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Sommario 

In ambito clinico vengono utilizzati diversi tipi di tecnologie per la valutazione della salute 

dell’individuo. Da grandi macchinari che utilizzano tecnologie magnetiche, come la 

risonanza magnetica, a tecnologie a raggi X nel caso della radiografia. Questi sistemi, 

malgrado rappresentino il gold standard per la valutazione clinica, non sono privi di rischi 

dovuti alle radiazioni ionizzanti, o a possibili dispositivi medici impiantanti nel paziente. 

Per questi motivi, la ricerca riguardo nuovi sistemi ad infrarossi impiegati in ambito clinico 

è in espansione oggi più che mai. Tra le tecniche più promettenti che adoperino sistemi ad 

infrarossi vi è la termografia ad infrarossi. Questo sistema dotato di un sofisticato 

termometro è in grado di rilevare la radiazione di calore emessa dal corpo umano 

all'interno di uno spettro elettromagnetico non visibile ad occhio nudo. Identificando la 

temperatura superficiale, questo strumento fornisce informazioni sul flusso sanguigno e sul 

metabolismo muscolare, e sulle anomalie termiche presenti nelle aree indagate dovute a 

zone di infiammazione. Le aree di applicazione della termografia ad infrarossi variano 

molto, aprendo ad una valutazione dell’individuo da diversi punti di vista. Nell’ambito del 

movimento umano viene utilizzata tipicamente per la valutazione degli effetti 

dell’esercizio fisico a vari livelli, oltre che per la comprensione della risposta 

termoregolatoria del corpo a diversi tipi di stimoli. Per quanto riguarda invece l’ambito 

clinico, alcuni studi in letteratura hanno indagato l’utilizzo di questo strumento in diverse 

aree quali l’oncologia, l’angiologia, la dermatologia, l’odontoiatria, la fisiatria e 

l’ortopedia. Uno degli ambiti più promettenti per l’impiego in termini di ricerca di questa 

tecnica non dannosa, di semplice utilizzo ed affidabile è quello dello studio dei disturbi 

muscoloscheletrici.  In questa dissertazione vengono approfonditi gli ambiti di utilizzo 

della termografia ad infrarossi sul corpo umano, sia dal punto di vista della risposta 

termoregolatoria all’esercizio fisico, che delle differenze nei pattern termici di soggetti 

appartenenti a categorie diverse. In 3 articoli originali pubblicati e 1 studio in stadio 

preliminare ivi presenti è stata impiegata la termografia ad infrarossi per identificare le 

differenze generate da diversi tipi di esercizio fisico, da sovraccarico funzionale, da 

condizioni patologiche e la potenziale integrazione di quest’ultima con un altro sistema ad 

infrarossi, la rasterstereografia, per la creazione di un mezzo ad infrarossi combinato per la 

valutazione delle alterazioni del rachide. Infine, data la praticità di utilizzo della 

termografia ad infrarossi nella valutazione delle aree anatomiche aventi cartilagine 

articolare, come riportato in letteratura, sono state eseguite numero 2 revisioni riguardanti 

la cartilagine articolare, con focus sul ginocchio, e numero 1 revisione della letteratura 
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riguardante specificamente l’utilizzo della termografia ad infrarossi nella valutazione della 

osteoartrite del ginocchio. Grazie ai risultati ottenuti in questi studi di ricerca è stato 

possibile porre l’attenzione riguardo alla applicabilità e riproducibilità della termografia ad 

infrarossi applicata alla valutazione del corpo umano, sia sul sano che sul patologico, oltre 

che la possibilità di creare un nuovo sistema ad infrarossi combinato per la valutazione del 

rachide. 

ABSTRACT 

Nowadays, various types of technologies are used to assess an individual’s health in the 

clinical field. These range from large machines that use magnetic technologies, such as 

magnetic resonance imaging, to X-ray technologies like radiography. Despite being the 

gold standard for clinical evaluation, these systems are not without risks, including 

exposure to ionizing radiation or potential complications for patients with implanted 

medical devices. For these reasons, research into new infrared systems employed in 

clinical settings is expanding now more than ever. Among the most techniques that utilize 

infrared systems, the infrared thermography is one of the most promising. This system, 

equipped with a sophisticated thermometer, can detect the heat radiation emitted by the 

human body within an electromagnetic spectrum invisible to the naked eye. By identifying 

surface temperature, this tool provides information on blood flow, muscle metabolism, and 

thermal abnormalities in the investigated areas, often due to inflammation. The 

applications of infrared thermography are broad, enabling an assessment of the individual 

from various perspectives. In the field of human movement, it is typically used to evaluate 

the effects of physical exercise at various levels, as well as to understand the body’s 

thermoregulatory response to different types of stimuli. In the clinical field, some studies 

in the literature have investigated the use of this tool, as an auxiliary technique, in areas 

such as oncology, angiology, dermatology, dentistry, physical medicine, and orthopaedics. 

One of the most promising areas of research for this non-invasive, easy-to-use, and reliable 

technique is the study of musculoskeletal disorders. This dissertation delves into the 

applications of infrared thermography on the human body, both in terms of the 

thermoregulatory response to physical exercise and the differences in thermal patterns 

among individuals from different categories. In 3 original articles published and one 

preliminary study presented here, infrared thermography was used to identify differences 

generated by various types of physical exercise, functional overload, pathological 

conditions, and the potential integration of this tool with another infrared system, 
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rasterstereography, to create a combined infrared method for assessing spinal alterations. 

Finally, given the practicality of infrared thermography in assessing anatomical areas with 

joint cartilage, as reported in the literature, 2 reviews were conducted on joint cartilage, 

focusing on the knee, and 1 review specifically examined the use of infrared thermography 

in the assessment of knee osteoarthritis. The results of these research studies highlighted 

the applicability and reproducibility of infrared thermography in evaluating the human 

body, both in healthy and pathological conditions, and the possibility of creating a new 

combined infrared system for spinal assessment. 
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Abbreviations 

MSDs            Musculoskeletal disorders 

IRT   Infrared Thermography 

OA   Osteoarthritis 

KOA   Knee osteoarthritis 

ROI   Region of interest 

TISEM  Thermographic imaging in sport exercise and medicine 

TS   Team sport 

IS   Individual sport 

WT   Weight training 

IN   Inactive 

Tsk   Skin temperature  

AB   Active breaks 

NAB   No active break 

∆t   Temperature differentials 

LiDAR  Light detection ranging technology 

CIM   Combined infrared method  

BMI   Body mass index 

PA   Physical activity 
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SOP   Standard operating  procedure 

MRI   Magnetic resonance imaging 

IL   Inflammatory cytokines like interleukin 

TNF   Tumor necrosis factor 

WOMAC  Western Ontario and McMaster University Arthritis index 

KOOS   Knee injury and Osteoarthritis Outcome Score 

NoS   Number of studies 

NoA   Number of athletes 

IVD   Intervertebral disc 

KOA   Knee osteoarthritis 

COD   Change of direction exercise 

AUH   Anterior upper half 

ALH   Anterior lower half 

PUH   Posterior upper half 

PLH   Posterior lower half 
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INTRODUCTION 

Musculoskeletal disorders (MSDs) represent a significant global health challenge, affecting 

individuals across all stages of life and activity levels [1]. As the prevalence of MSDs rises, so 

does the need for accessible and effective diagnostic tools that enable the early detection and 

the regular monitoring through follow-ups, helping prevent conditions from worsening and 

improving the quality of life of patients. Current diagnostic imaging techniques, such as X-

rays and magnetic resonance imaging provide detailed anatomical views but often they have 

high costs, involve long waiting periods, and, more importantly, expose patients to radiation 

that, if repeated, could become harmful. These limitations make them less suitable for 

frequent assessments, particularly in preventive contexts, where non-invasive, regular 

monitoring is essential to track changes in musculoskeletal health over time. This gap in 

musculoskeletal care underscores the importance of developing new methods that not only 

reduce dependency on costly, high radiation imaging, but also support proactive health 

management.  

The research on human movement analysis embraces a huge variety of scientific disciplines 

from physical medicine and rehabilitation, to neurology and sport science, opening to the 

possibility of applying different approaches, from different specialists, to evaluate the human 

body. This comes from the nature of human movement itself, which is the human’s inner 

ability to coordinate, with high complexity, the mechanical interactions between muscles, 

bones, joints and ligaments under the control of the nervous system. For this reason, human 

movement analysis is used as a tool to understand some of the most important health 

parameters of an individual, especially in the analysis of the musculoskeletal system. One of 

the most used method in the last 30 years to perform human movement analysis is the 

stereophotogrammetry, which still represent the gold standard until date. This method is 

achieved through different cameras that acquire the video of the person performing the 

movement, and on the positioning of more than forty markers on the skin, to obtain the 

correct position of the bodily segments in the space. Although this method is the more 

accurate, it heavily relies on the experience of the operator in positioning the markers 

correctly; moreover, when acquiring the data, it is fundamental to take account of the skin 

tissue artifacts that affects it [2]. The human body in static and in motion can be studied using 

tools like inertial sensors, infrared cameras, stereophotogrammetry, and marker-less motion 

analysis systems [3]. Nowadays, with the improvement of technology, especially in the field 

of infrared cameras, new ways of analysing the human movement and the musculoskeletal 
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system are  arising. One of the most promising techniques that is interesting the research in 

the analysis of the human movement and the musculoskeletal system is infrared thermography 

(IRT). This technique use a complex type of radiation thermometer that is capable to detect 

heat radiation emitted by the human body within an electromagnetic spectrum which is not 

visible to the human eye [4]. The mechanism of functioning of this cameras is through 

measuring the surface temperatures, offering insights into blood flow and muscle metabolism, 

which subsequently enhance heat convection across different regions of the body [5].  IRT 

valuations are easy to perform, non-harmful, and produce highly reproducible and reliable 

results under various conditions when conducted according to specific thermal data 

acquisition protocols [6,7]. IRT and other infrared-based methods offer a non-invasive, 

contact-free alternative with the added advantage of being entirely radiation-free. One of the 

primary benefits of infrared methods, particularly IRT, is their safety and accessibility for 

repeated use across diverse populations. With no harmful radiation exposure, IRT can be used 

to monitor individuals frequently without concern for cumulative exposure effects, which is 

especially important for children, older adults, and patients requiring regular follow-up. This 

non-harmful nature of infrared imaging makes it as a potentially valuable, auxiliary tool in 

preventive musculoskeletal health, where repeated assessments are necessary to detect early 

signs of strain, inflammation, or dysfunction before they escalate into more serious 

conditions.  

The aim of this thesis is to explore the applicability of IRT as an effective, non-invasive tool 

for assessing and monitoring musculoskeletal health across varied populations and 

applications, developing a new system based on infrared methods to evaluate the 

musculoskeletal system. Through a series of studies, this thesis wants to provide more 

research data for the  foundational understanding of thermal profiles in musculoskeletal 

regions by examining differences between different populations. Throughout the thesis, there 

will be presented research works on normative thermal data of the back of healthy individuals, 

a new combined infrared method for the evaluation of the back,  how ergonomic and postural 

factors can influence musculoskeletal strain in office environments, what are the thermal 

responses of knee cartilage and surrounding tissues after different types of physical activity 

and warm-up routines, and a series of literature reviews that focus on the application of IRT in 

MSDs and the influence of physical activity on cartilage at different levels. Lastly, it will be 

presented a study (still ongoing) that evaluated patients with knee osteoarthritis (OA) through 

IRT and gait analysis performed with a treadmill with an infrared camera, to comprehend if 
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this dual approach is capable of detecting differences between healthy and pathological 

individuals.  

RESULTS 

ARTICLE – ORIGINAL RESEARCH N°1 

In the first of the three original articles of this thesis, herein is presented the thermal profile 

classification of the back of sportive and sedentary healthy individuals, to acquire 

normative thermal data of the back on healthy individuals to, subsequently, compare them 

with individuals affected by musculoskeletal discomfort or pathologies of the back. 

Journal of thermal biology (IF:2.9, Q1) doi: 10.1016/j.jtherbio.2023.103751 

Thermal profile  classification of the  back  of sportive  and  sedentary healthy 

individuals 

Bruno Trovato1, Federico Roggio1,2, Martina Sortino1, Lucia Rapisarda3, Luca Petrigna1* 
and Giuseppe Musumeci1,4,5 

1Department of Biomedical and Biotechnological Sciences, Section of Anatomy, Histology and Movement 
Science, School of Medicine, University of Catania, Via S. Sofia n°97, 95123, Catania, Italy  

2Sport and Exercise Sciences Research Unit, Department of Psychology, Educational Science and Human 
Movement, University of Palermo, Via Giovanni Pascoli 6, Palermo, 90144, Italy 

3Spine Unit, Cannizzaro Hospital, Catania, 95123, Italy 

4Research Center on Motor Activities (CRAM), University of Catania, Via S. Sofia n°97, 95123, Catania, 
Italy 

5Department of Biology, Sbarro Institute for Cancer Research and Molecular Medicine, College of Science 
and Technology, Temple University, Philadelphia, 19122, PA, United States 

Abstract 

Background 

Infrared thermography (IRT) is a non-harmful, risk-free imaging technique and it has 

application for healthy and pathological population. 

Objective 

The aim of this study is to evaluate the thermographic profiles of the back of sport 

practitioners from different disciplines and compare it with those of sedentary healthy 

individuals. 

Method 
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The back of 160 healthy subjects were evaluated, and participants were grouped 

considering their sport practice: team sport (TS), individual sport (IS), weight training 

(WT), inactive (IN). Three regions of interest were identified to analyze the cervical, 

thoracic and lumbar temperatures of the back. 

Results 

The Multivariate analysis of variance (MANOVA) resulted significant statistical 

differences for the cervical (p < 0.001), dorsal (p = 0.0011), and lumbar areas (p = 0.0366). 

The Tukey post-hoc test for pairwise comparison showed statistically significant 

differences between groups. For the cervical area significance was found between the IN 

and WT group (p = 0.002), the IN and IS group (p < 0.001), IN and TS group (p = 0.020). 

The dorsal area presented significant differences between the IN and WT group (p = 

0.007), the IN and IS group (p < 0.001), IN and TS group. The lumbar area showed 

significant differences only between the IN and WT group and the IN and IS group (p = 

0.043). 

Conclusion 

This study demonstrated that inactive individuals manifest a statistically significant higher 

temperature in the cervical, dorsal and lumbar area of the back compared to sportive 

individuals. 

