure 6.- Experimental conditions used by several authors based on (Fernández-

Cuevas, et al., 2015) 

1.2.1..ENVIRONMENTAL FACTORS 

 Those that are related to the place where the evaluation is performed, so 

that, they are easier to control. 

 The minimal room size recommendation is 2x3 metres, but a larger room is 

desirable (Ammer & Ring, 2007; Ring & Ammer, 2000). 

 The ambient temperature is very important for most human IRT applications 

(Ammer & Ring, 2005; Harada et al., 1998; Ivanitsky et al., 2006; Pascoe et al., 

2001). The majority of references suggest a temperature range of 18°C to 25°C 

because the subject is likely to shiver in lower temperatures and to sweat at 

higher temperatures (Ammer & Ring, 2007; Chiang et al., 2008; IACT, 2002; 

Mabuchi et al., 1997; Ring & Ammer, 2000).  
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 About relative humidity, the majority of studies have been performed between 

40% and 70% RH (Chudecka & Lubkowska, 2010; Ferreira et al., 2008; Merla et al., 

2010; Nakayama et al., 1981; Torii et al., 1992; Uematsu et al., et al., 1988;  

Zaproudina et al., 2006; Zontak et al., 1998). 

 The time that is required to reach an adequate stability in Tsk is set at 

approximately 15’ (IACT, 2002). Generally, authors recommend waiting 15 

minutes for the optimal stabilization of Tsk, with a minimum of 10 minutes. 

Nevertheless, different equilibration periods are used throughout the literature 

when using IRT, ranging from 10’ (Akimov & Son'kin, 2011; Ring et al., 1974), 15’ 

(Zaproudina et al., 2006), 20’ (Abate et al., 2013; Chudecka & Lubkowska, 2010) to 

30’ (Roy et al., 2006) or even 60’ (Livingston et al., 1987). However, when 

acclimatization exceeds 30 minutes, temperature oscillation can occur, creating an 

asymmetry between the left and right sides of the subject. Roy and collaborators 

(2006) performed a study in which thermography was used to analyze the time 

necessary for the temperature in the region of the spine to stabilize and suggested 

a minimum time of 8 minutes and maximum of 16 minutes for reliable 

measurements (Roy et al., 2006). The recommended acclimatization time varies 

between studies of skin thermometry, with periods of 10 minutes (Choi et al., 

1997; Ferreira et al., 2008) 15 minutes (Zontak et al., 1998) and 20 minutes (Merla 

et al., 2010) suggested for the subject to remain at rest in a room with controlled 

temperature and humidity. This variation may be influenced by environmental 

conditions, especially by the temperature outside the test room. This lack of 

consensus (Choi et al., 1997; Ferreira et al., 2008; Merla et al., 2010; Ring & 

Ammer, 2000; Zontak et al., 1998) makes it difficult to determine the optimal 
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acclimatization protocol because each study recommends a different 

acclimatization period to achieve a stable Tsk to ensure the homogeneity of results 

and allow consistent interpretation and comparison of results between studies. A 

recent study by Bouzas Marins and collaborators (Bouzas et al., 2014) has directly 

analysed the optimal acclimatisation time for IRT evaluation in humans. 

Consequently, the objective of this study was to identify the time required to 

achieve a stable Tsk at rest in a group of young men and women.  They concluded 

that the optimal period is variable in young men and women, but the minimum 

acclimatisation period must be 10 minutes.  

 The room should be isolated from any source of infrared radiation (e.g., windows, 

heating ducts, water pipes, heating lights, or airflow) (IACT, 2002). 

1.2.2..INDIVIDUAL FACTORS 

 Those that are related to the subject being assessed and his/her personal 

characteristics that could influence skin temperature (Tsk). These factors will be divided 

into intrinsic and extrinsic factors. 

o Intrinsic factors 

 Sex may influence the Tsk pattern (Hardy & Du Bois, 1940). For instance, the 

influence of the menstrual cycle on body temperature. Much has also been 

published regarding the relationship of subcutaneous fat and the Tsk differences 

between men and women. The metabolic rate also plays an important role in 

explaining gender differences in Tsk. This effect has been described by several 

authors (Bouzas et al., 2014; Hardy & Du Bois, 1940; Havenith, 2001; Shapiro et al.,, 

1980). 
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 Decreases in temperature with age may be related to a lower metabolic rate and 

to a decrease in heat dissipation abilities (Petrofsky et al., 2006). 

 The circadian rhythm and its influence on body temperature has been widely 

researched and described (Bianchi et al., 1979; Chamberlain et al., 1995; Reinberg, 

1975). Binder et al. (1983) and Salisbury et al. (1983) both demonstrated higher Tsk 

in diurnal assessments when using IRT. 

 Hair plays an insulating role. Barnes (1963) described hair as an avascular 

substance that appears cold on a thermogram, being in thermal equilibrium with 

the environment. 

 Medical history: During life we are exposed to many external factors (e.g., solar 

radiation or scars) that leave their marks on human skin, breaking and altering the 

thermal pattern with permanent hot/cold spots, which could influence the correct 

interpretation of a thermographic image. 

o Extrinsic factors 

 Factors that affect Tsk or emissivity due to the consumption or intake of 

medications, drinks or other products that could temporarily influence Tsk. It is 

often recommended that the use of medications be avoided prior to a 

thermographic assessment (IACT, 2002; Ring & Ammer, 2000; Zaproudina, 2012). 

 Application factors: Those that are applied directly on the skin and which affect 

the skin’s emissivity or blood flow. Such factors include cosmetics, ointments, 

topical products and radiation (Hardy & Muschenheim, 1934; IACT, 2002). 

 Therapies: These influences are therapies that are applied on the skin and 

therefore affect the skin’s radiation and temperature (Ring & Ammer, 2000). 
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 Physical activity: In this group, we will include factors that are related to physical 

activity and exercise, which are likely to be some of the primary sources of 

homeostatic disturbance in the human body (Ferreira et al., 2008; Johnson, 1992; 

Jones, 1998; Kenny et al., 2003; Zontak et al., 1998). We have also included other 

factors, such as sweating, fitness level, limb or hand dominance or specific thermal 

distributions that are due to a sport specialisation. 

1.2.3..TECHNICAL FACTORS 

Factors that are linked to the equipment used during the IRT evaluation. 

Higher resolution, novel features and superior accuracy do not imply that technical 

factors have less of an influence on the proper collection of human IRT data but helps 

to get better results in order to compare in future with new-designed cameras. 

 Validity: Validity refers to something which is well founded and corresponds 

accurately to the real world. In this case of IRT, validity would be the ability to 

estimate temperatures of an object surface from its infrared radiation recorded by 

thermal camera.  

 Accuracy : it refers to how close are the thermal readings of an IRT camera to the 

real temperante. 

 Protocol: One of the main keypoints to improve the apptication of IRT on humans 

and reduce the influence of technical factois is to apply a standardized protocol 

(Ammer, 2008). Since IRT is applied on the medical sector, several organisations 

were created and published their own protocols (IACT, 2002). 

 Distance: Some authors have mentioned the importance of the distance between 

the camera and the subject (Ring & Ammer. 2000; Tkacova et al., 2010), but most 



Introduction 

１９ 
 

of the studies use different distances depending on the measured area and the 

optical characteristics of the camera. 

 Background: The use of an uniform background avoids reflections from others 

sources of radiation (Hildebrandt et al., 2010). 

 Camera: Resolution, temperature range ROI selection. 

1.3. ANTERIOR CRUCIATE LIGAMENT 

1.3.1. ANTERIOR CRUCIATE LIGAMENT RUPTURE 

ACL rupture is a common injury in sports (Negahban et al,, 2011). Additionally 

it is the most common ligamentous knee injury. The most common mechanism of 

production is an indirect knee trauma, typically a joint torsion in sports. Patients often 

describe a snapping noise followed by hemarthrosis (Teske et al., 2010). Cruciate 

ligaments and the collateral ligaments plays a big role at the knee stabilization. The 

ACL originates from the inner surface of the lateral condyle of the femur, runs in an 

anterior medial direction and inserts at the tibial plateau in the intercondyle area.  

Figure 7 represents the knee surgery process. 

 

Figure 7.- Representation of the ACL rupture and the surgery procedure. Retrieved and 

adapted 10-09-2014 from http://adam.com 
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The ACL is essential to keep stability in the knee joint. While in the young and 

active population with a broken ACL, surgery is often the best treatment option, there 

is controversy about the best treatment. The most popular options are the 

intraarticular reconstruction of the patellar tendon, the iliotibial band and hamstrings 

(Ventura, 2010). 

ACL injuries often occur in sports as football (Alcaraz, 2007) and basketball 

(Namdari et al., 2011; Piñonosa et al., 2012). As an example of the importance of this 

injury in sport, 93% of traumatic injuries in football have been documented in the 

lower limbs (Wong & Hong, 2005), and of these, one out of three are focused on the 

knee joint, with the result that 42.3% of the knee injuries in football are due to a ACL 

torn (Engström et al., 1990). 

1.3.2..ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION 

All subjects were operated with the same system, bone-tendon-bone that 

consists of replacing the ligament affected by a portion of the insertion of the 

hamstrings. 