Keywords 

Infrared thermography; Back; Kinesiology; Sport science; Evaluation 

1. Introduction 

The implementation of new  technologies that  provide data  for the analysis   of  the  

musculoskeletal system  has  allowed   a  wider   under- standing of human physiology 

both  in static  and  dynamic conditions [8]. The current interest of the scientific  

community is growing  in the  directions of those  technologies that  do not  expose  the 

individual to harmful radiations [3]. It is possible  to examine the human body during  its 

movements with  tools like inertial sensors,  infrared cameras, stereophotogrammetry and  

marker-less motion analysis  systems [3]. For the static  analysis  of the musculoskeletal 

system  the non-harmful technologies comprehend rasterstereography,  infrared  cameras,  

wearable  devices  [9]  and  mobile  application for  posture assessment [10], 3D ultrasound 
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imaging system [11], digital palpation device [12], moire topography [13],  and infrared 

thermography (IRT)[14]. 

The interest of the scientific  community for IRT as a complementary tool  for  the  

evaluation of  the  human body,  and  especially for  the musculoskeletal system,  is 

growing  in the  last  decade [15-18]. This technique is easy to perform  and it is non-

harmful, highly  reproducible [6],  non-invasive and  it  does  not  require the contact with  

the patient. The IRT cameras use an advanced type  of radiation thermometer that  detects  

the  heat  radiations of a body  in an electromagnetic spectrum invisible  for  the  human 

eyes [4]. The surface  temperature identified is related to the  blood  flow and   muscle   

metabolism  which   increase  the   convection  of  heat   to different areas  of the body [5].  

The standard operating procedure to perform  accurate and  reliable thermographic 

measurements is the  one  proposed in 2017  by Moreira[7] who  redacted the  

Thermographic Imaging  in Sports  and Exercise  Medicine  checklist  (TISEM) with  all 

the  variables to take  into account  when   performing  studies   with   infrared  

thermography, to minimize the risk of bias. With IRT it is possible to evaluate different of 

pathologies, selecting  correct  regions  of interest (ROI) on  the  skin  to analyze, from  

musculoskeletal diseases,  such  as  rheumatoid arthritis [19], to  breast  cancer [20], psycho- 

physiology and  emotions [21]. Sport  science  is an interesting field of research where  the 

IRT finds its application due to its versatility and  the  possibility of  in-field  use.  

Interestingly, IRT was employed with  encouraging results  as  an  indirect marker of  

muscle damage after an acute  protocol of plyometric jumps in physically active men [22], 

as well as in the evaluation of professional athletes during   competitions to  achieve   a  

better under- standing of the thermoregulatory system  during  the performance [23]. To 

date, there  are only a few studies that classified  the thermal profiles  of athletes in static  

conditions [5,24]. However, it  is important to  study  the thermal profiles of different 

athletes from various  disciplines to achieve a better understanding of the adaptation of the 

thermoregulatory system to the sport.  Collecting  baseline  data  on the thermal profiles of 

the back of sport  practitioners can help  physician and  trainers in adapting their approach 

to the players and to enhance their health status maintenance. As  it  was  demonstrated  by  

Coˆrte  et  al. [25]  and Gomez-Carmona et al. [26]  IRT has  the  potential to be a useful 

prevention tool for the reduction of the injury  rate during  a competitive season  in 

professional athletes. Thus,  the  aim  of this study is to assess and classify the 

thermographic profiles of the back of sport  practitioners from  different disciplines and  
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compare it  with those  of  sedentary healthy individuals to  understand how  the  sport 

impacts  the thermal response of the back. 

2. Materials and methods 

A sample   composed of  160  voluntary healthy young  adults   was recruited, 75 males 

and 85 females. Prior to testing, all participants were informed about  the  study  

procedure, risks,  and  benefits  and  provided written, informed consent to participate in 

the  study  and  to use their data.  All subjects  participating gave their  informed consent 

before participation. The study  was approved by the local ethics  committee of the 

Research  Center  on Motor Activities  (CRAM), University  of Catania (Protocol Number:  

Protocol n.: CRAM-020-2021,  20/12/2021), and  it was conducted in accordance with  the 

Declaration of Helsinki. A researcher collected baseline  information from  each  

participant, including age (years), gender,  height  (cm),  body weight  (kg) and sport 

practiced prior  to the thermal imaging  acquisition. Furthermore, information related to  

their  health status  and  sport  background were  also collected. Only  healthy young  

adults   were  included and  they  were excluded if they  presented physical  acute  

(inflammation) or chronical conditions (chronic low back pain,  scoliosis). Inactive  group  

(I) was composed by young  adults  that  didn’t took  part  in  any  physical  and sporting 

activity  in  the  last  year.  The  sport  group  was  composed by participants that practiced 

in weight training (WT), individual sport (IS), team  sport  (TS) for at least  5 years.  

Furthermore, sportive  participants were considered eligible for the study only if they 

reported an average of 3 sessions of training per week. The sports included in the TS group 

were soccer,  volleyball and  basketball with  31 participants, in the  IS group were  

swimming, track  and  field,  ballet  with  40  participants, the  WT group   had   69   

participants  and   the   IN  group   comprehended  20 participants. 

2.1 Instruments 

All the thermographic measurements were taken  with  the FLIR E54 (Wilsonville, OR, 

USA) camera with a detector resolution of 320 × 240 pixels and thermal sensitivity <0.04 

◦C. The camera was placed  onto a tripod, distant 1.5 m from the individual in a room with 

a temperature of 23◦ ± 2 ◦C and humidity of 50%; camera emissivity level was set at 0.98. 

Three ROI were  identified using the Flir thermal studio  pro® software: cervical, dorsal  

and  lumbar area.  The ROI were  delimited considering the  vertebrae of the  spine  and  

excluding the  upper  limbs.  The cervical ROI was  delimited with  a  rectangle starting 

from  the  third  cervical vertebra to the seventh one. The dorsal  ROI of the body was 
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delimited with  a  polygon   from  the  first  to  the  twelfth   thoracic  vertebra.  The lumbar 

area  was  delimited with  a polygon  from  the  first  to  the  fifth lumbar vertebra. The 

identification of the ROI is presented in Fig. 1. All the participants had an acclimatization 

time of 20 min prior testing and the thermographic measurements were taken at morning, 

with no physical activity performed in the previous 24 h. Considering the influencing 

intrinsic and extrinsic factors for the measurement of the skin temperatures (Tsk) with IRT 

[27] we applied the following exclusion criteria: presence of ointment on the skins surface 

of the selected ROI, assumption of anti-inflammatories, analgesic, contraceptive and 

anesthetic drugs 48h prior the measurements and caffeine consumption 3 h prior testing. 

The thermographic values taken under consideration were the averages skin temperature 

(Tsk) of the 3 ROI selected. 

Figure 1. Identification of the cervical, dorsal and lumbar ROI with Flir Thermal Studio Pro. 

 

2.2 Data analysis 

Descriptive analysis was employed to report the anthropometric differences between the 

groups and the genders. Inferential statistics comprised the Levene's test to verify the 
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homogeneity of the variance, the Mahalanobis distance verified the presence of 

multivariate outliers, the multivariate analysis of the variance (MANOVA) with the post 

hoc Tukey test was applied to detect significant differences between groups. Significance 

was accepted at p < 0.05. All the statistical analysis were performed with R Project for 

Statistical Computing (Vienna, Austria). 

3. Results 

The mean age of the sample was 26.6 (5.31) years, male mean height 176.2 (7.97) cm, 

female mean height 163.4 (6.04) cm, male mean weight 74.4 (11.9) kg, female mean 

weight 58.4 (8.74) kg, and male body mass index of 23.4 (2.75), mean female body mass 

index 22.1 (3.36). 

The MANOVA analysis resulted significant showing statistical differences for the cervical 

ROI (p < 0.001), dorsal ROI (p = 0.0011), and lumbar ROI (p = 0.0366). The group with 

the higher temperature in the three ROI examined was the IN group, and the statistical 

analysis confirmed that there were significant differences between this group and the TS, 

IS, and WT group (Fig. 2). Table 1 shows the average temperature of group per each ROI and 

two-way MANOVA results. 
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Figure 2. Box plot of the thermal differences between groups. *: p < 0.5; **: p < 0.01; ***p <   

0.001 

Table 1. Description of the average Tsk and MANOVA analysis of the four groups. 

 

The highest temperature among sport practitioners was found in the TS group for the 

cervical, dorsal and lumbar ROI, but no statistically significant differences were found 

with other sport group. Fig. 3 shows the thermographic profile of the back of a participant 

from each group. The Tukey post hoc test for pairwise comparison showed statistically 

significant differences between groups; the results are presented in Table 2. 

Figure 3. Thermographic profile of a subject region of interest (ROI) respectively of the IN (A), IS 

group (B), TS (C), and WT group (D). 
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Table 2. Statistical differences between group with Tukey post hoc test 

 

4. Discussion 

The main finding of this study was that sedentary people present a statistically significant 

higher temperature of the three ROI of the back examined compared to team sport players, 

individual players and weight training practitioners. We found that the temperature 

followed the same pattern through the three ROI in all groups with the cervical ROI being 

the warmer one and the lumbar ROI the coldest one; moreover, we did not find any 

significant differences between male and female in all groups.  

Schlager et al. found a good correlation between blood flow and skin temperature, and it is 

possible to examine it with IRT In healthy and pathological individuals [28]. It is a well-

known topic in literature that physical inactivity is correlated, as a risk factor, to many 

different pathologies, from the metabolic to the musculoskeletal ones [29,30]. Physical 

inactivity is connected to a higher general prevalence of low back pain [31] and it is also 

correlated with neck pain [32]. It was found by Wu et al. (2009) [33] that a decrement in 

temperature was correlated with better pain score reported by subjects with back pain using 

the numeric pain rating scale. In our sample the highest temperature in the three ROI 

examined was recorded in the sedentary group; this could be explained by the negative 

effects that physical inactivity has on the musculoskeletal system, especially in neck pain 
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[34] and low back pain [35]. The average temperature of three ROI of the back in all groups 

followed the same pattern with a higher temperature for the cervical ROI, in line with 

another study analyzing the back of healthy individuals [36]. Currently, the available 

literature does not provide data for the definition of the average temperature of the back in 

sportive individuals to consider as baseline for thermal comparison with sedentary people 

or specific populations, e.g., chronic pathologies. Furthermore, the studies that investigated 

this issue, focused only the lower limbs [37-39]. However, the IRT is currently being 

adopted as a supportive method in the evaluation of different musculoskeletal pathologies 

[40-42]. In 2020 Lubowska et al. [43] compared children with scoliosis aged between 7 and 

16 years with healthy matched control. The authors found that children with scoliosis 

presented thermal asymmetries especially in the thighs, upper back and chest. Although 

this study analyzed also the back of healthy individuals, as a control group, it is difficult to 

compare these thermographic data with ours, due to the huge difference in the age of the 

samples investigated; moreover, the cervical ROI in the Lubowska et al. [43] study was not 

evaluated. Alfieri et al. (2019) [44] evaluated the temperature and pain tolerance in patients 

with chronic low back pain by comparing the differences with a healthy sample. The 

average temperature of the 19 healthy individuals considered as control group was 29.7 C° 

which is quite different from our results as we found an average of 33.84 C° in our 

sedentary group. This noticeable difference could be explained by the difference in the IRT 

camera used. We employed the FLIR E54 camera which has a better resolution and a 

greater accuracy than the one used by those authors (±2 C° instead of ±1 C°). Furthermore, 

our sample is considerably younger than theirs (26.6 ± 5.31 instead of 47.8 ± 13.9), and 

mainly composed by sportive individuals. The baseline and the higher temperature may be 

the reflection of a more active muscle tissue. We also found that team sport players had an 

average higher temperature of the three ROI evaluated in comparison to other sportive 

individuals; however, the differences were not statistically significant. 

This study presents some limitations. Firstly, although our sample was composed of 

participants practicing different sports at least 3 times per week, they were not professional 

athletes, so our findings could differ from other studies analyzing professional athletes. 

Secondly, we evaluated a sample of healthy individuals only that not reported neck or back 

pain and we could not correlate the detection of a certain Tsk to neck or low back pain 

presence or intensity. Thirdly, there was a lack of thermographic data of the back in 

literature to compare our data of healthy young adults. Future studies should evaluate the 
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thermal profiles of the back of professional athletes, sport by sport, and its connection with 

the frequency and intensity of neck and back pain. 

5. Conclusion  

For the first time in literature, we evaluated the thermographic profile of healthy young 

adults practicing different sport disciplines comparing it with those of healthy sedentary 

people. We found that inactive individuals manifest a statistically significant higher 

temperature in the cervical, dorsal and lumbar area of the back. These thermographic data 

on healthy young adults could be useful for clinicians and sport trainers as a reference to 

compare their data with a healthy sportive and sedentary control. 
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ARTICLE – ORIGINAL RESEARCH N°2 

After acquiring the thermal normal data of the back of young and healthy individuals, to 

follow the research line on the thermal analysis of the back, the results presented in the 

second original article investigates how active breaks can reduce the overload of the back 

during prolonged sitting in a cohort of office workers. This ergonomic analysis was 

performed by the means of infrared thermography to understand if this technique was 

useful and feasible for this type of analysis. 

Journal of clinical medicine (IF:3, Q1) doi: 10.3390/jcm13113178 

Active Breaks Reduce Back Overload during Prolonged Sitting: Ergonomic Analysis 

with Infrared Thermography 

Martina Sortino1, Bruno Trovato1, Marta Zanghì1, Federico Roggio1*, and Giuseppe 

Musumeci 1,2,3 
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Science, School of Medicine, University of Catania, 95123 Catania, Italy 

2Research Center on Motor Activities (CRAM), University of Catania, 95123 Catania, Italy 
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Abstract 

Background: Prolonged sitting is a potential risk factor for musculoskeletal disorders in 

office workers. This study aims to evaluate the effect of active breaks on reducing muscle 

overload in subjects who sit for long periods using infrared thermography (IRT). Methods: 

A sample of 57 office workers participated in this study and were divided into two groups: 

active breaks (ABs) and no active breaks (NABs). The NAB group sat continuously for 90 

min without standing up, while the AB group performed stretching and mobility exercises 

every 30 min. IRT measurements were taken every 30 min before the active breaks. 