From the date of the operation until the start of rehabilitation an average of 

34.16±12.02 days had passed. 

1.3.3. ANTERIOR CRUCIATE LIGAMENT AND THERMOGRAPHY  

Hildebrandt and Raschner (2009) applied this tool on alpine skiers with ACL 

tears, finding out that the thermogram of the affected knee showed a massive 

increment of hyperthermia under the patella of 1.4°C±0.58°C. After six months, the 

knee still showed a thermal imbalance when compared to its contralateral joint. 

ACL especially, present important thermal changes (Haidar et al., 2006; 

Piñonosa, 2013) due to two different factors, the injury itself and the reconstruction 
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later. Thermal bilateral symmetry is justified by the concept of proportionality 

between contralateral body areas (Brioschi, et al., 2003; Bouzas et al., 2014). Thermal 

values of symmetrical parts of the body surface should be similar (Ammer, 2008; 

Uematsu et al., et al., 1988) with a small range of variation. This means that the 

normality of a healthy subject is the thermal symmetry. 

As a result, the most common use of thermography in sport is the 

temperature comparison of our body’s symmetrical parts to detect a possible thermal 

imbalance (Goodman et al, 1985; Vardasca, 2008). These differences could mean to be 

considered an injury or just a thermal impairment.  

1.3.4. IRT AS A TOOL TO MONITOR SKIN TEMPERATURE ALONG THE RECOVERY 

PROCESS OF AN ANTERIOR CRUCIATE LIGAMENT SURGERY 

Thermography has proven to be an effective tool in order to monitor 

rehabilitation processes. After ethics committee approval and written informed 

consent was obtained, twenty five people participated in this study located in San 

Carlos Clinical Hospital (age: 32.68±8.6 years, weight: 62.3±21.6 kilograms, height: 

1.72±0.27 meters, 23 men and 2 women) who were injured playing mainly soccer. All 

of them had undergone the same surgery and six-week rehabilitation program at the 

hospital. Thermograms of anterior and posterior views were registered with a FLIR 

infrared camera according to the protocol established by the International Academy of 

Clinical Thermology. Each leg was divided into anterior and posterior view in order to 

compare them to its contralateral limb. 

A student t-test for related samples was performed. Most of the areas in P2 

showed higher values of skin temperature (Tsk). 
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Most of the studies mentioned before are cross sectional. Nevertheless, not 

many longitudinal studies have been carried out with reference to thermal evolution 

over, at least, a year.  

Therefore, one of the objectives of this longitudinal research was to compare 

the Tsk between the injured and non-injured leg 18 months from rehabilitation. If 

thermal balance was recovered, thermograms should have not shown thermal 

asymmetries (Lahiri et al., 2012). 

Reviewing the literature we found it interesting and relevant in practice to do 

this work on ACL rehabilitation. This work consists of 4 studies that compare the 

thermal status in different stages and between both legs. Figure 10 in study design 

shows a summary of the 4 studies. 

1.3.4.1..Study 1. Thermal evolution of lower limbs during a rehabilitation 

process after Anterior Cruciate Ligament surgery: Summary  

The aim of this study was to establish the probable thermal difference of the 

lower limbs between the beginning (P0) and the end (P1) of the anterior cruciate 

ligament (ACL) rehabilitation process after surgery. The results showed significant 

temperature increases in the posterior thigh area between P0 and P1 of the 

rehabilitation process probably due to a compensatory mechanism. According to this, 

we can conclude that temperature of the posterior area of the injured and non-injured 

leg has increased from the first to the last day of the rehabilitation process. 

1.3.4.2. Study 2. Quantification of thermal asymmetry at the beginning and at 

the end of rehabilitation after anterior cruciate ligament reconstruction: Summary 

The aim was to establish the skin thermal difference (Tsk) between the injured 

and the non-injured leg in two stages: the beginning (P0) and the end (P1) of 
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rehabilitation. We found significant temperature differences between the injured and 

non-injured leg in both stages of rehabilitation (p<.01). On the one hand, the 

temperature of the injured leg is higher in the anterior view and the temperature of 

the non-injured leg is higher in the posterior view. 

By the time the patients had recovered from the reconstruction, thermal 

imbalances should not be shown between symmetrical parts. 

1.3.4.3..Study 3: Thermal evolution of lower limbs after one year and a half 

from Anterior Cruciate Ligament rehabilitation: Summary 

The aim of this study was to establish the probable thermal difference of the 

lower limbs between the end of the anterior cruciate ligament (ACL) rehabilitation 

process after reconstruction (P1)  and 18 months later (P2).  

Temperatures seem to be higher after a year and a half (P2). Future studies 

are needed to investigate whether these values will remain as the patient profile. 

1.3.4.4..Study 4. Quantification of thermal asymmetry between the injured leg 

and the non-injured leg after 18 months from the rehabilitation: Summary 

Thermography can be used to assess the skin thermal (Tsk)  difference 

between two symmetrical parts of the body. This study sought to compare the Tsk 

between the injured and non-injured leg 18 months following rehabilitation (P2). After 

the rehabilitation, we found significant differences between the two legs (p<.05), 

however, thermal values one year and a half later (P2) seemed to have normalized. No 

significant differences were found between the injured leg and the non-injured leg 

after one year and a half of the rehabilitation process. Therefore, patients seemed to 

have recovered from a thermal point of view. The highest difference recorded then 

was 0.11°C.
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2..HYPOTHESES AND OBJECTIVES  

2.1. HYPOTHESES 

The Tsk of the legs varies along the rehabilitation of an ACL rupture measured by IRT. 

2.2. OBJECTIVE 

To study whether IRT can capture changes in Tsk over the recovery process. 

2.3. STUDY 1 

2.3.1. HYPOTHESES 

The Tsk of the legs is different before starting rehabilitation and when the 

rehabilitation has been completed. 

2.3.2. OBJECTIVES 

a) To determine the possible variation of Tsk of the injured leg between two 

moments: before and after rehabilitation. 

b) To determine the possible variation of Tsk of the non-injured leg between 

two moments: before and after rehabilitation. 

c) To study how the results reflect the recovery. 

2.4. STUDY 2 

2.4.1. HYPOTHESES 

The Tsk of the injured leg is not the same as the non-injured before and after 

the rehabilitation. 

2.4.2. OBJECTIVES 

a) To analyze the possible skin thermal difference between the injured and 

non-injured leg before rehabilitation. 

b) To analyze the possible skin thermal difference between the injured and 

non-injured leg after rehabilitation 
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2.5. STUDY 3 

2.5.1. HYPOTHESES 

The Tsk of the legs is different after finishing the rehabilitation comparing with 

18 months later. 

2.5.2. OBJECTIVES 

a) To investigate the possible variation of Tsk of the injured leg between two 

moments: after rehabilitation and 18 months later 

b) To investigate the possible variation of Tsk of the non-injured leg between 

two moments: after rehabilitation and 18 months later 

2.6. STUDY 4 

2.6.1. HYPOTHESES 

The Tsk of the injured leg is not the same as the non-injured 18 months from 

the end of the rehabilitation. 

2.6.2. OBJECTIVES 

a) To determine the possible thermal difference between the injured and  

non-injured leg 18 months from the end of the rehabilitation. 
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3. METHODOLOGY 

3.1. LITERATURE REVIEW METHODOLOGY 

The search engines Medline, Pubmed, ISI Web of knowledge, Sport Discus, 

Science Direct, EBESCO and googgle scholar were used to identify studies related with 

infrared thermography and others keywords. The most used keywords were a 

combination between a common keyword “infrared thermography or thermography 

or thermal imaging or thermology or thermal vision”  and many other words used for 

this work, as for example “injury”, “knee”, “ACL”, “rehabilitation”, “sport”, “influence 

factors”, “surgery”, “joint”, “animal”, “cancer”. 

IRT has evolved in recent years and original papers have been published in the 

last 20 years, which were preferentially considered. The inclusion criteria for study 

selection were (1) literature written in English, (2) participants were human beings, 

and (3) skin temperature assessed by non-contact IRT. Other studies, which may have 

been missed in the original search, were also included by reviewing the bibliography of 

the found articles. A total of 1894 publications were indexed during the last 20 years 

according to the inclusion criteria. 

3.2. SAMPLE 

The access to the sample was possible thanks to the collaboration of the San 

Carlos Clinical Hospital and its Physiotherapist Department. 

 The total number of subjects was 34, with 150 pictures analyzed. Nine 

subjects were excluded from the study due to lack of continuity or other associated 

serious injuries that could bias the study. Therefore, the final sample consisted of 25 

Spanish subjects (age: 32.68±8.6 years, weight: 62.3±21.6 kilograms, height: 1.72±0.27 

meters, 23 men and 2 women) of which 92% were injured practicing sports, football, 



 

skiing and racket sports in most cases

traffic accidents but also practiced exercise regularly

34.16±12.02 days from the date of the operation until the beginning of rehabilitation.

Figure 8.- Mechanism of production of injury of ACL of the subjects who participated in 

this study. 

3.3. EQUIPMENT 

3.3.1 THERMOGRAPHIC EVALUATION EQUIPMENT

Thermal images were recorded with a T335 FLIR

Systems, Sweden). Table 2

camera used in the study (Figure 9

 

Figure 9.- T335 FLIR® infrared camera (FLIR
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skiing and racket sports in most cases (Figure 8). The remaining 8% were injured in 

but also practiced exercise regularly. Subjects spent an average

12.02 days from the date of the operation until the beginning of rehabilitation.

 

Mechanism of production of injury of ACL of the subjects who participated in 

3.3.1 THERMOGRAPHIC EVALUATION EQUIPMENT 

images were recorded with a T335 FLIR® infrared camera (FLIR

. Table 2 shows the general characteristics of the thermographic 

(Figure 9): 
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Table 2.- General characteristics of IRT camera T335 (FLIR® Systems, Sweden) 

Specifications of IRT camera T335 (FLIR
® 

 Systems, Sweden) 
Imaging performance 
IR Resolution 
Object temperature range 
Image frequency 
Thermal sensitivity / NETD 
Spectral range 
Spatial resolution (IFOV) 
Focal Plane Array (FPA) 

320 x 240 pixels 
7.5 – 13 µm 
30 Hz 
50 mK at 30°C 
7.5 – 13 µm 
1.36 mrad 
Uncooled microbolometer 

Measurement 
Object temperature range 
 
Accuracy 

-20°C to + 650°C in 3 ranges: -20°C to +120°C or 0°C to 
+350°C or +200°C to + 650°C 
±2°C or 2% reading 

 

3.3.2..SOFTWARE EQUIPMENT 

Thermograms were analyzed with Therma CAM Reporter 8 software to 

extract the temperature data (maximum, minimum, average and standard deviations). 

The data were sorted and managed with Microsoft Excel 2007 and later were analyzed 

with SPSS for Windows v.15.0 (SPSS Worldwide Headquarters, Chicago, IL). 

3.3.3..ATMOSPHERIC REGISTRATION EQUIPMENT 

The environmental conditions of temperature, humidity and atmospheric 

pressure were registered with a portable weather station BAR908HG (Oregon 

Scientific). 

Table 3.- General characteristics of the weather station, model BAR-908HG®  (Oregon 

Scientific, Portland, Oregon) 

Characteristics of the portable weather station, Oregon BAR-908-HG
® 

 model 
Weight 
Dimensions 
Temperature 
Humidity 
Atmosphere pressure 
Indicators 
 
Others 

376 grams. 
188 x 120 x 86 mm. (height x width x depth) 
Interior (-5 / +50°C) 
Interior and exterior (25 – 95%) 
Numeric value; 500 – 1050 mb/hPa. Resolution: 1mb/hPa 
Trends and comfort zones 
-Evolution charts of the atmospheric pressure in the last 24 hours 
-Weather forecast with symbols 
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3.3.4. OTHER EQUIPMENT 

• A tripod Hama Omega Premium II (Hama® Monheim, Germany) was used to 

hold the camera during the data collection. 

• A “Roll up” of 125 x 206 cm was used to obtain a homogeneous background 

behind the subjects. 

• A “Step” Domyos 160 (Decathlon, France) with marks was used to fix the 

standing protocol position and raising 10 cm the subject from the floor surface. 

3.4. RESEARCHERS 

The rehabilitation protocol was designed by the staff of the Clinical Hospital 

San Carlos and his team of physical therapists and chiropractors which are explained 

ahead. 

A thermography technician carried out the data collection and subsequent 

processing and interpretation. 

3.5. METHODOLOGY  

3.5.1. STUDY DESIGN 

The study design was a longitudinal with a convenience sample of participants 

who had an ACL injury and had to undergo a surgical intervention and the same 

rehabilitation process at the same chamber of the San Carlos Clinical Hospital (Madrid). 

Pictures of the anterior and posterior region of both legs were taken in three periods: 

Before starting rehabilitation (P0), a week after finishing rehabilitation (P1) and a 18 

months after finishing rehabilitation (P2). Studies 1 and 2 are referred to the first 

period (P0-P1) and studies 3 and 4 to the second period (P1-P2).  Figure 10 shows a 

summary of the study design. 



 

Figure 10.- Summary of the 4 studies

3.5.2. SESSION STRUCTURE

Infrared pictures were always taken on Monday

9:00 and 10:00 am. All evaluations took place when subjects arrived at the San Carlos 

Clinical Hospital Rehabilitation Center, not allowing them to start any exercise until 

they had completed the evaluation in order to obtain 

complete state of rest.  

Once the subject arrived to the hospital room, the acclimatization

least for 10 minutes, was respected before the thermographic evaluation

Marins, et al., 2014).  

Study 1. a) ΔTTSK(ºC) (IL

Study 2. a) ΔTTSK(ºC) (IL
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Summary of the 4 studies 

ION STRUCTURE 

Infrared pictures were always taken on Mondays (after the weekend) between 

9:00 and 10:00 am. All evaluations took place when subjects arrived at the San Carlos 

Clinical Hospital Rehabilitation Center, not allowing them to start any exercise until 

they had completed the evaluation in order to obtain images of the subject in a 

Once the subject arrived to the hospital room, the acclimatization

was respected before the thermographic evaluation
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Afterwards, the subject exercised following the schedule hospital directions. 

This rutine was repeated five days per week for six weeks. Every session lasted around 

one hour per session. 

3.5.3. INFLUENCING FACTORS REGISTRATION  

The surface area of the measuring room was approximately 70 m2, with an 

average temperature of 21°C±1.9°C, always between the ideal values for 

thermographic studies in humans (Garagiola & Giani, 1990; IACT, 2002; Ring & Ammer, 

2000).  

The humidity can affect also to the data collection (Reinikainen & Jaakkola, 

2003) and also the atmospheric pressure, so that, remained stable during all the shots 

with average values of 56 ± 2.3% (Zontak, et al., 1998) and 938 ±5hPa, respectively. 

At each evaluation different influencing factors (IACT, 2002; Ring & Ammer, 

2000) were registered (Appendix 1): the application of creams, massage or other 

treatment, sun bathing or a shower in the previous 8 hours, consumption of a big meal, 

coffee, smoking or alcohol in the previous six hours. In recommendations, patients 

accepted to avoid these factors in order not to affect the results of the study. 

3.5.4..THERMOGRAPHIC  EVALUATION  

First of all, all the participants formally agreed to collaborate in the research 

and signed an informed consent. An Ethical Committee from the Technical University 

of Madrid (UPM) granted the permission to conduct this research with thermography 

on human beings in different populations (Appendix 2). Data were collected in San 

Carlos Clinical Hospital (Madrid).  

Once they were at the hospital, at least ten minutes for acclimatization to 

environmental conditions in standing position were respected before each shot 
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(Garagiola & Giani, 1990; Zontak et al., 1998). Thermograms were taken by the same 

evaluator of  both anterior and posterior views of the subject in all data collection 

(Figure 11). 

The distance between the position of the patient and the camera for data 

collection was set at 2.5 meters (Garagiola & Giani, 1990; IACT, 2002; Ring & Ammer, 

2000). A FLIR T-335 (FLIR Systems, Sweden) with a thermal sensitivity of 0.50 mK, an 

error of ± 2% of reading in °C and a resolution of 340x260 pixels, was used mounted on 

a tripod 0.9 meters high. Before the data collection, the camera was running for the 

same period of acclimatization than the subject, this provided time enough for the 

camera sensor to make a calibration. A fixed area of the black background was taken 

as the reference temperature. Images were obtained assuming a skin emissivity of 0.98 

(Ring & Ammer, 2012). The subject stood on a platform to raise him or her slightly 

from the ground level in front of a screen of 100x200 cm to create a homogeneous 

background to avoid reflections behind the body. The platform had been painted 

footprints in order the subject could take the same position at every record. 

For measurement, the subjects remained in their underwear, or in shorts held 

at the hips with tweezers. Two valid pictures (thermograms) were taken at each 

evaluation, an anterior and a posterior view of the lower limbs. Lee and Cohen 

distributed 6 areas of interest on each leg, 3 on the anterior view and 3 on the 

posterior view of the knee, thigh, leg and back (Lee & Cohen, 2008). In our study we 

divided each of their areas into two areas (a medial and a lateral one), as explained 

below, in order to have data on the medial and lateral areas. Twelve regions of interest 

(ROI) were analyzed on each leg, 6 in the posterior view (PV) and 6 in the anterior view 

(AV)  (Figure 11). The six areas are distributed in pairs along the lower member (Medial 
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= “M” and lateral = “L”). Two areas include the area of the knee (Knee Lateral “KL” and 

Knee Medial = “KM”), two in the thigh, (Thigh Lateral = “TL” and Thigh Medial = “TM”) 

and the remaining two in the leg (Leg Lateral = “LL” and Leg Medial = “LM”). It was also 

considered whether the area was on the injured (I) or non-injured (NI) limb (Figure 11). 

After that, we have analyzed the global data of the anterior and posterior view as a 

whole area to get global results. 

 

 

 

 

 

 

 

 

 

 

Figure 11.- Thermal images with the distribution of the 6 areas of the anterior view 

(left) and 6 areas of the posterior view (right):  TL (Thigh Lateral), TM (Thigh Medial), LL 

(Leg Lateral), LM (Leg Medial), KL (Knee Lateral), KM (Knee Medial) of the Injured (I) 

and Non-Injured (NI) leg. 