Results: The results highlight that the skin temperature of the back increased significantly 

in both groups after 30 min of sitting; however, in the subsequent measurements, the AB 

group showed a decrease in temperature, while the NAB group maintained a high 

temperature. Exercise and time point of measurement all reported p-values < 0.001; there 

were no statistically significant differences between the Δt0-1 of the NAB and AB groups, 

while the Δt1-2 and Δt1-3 of the NAB and AB groups showed statistically significant 
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differences for all back regions. Conclusions: The clinical relevance of this study confirms 

the negative effects of prolonged sitting on the health of the back, demonstrating that 

active breaks can reduce back strain, emphasizing the need for workplace interventions. In 

addition, IRT represents a non-invasive method to assess back muscle overload and 

monitor the effectiveness of interventions in all categories of workers who maintain a 

prolonged sitting position. The main limitation of this study is the absence of a 

questionnaire for the assessment of back pain, which does not allow a direct correlation 

between temperature changes and back pain outcomes. 

Keywords: active breaks; infrared thermography; musculoskeletal disorders; office 

workers; physical exercise; prevention; prolonged sitting; workplace interventions 

1. Introduction  

Body temperature is the outcome of the ability of the human body to produce and release 

heat through the mechanism of thermoregulation, an activity necessary for vital metabolic 

functions. While core body temperature fluctuations often indicate systemic inflammation 

or pathologies, variations in skin temperature (Tsk) distribution can reveal different health 

concerns. This field has been transformed by infrared thermography (IRT), as it provides a 

non-invasive and rapid method for detecting body temperature, although it does have some 

particular characteristics that need to be considered for reliable measurements [45]. IRT 

cameras, as highlighted, use an advanced radiation thermometer to detect the thermal 

emissions of a body in an electromagnetic spectrum invisible to human eyes [46]. These 

cameras measure the surface temperature to collect information about blood flow and 

muscle metabolism, both of which improve heat convection throughout the body [47]. The 

Tsk of the region of interest (ROI) framed by the camera is the outcome measure most 

reported in the literature and evaluated with this technique [48,49]. This method is simple 

and safe but also highly reproducible, non-invasive, and requires no physical contact with 

the patient  [6]. The attention of researchers towards the use of IRT as an auxiliary tool in 

the analysis of the human body is increasing, particularly in the application of the 

musculoskeletal system [18,50] within different age ranges [51] or daily activities [52]. 

Moreover, the application has also extended to other fields, such as sport [53] and posture 

[54], but also in pathological subjects with metabolic alterations [55], breast cancer [56], 

rheumatic diseases, and osteoarthritis [40,57], and even in the field of musculoskeletal 

disorders [58]. IRT has been applied to various fields of musculoskeletal disorders, such as 

scoliosis [59], arthritis [60], and low back pain [61]. The interest in this method has increased 



20 
 

and is being invested in many fields. It has been seen, for example, that an increase in 

temperature relative to the basal one correlates with muscle fatigue [62]. Moreover, 

increased skin temperature has also been observed in sports as a symptom or synonym of 

overload and potential injuries, suggesting that infrared thermography can be an effective 

tool to monitor athletes’ health and prevent injuries [63]. 

In the current century, a sedentary lifestyle has emerged as a major contributor to 

musculoskeletal changes that lead to acute and chronic pain [64], and it is a significant risk 

factor for various cardiovascular diseases and metabolic disorders [65]. In addition, the 

global burden of diseases report shows that among young adults, musculoskeletal diseases 

are the main causes of disease, leading to many years of disability [66]. Prolonged sitting 

poses a potential health risk to the musculoskeletal system of employees [67]. By 

monitoring changes in skin temperature across working muscles, IRT can help identify 

potential ergonomic risks and areas for improvement within the work environment [68]. 

While IRT provides an indirect measure of the thermal radiation of the body, it offers 

valuable insights into how the workplace impacts the body and potential areas of overload. 

This information can be used to suggest modifications in equipment, work processes, or 

the environment, ultimately aiming to reduce risks and enhance worker well-being [69]. 

Some researchers observed an increased discomfort in the lower back following long 

periods in a sitting position. One study that analyzed subjects working at a computer found 

that more than half of the participants experienced musculoskeletal complaints in the neck 

and upper limb area within one year [70]. The health risks of office workers are a growing 

concern for industries and societies as sedentary work becomes more prevalent [71]. 

Consequently, it is crucial to understand the impact of long sessions of sitting on 

musculoskeletal health, particularly of the back. It is clinically relevant to consider short 

and active breaks to contrast these risks by improving blood circulation, increasing energy 

expenditure, and reducing muscle tension. Active breaks are one potential strategy to 

address this problem, and indeed are essential for maintaining good back health for those 

who spend a lot of time sitting at work, as these reduce the risk of musculoskeletal 

disorders and strengthen and lengthen the back muscles [72,73]. During these breaks, 

moving and light stretching or walking can help release tension in the back muscles, 

correct posture, and promote overall spinal health. This proactive approach promotes the 

endurance and flexibility of back muscles in the long term, as well as contributing to the 

immediate release of discomfort [74]. Given the significant potential of IRT and active 
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breaks in the prevention of musculoskeletal disorders, transitioning them into the working 

environment becomes crucial. 

The prevalence of musculoskeletal pain is high among sedentary workers whose jobs 

require prolonged sitting [75]. Office workers, teachers, and drivers are particularly 

vulnerable to a range of musculoskeletal disorders due to the static and slouched posture 

maintained for hours [76]. Muscles become tense and stiff, joints lose flexibility, and 

improper posture stresses the spine and the other body joints. The sedentary nature of these 

occupations, coupled with the lack of breaks for movement or stretching, exacerbates the 

risk of developing chronic musculoskeletal discomfort. The hypothesis of this study is that 

administering quick and easy stretching and mobility exercises during working hours can 

alleviate the back overload caused by prolonged sitting and delay the onset of muscle 

stiffness, reducing the risk of musculoskeletal disorders. Therefore, this study aims to 

assess the thermal variations in the back caused by extended periods of sitting and to 

explore how active breaks can reduce the burden of the back in office workers through the 

IRT analysis of the back during prolonged sitting and active breaks. 

2. Materials and methods 

This observational study involved 57 office workers, 26 women and 31 men, aged between 

30 and 40 years, to analyze thermographic changes in their backs during working hours. 

The participants were recruited at the Research Center on Motor Activities (CRAMs) of 

the University of Catania, Italy. The exclusion criteria were: musculoskeletal disorders, 

spinal pathologies, back dysmorphisms, and episodes of low back pain during the previous 

4 months. The study was conducted following the Declaration of Helsinki and approved by 

the Institutional Review Board of the Research Center on Motor Activities (Protocol n.: 

CRAM-42-2024, 29 January 2024). All participants completed informed consent before 

taking part in the study. A first thermal assessment of the spine was carried out using the 

FLIR E54 thermal imaging camera (Wilsonville, OR, USA) according to the 

“Thermographic Imaging in Sports and Exercise Medicine (TISEM)” guidelines [4]. All 

participants were given a 15 min rest before taking the first IR image for acclimatization. 

The subjects were asked to wear a loose-fitting T-shirt, and to remove it at each 

thermographic measurement, remaining with the back naked. The participants were 

divided into two groups: the active break (AB) group and the no active break (NAB) 

group. The NAB group was seated for a continuous period of 90 min without getting up. In 

contrast, every 30 min, the AB group engaged in stretching and mobility exercises. Data 
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were collected at the beginning (T0), after 30 min (T1), after 60 min (T2), and at the end of 

90 min (T3). While the individuals in the NAB group stood up only for thermographic 

measurements, those in the AB group stood up both for measurements and to immediately 

perform their exercise routine, Figure 1. 

 Figure 1. Flow diagram of the study protocol 

2.1. Physical Activity Protocol 

The participants were asked to perform a series of exercises that included mobility of the 

spine, stretching of the neck and back muscles, and to perform a short walk. The whole 

protocol lasted approximately 2 min, and the exercises were: walking for 20 m, remaining 

in trunk flexion for 20 s, 10 trunk rotations, 10 lateral trunk flexions, and 5 lateral neck 

extensions per side (Figure 2). The experimental protocol administered to the AB group is 

shown in Figure 3. 



23 
 

 

Figure 2. Physical activity protocol: walking for 20 m, remaining in trunk flexion for 20 s, 10 trunk 

rotations, 10 lateral trunk flexions, and 5 lateral neck extensions per side. 

Figure 3. Experimental design of the study. IRT: infrared thermography measurement; T0: thermal 

evaluation at baseline; T1: thermal evaluation after 30 min of sitting and following the exercises; 

T2: thermal evaluation after 60 min of sitting and following the exercises; T3: thermal evaluation 

after 90 min of sitting 

2.2 Infrared thermography 

All thermographic measurements were taken with the FLIR E54 thermal imaging camera 

(Wilsonville, OR, USA). This thermal camera is characterized by a resolution of 320 × 240 
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pixels and a thermal sensitivity of less than 0.04 °C. For the measurement set-up, the 

camera was set up on a tripod positioned at 1.5 m from the subject. Measurements were 

carried out in an environment with a constant temperature of approximately 23 °C ± 2 °C 

and a relative humidity level of 50%. The camera’s emissivity setting was set to 0.98. To 

analyze the thermal data, three ROIs were marked using FLIR Thermal Studio Pro® 

software 1.9.38.0, focusing on specific areas of the spine: the cervical, dorsal, and lumbar 

regions. These ROIs were defined concerning the vertebrae of the spine, deliberately 

excluding the upper limbs. The cervical area was mapped as a rectangular section 

extending from the third to the seventh cervical vertebrae. The dorsal section of the body 

was outlined as a polygonal shape extending from the first to the twelfth thoracic 

vertebrae. The lumbar region was defined with a polygon extending from the first to the 

fifth lumbar vertebrae (Figure 4). 

Figure 4. Identification of the cervical, dorsal, and lumbar ROI with FLIR Thermal Studio Pro. 

2.3. Statistical Analysis 

The data analysis was conducted using R Project 4.3.2 for Statistical Computing (Vienna, 

Austria). The data were initially screened to ensure adherence to the assumptions of the 

parametric tests using the Shapiro–Wilk test for normality and Levene’s test for the 

homogeneity of variance. To investigate the influence of the exercise administration 

(yes/no), back area (cervical, dorsal, and lumbar), and measurement time points (T0 to T3) 

on the temperature, a mixed ANOVA was conducted. This analysis aimed to explore 

potential interactions between these factors. Follow-up analyses examined the main effects 
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of the exercises and measurement time points on the temperature as well as their potential 

interaction. Since only specific interactions were deemed theoretically important a priori, 

post-hoc investigations were focused on those comparisons. Pairwise t-tests with the 

Benjamini–Hochberg p-value adjustment method were employed to control the family-

wise error rate, allowing for targeted comparisons between exercise types and 

measurement points. Furthermore, to specifically assess temperature changes following 

exercise administration (T1), temperature differentials (Δt) were calculated between T1 

and the other time points (T0, T2, and T3). The same analysis pipeline used for the initial 

temperature analyses was then applied to highlight how patterns of change might differ by 

exercise condition and back area. 

3. Results  

The anthropometric measurements are shown in Table 1, while the mean temperature 

values for each back area in the exercise group (AB) and no exercise group (NAB) are 

reported in Table 2. The mixed ANOVA revealed a statistically significant difference 

between the two groups. The exercise, back area, and measure time points all reported p-

values < 0.001; the combined effect of the exercise and measure time points also yielded a 

p-value < 0.001. We subsequently analyzed each back area (cervical, dorsal, and lumbar) 

individually. All areas demonstrated a p-value < 0.001 for the interaction between exercise 

and measure time points. A post-hoc analysis with Benjamini–Hochberg p-value 

adjustment was used to assess the significance of specific interactions in the AB and NAB 

groups, as outlined in Table 3. As hypothesized, temperature changes over time were 

observed in both groups. The cervical area of the NAB group showed a statistically 

significant temperature increase between T0 and T1, with no subsequent decrease in 

temperature. This pattern held true for the dorsal and lumbar areas, where only T0 to T1 

comparisons were statistically significant. All other NAB group comparisons were not 

significant. In contrast, the back areas of the AB group showed statistically significant 

differences between all the time points, except for T1 to T2 in the dorsal area, which was 

slightly above the p-value threshold (p = 0.052). These differences indicate an initial 

temperature increase at T1 followed by a decrease in the subsequent time points for the AB 

group. 
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Table 1. Anthropometric measurements of the sample. 

 

Table 2. Mean temperature for each back area in the AB group and NAB group. 

AB= active break group; NAB= no active break group. 

Table 3. Post-hoc analysis with Benjamini–Hochberg p-value adjustment to assess the significance 

of specific interactions in the AB group and NAB group. 
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AB = active break group; NAB = no active break group; * = p-value < 0.05; ** = p-value < 0.01; 

*** = p-value < 0.001. 

For the temperature differential, we followed the same statistical methodology to analyze the 

temperature differential between T1 (the start of exercise administration) and the subsequent time 

points. The mean temperature differential values for each back area in the AB and NAB groups are 

reported in Table 4 and Figure 5. The mixed ANOVA revealed a statistically significant difference 

between the groups. The exercise, back area, and measure time points reported p-values < 0.001; 

the combined effect of the exercise and measure time points also yielded a p-value < 0.001. The 

individual analysis of the back areas showed a p-value < 0.001 for the interaction between exercise 

and measure time points in the cervical and lumbar areas. The dorsal area yielded a p-value of 

0.073. Post-hoc analyses clarified specific interaction differences and are reported in Table 5. A 

consistent pattern emerged across all areas: no statistically significant difference existed between 

Δt0-1 of the NAB and AB groups. However, Δt1-2 and Δt1-3 of the NAB and AB groups 

demonstrated statistically significant differences. This indicates that the groups did not differ in 

temperature differential prior to exercise but showed significant differences after exercise 

administration. 
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Figure 5. Boxplots representing the temperature differential differences of the cervical (a), dorsal 

(b), and lumbar (c) areas between the AB (blue) and the NAB (red) groups. 

Table 4. Mean temperature differential values for each back area in the AB group and NAB group. 

AB = active break group; NAB = no active break group; Δt0-1 = differential of the T0 and T1 

temperatures; Δt1-2 = differential of the T1 and T2 temperatures; Δt1-3 = differential of the T1 and 

T3 temperatures. 

Table 5. Post-hoc analysis to assess the significance of temperature differentials in the AB group 

and NAB group. 