3.5.5. HOSPITAL REHABILITATION PROGRAM 

In all cases the postoperative rehabilitation protocol of ACL (Appendix 3) was 

the same in each subject depending on the individual progress and the number of the 
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week. If rehabilitation departs from this approach, the body reacts with adverse 

effects such as inflammation and pain (De Carlo, 2010; Paus, 1999).  

Table 4.- Phases of rehabilitation related to the week of rehabilitation 

 

 

 

 

Subjects went to rehabilitation from Monday to Friday in more than 95% of 

times (5 days per week), and followed the directions from the physiotherapist, based 

on the diagnosis from traumatology. Both departments evaluated weekly the status of 

the patient. Patients did not take any standard medicine in connection with the 

rehabilitation. Once, the rehabilitation was finished, they started their daily life for the 

next 18 months. 

Phase I (Table 4) focuses on restoring the range of motion, pain modulation, 

inflammatory control, modifying activities and gait training. Phase II is characterized by 

obtaining the full range of motion, adaptation to normal walking, increased strength 

and flexibility, cardiovascular conditioning if necessary, propioception and cycling. 

Phase III consists of functional returns to the previous level of activity. This phase 

includes a sport / occupational specific functional progression (Paus, 1999). 

3.5.5.1. WEEK 1- (Subject arrives on crutches and / or stabilizer knee brace) 

-Ice 20 minutes every two hours at home 

-Exercises on the stretcher: 

-Flexoextension of the Knee-length with wedge. 

-Extension against resistance on the back of the knee (Stomp it). 

Phase Week  
I 1 On crutches 
I 2 Removal of 1 crutch 
I 3 Removal of 2 crutches and cycle 
II 4 Propioception 
II 5 Resistance 
II 6 Jumps 
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-Flexoextension on a stretcher sliding the leg. 

-Flexoextension on a sit position with legs dangling extension at 90 °. 

-Electrostimulation of quadriceps, especially the vastus (Megasonic 900). 

-Walking barefoot on mats in parallels. 

-In Case of severe inflammation; Magnet therapy. Maximum 20 sessions. 

3.5.5.2. WEEK 2- (Removal of orthotics if any and one crutch) 

-Same procedure  as week 1 and: 

-Squats with back against the wall (possible range not exceeding 90). 

-“Estape” (Up 2 steps and lower them back). 

-Stairs. 

-Hamstrings strengthening with Theraband (resistance adapted to each subject). 

-Walking barefoot on mats without parallel. 

-Manual processing of passive flexion and extension of knee forced to the limit. 

3.5.5.3. WEEK 3-( Final withdrawal of the 2 crutches or any external help) 

-Same procedure  as week 2 and: 

-Propioception exercises: 

 -Wouller plate with parallels. 

 -With ball. 

-Static bicycle with lower seat and within the grades that the knee allows. 

3.5.5.4. WEEK 4- (Propioception) 

-Same procedure  as week 3 and: 

-Propioception: 

 -Balance With a foot (one foot). 

-Add Harmonic movements of the free leg (non-injured) to unbalance. 



Methodology 

４１ 
 

-To adopt and enforce knee flexion from the kneeling position (trend to sit on your 

heels) 

3.5.5.5. WEEK 5- (Resistance) 

-Same procedure  as week 4 and: 

-Increase Progressively  the number of repetitions and the resistance of each exercise 

-Propioception in Wouller plate without parallel and external destabilization. 

3.5.5.6. WEEK 6- (Jumps) 

-Same procedure  as week 5 and: 

-Jumps on mats with falling in semiflexion. 

3.6. STATISTICAL ANALISYS  

Firstly, we divided each leg into twelve regions of interest (ROI). Average, 

maximum temperature and standard deviation of each area were calculated with 

Therma CAM Reporter 8 (Tables 5 and 6). Secondly, data were arranged and managed 

with Microsoft Excel 2007 and later analyzed with SPSS for Windows v.15.0 (SPSS 

Worldwide Headquarters, Chicago, IL). The sample was tested for normality using the 

Shapiro-Wilk test and for homogeneity of variances using the F-test. Once the 

normality was checked, descriptive data were calculated and the Student´s t-test for 

related samples was performed to establish differences in the variables between the 

injured and non-injured leg with a confidence level of 95 %. 

3.6.1. SELECTION OF REGION OF INTEREST (ROI) 

Although ThermaCam Reporter 8 is able to get temperatures of so many ROIS 

as we want, the quantity of regions selected for statiscal analysed were few in order to 

reduce the quantity of information and focus on the most relevant ROI. Figure 1 shows 
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the ROIs selected. Afterwards, related ROIs were joined for a better and easier 

understanding, as for example in just three regions (Thigh, knee, leg). 
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4. RESULTS 

Results of studies 1 and 3 are related to the thermal evolution between 2 

periods. However, studies 2 and 4 quantify the thermal asymmetry between the 

injured leg and non-injured leg within two time points. 

4.1. STUDY I 

4.1.1. ANALYSIS OF TEMPERATURE 

Table 5 shows the average of the temperatures of different injured leg areas 

registered prior to the rehabilitation program. Based on the table, before statistical 

analysis, we can see that most differences in temperature between the first week of 

rehabilitation (P0) and the last week of rehabilitation (P1) relate to a higher 

temperature of the leg on P0. This would mean that on P0 the values of temperature 

seem to be higher than the values on P1. In the average data we observe the 

maximum difference of 0.57°C between the same side areas of the anterior thigh 

medial (A-TM). We can appreciate a decrease in temperature from P0 to P1 in other 

anterior areas as thigh lateral (A-TL),  knee lateral (A-KL) and knee medial (A-KM). In 

the posterior view the biggest decrease occurs between the thigh medial areas (P-TM). 

There are only 3 areas where temperature on P1 is higher than on P0, but the 

differences are less than 0.1°C, so that it means that the temperature is very similar in 

both times. In the maximum data the biggest different correspond also to the anterior 

thigh medial (A-TM) with 0.55°C. As we can check in the table the other anterior areas 

behaves similar than with the average data. However, the posterior view shows that in 

some areas (P-LL and P-LM) the temperature between P0 and P1 has increased over 

0.2°C.  
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Table 5.- Injured Leg. Average and maximum values of the anterior (A-) and posterior 

(P-) view: TL (Thigh Lateral), TM (Thigh Medial), LL (Leg Lateral), LM (Leg Medial), KL 

(Knee Lateral), KM (Knee Medial) 

Regions of Interest 
(R.O.I)  Injured Leg 

AVERAGE TEMPERATURES MAXIMUM TEMPERATURES 
P0 P1 

ΔTsk 
P0 P1 

ΔTsk X SD X SD X SD X SD 

A-TL 29.79 1.15 29.40 1.29 0.39 31.00 1.08 30.58 0.97 0.41 
A-TM 29.62 1.34 29.06 1.27 0.57 31.26 1.23 30.71 0.90 0.55 
A-LL 31.53 1.01 31.59 0.75 -0.06 32.98 0.92 32.94 0.62 0.04 
A-LM 31.31 1.13 31.25 0.85 0.06 32.94 1.00 32.77 0.68 0.17 
A-KL 30.24 1.36 30.00 0.92 0.24 32.20 1.19 32.00 0.77 0.20 
A-KM 30.54 1.11 30.14 0.90 0.40 32.37 1.13 32.04 0.81 0.33 
P-TL 30.22 1.38 30.04 1.13 0.18 31.28 1.17 31.21 0.91 0.07 
P-TM 30.65 1.27 30.32 1.07 0.33 31.76 1.09 31.59 0.91 0.17 
P-LL 30.76 0.95 30.86 1.15 -0.09 31.92 0.88 32.11 1.05 -0.20 
P-LM 30.94 0.84 31.02 1.16 -0.07 31.98 0.88 32.24 1.08 -0.26 
P-KL 31.08 0.98 30.92 1.10 0.16 32.53 0.90 32.44 1.00 0.08 
P-KM 31.16 0.98 30.99 0.91 0.18 32.54 0.82 32.40 0.85 0.13 

 

On table 5, we can see that most differences in temperature between the first 

and the last week relate to a higher temperature of the leg on P0. In the average data 

we observe the maximum difference of 0.44°C between the same side areas of the 

anterior thigh medial (A-TM). We can observe a decrease in temperature from P0 to P1 

in other anterior areas as thigh lateral (A-TL). In the posterior view the biggest 

decrease occurs between the thigh lateral and medial areas (P-TM, P-TL). There are 2 

areas where the temperature ON P1 is higher than on P0, but the difference is less 

than 0.1°C. In the maximum data the biggest difference corresponds also to the 

anterior thigh lateral (A-TL) with 0.46°C while the thigh medial difference decreased 

0.08°C. However, the posterior view shows that in both knee and leg areas the 

temperature on the P1 was higher than on P0.  

Table 6 shows the average of the temperatures of different non-injured leg 

areas registered prior to the rehabilitation program (P0). 
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Table 6.- Non-injured Leg. Average values of the anterior (A-) and posterior (P-) view: 

TL (Thigh Lateral), TM (Thigh Medial), LL (Leg Lateral), LM (Leg Medial), KL (Knee 

Lateral), KM (Knee Medial) 

Regions of Interest 
(R.O.I) 

Non-injured leg 

AVERAGE TEMPERATURES MAXIMUM TEMPERATURES 
P0 P1 

ΔTsk 
P0 P1 

ΔTsk X SD X SD X SD X SD 

A-TL 30.28 1.10 29.92 1.19 0.36 31.45 0.96 30.99 0.89 0.46 
A-TM 30.11 1.27 29.67 1.31 0.44 31.51 1.09 31.44 2.73 0.08 
A-LL 31.67 0.89 31.77 0.82 -0.10 32.77 0.85 32.89 0.65 -0.12 
A-LM 31.18 1.10 31.13 1.08 0.05 32.48 1.08 32.32 0.80 0.16 
A-KL 29.38 0.99 29.28 1.09 0.09 31.44 1.08 31.28 0.94 0.16 
A-KM 29.75 1.02 29.56 1.17 0.18 31.21 0.90 31.17 2.14 0.04 
P-TL 30.44 1.29 30.11 1.21 0.33 31.71 1.07 31.56 1.04 0.15 
P-TM 31.04 1.40 30.84 1.31 0.20 32.24 1.09 32.02 1.04 0.22 
P-LL 31.19 0.92 31.21 1.12 -0.02 32.10 0.99 32.30 1.04 -0.20 
P-LM 31.36 0.91 31.32 1.07 0.04 32.19 0.88 32.32 0.98 -0.14 
P-KL 31.34 0.89 31.30 1.12 0.04 32.68 0.75 32.77 0.84 -0.08 
P-KM 31.40 0.98 31.19 1.07 0.21 32.59 0.88 32.68 0.91 -0.09 

 

4.1.2..THERMOGRAPHIC PROFILE OF AN ACL INJURY BEFORE AND AFTER THE 

REHABILITATION PROGRAM  

Table below shows a summary of the average values obtained within 3 areas 

per view. The areas medial and lateral of each anatomical part have been joined for a 

better statistic analysis. 

Table 7.- Average temperature (°C) difference for the thermal profile of the 

postoperative period of the ACL between P0 and P1. 

  ANTERIOR VIEW (AV) POSTERIOR VIEW (PV) 

 Rehab Week Thigh Knee Leg Thigh Knee Leg 

INJURED LEG 
P0 29.71 30.39 31.42 30.40 31.12 30.85 

P1 29.23 30.10 31.42 30.18 30.95 30.94 

 ΔTsk P0-P1 0.48 0.29 0 0.22 0.17 -0.09 

NON-INJURED LEG 
P0 30.19 29.56 31.42 30.74 31.37 31.28 

P1 29.80 29.42 31.45 30.48 31.25 31.27 

 ΔTsk P0-P1 0.39 0.14 -0.03 0.26 0.12 0.01 
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In the anterior view the most relevant value was (t24=1.975, p=.06) between 

the thigh lateral areas evolution, so there were no significant changes in the 

temperature between P0 and P1 in any of the areas. But as we can see above in the 

table 3 we find 0.48°C of difference between P0 and P1. 

In the posterior view the most relevant value was (t24=1.087; p=.28) between 

the medial thighs, so there were no significant changes in the temperature between P0 

and P1.  

As we can detect the temperature difference within the thermograms and the 

body behaves with global responses, especially in the legs, we think it is useful to 

reduce the areas for a more global view and only focus in the maximal averages as 

they give us the hot spots of the injury and they are which cause pain. Then we 

simplified the areas in “injured leg anterior view”, “injured leg posterior view”, “non-

injured leg anterior view”, “non-injured leg posterior view”. 

Table 8.- Maximum temperature (°C) differences between the P0 and P1. (*p<0.05 

**p<0.01) 

  ANTERIOR VIEW POSTERIOR VIEW 

  X SD X SD 

INJURED LEG 
P0 32.17 0.93 31.90 0.88 

P1 31.95 0.76 32.31 0.78 

 ΔTsk 0.22  -0.42 *  

NON-INJURED 
LEG 

P0 31.77 0.90 32.14 0.90 

P1 32.70 0.80 32.70 0.65 

 ΔTsk 0.07°C  -0.56°C**  

 

The t test for related samples shows that there were significant changes in 

maximum temperatures between P0 and P1 and both in the injured leg and in the non-

injured leg; t24=-2.24 (p<0.034) and t24=-3.33 (p<0.003) respectively. In the anterior 
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view however, no significant differences were found t24=1.10; (p>0.05). As can be seen 

in the case of the non-injured leg this difference was higher (Table 3). 

4.2. STUDY II 

Figure 12 depicts the temperature differences between the injured and non-

injured leg in the anterior and posterior view, between the maximum temperature 

(Table 9) and average temperature (Table 10). Maximums show the peaks of 

temperature. 

  

Figure 12.- Maximum and average values of temperature of the injured and non-

injured leg on Po and P1. 

Each view (anterior or posterior) has been compared to its contralateral at the 

same stage. 

4.2.1. MAXIMUM TEMPERATURES. ANTERIOR VIEW 

On P0 and on P1 we found a significantly higher temperature difference in the 

injured leg than in the non-injured leg, 0.41°C and 0.2 °C, (t24=3.642, p=.001) and 

(t24=2.558, p=.017), respectively. 
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4.2.2. MAXIMUM TEMPERATURES. POSTERIOR VIEW 

In the posterior area the opposite effect occurred. On P0 and P1 the 

temperature of the non-injured leg was significantly higher than the temperature of 

the injured leg, (t24=-4.348, p<.001) and (t24=-5.378; p<.001), respectively.  

Table 9.- Mean of the maximum temperature of the anterior and posterior 

views*(p<.01) **(p<.05) 

  P INJURED NON INJ ΔTsk  t24 p 

   X SD X SD    

MAXIMUM 
VALUES 

AV 
0 32.17 0.93 31.76 0.90 0.41* 3.542 .001 

1 31.90 0.75 31.70 0.80 0.20** 2.558 .017 

PV 
0 31.90 0.88 32.40 0.90 -0.50* -4.348 .000 

1 32.31 0.77 32.69 0.65 -0.38* -5.378 .000 

 

4.2.3. AVERAGE TEMPERATURES. ANTERIOR VIEW 

We did not find significant differences in temperature between both legs 

(p>.05), either in P0 (t24=1.829, p=.08) or in P1 (t24=0.882, p=.386). 

4.2.4. AVERAGE TEMPERATURES: POSTERIOR VIEW 

In contrast, the average data of the posterior view pointed out that the non-

injured leg was warmer than the injured leg. On P0, the difference was of 0.3°C (t24=-

6.542, p<.001), as well as on P1 (t24=-7.268, p<.001). 

Table 10.-  Mean of the average temperature of the anterior and posterior views 

*(p<.01) 

  P INJURED NON INJ ΔTsk t24 p 

   X SD X SD    

AVERAGE 
VALUES 

AV 
0 30.50 0.70 30.30 0.30 0.20 1.829 .080 

1 30.46 0.84 30.55 1.01 -0.09 0.882 .386 

PV 
0 30.70 1.02 31.00 1.02 -0.30* -6.542 .000 

1 31.10 0.82 31.40 0.79 -0.30* -7.268 .000 
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4.3. STUDY III 

4.3.1. ANALYSIS OF TEMPERATURE  

Table 11 shows the means data of the average and maximum temperatures of 

the injured leg areas. Based on data, we can note that most of the results are related 

to a higher temperature of the leg 18 months after the end of the rehabilitation. 

Consequently, results show that in P2, temperature values seem to be higher than in 

P1. In fact, table 11 shows many significant differences in both average and maximum 

temperatures (p<0.05 and p<0.01) in all the areas but in the anterior medial knee (A-

KM), where we can observe that maximum values have significantly decreased  and 

the anterior lateral knee (A-KL), where the temperature has decreased as well (but not 

significantly). 

Table 11.- Injured leg-Average values of the anterior (A-) and posterior (P-) view: TL 

(thigh lateral), TM (thigh medial), LL (leg lateral), LM (leg medial), KL (knee lateral), KM 

(knee medial). (*p<.05 **p<.01) 

Regions of Interest (R.O.I)  
Injured Leg 

AVERAGE TEMPERATURES (°C) MAXIMUM TEMPERATURES (°C) 
P1 P2 

ΔTsk 

P1 P2 

ΔTsk X SD X SD X SD X SD 

A-TL 29.34 1.29 30.70 1.20 -1.36** 30.58 0.97 31.78 1.14 -1.2** 

A-TM 29.06 1.27 30.70 1.30 -1.64** 30.71 0.90 31.56 1.17 -0.85** 

A-LL 31.59 0.74 32.20 1.10 -0.61** 32.94 0.62 33.42 1.13 -0.48* 

A-LM 31.25 0.84 31.70 1.20 -0.45 32.76 0.67 33.23 1.16 -0.47 

A-KL 30.00 0.90 29.96 1.43 0.04 32.00 0.77 31.70 1.33 0.30 

A-KM 30.14 0.89 30.21 1.36 -0.07 32.04 0.81 31.52 1.21 0.52* 

P-TL 30.04 1.13 31.54 1.27 -1.50** 31.21 0.91 32.47 1.12 -1.26** 

P-TM 30.32 1.07 31.76 1.16 -1.44** 31.59 0.91 32.73 1.07 -1.14** 

P-LL 30.85 1.15 31.98 1.25 -1.13** 32.11 1.05 32.99 1.29 -0.88** 

P-LM 31.01 1.15 31.98 1.17 -0.97** 32.24 1.08 32.86 1.13 -0.62** 

P-KL 30.92 1.10 32.04 1.06 -1.12** 32.44 1.00 33.14 0.96 -0.7** 

P-KM 30.99 0.91 32.09 1.00 -1.1** 32.40 0.85 33.20 0.92 -0.8** 

 

Table 12 shows the means data of the average and maximum temperatures of 

the non-injured leg areas. According to the table, the non-injured leg has suffered a 
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temperature enhancement from P1 to P2 in every area. Statistically significant changes 

were obtained in every area of average temperatures and in most of the areas of 

maximum temperatures (anterior and posterior views).  