AB = active break group; NAB = no active break group; Δt0-1 = differential of the T0 and T1 

temperatures; Δt1-2 = differential of the T1 and T2 temperatures; Δt1-3 = differential of the T1 and 

T3 temperatures; ** = p-value < 0.01; *** = p-value < 0.001. 

4. Discussion  

Prolonged sitting poses a serious health risk not only to office workers but to all categories 

of people who adopt this habit due to the demands of their work. This constant pressure 

leads to muscle overload and often debilitating pain. To face this problem, it is essential to 

incorporate regular movement and exercise breaks throughout the workday to mitigate the 

burden on the back. To the best of our knowledge this is the first study that investigates the 

effects of active breaks on prolonged sitting with infrared thermography. We examined the 

effect of active breaks with exercise on back temperature during prolonged sitting by 



29 
 

comparing a group of office workers who performed exercise (AB) with one who did not 

perform it (NAB). A significant impact of exercise on Tsk was found, with variations 

depending on the area of the back examined and the time point evaluation. Our 

observations show that back strain tends to increase after 30 min of sitting (Figure 6). 

However, performing specific exercises led to a reduction in back temperature after an 

additional 30 min. In contrast, we observed a sustained elevation in back temperature in 

those not performing exercises. Specifically, a temperature increase was observed in both 

groups from T0 to T1; however, at subsequent measurements (T2-T3), the two groups 

performed differently. The AB group showed a decrease in back temperature in all the 

three ROIs. Of these, only the dorsal area showed a threshold slightly above significance (p 

= 0.052), while the NAB group maintained a consistently high temperature like T1. 

 

Figure 6. Temperature changes in the AB and NAB groups at different time points. 

In our sample, maintaining a static sitting posture for 30 min elicited a significant increase 

in the Tsk of the cervical, dorsal, and lumbar ROIs. Prolonged sitting often leads to 

frequent trunk adjustments, which can put varying loads on the spine. A previous 

investigation found that office workers change their lumbopelvic position about every 6 

min [77]. This muscle activity can be indirectly observed with infrared thermography [78], 

which can reveal a temperature increase associated with muscle tension [79]. A study on 

the ergonomics of sitting in office workers stated a correlation between the increase in 

fatigue and muscle stiffness during prolonged sitting [80]. We observed that condition 

within our sample since both groups showed an increase in the mean temperature of all the 
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ROIs after 30 min of static sitting. We can infer that prolonged sitting can lead to muscle 

tension and fatigue [74], which might result in an increase in Tsk [81]. 

While office worker discomfort stems from various psychological, social, and 

environmental factors [82], prolonged sitting poses a serious postural risk for neck and 

lower back pain. This posture creates a sustained load on the spinal muscles, potentially 

leading to fatigue and tension [83]. This may be consistent with the theory that a change in 

Tsk may reflect a change in overload activity [84] with muscle tension related to sitting 

posture. Concerning the temperature changes, in the AB group, the mean temperature 

dropped significantly between T1-T2 and T2-T3 in the cervical and lumbar areas. This 

result suggests that active breaks may be effective in reducing muscle overload and fatigue 

induced by static sitting. Implementing active breaks in the workplace can improve the 

physical state of the body, keeping employee productivity levels high without causing any 

adverse effects [85].  

To understand where the temperature difference occurred, we analyzed the differentials 

between specific time points. Our analysis of temperature differentials between T1 and the 

subsequent time points revealed a consistent pattern across all areas. Initially, there were 

no significant differences in Δt0-1 of the NAB and AB groups. However, significant 

differences emerged in Δt1-2 and Δt1-3. This indicates a similar initial temperature 

increase in both groups, followed by a sustained temperature in the NAB group and a 

temperature reduction in the AB group. We associate this reduction with a positive 

response to the administered treatment. Our results align with previous studies 

demonstrating that active break programs reduce back discomfort [86-88]. Importantly, our 

infrared thermography approach provided a more detailed picture, revealing thermal 

changes in the back in response to the active break plan. Since infrared thermography is an 

easy, quick, safe, non-invasive, and objective method to assess these changes, our results 

are objective and not influenced by the subjective perceptions of individuals, unlike what 

might happen with questionnaires. Considering the findings of our study, where the AB 

group showed a decrease in temperature in comparison to the NAB group, we hypothesize 

that one of the underlying reasons behind the positive effect of active breaks may be the 

reduction of excessive muscle activation, resulting in a consequent decrease in temperature 

and not remaining increased in a plateau phase, as is the case in the NAB group.  

There is a specific condition to consider: participants were instructed to maintain a static 

seated position for 30 min without standing. While this aligns with our research design, we 
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recognize it differs from the typical routine of an office worker, where they might stand or 

move to perform various tasks. This controlled protocol ensured the specific exercises we 

administered were the primary factor, something that cannot be guaranteed in a standard 

workday. We are aware of a limitation of our study, which is the lack of a questionnaire to 

assess back pain, preventing us from directly correlating temperature changes with back 

pain outcomes. The clinical relevance of this article reinforces the growing interest in 

improving the well-being and general health of those who perform sedentary work, as 

these categories of people often experience discomfort and back pain due to a lack of 

mobility. These findings are in line with previous research exploiting the harmful effects of 

prolonged sitting on the health of the back [89]. Our results emphasize the need for 

preventive measures in the workplace to reduce the risk of developing musculoskeletal 

problems typical of sedentary office work environments. Physical activity and ergonomic 

interventions can promote a healthier and more productive workplace for employees with 

beneficial effects also for companies. Research has widely shown that incorporating 

physical activity into the workday can lead to improved health and well-being for workers. 

According to some studies [90,91], introducing physical activity within the workday 

increased well-being, health, productivity, and mood and instead decreased absenteeism 

and sedentary behavior. These interventions can include changes at the individual, 

environmental, and organizational levels to increase physical activity or reduce sedentary 

behavior [92]. In addition, ergonomic interventions play a crucial role in improving the 

physical well-being of sedentary workers. Workstation adjustments and ergonomic training 

have been proposed to improve the sitting posture of office workers [89]. 

The results suggest that maintaining a static position during working hours might overload 

the back muscles, as observed using IRT. Our protocol also shows the possible positive 

effects of specific active breaks in reducing muscle overload and fatigue induced by static 

sitting. This study holds significant clinical relevance for office workers who are 

particularly susceptible to the detrimental effects of prolonged sedentary behavior. IRT 

offers a non-invasive and sensitive tool for detecting the early signs of muscle strain and 

overload, even before the worker experiences overt pain or discomfort, allowing for 

proactive interventions to prevent the development of more serious musculoskeletal 

disorders. By identifying specific areas of muscle overload, the results of this study can 

inform the design of targeted active break exercises that most effectively release tension 

and restore balance within the affected muscle groups. The simplicity of the active break 

protocol and its focus on short and manageable movements make it accessible for broad 
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implementation in office settings, providing workers with an actionable tool to take control 

of their own health and mitigate the risks of sedentariness. The potential benefits extend 

beyond the office environment, with findings on the efficacy of active breaks having 

implications for any occupation involving prolonged sitting, including students, drivers, 

and those with limited mobility.  

However, several limitations need to be acknowledged. Firstly, the relatively small sample 

size prevents us from generalizing the findings to the overall population. Secondly, while 

IRT is a valid ergonomic assessment tool, our reliance on it alone means the study lacks 

comparisons with other methods. Thirdly, requiring participants to remain seated without 

standing may not accurately reflect everyday working conditions. Finally, since we 

focused solely on office workers, their sedentary behavior could differ from that of 

teachers or drivers. Further studies are needed to confirm these results in other work 

environments or without specific indications. In addition, future studies may also 

investigate the correlations between back temperature, electromyographic activity, and 

back pain, and the mechanical properties of muscles like stiffness, tone, and elasticity, to 

gain a deeper understanding of how to improve sedentary workers’ daily living. 

5. Conclusions  

Prolonged sitting among office workers is a significant contributor to back overload and 

pain. Our study underscores this by showing that just 30 min of static sitting can notably 

raise back temperature, indicating a potential muscle overload. These findings emphasize 

the critical role of incorporating active breaks into the workday to ameliorate worker 

health. Administering a tailored physical exercise program may mitigate this muscle strain. 

This study identified a temperature plateau among those who did not perform the exercise 

program, contrasting with a decrease in back temperature observed in those who 

participated. These findings not only underline the utility and feasibility of using infrared 

thermography to assess back overload but also highlight the clear benefits of integrating an 

active break program for people who maintain a sitting position for a long period of time. 

The sample size, along with the sole use of infrared thermography and the request to 

maintain a seated posture, may represent a limitation of the study. 
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ARTICLE – ORIGINAL RESEARCH N°3 

Subsequently to the experiences done in performing infrared thermography and managing 

thermal data, another objective of research was to explore the possibility of creating a new 

combined infrared evaluation method, with the idea that a 3D camera to analyze human 

posture and thermography to assess thermal symmetry may represent an objective method 

to analyze the musculoskeletal system. 
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Thermography and rasterstereography as a combined infrared method to assess the 

posture of healthy individuals 
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Abstract  

The demand for noninvasive methods to assess postural defections is increasing because 

back alterations are more common among the healthy population. We propose a combined 

infrared method of rasterstereography and thermography to assess the back without 

harmful effects. This study aims to provide reference data on rasterstereography and 

thermography to evaluate the back of a healthy population and to further study the 

correlation between these two methods. This cross-sectional research involved 175 healthy 

individuals (85 males and 90 females) aged 22 to 35 years. There is a large Cohen’s d 

effect size in the cervical depth (males = 43.77 ± 10.96 mm vs. females = 34.29 ± 7.04 mm, 

d = 1.03), and in the lumbar lordosis angle (males = 37.69 ± 8.89° vs. 

females = 46.49 ± 8.25°, d = − 1.03). The back temperature was different for gender in the 

cervical area (males = 33.83 ± 0.63 °C vs. females = 34.26 ± 0.84 °C, d = − 0.58) and dorsal 

area (males = 33.13 ± 0.71 °C vs. females = 33.59 ± 0.97 °C, d = − 0.55). Furthermore, in 

the female group there was a moderate correlation of lumbar temperature with lumbar 

lordosis angle (r = − 0.50) and dorsal temperature with shoulders torsion (r = 0.43). Males 

showed a moderate correlation for vertebral surface rotation RMS with cervical (r = − 

0.46), dorsal (r = − 0.60), and lumbar (r = − 0.50) areas and cervical temperature with 
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shoulders obliquity (r = 0.58). These results highlight a possible correlation between 

rasterstereography and thermography, which may elucidate the underlying mechanics of 

spinal alterations and thermal muscle response. Our findings may represent reference data 

for other studies using noninvasive methods to assess postural alterations. 

1. Introduction  

In recent decades, functional assessment of the trunk has increased for both clinical and 

biomechanical research due to financial and clinical issues. Health institutions demand 

increasingly reliable and reproducible methods to evaluate a large number of people 

without harmful effects. According to the Global Burden of Diseases report, 

musculoskeletal alterations are a leading causes of years lived with disability among young 

adults [66]. Noninvasive screening methods can detect a specific alteration before the 

individual experiences discomfort or pain. Rasterstereography is a spreading method that 

uses light detection and ranging technology (LiDAR) to estimate physiologic or 

pathological posture. Due to its excellent intra- and interday reliability [93], it can be 

considered as a first-level approach when dealing with a large scale of users. Infrared 

thermography (IRT) is a noninvasive method valid to investigate the physiological 

response of the body to different stimuli, e.g. physical activity [94], rheumatic diseases [40], 

and metabolic alterations [55]. Body temperature alteration is a natural indicator of 

compromised underlying conditions [95] and muscle demand [96]; IRT is an auxiliary 

method that supports the diagnosis process by discriminating altered skin temperature and, 

therefore, physiological processes. We believe that a combined infrared method (CIM) 

formed by a 3D camera to analyze human movement and thermography to assess thermal 

symmetry may represent an objective method to analyze the musculoskeletal system, Fig. 

1. In the present study, we employed a CIM to evaluate the back surface of healthy 

individuals without postural deformities to provide reference data to the research 

community. Furthermore, we analyzed the correlation between these two noninvasive 

infrared systems.  
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Figure 1. Combined infrared method representing a normal photo of the individual (a), a 

rasterstereographic representation (b) deriving from Spine 3D system, and infrared thermography 

(c) obtained from Thermal Studio Pro version number: 1.9.38.0. Image edited with Microsoft 

Power Point 365, license provided by the University of Catania. 

2. Results 

The characteristics of the participants, expressed as mean and standard deviation for body 

height, body weight, and body mass index (BMI), are presented in Table 1. 

Table 1. Anthropometric measures of the sample 

t-test according to Student t-test. 

Rasterstereography 

The surface topography results of both the sagittal and coronal planes are reported in Table 

2 and Fig. 2 divided by gender; we discuss the results with a p-value < 0.05. On the sagittal 

plane, the male group shows a higher trunk inclination (31.38 ± 18.90 mm) compared to 

the female group (20.74 ± 19.95 mm) with a medium effect size (d = 0.55). There is a 

significant difference in cervical depth between males (43.67 ± 9.99 mm) and females 

(31.74 ± 7.76 mm) with a large effect size (d = 1.33). This trend is also respected for the 

cervical arrow, where males (56.97 ± 14.38 mm) have a higher value compared to females 

(38.73 ± 9.67 mm) with a large effect size (d = 1.49). Finally, the lumbar angle presents a 

lower value for males (36.39 ± 8.70°) compared to females (47.56 ± 8.47°) with a larger 

effect value (d = − 1.30). On the coronal plane, we observed only a meaningful difference 

in shoulders obliquity between males (− 7.23 ± 10.16 mm) and females (− 2.91 ± 9.93 mm) 

with a medium effect size (d = − 0.43). Finally, we also considered shoulders and pelvic 

torsion in the transverse plane. The results of the shoulders torsion are 0.34 ± 2.05° for 

males and 0.07 ± 2.32° (p = 0.634) for females with a small effect size (d = 0.12); the pelvic 
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torsion results are − 1.22 ± 2.97° for males and − 1.81 ± 2.44° for females (p = 0.405) with 

a small effect size (d = 0.22). 

Table 2. Rasterstereographic measures of the sagittal and coronal plane. 

+according to t-test for normal data and Mann–Whitney U for non-normal data · p < 0.1, * p < 0.05, 

** p < 0.01, *** p < 0.001. ++Cohen’s value, bold numbers indicate a large effect size between 

groups (d > 0.80). Bold and italic numbers indicate a medium effect size between groups (d > 0.50). 

Figure 2.  Violin plots for the sagittal (first two lines) and coronal (last three lines) parameters. Orange 

represents the female group; blue represents the male group. Each violin plot shows inside the boxplot and 

the correspondent p-value, · p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Infrared thermography 

Males have a lower cervical temperature (33.83 ± 0.63 °C) compared to females 

(34.26 ± 0.84 °C) with p = 0.029 and a medium effect size (d = − 0.58). Furthermore, the 

dorsal temperature of males (33.13 ± 0.71 °C) is lower compared to females (33.59 ± 0.97 

°C) with p = 0.035 and medium effect size (d = − 0.55). The lumbar temperature of males 

(32.76 ± 0.94 °C) and females (33.06 ± 1.23 °C) does not differ between the groups, with 

p = 0.273 and a low effect size (d = − 0.27). However, the data distribution is different 

between the groups, Fig. 3. 

Figure 3. Ridge plots of temperature distribution for males and females. The vertical line in each 

plot represents the mean temperature. 

Correlation between rasterstereography and infrared thermography 

IRT measures have been correlated with rasterstereography measures to observe if a higher 

or lower skin temperature may reflect a correlation with back topography. The male group 

showed a negative correlation between lumbar temperature and trunk imbalance (°) (r = − 

0.42, p = 0.032); vertebral surface rotation RMS with cervical (r = − 0.46, p = 0.010), 

dorsal (r = − 0.60, p < 0.001) and lumbar (r = − 0.50, p = 0.007) temperatures; vertebral 

surface rotation max with cervical (r = − 0.45, p = 0.013), dorsal (r = − 0.56, p = 0.001) and 

lumbar (r = − 0.38, p = 0.043) temperatures. Meanwhile, they present a positive correlation 

between shoulders obliquity with cervical temperature (r = 0.58, p < 0.001) and with dorsal 

temperature (r = 0.45, p = 0.020). The female group showed a negative correlation between 

lumbar temperature with lumbar lordosis angle (r = − 0.50, p = 0.004). Instead, dorsal 

temperature is positively correlated with trunk imbalance (°) (r = 0.42, p = 0.022); lumbar 

temperature with trunk imbalance (°) (r = 0.43 p = 0.016); dorsal temperature with 

shoulders torsion (r = 0.43, p = 0.014). 
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3. Discussion 

This study aimed to present reference data on physiological posture standards of healthy 

individuals without spinal deformities using a CIM. Rasterstereography evaluated the back 

topography; the IRT measured the thermal emissivity of the back to assess muscle activity. 

These two methods have spread in recent years thanks to the ease of use and objective 

measures that can support the clinical practice of analyzing the spine and detecting 

underlying conditions not yet visible to the human eye, as claimed by two systematic 

reviews [84,97]. The demand for rasterstereography as a noninvasive method is increasing 

to reduce the burden of the healthcare system and reduce follow-up radiological 

measurements [98]. Similarly, IRT is providing valuable results in monitoring the body's 

response to external stimuli such as cryotherapy [99], whole-body vibration [100], and 

strength training [101]. 

Establishing a thermal profile has been one of the main topics since IRT was adopted for 

human diagnostic purposes. In the late 1980s, Uematsu et al. [102] tried to quantify the 

thermal symmetry of healthy individuals by studying the differences between both sides of 

the body. Even if these initial results were promising, the limitations of the tools of that 

period stalled its progression. Nowadays, different authors, through modern IR cameras, 

have attempted to classify different body areas among young adults. Chudecka and 

Lubkowska [103] analyzed the IRT of 100 males and 100 females (aged 20–23), finding 

that only the chest area had a higher temperature in females, while the other areas were 

warmer in males. The mean temperature of the upper back of males (33.92 ± 0.19 °C) is 

similar to our results for the cervical area (33.83 ± 0.63 °C). Marins et al. [104], aiming to 

present normative data of healthy Brazilian adults (mean age 21.6 ± 2.2), found a 

significant gender difference in the thigh region while there was no difference in the hands, 

leg, abdomen, and lower back, as our results. In another study, Marins et al. [105] 

accomplished the IRT in the early morning (7 a.m.) and late evening (7 p.m.) of military 

males and females. They found a gender difference in the morning thermograms, while no 

differences relative to gender were present in the evening collections.  

We compared the results of the rasterstereography with four similar studies [106], [107], 

[108], [109] evaluating the back of healthy individuals, as reported in Table 3. Our findings 

showed a general difference based on gender for almost all parameters of the 

rasterstereography of the sagittal plane; meanwhile, only three parameters of the coronal 

plane differed by gender. We found a great difference in cervical measures; males show an 
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increased depth of the cervical area, a trend also respected for the lumbar depth. However, 

the lumbar lordosis angle appears to be greater for females, similar to the results of 

Michalik et al [108]. Meanwhile, the lumbar lordosis angle of the males is similar to the 

results of Degenhardt et al [106,107]. Although the trunk inclination of the females is similar 

to the results of Michalik et al.[108], the values of the males are similar only to the studies 

of Degenhardt et al [106,107]. For the parameters of the coronal plane, the only similarities 

are in the pelvic obliquity of our females with the findings of Michalik et al. [108]. 

According to our findings, there is a significant difference in trunk length between males 

and females, which may explain some of the differences found in other parameters. This 

difference is likely due to the biological differences between males and females, as well as 

differences in their activities or occupations. The morphological characteristics of the body 

play an important role in determining its stability and posture [110]. We suggest that the 

differences in trunk inclination and sagittal curvatures, such as cervical depth and lumbar 

lordosis angle differences, are a response to the body's evolution and environment [111]. 

The increase in trunk inclination is essential for maintaining the center of gravity within 

the base of support, and men are usually found to have a larger sway amplitude compared 

to women[110]. Previous studies [112,113] have also observed gender differences in 

anthropometry, vertebral geometry, and strength of the neck and shoulder area, which may 

contribute to the observed differences in posture. For example, women generally have 

smaller vertebrae and weaker muscles compared to men. Our findings are consistent with 

these observations, as we found similar gender differences in both rasterstereography and 

IRT measurements. 

Table 3. Parameter’s comparison of mean ± SD with other studies. 
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Note: n.a not available, columns males (n = 85) and females (n = 90) represent our findings, 

Degenhardt et al.[106] (n = 30 M/F), Degenhardt et al.20[107] (n = 30 M/F), Michalik et al. [108] 

males = 65, females = 56), Wolf et al.[109] (n = 100 females). 

Finally, we correlated the rasterstereography parameters with the IRT. Even if with 

moderate strength, the correlations reported are all statistically significant, meaning that 

they are unlikely to have occurred by chance. In the female group, when the lumbar 

lordosis angle increases, the lumbar temperature decreases. Studies have shown that the 

lumbar lordosis angle is genetically different between males and females, with females 

having a greater angle [114,115]. In our study, we observed a reduction in anterior 

imbalance, which was balanced by an increase in the lumbar lordosis angle. Since this is an 

anatomical aspect and not an acquired condition, it does not involve muscle activity, which 

results in lower metabolic activity in the underlying muscles, and thus a possible 

explanation for the negative correlation. The dorsal temperature was positively correlated 

with shoulder torsion. We suggest that wearing uncomfortable bras could lead to a constant 

postural defect, which may cause torsion of the shoulders. As Chen et al.[116] observed, 

different types of bras can restrict shoulder motion and cause discomfort. Therefore, the 

increased temperature may be related to a higher demand of the body to support the breast. 

Finally, also lateral trunk imbalance was positively correlated with lumbar and dorsal 

temperatures, suggesting that as the degree of trunk imbalance increases, the temperature 

in the lumbar and dorsal regions tends to increase. This may be due to an increase in 

muscle activity in the lumbar and dorsal regions to compensate for trunk imbalances, 

leading to increased metabolic activity and subsequent elevation of skin temperature in 

these regions. This phenomenon may also be related to the previous statement.  

In our male group, shoulder obliquity was moderately correlated with cervical and dorsal 

temperature. Since they practice gym activities, we hypothesized that these positive 

correlations, i.e., as the shoulder obliquity increases, the temperature increases, could be 

explained by the higher muscular demand of the shoulders area. As males tend to work out 

their upper limbs more than females [117], this may contribute to the higher temperature in 

the shoulder region. Then, we observed a moderate negative correlation between cervical, 

dorsal and lumbar temperatures with both vertebral surface rotation RMS and maximum 

rotation. In scoliosis, the concave side is the side toward which the vertebrae rotate, and, as 

asserted by Kwok et al. [14], the concave side of scoliosis has a lower temperature. Our 

results highlight a trend, when the vertebrae rotation increases, the temperature decreases. 

However, it is important to note that these findings were observed only in the male group 
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and should be interpreted with caution. Finally, we found that the negative correlation 

between lumbar temperature and trunk imbalance may be related to muscle imbalances 

caused by gym activities [118]. Although as a stand-alone consideration may be 

meaningless, when we also consider the valuable correlation between vertebral surface 

rotation and skin temperatures, it suggests that males may be at risk of spinal 

misalignment. Thus, a decrease in skin temperature may be associated with an increase in 

spinal deformities or muscle imbalances. 

These findings suggest that different mechanisms may influence the relationship between 

skin temperature and back topography in males and females, potentially, potentially due to 

differences in muscle activation and blood flow regulation between the genders. However, 

more research is needed to fully understand the underlying mechanisms driving these 

correlations.  

Currently, both rasterstereography and IRT are being studied in the evaluation and 

progression of scoliosis, even if there are still some concerns. The former is not sufficiently 

accurate to diagnose scoliosis, but as observed by different authors, it is making 

considerable progress in characterizing the typical signs of scoliosis, such as vertebral 

rotation [119], shoulder imbalance [120], and monitoring the progression of scoliosis [121]. 

The latter is yielding promising results for scoliosis evaluation [59], highlighting its 

feasibility for school scoliosis screening, a field where preventive care is required [122]. 

Aware of the impossibility of considering rasterstereography as a substitute for x-rays in 

the diagnosis of spinal pathologies [112], we support its strength as a screening tool, as 

reported by Rusnak et al. in the early identification of spinal deformities in 311 children 

[123]. Likewise, we support IRT as a complementary method for screening and preventing 

muscle injuries [25] and inflammatory processes [124]. Therefore, we believe that reference 

data from both screening techniques can support orthopaedic, rehabilitation, and clinical 

research toward a better distinction of red flags of spine deformities.  

This study has some limitations. First, we observed a group of healthy adults with similar 

anthropometrics under 35 years of age, so the findings should be carefully interpreted 

when comparing them with pathological patients or old adults. Second, although the 

participants did not present any detectable posture alteration, it was not checked with 

diagnostic tools (x-rays or MRI), so there may be some minor posture alterations. Third, 

we did not analyze fat tissue, so even if individuals with BMI > 25 were not considered, we 

could not be sure that the temperature was the same for all the participants. Further studies 
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are required to investigate the thermal changes associated with fat tissue percentage by 

conducting bioelectrical impedance analysis and considering different age ranges, e.g., 

adolescents and older adults. We believe that this pioneering technique, a combination of 

infrared methods, will aid in elucidating the characteristics of posture alterations and 

muscle activity with a non-invasive, easy, and reliable method. Future studies could use it 

to study musculoskeletal pathologies and gait analysis and discover correlations between 

IRT and kinematics and kinetics. 

4. Conclusion 

A CIM composed of rasterstereography and thermography has been adopted to study the 

postural assessment of the back classified by gender. Males commonly present a higher 

trunk inclination, shoulder obliquity, cervical, and lumbar depth. Although the kyphosis 

angle is the same for both sexes, females present an increased lumbar lordosis angle. 

Females have a significantly higher temperature in the cervical and dorsal areas of the back 

compared to males, while the lumbar temperature is also higher in females but not 

statistically significant. The correlation between these two methods requires further 

investigation as it may help to better understand the complex mechanism of spine 

alterations and muscle activity asymmetry. This study is a significant contribution to 

knowledge on back topography and may be a reference for other researchers interested in 

using a CIM to evaluate postural alterations. 

5. Methods  

This cross-sectional study involved 175 healthy individuals (85 males and 90 females) 

aged 22 to 35 and analyzed the back surface with rasterstereography and thermography. 

Participants were recruited voluntarily at the Research Center on Motor Activities 

(CRAM), University of Catania. We considered the age limit of 35 years to avoid 

confounding elements due to the incidence of age-related musculoskeletal disorders [66] or 

specific work conditions that can bias the data. Participants completed a questionnaire to 

collect general information about pathologies, allergies, medication use, recent surgery, 

regular menstrual cycle, sports played, and dominant limb. According to this information, 

the exclusion criteria were musculoskeletal disorders, history of scoliosis or spine 

alterations, acute back pain during the previous four months, recent surgery, altered 

menstrual cycle, BMI < 18.5 or > 25. The study was approved by the Research Center on 

Motor Activities (CRAM) Scientific Committee (Protocol n.: CRAM-020-2021, 20 
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December 2021), in accordance with the Declaration of Helsinki. All participants provided 

their informed consent prior to participating.  

 

Data collection  

A LiDAR technology was used to assess the rasterstereography. The Spine 3D 

(Sensormedica, Rome, Italy) is a noninvasive 3D system that analyzes the spine in the 

three planes: sagittal, coronal, and transverse, with an excellent intra-day and inter-day 

reliability in almost all parameters [125]. A 3D camera embedded in the system evaluates 

the back with the time of flight method, with a resolution of 1920 × 1080 pixels and a 

frame rate of acquisition of 30 fps. A detailed explanation of all the parameters collected is 

reported in Table 4. The IR acquisitions were carried out according to the TISEM checklist 

[7] to ensure the quality of thermal images and reduce bias. IR images were taken with 

FLIR E54 camera (Wilsonville, OR, USA) camera with a detector resolution of 320 × 240 

pixels and thermal sensitivity < 0.04 °C. The camera was placed on a tripod, positioned 1.5 

m away from the individual in a room with a temperature of 24 ± 2 °C and humidity of 

50%; emissivity level was set at 0.98. Infrared thermography detects the radiance of a 

body; then, the algorithms present in these cameras convert the radiance into temperature 

values, thus providing the expression of the temperature of the body surface [126]. The 

participants were asked to rest for 15 min before the IR imaging was taken in order to 

allow for acclimatization. For both acquisitions, participants were instructed to stand 

upright with their back to the camera, arms by their side, without upper clothes, and 

buttocks slightly uncovered. For the rasterstereography acquisition, participants were 

instructed to place the heels on a line 110 cm from the camera, looking straight ahead. For 

the IRT acquisition, participants were instructed to stand upright with the arms slightly 

away from the trunk. The IRT camera was placed 150 cm away from the participant. Each 

of the thermograms was analyzed using FLIR Thermal Studio PRO software, version 

number: 1.9.38.0. The regions of interest were the left and right sides of the cervical, 

dorsal, and lumbar area, Fig. 4. We strictly followed the suggestion from the practical 

guide of Ammer and Ring [127] to avoid possible bias in the study. Thermograms whose 

difference between the left and right side was > 0.3 °C were excluded [27].  
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Table 4. Description of rasterstereography parameters. 