Table 12.- Non-injured leg. Average values of the anterior (A-) and posterior (P-) view: 

TL (thigh lateral), TM (thigh medial), LL (leg lateral), LM (leg medial), KL (knee lateral), 

KM (knee medial). (*p<.05 **p<.01) 

Regions of Interest 
(R.O.I)  Non-injured leg 

 

AVERAGE TEMPERATURES (°C) MAXIMUM TEMPERATURES (°C) 
P1 P2 

ΔTsk 
P1 P2 

ΔTsk 
X SD X SD X SD X SD 

A-TL 29.92 1.19 30.87 1.19 -0.95** 30.98 0.88 31.92 1.13 -0.94** 

A-TM 29.67 1.31 31.98 1.29 -2.31** 31.44 2.70 31.98 1.29 -0.54 

A-LL 31.77 0.82 32.24 1.09 -0.47* 32.90 0.64 33.21 1.01 -0.31 

A-LM 31.13 1.08 31.76 1.25 -0.63* 32.32 0.80 33.04 1.06 -0.72** 

A-KL 29.28 1.09 29.96 1.41 -0.68* 31.28 0.94 31.78 1.26 -0.50 

A-KM 29.56 1.17 30.34 1.53 -0.78* 31.17 2.13 31.67 1.33 -0.50 

P-TL 30.11 1.21 31.59 1.24 -1.48** 31.56 1.04 32.60 1.13 -1.04** 

P-TM 30.84 1.31 31.94 1.18 -1.1** 32.02 1.04 32.81 1.10 -0.79** 

P-LL 31.21 1.12 31.96 1.17 -0.75** 32.30 1.04 32.7 1.19 -0.40* 

P-LM 31.32 1.07 32.04 1.03 -0.72** 32.32 0.98 32.79 1.14 -0.47* 

P-KL 31.30 1.12 32.04 1.03 -0.74** 32.76 0.84 33.06 0.94 -0.30 

P-KM 31.19 1.07 32.21 1.04 -1.02** 32.68 0.91 33.42 0.82 -0.74** 

 

Table 13 shows a summary of the values obtained within 3 areas per view. 

The medial and lateral areas of every area have been joined to optimize the statistical 

analysis (thigh, knee, leg areas). We have found the highest differences between P1 

and P2 on the thighs (anterior and posterior area) of the injured leg, 1.5°C and 1.47°C, 

t24=-4.7 (p<.001) and t24 = -5.85 (p<.001) respectively, and the thighs of the non-injured 

leg, anterior and posterior area, 1.63°C and 1.29°C, t24 =-3.61 (p<.001) and t24 = -5.05 

(p<.001) respectively. Besides these significant differences, the other results showed 

higher temperatures in all the areas in P2. All data we have obtained are statistically 

significant (p<0.05) except the difference between P1 and P2 in the anterior view of 

the injured leg. 
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Table 13.- Average temperature difference between P1 and P2 (°C) (*p<.05 **p<.01) 

  ANTERIOR VIEW POSTERIOR VIEW 

 P Thigh Knee Leg Thigh Knee Leg 

INJURED LEG 
P1 29.20 30.07 31.42 30.18 30.95 30.93 

P2 30.70 30.08 31.95 31.65 32.06 31.98 

 ΔTsk P1-P2 -1.50** -0.015 -0.53* -1.47** -1.11** -1.05** 

NON-INJURED LEG 
P1 29.79 29.42 31.45 30.47 31.24 31.26 

P2 31.42 30.15 32.00 31.76 32.12 32.00 

 ΔTsk P1-P2 -1.63** -0.73* -0.55* -1.29** -0.88** -0.735** 

 

As the body behaves as a whole, we have analyzed data in only four areas: 

anterior injured, posterior injured, anterior non-injured, posterior non-injured. This 

procedure is due to the fact that temperature of a single area can affect the other´s 

areas temperature distribution (Table 14 and Table 15). 

Table 14.- General averaged skin temperature (Tsk) differences for injured and non-

injured leg between P1 and P2 (°C). (*p<.05 **p<.01) 

  ANTERIOR VIEW POSTERIOR VIEW 

  X SD X SD 

INJURED LEG 
P1 30.4 0.84 31.09 0.82 

P2 30.92 1.18 31.9 1.1 

 ΔTsk P1-P2 -0.52  -0.81**  

NON-INJURED 
LEG 

P1 30.56 1.01 31.45 0.79 

P2 31.03 1.23 31.96 1.08 

 ΔTsk P1-P2 -0.47 -0.22 -0.51*  
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Table 15.- Maximum skin temperature (Tsk) differences between P1 and P2 (°C). 

(*p<.05 **p<.01) 

  ANTERIOR VIEW POSTERIOR VIEW 

  X SD X SD 

INJURED LEG 
P1 31.95 0.76 32.31 0.78 

P2 32.2 1.09 32.9 0.99 

 ΔTsk P1-P2 -0.25  -0.59*  

NON-INJURED 
LEG 

P1 31.69  32.7 0.65 

P2 32.27 1.12 32.91 0.98 

 ΔTsk P1-P2 -0.58*  -0.21  

 

The Student t-test for related samples showed that there were significant 

changes in global average temperatures between P1 and P2 in the posterior view of 

the injured leg ,t24 = -3.18 (p = 0.004),  and non-injured leg, t24 = -2.09 (p = 0.047) (Table 

14).  

The Student t-test for related samples showed that there were significant 

differences in maximum temperatures (Table 15) in the posterior area of the injured 

leg between P1 and P2; t24 = -2.61 (p = 0.015) . In the anterior view of the non-injured 

leg, significant differences also were found; t24 = -2.75; (p = 0.04).  

4.4. STUDY IV 

Figure 13 represents the values from table 16 and compares data between 

the injured and non-injured leg between P1 (values a week after rehabilitation) and P2 

(values 18 months after rehabilitation). 
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Figure 13.- Maximum and mean values of temperature of the injured and non-injured 

legs in P1 and P2. 

 According to the figure 13 and the table 16 we can observe that in P2 

(stripes), temperatures of both legs are very close to each other (maximum and mean 

values). By contrast, in P1 the reverse is presented. The figure also shows that thermal 

values in P2 have increased when compared to P1. Moreover, all significant differences 

which were seen in P1 have disappeared in P2 (Table 16). 

Table 16.- Mean values of the maximum and average temperatures of the anterior and 

posterior views  in both periods (P) of the injured and non-injured leg (NON-INJ). 

*(p<0.01) **(p<0.05) 

  P INJURED (°C) NON-INJ (°C) ΔTsk (°C) t24 p 

   X SD X SD    

MAXIMUM 
 

ANTERIOR 
1 31.95 0.75 31.69 0.80 0.26** 2.558 0.017 

2 32.20 1.09 32.27 1.12 -0.07 0.726 0.475 

POSTERIOR 
1 32.31 0.78 32.70 0.65 -0.39* 0.000 -5.738 

2 32.90 0.98 32.91 0.98 -0.01 0.906 -0.120 

AVERAGE 
 

ANTERIOR 
1 30.46 0.84 30.56 1.01 -0.10 0.386 -0.882 

2 30.92 1.18 31.03 1.23 -0.11 0.286 -1.092 

POSTERIOR 
1 31.09 0.82 31.45 0.79 -0.36* 0.000 -7.268 

2 31.9 1.11 31.96 1.08 -0.06 0.205 -1.302 
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5. DISCUSSION 

Many studies that have used thermography as a tool to track athletes and 

injuries since this technology came into existence (Priego et al., 2015; Klute et al., 

2014; Badza et al., 2012; Akimov et al., 2009; Bagarone, 1987; BenEliyahu, 1990, 1992; 

Bertmaring, 2008; Čoh & Širok, 2007; Ferreira et al., 2008; Garagiola & Giani, 1990, 

1991; Gómez Carmona et al., 2008; Gross et al., 1989; Hildebrandt & Raschner, 2009; 

Hildebrandt et al., 2010; Katz et al., 2008; Keyl & Lenhart, 1975; Mangine et al., 1987; 

Pochaczevsky, 1987; Rochcongar & Schmitt, 1979; Roehl et al., 2009; Sillero Quintana, 

et al., 2010; Tkacova, 2010; Vainer, 2000) have defended its use in sports and health. 

Our work also follows this line with the objective of establishing thermography as a 

tool that informs us about the objective condition of the subject and more particularly 

of the injury. The evolution of body surface temperature allows us to monitor the 

recovery status of the subjects and comparing the beginning status of the leg with the 

end status. 

A healthy person with unknown pathology should not have a thermal 

difference between the contralateral legs of more than 0.27±0.2°C (Uematsu et al.,, 

1988a, 1988b). To research this, Uematsu et al., performed a study of 90 healthy 

people. Patients were followed for 5 years. For further analysis, Uematsu et al., 

designed 40 regions on the subjects body surfaces to reach that conclusion. 

5.1. STUDY I 

5.1.1. ANALYSIS OF TEMPERATURE 

According to the maximum data from Table 5, the biggest difference 

corresponds to the anterior thigh medial (A-TM) with 0.55°C. However, the posterior 
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view shows that in some areas (P-LL and P-LM) the temperature between P0 and P1 

has increased over 0.2°C.  

In Table 6, it can be seen that most differences in temperature between the 

P0 and P1 relate to a higher temperature of the non-injured leg in P0. In the average 

data a maximum difference of 0.44°C can be noticed between the same side areas of 

the anterior thigh medial (A-TM). We can recognize a decrease in temperature from P0 

to P1 in other anterior areas as thigh lateral (A-TL). In the posterior view, the biggest 

decrease occurred between the thigh lateral and medial areas (P-TM, P-TL). There are 

two areas in which the temperature was higher on P1 than on P0, but the differences 

were less than 0.1°C. In the maximum data, the biggest difference corresponds also to 

the anterior thigh lateral (A-TL) with 0.46°C, while the thigh medial difference 

decreased by 0.08°C. However, the posterior view showed that both in the knee and 

leg areas the temperatures P1 were higher than on P0.  

5.1.2. THERMOGRAPHIC PROFILE OF AN ACL INJURY BEFORE AND AFTER THE 

REHABILITATION PROGRAM 

In Table 7 we have joined the medial and lateral results of each area, thus 

obtaining six areas per leg and three for each view (Lee & Cohen, 2008). In Table 8, a 

simplified view in just one area is presented.  Data show the greatest difference in the 

thigh in both anterior and posterior view in Table 7. In both cases the temperature of 

the last image is lower than the temperature of the first image. Table 8 also showed a 

higher temperature on P0 than on P1. This data indicates that indeed, the temperature 

is falling, probably due to the drop of the blood flow produced by an improvement in 

the injury state (Garagiola & Giani, 1990; Mangine et al., 1987). 
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Data in Table 8 showed significant differences in maximum values between 

the initial and the final state of temperature in the posterior areas of both legs. The 

temperature increased during the recovery process. Barker, Hughes and Babski-Reeves 

(2006) used thermal imaging to detect thermal changes after physical activity. They 

took pictures at different times of the activity to compare their evolution. They 

concluded that thermography was sensitive to thermal changes during the physical 

tasks, so it can detect the blood flow demand that produces the thermal changes and 

responses. Hunold et al., (1992) came to the same conclusion after a study where 

pictures were taken before, during and after ten-minute ergometer exercise. They 

could register temperature changes over 3°C. 

5.1.3. GENERAL APRECIATIONS FROM STUDY 1 

Our results showed that there was a different thermal behavior of the 

anterior and posterior view of legs as explained before. We believe it was due to the 

offset and muscle compensation which occurs during or prior the recovery period 

because subjects could try to protect the injured leg. We noticed that while walking 

they loaded more their healthy legs. This extra work could be the reason why the non-

injured leg was also affected with an increase of temperature in the posterior area 

prior and during the rehabilitation process.  

5.2. STUDY II 

According to Garagiola and Giani (1990), a sharp peak in temperature occurs 

after an injury. In this study there were actually two injuries, the ACL rupture and the 

ACL reconstruction, which is widely invasive because the knee ligament must be 

replaced (Ventura, 2010).  
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The results of maximum temperatures on P0 showed that there was 

hyperthermia in the injured leg compared to the non-injured one, but only in the 

anterior view. This means that the front of the injured leg P0  had  higher Tsk peaks 

than the non-injured leg. This result contrasted strongly with data from the posterior 

area of the leg, which was completely the opposite. On P0, the temperature of the 

posterior view of the non-injured leg was significantly warmer. 

The results of the average temperature on P0 did not show large differences 

between the anterior views of both legs but they did in the posterior views. As with 

the maximum data, the average temperature was significantly higher in the posterior 

view of the non-injured leg than in the injured leg. We can observe this phenomenom 

in Figure 12. 

The justification for this phenomenom can be found in the work of Piñonosa 

et al. (2013) and Bagarone (1987) which explains how a healthy body structure may 

deteriorate if its symmetrical structure, in this case the leg, is injured. This injury 

caused an overuse of the healthy leg, which is not used to this extra effort and 

develops an imbalance in the muscles, so that it needed more nutrients and blood flow 

to maintain the activity. At this point, subjects also limped. This prolonged lameness 

may cause an overload of the other leg and especially in the posterior area as can be 

seen in the results. This workload may be the reason why posterior areas showed 

higher temperatures. Colné and Thoumie (2006) suggested that a bilateral increase in 

soleus activity was related to an increment of the duration in the balance recovery 

process in all patients of ACL reconstruction. Patients used one or two strategies to 

recover balance regardless of the treatment: reducing the step length, involving an 

early recruitment of the soleus before heel contact, or anticipating braking with a 
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similar step length requiring a predominant activity of the hamstrings. These results 

from Colné and Thoumie suggested that bilateral activity of the soleus was involved to 

compensate for instability and highlight the contribution of the soleus to rehabilitation 

after an anterior cruciate ligament injury, not only as a compensatory muscle acting at 

the knee level but also at a higher level in the bilateral control of stance. 

At this point, professionals of the rehabilitation should be aware about this 

behavior and monitor the recovery of both legs, not only the injured one. 

In P1, ΔTsk between both legs remained, although the temperature difference 

between the injured and non-injured leg or vice-versa had indeed fallen. Thus, results 

still showed significant Tsk differences at the end of rehabilitation, but these 

differences had decresead from the beginning of rehabilitation (Tables 9 and 10). 

However, the only data that had remained constant in both stages were the difference 

between the averages of the posterior area. This suggests that the subjects, from a 

thermal point of view, had not evolved. It is likely that they were limping during the 

rehabilitation and therefore, overloading this area and maintaining the posterior leg 

Tsk (Piñonosa, et al., 2013). But we can guess that in a point of the rehabilitation, the 

lameness might have decreased, because if the subject had limped during the whole 

rehabilitation until the final week, the temperature of the posterior view of the non-

injured leg should have increased also, and that was not the case, since it stayed 

constant. Then, we might venture that the Tsk of the posterior area was tending to 

decrease in P1, and probably if we had followed the subjects after their rehabilitation, 

temperatures of both the posterior and anterior views would have approached 

symmetrical values as we will discuss in Studies 3 and 4. With this study we have 

demonstrated that we should always keep in mind the two symmetrical parts of the 
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body, and especially the legs, as they support the body weight. When an injured leg 

becomes non-functional, its load is considerably reduced, and the responsibility of the 

leg that is in good condition increase and is forced to endure much more weight than it 

is used to, as we can appreciate in the results. The thermographic camera was able to 

assess where the workload was affecting the most. 

Based on these results and adding our experience in the San Carlos Clinical 

Hospital and our conversations with rehabilitation physicians and physiotherapists, this 

occurs in almost all cases when patients recover from a knee injury but patients usually 

acquire a wrong motor walking habit, which produces overload in the healthy leg. Thus, 

reassessment by the physical therapist during rehabilitation must be ongoing and 

comprehensive in effort to identify all sources of impairment as soon as they begin to 

develop. At which time immediate treatment modifications addressing all areas of 

impairment must be implemented to ensure the best possible outcome and prevent 

the need for additional surgical intervention (Potter, 2006). As it has been 

demonstrated throughout the text, thermography can easily assess these impairments. 

5.3 STUDY III 

5.3.1. ANALYSIS OF TEMPERATURE 

Our study tries to discover if the temperature has boosted, plummeted or 

remained steady between two time points (P1 and P2). Therefore, we have compared 

the initial and final state of both legs (injured and non-injured leg). This comparison 

completes the study of Piñonosa et al. (2013), where the time points recorded were 

before and after rehabilitation. In the average data of Table 11 (injured leg), we 

observed significant higher temperatures in P2 than in P1. It is surprising that only 

three areas did not suffered significant changes, and both areas of the knee among 
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them. Furthermore, the temperature of one of the knee areas has decreased between 

P1 and P2, though the injury was located there originally. Besides this evidence, we 

have found in maximum values this same behavior, but this time, with significant 

values in one knee area (A-KM). 

In agreement with the results of recent studies conducted by Romano (2012), 

the temperature of the injured leg has evolved significantly from the reconstruction. In 

P2, the temperature of the knee was lower than the surrounded areas. 

In Table 12 (non-injured leg) we have detected a significant temperature 

increment in every area. As Garagiola and Giani (1990) describe, after a long recovery 

period, subjects are used to limp, even when they are supposed to be completely 

recovered. Probably they walk this way subconsciously. This behavior could be the 

point of this increment. 