Note: VP vertebra prominent, DM dimple midpoint, KA kyphotic apex, ICT inflection point 

between cervical and thoracic spine, ITL inflection point between thoracic and lumbar spine, ILS 

inflection point between lumbar spine and sacrum, SR shoulder right, SL shoulder left, DR dimple 

right, DL dimple left, RMS root mean square. 
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Figure 4. Representation of IRT acquisition and polygon division of each back’s area. Numbers 1 

and 2 represent the cervical area, numbers 3 and 4 the dorsal area, numbers 5 and 6 the lumbar 

area. Thermogram edited with the software Thermal Studio PRO, version number: 1.9.38.0. 

Statistical analysis 

The data analysis was conducted using R Project for Statistical Computing (Vienna, 

Austria). The Shapiro–Wilk test verified the normality distribution, the Student t-test and 

Mann–Whitney U were used to determine whether any significant difference was present 

between males and females for rasterstereography and IRT imaging. Cohen's effect size (d) 

identified significant differences between the groups. Pearson correlation coefficients (r) 

were calculated to estimate correlations between rasterstereography and the surface 

temperature of the selected regions of interest. 
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ANALYSIS OF LITERATURE 

The application of infrared thermography in the field of medicine and sports medicine is 

increasing, considering its ease of use on different areas of the body. In the research of 

musculoskeletal disorders, one of the most promising application is in the evaluation of the 

joints, especially of the knee, to identify thermal patterns that can suggest the presence of 

inflammation. Herein, will be presented two systematic reviews and one scoping review of 

the literature performed with the objectives of understanding the effect of physical activity 

on cartilage, and what was already done in the field of research of human movement and 

thermal analysis on the lower limbs.  

ARTICLE - REVIEW N°1 - SYSTEMATIC 

Healthcare (IF:2,4 Q2) doi: 10.3390/healthcare10101821 

How Physical Activity Affects Knee Cartilage and a Standard Intervention Procedure 

for an Exercise Program: A Systematic Review 

Luca Petrigna1*, Federico Roggio1,2, Bruno Trovato1, Marta Zanghì1, Claudia 

Guglielmino1, and Giuseppe Musumeci 1,3,4 

1Department of Biomedical and Biotechnological Sciences, Section of Anatomy, Histology and Movement 
Science, School of Medicine, University of Catania, 95123 Catania, Italy 

2Sport and Exercise Sciences Research Unit, Department of Psychology, Educational Science and Human 
Movement, University of Palermo, Via Giovanni Pascoli 6, Palermo, 90144, Italy 

3Research Center on Motor Activities (CRAM), University of Catania, 95123 Catania, Italy 

4Department of Biology, Sbarro Institute for Cancer Research and Molecular Medicine, College of Science 
and Technology, Temple University, Philadelphia, PA, 19122, USA 

Abstract 

1) Background: Cartilage degeneration with the natural aging process and the role of 

physical activity on cartilage wellness is still not clear. The objective of the present review 

was to understand how different physical activity interventions affect the cartilage and to 
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propose a Standard Operating Procedure for an exercise program to maintain knee joint 

health; (2) Methods: Articles were collected on three different electronic databases and 

screened against the eligibility criteria. Results were collected in tables and the main 

outcomes were discussed narratively; (3) Results: A total of 24 studies have been included 

after the screening process and aerobic, strength, flexibility, postural balance, and mobility 

interventions were detected. Different protocols and types of interventions were adopted by 

the authors; (4) Conclusions: Physical activity interventions have mainly positive 

outcomes on cartilage structure, but the protocols adopted are different and various. A 

Standard Operating Procedure has been proposed for a physical intervention focalized on 

cartilage wellness that could be adopted as an intervention in the clinical setting. 

Furthermore, the creation of a standardized protocol wants to help scientific research to 

move in the same direction. 

Keywords: exercise; physical fitness; osteoarthritis; prevention; health 

1. Introduction  

The natural process of aging has an impact on articular cartilage with chondrocyte loss and 

a decline in metabolic response, alterations to the matrix and synovial tissue composition, 

and impairing the ability to maintain and repair these tissues [128]. Chondrocyte senescence 

contributes to cartilage degeneration, characterized by oxidative stress and the production 

of cytokines causing the so-called stress-induced senescent state [129]. A sedentary lifestyle 

with the consequent absence of loading for the cartilage accelerates the progression of 

cartilage degeneration [130]. On the opposite, physical activity (PA) practiced by young 

adults is positively associated with cartilage volume, and this seems protective against the 

development of osteoarthritis (OA) [131]. Fortunately, cartilage deforms during 

physiological activities and usually recovers after loading [132], making physical exercise 

ideal to increase blood flow to the connective tissues of the joints and prevent cartilage 

deterioration.  

Even if the literature suggests positive outcomes of exercise in young adults [131], the 

effects of PA in adults and older adults are contradictory. Some studies suggest that high 

PA levels do not damage the cartilage of the knee  also if practiced for years [133], and it is 

suggested that it could reduce cartilage loss [134], slowing the progression of cartilage 

degeneration [130]. Differently, other studies suggest that PA has a deleterious effect on 

cartilage [135] causing degeneration [136] or worsening the composition [137], and 

accelerating the disruption of joint stability[130]. Higher PA levels may be at greater risk 
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for cartilage, meniscus and ligament abnormalities [138]. These contradictory ideas on the 

effects of PA on cartilage should be due to the different dosages of the interventions, 

indeed, an underload or an overload are associated with cartilage damage [139]. 

Consequently, it is important the development of a PA intervention that includes aerobic 

and muscle resistance exercises to protect joints, promote health, and reduce disability in 

older age [140]. The importance of understanding the effects of a structured PA program 

increases in people with mild to moderate OA; indeed, the intervention should have to 

reduce pain and disability levels [141] not presenting deleterious effects.  

The so-called Standard Operating Procedures are being widely adopted in other fields to 

proceed correctly and limit possible errors [142]. Their use could help standardize the 

interventions concerning PA in OA individuals and foster the clarification of the PA 

preventive and protective role towards cartilage health. The objective of the present review 

is to understand how different PA typologies interventions affect cartilage; and then 

propose a Standard Operating Procedure for an exercise program to prevent joint cartilage 

degeneration and maintain knee joint health, especially during aging. 

2. Materials and Methods 

his systematic review and meta-analysis follows the principles outlined by the PRISMA 

guidelines [143], and the checklist can be found in the Supplementary Materials. The 

protocol is not registered in a specific database, but it was written before the systematic 

review performance. 

2.1 Eligibility Criteria 

Population, Intervention, Comparison, Outcomes, and Study (PICO-S) criteria are 

followed. The population of interest is composed of people aged 18 years and older, both 

males and females, and no restrictions were adopted on body composition. Participants 

were excluded if they were professional or elite athletes; or if they presented physical (i.e., 

muscular dystrophy, hypotonia, injury to tendons or ligaments) or movement disorders 

(i.e., akinesia, bradykinesia, or dystonia). For the intervention, manuscripts are included if 

PA training is proposed without any other complementary intervention, to limit the 

confounding factors. Consequently, studies were excluded if presented with other 

complementary factors that could influence cartilage. The comparators considered are the 

cartilage evaluation pre- and post-intervention. Outcomes considered are related to 

magnetic resonance imaging (MRI) acquisition and blood and urinary samples. Only 
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English written, original, peer-reviewed articles that adopted cross-sectional, correlational, 

randomized, and nonrandomized controlled, as well as quasi-randomized studies are 

included (study design). Other studies’ design typologies were excluded. 

2.2 Data Collection  

The systematic search includes studies published until the 20 January 2022 (the day of the 

search) performed through the electronic databases PubMed, Web of Science, and Scopus. 

The following keywords were adopted: 

Keywords 1: articular cartilage; fibrocartilage; gristle. 

Keywords 2: exercise; physical activity; fitness; movement; sport. 

The keywords were matched adopting the Boolean operators OR/AND, and the following 

string has been created: 

(“Articular Cartilage” OR fibrocartilage OR gristle) AND (exercise OR “physical activity” 

OR fitness OR movement OR sport). 

2.3 Study Record 

EndNote software (EndNote version X8; Thompson Reuters, New York, NY, USA) was 

adopted to identify duplicates. The selection process was performed by two independent 

investigators, who screened the titles first, then the abstracts, and the full-length articles. In 

case of disagreement in categorizing a manuscript, the principal investigator considered the 

studies independently and provided the tie-breaking decision. Investigators were not 

blinded to the study title, authors, or associated institutions during the selection process. 

2.4 Data Extraction and Analysis 

A Microsoft Excel® (Microsoft Corp., Redmond, WA, USA) spreadsheet was compiled 

with the following information: first author; year of publication; type of study; sample size; 

participants’ age (range or mean ± SD); gender; intervention characteristics; and outcomes. 

The main outcomes are discussed narratively. 

2.5 Quality and Risk of Bias Assessment 

Selection bias was analyzed by dividing the participants of the studies in groups based on 

age and health status. The studies were divided based on their design, and the randomized 

controlled trials were evaluated by two investigators through the PEDro scale, a third 
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investigator was involved only in case of disagreement. This scale is composed of 11 items 

[144], and a score between 0 to 10 (high quality: excellent (9–10 points), good (6–8 points), 

fair (4–5 points), and poor (less than 4 points) quality. This scale presents good reliability  

[144] and validity [145]. 

3. Results 

From a total number of 17,231 collected after the electronic search, 11,154 is the number 

of studies left after the duplicate’s removal. After the screening process, the final number 

of included studies is 24 studies. The flow chart is presented in Figure 1. 

Figure 1. Flow chart of the study collection process. 

A total of 1222 (age range 20–70) participants, 748 of them with OA, have been included. 

The mean age was 47 (18), 542 were females, 380 were males; for 300, the gender was not 

specified. The main study characteristics are summarized in Table 1. 
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Table 1. Overview of the study characteristics 

 

Note: chondroitin sulfate-WF6: WF6; Enzyme-linked immunosorbent assays: ELISA; 
healthy: H; hyaluronic acid: HA; knee osteoarthritis: KOA; Interleukin: IL; intervention 
study: IS; magnetic resonance imaging: MRI; osteoarthritis: OA; physical activity: PA; 
prospective study: PS; population: Pop; randomized controlled trial: RCT; serum cartilage 
oligomeric matrix protein: sCOMP; serum cartilage type ii procollagen carboxy 
propeptide: sPiiCP; sulphated glycosaminoglycan: GAG; Transverse relaxation time: T2; 
T2 maps (non-contrast compositional MRI): T2_m; T2 MRI sequence; T2_s; Tumor 
Necrosis Factor: TNF- 
; urine C-terminal telopeptide of collagen type ii: uCtX-ii; urine cleavage of type ii 
collagen by collagenases: uC. 

3.1 Characteristics of the Included Studies 

The intervention ranges from 7 days to 120 weeks, with four studies that propose 12 

weeks. The frequency ranges from one to five times per week (the most adopted is three 
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times a week). The session duration ranges from 30 to 90 min. Eight interventions study 

the acute effects of PA on cartilage. Eight studies propose a supervised intervention, at 

least in the first period during which participants learned the exercise routine. Six studies 

move the intervention to participants’ homes making the intervention possible outside the 

gym. Some of the studies evaluate the effects of amatorial sports practice such as 

swimming (n = 1), running (n = 7) and cycling (n = 3). Related to the association between 

exercise training, pain, and functional outcomes, only 10 studies provided data pre- and 

post-intervention. Azukizawa et al. [146], Centeno et al. [147], Mikesky et al. [148], and 

Multanen et al. [149] generally detected no significant changing after physical exercise 

related to pain and functional outcomes. Dinçer et al. [150], Ikuta et al. [151], Kangeswari et 

al. [152], Knoop et al. [153], and Vassao et al. [154] detected better results after a physical 

exercise treatment both for the pain scale and functional outcomes.  

3.2 Example of Interventions 

Well-rounded exercise programs include stretching, balance exercises, aerobic activity, 

functional strengthening, and resistance exercises [146,147]. The body alignment of the 

core, pelvis and low extremities, and a balance/neuromuscular training could help the 

interventions and enhance the results [147]. Specific muscle strengthening interventions 

[148,150,151,153-155] and isometric exercises are proposed [152]. One of the intervention 

proposals is individually progressed and consisted of 5 min warm-up and hopping (3–5 

sets, 15 s of rest between sets) exercises of approximately 3–4 min [155]. Resistance 

training interesting leg press, leg curl, seated chest press, and seated back row, upper body 

exercises [148], or bodyweight squat exercises [150] are also proposed. Similarly, an 

intervention proposes muscle strengthening exercises for the gluteal area, hamstrings, 

quadriceps, and triceps surae muscles [151]. Another intervention consists of 5 min on 

treadmill, six strength exercises (3 sets; 8 repetitions; 60% of 1-RM; rest interval of 2–3 

min: hip abductors and adductors chair, seated leg raise, glute bridge, knee flexors and 

extensors chair), and stretching of major muscle groups [154]. The interventions could be 

supported also by knee joint stabilization exercises [153]. Related to cardiovascular 

interventions, aerobic exercise includes high-impact loading (jumping exercises) and rapid 

change of direction with music [149,156]. Other aerobic activities consisted of amateur 

swimming, running, and cycling (60–70% of their heart rate) [157]. More information 

related to the intervention’s proposal are provided in Table 2. 
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Table 2. Characteristics of the interventions adopted in the included studies. 

Acute effect: AE; Home base: HB; no info: NI; repetition maximum: RM. 