5.3.2. THERMOGRAPHIC PROFILE OF AN ACL INJURY AFTER A REHABILITATION 

PROGRAM AND 18 MONTHS LATER 

In Table 13, similar findings than Table 11 were seen. Data showed the 

greatest difference in the anterior view of the thigh, which can be caused by an 

overload or by a heat redistribution toward the proximal parts of the body. In contrast, 

the lowest difference in the anterior view of the injured leg was located in the knee. 

 In Table 14, as it happened in all areas (anterior and posterior), temperature 

in P2 is higher than temperature in P1. These results remark the most important 

differences within the posterior views, either in the injured leg (p<0.01) or in the non-

injured leg (p<0.05).  

Concerning to maximum values, table 15 showed significant differences in the 

anterior view of the non-injured leg, presumably as a result of overloading the non-
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injured leg. Though, in the posterior view of the injured leg the temperature has also 

boosted, likely because of the subjects did not extend the knee properly and they are 

overloading the posterior muscles and underloading the anterior ones. 

5.3.3. GENERAL APRECIATIONS FROM STUDY 3 

Our results showed that temperature has enhanced since the subjects had 

finished the recovery. However, beyond a short period of time after the reconstruction, 

the temperature of the injured area (knee) still stays up (Piñonosa, 2013). It seems that 

after a long period of time the temperature of the injured knee remained stable in the 

anterior view. Nevertheless, the temperature of all the areas around have raised up. 

Perhaps this is due to a temperature redistribution of the injured leg. The non-injured 

leg also showed a higher temperature in P2 when compared to P1. The reason could 

be the subconscious lameness that often this kind of injury presents. This is the claim 

that patients usually used one of these strategies to recover balance: reducing the step 

length, involving an early recruitment of the soleus before heel contact, or anticipating 

braking with a similar step length requiring a predominant activity of the hamstrings 

(Colné & Thoumie, 2006). 

With this study we can determine that thermography can be a good tracking 

tool when a quick and objective monitoring of the structures damaged by an injury is 

required, especially long-term rehabilitations. Following similar works, this study 

reveals that the baseline temperature of injured and non-injured leg are different even 

after a long period (Litscher, 2013). This tool allows us to check the skin surface heat 

emission, which can be very useful as many metabolism changes detach temperature 

variations, easily captured by a thermographic camera. One goal of this study was to 
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describe temperature distribution and the effects on surface temperature of the knees 

in subjects with an anterior cruciate ligament reconstruction. 

During this study, we discovered a thermal balance between the anterior and 

posterior view in both knees and in both Periods (P1 and P2). We have noticed that the 

temperature of the posterior view is always higher than the temperature of the 

anterior view. This phenomenon can be checked at Table 13. While the mean 

difference in P1 is 1.35°C, in P2 the mean difference has boosted until 1.97°C. As a 

result, this research line is suggested for future studies. 

5.4. STUDY IV 

Thermal values of symmetrical parts of the body surface should be similar 

(Ammer, 2008; Vardasca, 2008) with a small range of variation. After a long period of 

time (18 months), it stands to reason that both legs had reached similar temperature 

values  and thus, the thermal differences had disappeared. Haidar et al (2006) 

conducted a similar study whose goal was to establish the pattern of knee skin 

temperature following uncomplicated primary total knee replacement. Their 

measurements were taken at 3, 6, 12 and 24 months following surgery. They found 

that firstly, the operated knee Tsk increased comparing to the contralateral knee. 

However, the difference decreases steadily, but remains statistically significant up to at 

least 6 months after surgery. Between 12 and 24 months the impairment had 

disappeared. Piñonosa et al (2013) tracked the thermal evolution of both legs 

throughout the rehabilitation of an ACL reconstruction and concluded that the 

temperature of the posterior view of both legs had boosted at the end of the 

rehabilitation (6 week) instead of decreasing. These results suggested that a further 

monitoring over the time was needed. 
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As seen on figure 13, we can highlight that the values of P2 seem to be very 

similar in both legs average and maximum data. This means that the temperature of 

both legs had approached each other during the last year and a half. Actually, the 

highest ΔTsk in P2 is 0.11°C, which is far from the values that others authors marked as 

important imbalance: Vardasca (2008), 0.27°C; BenEliyahu (1990), 0.29°C; Hildebrandt 

et al. (2010), 0,62°C; Niu et al. (2001);  and Uematsu et al., (1985), 0.5°C). 
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6. CONCLUSIONS 

6.1. CONCLUSION OF THE MAIN OBJECTIVE 

With these studies we can say that thermography can be a good tool when a 

rapid and objective monitoring of the damaged structures by an injury is required. 

Thermography has shown the ability of collecting reliable data in a shorter period of 

time, this facilitates the use of thermography in professional activities although a long 

acclimatization time (as other tools require) may be a limiting factor for the use of 

thermography in athletes, factory workers and hospitalized patients. 

6.2. STUDY I 

a) This study demonstrates that there was a temperature increase in the 

posterior area of the injured leg between P0 and the P1.  

 b) This study demonstrates that there was a temperature increase in the 

posterior area of the non-injured leg between P0 and P1.  

c) Significant differences were not found in any other measures, so we can 

conclude that the temperatures of other areas were similar on P0 and P1, meaning the 

body structures had not fully recovered during the rehabilitation period.  

6.3. STUDY II 

a) Temperatures of both legs (injured and non-injured) are assymmetrical before 

the rehabilitation process. 

b) Temperaturess of both legs (injured and non-injured) are still assymmetrical 

after the rehabilitation process, especially in the posterior view, where the Tsk of the 

non-injured leg is significantly higher.  
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6.4. STUDY III 

a) & b) The temperature of lower limbs 18 months after having concluded the 

recovery period is higher than just after rehabilitation. 

6.5. STUDY IV 

a) We can conclude that 18 months after the rehabilitation, participants seem to 

have standardized their thermal values in both legs. We did not found temperature 

difference between the injured leg and non-injured leg. 18 months after the end of 

rehabilitation. This fact means that 18 months after the end of rehabilitation the Tsk of 

both legs is symmetrical. 
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7. LIMITATIONS OF THE WORK 

After the experience gained during the development of data collection, the 

difficulties involved in it, and discussion of the results, we have a critical view of the 

work focused on the next points: 

• The sample can always be greater, so it could provide more meaningful and 

universal results. In this study there has been little female participation, 

although this same matter in ACL injury rates in both production mechanism. 

• It is very difficult to control everything made by the subjects out of 

rehabilitation, especially during the 18 months after the rehabilitations. 

• The difficult to control the medicine intake during all the process. 

• Regarding the analysis of data, the data collection process is fast, however, the 

process of analyzing the thermograms to extract the temperature data of 

images is slow (10 to 15 minutes per picture) and with some margin of error. By 

creating areas and adapt to each photo of each subject it is possible that a 

slight deviation occurs in one of them that does not exactly match the rest. A 

tool to help extract information from the thermal image with validity, reliability 

and speed would be required. 

• IRT has limitations linked to the factors, which are hardly manageable. 

According to Konen (2000), problems related to equipment and standardization 

in IRT studies hinder its feasibility, and some of the existing IRT cameras for 

humans still could have a better accuracy. Some of these factors may be 

controlled by carrying out a standardized protocol (Fernández-Cuevas, et al., 

2015). However, as it was shown in the review literature, there is a large list of 

factors, which have not been (enough) analysed yet, and whose influence on Tsk 
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is still somehow unpredictable (age, gender, subcutaneous fat, tobacco 

intake…). 

• The ROIs are different among IRT studies. This makes hard to compare data. 

• The templates used in IRT depend only on the researcher, as there is no a 

protocol to standardized the ROIs. 
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8. FUTURE RESEARCH LINES 

There is still a huge amount of work to be done. During the development of 

this work new ideas and lines of research has been considered for further 

investigations: 

• To compare the Tsk evolution of this rehabilitation program of the ACL with 

some others rehabilitation programs. 

• Regarding the ACL rupture would be very interesting to track from the start of 

the injury, and follow it until full recovery, even years afterwards. 

• After the experience of this research, I believe very useful the possibility of 

making a comparative study of the evolution of the subjects correlating the 

waiting time from the surgery to the start of rehabilitation. 

• The range of this tool is immense and unexplored. It could be done the same 

with any injury and establish the thermal profiles of each. Thus it could show 

whether the diagnosis of an injury by thermal map image is possible. 

• To use IRT as a following method at the treatment of other typical sport injuries. 

• To study deeply all kind of factors that can influence in the Tsk evaluation. 

• To improve the IRT software in order to eliminate the residual errors and reach 

perfect reliability values, and make a new system and features as 3D or virtual 

analysis. 

• We believe that thermography could be used to quantify the effects and 

assimilation of the training workloads. Further investigations should describe 

the effects of different training methods at different volume and intensities of 

work and compare the results with other tools. IRT can be used too to evaluate 

recovery processes. 
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• IRT as a prevention tool is a potential application as many authors have 

evaluated (E. Akimov & Son'kin, 2011; Chudecka & Lubkowska, 2010; Merla, et 

al., 2010; Sillero Quintana, et al., 2010) 
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