3.3 Quality and Risk of Bias Assessments  

The PEDro scale for the risk of bias and quality of the studies assessment for the randomized 

controlled trails of the included studies presents a good quality with a mean range score of 

6.8. It ranged from 7 to 10. Results are summarized in Table 3. 

Table 3. PEDro scale for the risk of bias and quality of the studies assessment for the randomized 

controlled trails manuscript included. 

Note: 1. Eligibility criteria (unscored); 2. Subject random allocation; 3. Allocation concealed; 4. The 

groups were similar at baseline; 5. Subject blinded; 6. Therapists blinded; 7. Assessors blinded; 8. 

more than 85% retention rate; 9. Intention to treat; 10. Between-group analysis; 11. Point measures 

and measures of variability of at least one key outcome. 
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4. Discussion  

Generally, PA has positive outcomes on cartilage structure regardless of the duration, 

frequency, intensity, and type of the intervention, suggesting positive effects due to an active 

lifestyle also during elderly. In this review, we highlighted the different effects of PA on the 

health of cartilage; however, attention in the field is required because all the considered 

interventions adopted different and not structured protocols. A guideline to structure the 

intervention is required; therefore, we propose the Standard Operating Procedure to correctly 

address the intervention for cartilage health. It is important to consider our standard operating 

procedure proposal is always based on the cartilage health status of the people trained.  

The Standard Operating Procedure includes aerobic, resistance and stretching exercises. 

Aerobic capacity and resistance training should be proposed on different days [158]. 

Flexibility is part of the intervention, postural balance and coordination should be added to 

obtain the best results [146], also in people with severe OA [159]. If the individual is 

overweight, it is important to include weight loss in the intervention [160]. Furthermore, if it is 

present knee malalignment, the intervention should include also exercises correcting the angle 

of the knee during gait to reduce the degeneration, especially of the posteromedial knee [151]. 

Ideally, the minimum length of the intervention should be of 12 weeks with a frequency of 3 

times a week for 60 min each session. In the first week of the intervention, people should be 

adequately prepared by trainers to correctly perform the exercise routine without supervision. 

After this learning period, people should perform the exercises independently at home and 

throughout their life. The Standard Operating Procedure is presented in Table 4. 

Table 4. Standard operating procedure proposal for an intervention for cartilage wellness. 

 

Walking is the simplest aerobic activity without adverse effects on articular cartilage 

metabolism [161]; indeed, there is no association between daily walking and structural changes 

over two years in people at risk of or with mild knee OA [162]. If walking is not sufficient, 

also running is a suitable intervention, the only precaution is that people with OA require 
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longer recovery times [163]. Another precaution to consider when running is to increase the 

step rate frequency that decreases cartilage contact area, impact peak and cartilage contact 

pressure [164]. Running produces better results than swimming or cycling by inducing an 

impact on the cartilage that consolidates articular-cartilage tissue [157] making it ideal as an 

aerobic activity. Exercise in water presents good short-term effects but it appears deleterious 

in the long term [160,165]. Literature suggests that high-impact exercises do not negatively 

affect knee cartilage biochemical composition or knee pain [156]; so it is important to include 

this stimulus in the PA intervention.  

Similar to aerobic intervention, resistance exercises have to be included in the ideal Standard 

Operating Procedure [162] also in people with advanced OA [153]. Isometric exercise reduces 

pain, stiffness, and physical dysfunction [152] with a beneficial effect on the cartilage [146]. 

Exercises to strengthen the quadriceps and hamstring muscles have no adverse effect on knee 

cartilage volume and thickness, reduce the pain and increase functionality [150]. Clinicians 

have to be aware that when alterations in the normal knee physiology are present, aerobic 

activities should be limited (no more than 10,000 steps/day), increasing weight-bearing 

activities to maintain PA level [166]. In order to measure the daily activities, individuals with 

OA could use smartwatches or fitness trackers to collect the PA during the day including both 

walking and exercising [167]. 

All grades of OA severity can benefit from PA, although effects might be reduced in patients 

with advanced OA [153]. It is important to propose a structured intervention especially for 

those people with OA because exercise reduces pain and disability [147,168]. On the opposite, 

sports prone to joint injury or vigorous high-impact should be avoided because they present 

an increased risk for OA [169]. Moderate to strenuous exercise and frequent knee-bending 

activities may accelerate cartilage degeneration and abnormalities [170]. 

Data on the mouse model suggest that moderate PA improves tribology and lubricative 

properties of articular cartilage, promoting lubricin synthesis and its elevation in synovial 

fluid, thus preventing cartilage degradation [171-174]. Consequently, PA, whatever the 

training, has benefits and can be considered a complementary and optional primary treatment 

for OA [174]. Regular moderate impact exercise does not increase the risk of OA, and there is 

some evidence that it does not increase symptoms in patients with mild OA [175]. Physical 

activity may not have a detrimental effect on the knee joint and thus be beneficial to joint 

health [176], suggesting this intervention as a preventive approach for cartilage degeneration.  
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The first limitation of the present study was related to the heterogeneity in the information 

provided about the health of the cartilage of the participants included. Furthermore, studies 

that included diet or other interventions proposed in a complementary way were not 

considered probably excluding some studies with interesting PA interventions. This decision 

was taken to limit the confounding factors. Another important limitation of the study it has 

been the impossibility to perform a meta-analysis due to the differences in the population 

(healthy people vs. people vs. OA with different gender and age), intervention (acute vs. long 

term effects), comparison (blood samples, MRI, other variables), and outcomes (knee or hip 

articulation, vertebrae). Future studies should investigate the effects of PA on people with 

different gravity in cartilage damage and determine the proper cut-off for the practice of the 

most appropriate PA typology. Second, studies should have to investigate accurately the 

interaction of different sports and their effects in the presence of OA. For instance, sports such 

as enduro motorcycling, where the individual is exposed to prolonged vibrations, may 

predispose the individual to early OA degeneration [177]. 

5. Conclusions  

Structured PA interventions have mainly positive outcomes on cartilage structure. Because 

the interventions were different and various a Standard Operating Procedure has been 

proposed for a physical intervention focalized on cartilage wellness. Clinicians and 

researchers have to be aware when prescribing PA programs to select the most appropriate 

intervention based on the patient’s needs. This study wants to provide the community with 

guidelines to prevent or limit cartilage degeneration and guarantee a healthy and active older 

age. Furthermore, a proper and accurate method to monitor the interventions is required to 

supervise the PA intervention and its outcomes. Finally, non-invasive techniques could help 

the researcher to detect early cartilage degenerations and plan structured PA programs 

personalized to the patients’ needs. 
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Abstract 

Molecular composition and structural adaptation are changes in the cartilage tissue after 

different stimuli. Sports activities with different loads at different angles, speeds, and 

intensities can modify the molecular composition of the articular cartilage, hence it is 
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crucial to understand the molecular adaptations and structural modifications generated by 

sports practice and this review aims to synthesize the current evidence on this topic. A 

systematic search until July 2022 was performed on the database Medline, Pubmed, 

Scopus, and Web of Science with a collection of 62,198. After the screening process, the 

included articles were analyzed narratively. Thirty-one studies have been included in the 

analysis. From the results emerged that running, swimming, ballet and handball were not 

correlated with detrimental structural or molecular cartilage adaptation; instead, soccer, 

volleyball, basketball, weightlifting, climbing, and rowing showed signs of cartilage 

alteration and molecular adaptation that could be early predictive degeneration's signs. 

From the included studies it came to light that the regions more interested in morphological 

cartilage changes were the knee in athletes from different disciplines. In conclusion, 

different sports induce different cartilage modifications both at a molecular and structural 

level and it is important to know the risks correlated to sports to implement preventive 

strategies. 

Keywords: Exercise; Cartilage; Osteoarthritis; Prevention; Health; Morphomolecular 

changes; Sports. 

1. Introduction 

Cartilage is a highly specific tissue essential for the correct locomotion of the human body. 

The biomechanical efficiency of cartilage is due to its composition: 95% of the cartilage's 

volume is composed of an extracellular matrix and the remaining percentage is composed 

of chondrocytes, proteoglycans, and noncollagenous proteins [178]. The cartilage is 

responsive to mechanical stimulation with the growth of its epiphyseal portion when 

exposed to dynamic compressive forces and shear stresses [179]. Furthermore, the thickness 

of the cartilage is influenced by growth relative to the variations of the mechanical 

loadings on the cartilage [180], with mechanical stimulations being a key factor in the 

induction of molecular signaling pathways [179]. However, overloading mechanical 

stimulations can promote the upregulation of catalytic enzymes like metalloproteinase-13 

causing matrix degradation [181]. Despite protective mechanisms, the repetitive excess of 

mechanical overload can accelerate the senescence of chondrocytes determining cartilage's 

modifications [182]. 

The most common type of cartilage degeneration is osteoarthritis (OA), with more than 

300 million prevalent knee and hip OA cases and an age-standardized prevalence estimate 

of 3754.2 per 100,000 [183]. The pathophysiology of OA is complex, however, the 
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excessive oxidative stress and the release from various cell types of inflammatory 

cytokines like interleukin (IL) IL-1b, IL-6, and Tumor necrosis factor (TNF) [184] are key 

factors involved in this process. These three cytokines were found in a previous study to be 

present in a significative quantity in the serum and synovium of people with OA [185], 

elucidating the clear role of inflammation in the degeneration process leading to the 

pathology. 

At a clinical level, the disability caused by OA could severely limit the activities of daily 

living, worsening the quality of life of the individuals affected by the pathology [186]. 

There are known clinical factors that can predispose to OA, like obesity (body mass index 

above 30 kg/m2), aging, and personal background of traumatic joint injuries [187]. The 

effects of physical activity on OA are not completely understood yet with different studies 

reporting conflicting results. Immobilization was evaluated as detrimental to the correct 

thickness of the cartilage [188], while physical activity seems to be positively correlated 

with the increment in cartilage volume [131]. People who practice physical activity [189] 

show healthy knees with a reduction of patella cartilage loss and less risk of worsening the 

patella's cartilage [134]. Conversely, other studies suggest that high physical activity levels 

could represent a risk factor for meniscus and ligament abnormalities [190], greater 

cartilage degeneration [136] or affecting negatively the cartilage composition [137]. It seems 

that an overload of the cartilage could be associated with its damages [139] and thus, élite 

athletes could have a potentially higher risk of manifesting OA in adults or older age [191].  

One of the most used methods to evaluate the outcomes of OA on physical functions are 

the WOMAC (Western Ontario and McMaster Universities Arthritis Index) [192] and 

KOOS (Knee injury and Osteoarthritis Outcome Score) [193] scores. The KOOS score 

especially is used to evaluate the functionality of the knee and one of its five subscales is 

specific for function in sports and recreation [193]. On one side, physical activity is 

considered a beneficial tool for the prevention of degenerative joint disease for its positive 

effects on the modulation of vitamin B6 salvage pathways [194]; furthermore, vitamin B6 

can upregulate the expression of genes involved in chondrogenic differentiation and 

stimulates their maturation, also counteracting the negative effects of IL-1b [194]. On the 

other side professional sports are not comparable to recreational activities considering the 

great differences in training volumes and loads. These Professional athletes incur more 

often musculoskeletal injuries, with different injury rates in relation to their practiced sport 

[195]. 
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High-level athletes usually practice one sport from young to adult, having a daily routine 

of several hours of training and participating in competitions where their bodies are pushed 

to maximal efforts. Different types of sports activities can influence cartilage with positive 

or negative effects on its structure. Considering that the cartilage and the meniscus can 

adapt to loads [196], the meniscus presents viscoelastic capacities and important short-term 

adaption to high loads completely reversible over time [197]; it is essential to understand 

better cartilage changes in relation to high training loads persistent in time. Consequently, 

the aim of this review is to examine the long-term effect of different sports activities, 

performed at professional levels, on cartilage both at molecular and morphological levels, 

to understand if certain categories of athletes can be at a higher risk of developing 

detrimental cartilage alterations in relation to the sport practiced. 

2. Materials and Methods 

This systematic review followed the principles outlined by the PRISMA guidelines [198]. 

The protocol was not preregistered in the International Prospective Register of Systematic 

Review (PROSPERO) but the protocol was written before the study collection. 

2.1 Eligibility Criteria 

Population, Intervention, Comparison, Outcomes, and Study (PICO-S) criteria were 

followed. The comparators considered were correlated to cartilage. Only English written, 

and peer-reviewed original articles that adopted cross-sectional, correlational, randomized, 

and nonrandomized controlled, as well as quasi-randomized, pilot, case-control, and 

longitudinal studies were included. Other study designs were excluded. The articles were 

included in the qualitative synthesis if their samples were composed of individuals with the 

following characteristics: high-level athletes with no metabolic (e.g. diabetes) or physical 

(e.g., muscular dystrophy, hypotonia, injury to tendons or ligaments) or motor disorders 

(e.g., akinesia, bradykinesia or dystonia). The only musculoskeletal pathology allowed was 

osteoarthritis and signs of cartilage degeneration. Manuscripts were included only if the 

intervention included sports activity. 

2.2 Data collection  

The systematic search included studies published until June the 24th 2022performed 

through the electronic databases PubMed, Web of Science, and Scopus using the strings: 

(“Articular Cartilage” OR fibrocartilage OR gristle) AND (exercise OR “physical activity” 

OR fitness OR movement OR sport). 
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2.3 Study Record 

All studies were included in EndNote software (EndNote version X8; Thompson Reuters, 

New York, NY) and duplicates were removed automatically. The selection process by 

titles, abstracts, and full-length was performed by two independent investigators. In case of 

disagreement in categorizing a manuscript, the principal investigator considered the studies 

and provided the final decision. Investigators were not blinded to the study title, authors, or 

associated institutions during the selection process. 

2.4 Data extraction and analysis 

A Microsoft Excel® (Microsoft Corp., Redmond, WA) spreadsheet was compiled with the 

following information: first author; year of publication; type of study; sample size; 

participants' age (range or mean ± SD); gender; sport practiced; objective and outcomes. 

The outcomes are discussed narratively. 

2.5 Risk of bias assessment 

Selection bias was analyzed by dividing the participants of the studies into groups based on 

age and health status. Because different studies typology was included, and because the 

interest of this work was on the effects of sports, it was decided not to evaluate the quality 

of the studies. 

3. Results  

From a total number of 62,198, after the screening process, the final number of included 

studies was 31. The flow chart is presented in Fig. 1. 
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Figure 1.  Flow chart of the selection process. 

3.1 Study characteristics 

Considering all the included studies, the participants were 2728, 751 of them allocated to 

the control group, and 1977 in the intervention group, 1876 males; the mean age of the 

participants was 28.1 (10.6) years. The sport examined in the studies included were soccer 

(number of studies (NoS) = 12, number of athletes (NoA) = 514), running (NoS = 9; NoA 

= 109), basketball (NoS = 7; NoA = 238), swimming (NoS = 6; NoA = 146), baseball 

(NoS = 2; NoA = 114), futsal (Nos = 1; NoA = 10), volleyball (NoS = 4; NoA = 91), 

weightlifting (NoS = 3; NoA = 62), rowing (NoS = 3; NoA = 47), triathlon (NoS = 2; NoA 

= 27), ballet (NoS = 1; NoA = 49), rugby (NoS = 1; NoA = 42), skiing (NoS = 1; NoA = 

38), climbing (NoS = 2; NoA = 81), shooting (NoS = 1; NoA = 29), martial arts (NoS = 1; 

NoA = 13), handball (NoS = 1; NoA = 10). The methods adopted to evaluate OA were 

mostly magnetic resonance imaging (NoS = 23) and radiographic examination (NoS = 3). 

Less adopted methodologies were sampling of serum (NoS = 1), urine (NoS = 1) and blood 

(NoS = 3), and ultrasounds (NoS = 1). The overview of the study characteristics is 

presented in Table 1. 
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Table 1. Overview of the studies characteristics 

Chondroitin sulfate-WF6: WF6; Enzyme-linked immunosorbent assays: ELISA; hyaluronic acid: 

HA; knee osteoarthritis: KOA; Interleukin: IL; intervention study: IS; magnetic resonance imaging: 

MRI; osteoarthritis: OA; physical activity: PA; prospective study: PS; population: Pop; randomized 

controlled trial: RCT; Radiographic examination: RX; serum cartilage oligomeric matrix protein: 

sCOMP; sulphated glycosaminoglycan: GAG; Transverse relaxation time: T2; CTx-II: C-terminal 
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cross-linked telopeptide of type II collagen; NTx/Cr: cross-linked N-terminal telopeptide of type I 

collagen creatinine ratio. 

3.2 Main results for team sports 

The regions of interest examined for the studies on soccer were the knee (NoS = 7), ankle 

(NoS = 3), hip (NoS = 1), and intervertebral discs (IVD) (NoS = 2). According to two 

studies, soccer players are at increased risk of developing early knee OA. Differently, one 

study stated that soccer players have no increased risk of developing clinical signs of OA. 

Cartilage microstructure changed during a season with signs of possible premature 

cartilage damage (NoS = 3; NoA = 50). Soccer also causes gradual, cumulative damage of 

the articular cartilage over years (NoS = 1; NoA = 13) with a higher prevalence of 

abnormal especially bone marrow edema (NoS = 1; NoA = 23) and subcortical bone 

lesions (NoS = 1; NoA = 47). A prevalence of asymptomatic changes has been detected 

(NoS = 1; NoA = 37) with meniscal lesions in the knees (NoS = 1; NoA = 47). Soccer has 

no effects or beneficial effects on IVD parameters (NoS = 1; NoA = 47). 

Seven studies analyzed the cartilage quality of basketball players. One author examined 

blood samples, two studied the IVD, one the hip and ankle, and six the knee. Only one 

study found knee cartilage abnormalities in basketball players, especially in the post-

season, although all of them were asymptomatic and one study found that basketball 

players showed more radiographic signs of knee OA compared to control. Related to disk 

degeneration, no statistically significant signs (NoS = 1; NoA = 63) and better quality of 

IVD (NoS = 1; NoA = 63) were detected. One study showed that the mean right and left 

femoral cartilage presented higher values in basketball players compared to sedentary 

control. Basketball players had better KOOS scores compared to the control (NoS = 1; 

NoA = 28). Four of the included studies examined volleyball players. Clinical signs of 

early OA at the radiographic examination, especially in the knee compared to control, were 

detected by one study Volleyball athletes manifested high rates of femorotibial cartilage 

loss (NoS = 2; NoA = 60), potentially due to a high prevalence of knee injuries; instead, 

young volleyball players exhibited an increase in cartilage thickness towards the end of the 

adolescence (NoS = 1; NoA = 40). The blood sample examination of volleyball players did 

not show any statistically significant sign of type-II collagen degradation (NoS = 1; NoA = 

18). Handball players (NoS = 1; NoA = 10) did not show any significant sign of cartilage 

degeneration, while collegiate rugby players (NoS = 1; NoA = 42) present a reduction of 
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the cartilage thickness of the knee. Table 2 summarizes the main effects of individual 

sports on cartilage 

Table 2. Effects of different sports on cartilage 

Number of studies: NoS; Number of athletes: NoA; intervertebral discs: IVD; cross-linked N-

terminal telopeptide of type I collagen creatinine ratio: NTx/Cr; C-terminal cross-linked telopeptide 

of type II collagen: CTx-II; serum cartilage oligomeric matrix protein: sCOMP; Delayed 

gadolinium-enhanced MRI of cartilage: dGEMRIC; magnetic resonance imaging: MRI. 

3.3 Main results for individual sports 

A total of nine studies analyzed the cartilage quality of runners. The authors examined 

urine samples, four the knees, two of the hips, and three the IVD. Generally, no significant 

evidence exists that running was related to premature OA (NoS = 3; NoA = 88). Disc 

degeneration was not detected in runners (NoS = 1; NoA = 43) while two studies (NoA = 

67) found that runners presented better values in IVD. Running seems to improve the 

delayed gadolinium-enhanced MRI of the cartilage index of the knee (NoS = 1; NoA = 9), 

reduces the cartilage thickness of the knee, and decreases T2 values in the central part of 

the cartilage (NoS = 1; NoA = 22). Urine markers of cartilage damage were significantly 

higher in runners (NoS = 1; NoA = 10). In contrast, one study detected runners' serum and 

synovial fluid samples and found that running activity reduced intra-articular inflammation 

and had chondroprotective effects. Six of the included studies comprehended swimmers in 
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their sample. Two studies (NoA = 35) did not find any statistically significant signs of 

knee cartilage degeneration in their sample of swimmers. One study (NoA = 47) found that 

swimmers had more disk degeneration; instead, another study (NoA = 47) found better 

results for the IVD in swimmers, both compared with a control group. Swimmers present 

lower CTx-II; therefore, swimming was a protective factor for cartilage damage. In line 

with these findings, one study (NoA = 10) examining the urine samples found that the N-

telopeptide (bone resorption marker) and CTx-II were lower for the swimmers' group. One 

study (NoA = 40) examined swimmers and basketball players, finding that the relaxation 

time was higher for swimmers only in the superficial layer of the patellar and trochlear 

cartilage. Three of the included studies examined rowers. All the hips of the élite rowers 

examined presented signs of cartilage degeneration, especially in the labarum, compared to 

amateur rowers (NoS = 1; NoA = 20). On the other side, a study found that the lumbar 

IVD of élite rowers (NoA = 17) presented significantly higher levels of glycosaminoglycan 

in the preseason, suggesting the positive effects of training on the IVD. Two studies (NoA 

= 27) did not find any statistically significant difference in the knee cartilage thickness 

between triathletes and sedentary control. Skiers had a significantly higher hip OA 

prevalence than former track and field and martial arts athletes. Two of the included 

studies comprehended kendo practitioners (NoA = 102) in their samples and detected no 

statistically significant signs of disc degeneration. Three of the included studies examined 

weightlifters (NoA = 62), and they detected an increase in the thickness of the cartilage 

with a greater risk of manifesting early knee OA. The cartilage of former ballet 

professionals was also examined (NoS = 1; NoA = 49), and it was found that this category 

of athletes has no predisposition to manifesting OA compared to other sports professionals. 

Shooters did not show any significant sign of cartilage degeneration (NoS = 1; NoA = 29). 

Elite climbers may manifest degenerative changes at the proximal interphalangeal and 

distal interphalangeal joints, and at the glenohumeral joint, due to the repetitive stress over 

their career (NoS = 2; Noa = 81). Table 2 summarizes the main effects of team sports on 

cartilage.  

4. Discussion 

This review aimed to synthesize the data currently available in the literature regarding the 

effects of different sports activities on cartilage modifications both at a mechanical and 

molecular level. Based on the evidence from the included studies, it came to light that 

participating in some professional sports may predispose athletes to manifest cartilage 
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modification while other sports do not have deleterious effects. It is still unclear whether or 

not this modification could lead to premature degenerative joint diseases. The vast majority 

of the athletes comprehended in the examined studies did not manifest symptoms related to 

the spotted cartilage modifications.  

The findings are discussed in each sport individually because each biomechanics and 

physiological stimulation differ. These differences detected could be explained due to the 

nature of the sport movement. Indeed, the cartilage tissue is differently influenced by static 

and dynamic mechanical stimuli. In vitro, static stimulation generates fewer achievements 

in the production of extracellular matrix components compared to dynamic stresses [199].  

The run doesn't seem non-harmful for cartilage [200,201] and these findings align with what 

was reported by other authors [202,203]. Similarly to the results of this review, in the mouse 

models was found that forced treadmill running on elderly mice led to moderate beneficial 

tribology and lubricative properties and preventing cartilage degeneration [171]. Only one 

study [204] concluded that running could have a negative impact on joints due to high 

levels of CTx-II. 

Soccer can predispose professional players to alteration of the T2 relaxation time in the 

knee [205] and ankle [36], it is in line with the literature [206] which found knee cartilage 

alteration in young professional soccer players. Armenis and colleagues [207] found that at 

the radiographic examinations, former elite soccer players showed a statistically significant 

difference in the formation of ankles' osteophytes compared to the control group. 

Furthermore, Matiotti and colleague [208] found that bone marrow edema had a 

significantly higher prevalence in soccer players compared to control. However, the 

pathophysiology of bone marrow lesions is not fully understood yet, they can be 

considered a precursor of an incurring injury mechanism [209]. 

Former basketball players had more radiographic signs of knee OA compared to control. 

The findings of Rubin and colleagues [210,211] are in line with the study of Pappas and 

colleagues [212] in which it was shown that there are adaptative cartilage modifications, 

even if asymptomatic, from one competitive season to another. 

Volleyball players [213] showed more radiographic signs of knee OA compared to control, 

probably due to the high number of repetitive impact on joints typical of this sport; 

moreover, Boeth and colleagues [214] found that young volleyball players exhibited higher 

CTx-II levels than adults, indicating an increased turnover caused by these repetitive 



69 
 

stresses on joints. CTx-II is a product of cartilage found both in serum and urine, and it is 

considered one of the most reliable biomarker for cartilage degeneration, especially for 

knee OA [215].  

This study also evaluated weightlifters, highlighting how this sport induces cartilage 

degeneration [216], also in line with Kujala [201], which found premature radiographic signs 

of OA in weightlifters, stating that this population has a risk of developing premature OA.  

In our synthesis, only one study considered swimming detrimental to IVD [217], in contrast 

with the study by Owen and colleagues [218], who found that swimming had positive 

effects on IVD. In two studies [210,211] the results showed fewer cartilage modifications 

compared to the other categories of athletes. In summary, we found that swimmers have 

less risk of developing cartilage modifications in line with previous literature [219]. 

For triathlon, kendo, ballet, and shooters, we cannot advance any speculation whether these 

sports could bring any effect on cartilage, considering the small number of studies included 

and the size of the samples. We also found contradictory results for élite rowers. Bittersohl 

and colleagues [220] found that all the athletes in their sample manifested signs of hip 

cartilage deterioration, while Frenken and colleagues [221] found better IVD hydration in 

rowers compared to control. Lastly, we found that élite climbers [222] may manifest 

degenerative changes at the proximal and distal interphalangeal joints, probably due to the 

repetitive stress over their career, indicating that this kind of sports activity could be 

detrimental to the joints of the hands.  

The studies included in this review, even if different exclusion criteria were adopted, 

presented various techniques for evaluating OA. Some of these studies adopted blood, 

urine, or serum sampling which is not the gold standard as MRI or RX. This made difficult 

the combination of different studies. Furthermore, the studies included did not consent to 

the quantitative evidence synthesis. Some of the included studies were observational and 

did not have a control group. The gender of the participants was not balanced with 76,3% 

of males and 23,7% of females. Extreme sports were not examined, although they could 

affect the cartilage joints [177]. Fighting sports were not well represented, considering that 

only one study [213] examined martial arts, but the sample size was too small, and a 

significant conclusion cannot be drawn. Another limitation is related to the lack of pre-

registration of this work on PROSPERO, partially limiting the methodological power of 

this work.  
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The present study's findings can be useful especially for the community to be aware of the 

risks and benefits in the practice of a sport throughout life. In this way, it is possible to 

create prevention programs to help athletes at risk of cartilage degeneration. Further 

research with more appropriate study designs is needed to draw a conclusion about 

whether participation in professional sports could be a potential risk factor for the 

development of early joint-related diseases. Furthermore, the literature is filled with studies 

evaluating cartilage modification in response to different types of sports. However, many 

of these studies examine recreational players or samples composed of only men, making 

necessary future studies on professional female athletes. 

5. Conclusions  

The practice of a sport at a high level throughout life can predispose athletes to manifest 

cartilage modification at both structural and molecular levels. However, not all sports 

activities were proven to cause cartilage degeneration. Among the sports at risk, we found 

soccer, volleyball, basketball, weightlifting, climbing, and rowing; however, it is still not 

always clear if these modifications could lead to premature OA. Athletes, trainers, and 

clinicians could benefit from these findings by implementing preventive strategies to 

minimize the risks of early cartilage detrimental alterations in those disciplines that were 

found more at risk for cartilage modifications. 
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Abstract 

Introduction 

Knee degenerative processes, such as osteoarthritis, are disabling. An early intervention is 

generally more effective making important a timely diagnosis. A pre-diagnosis tool could 

be the thermal camera that allows the detection of joint inflammation. Consequently, the 
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objective of the present study was to evaluate the literature and propose a thermal attention 

threshold for infrared thermography data in people with knee osteoarthritis. 

Methods 

Four electronic databases were searched with specific keywords until the 25th of March 

2024. Only original articles about joint inflammation due to osteoarthritis evaluated 

through digital infrared thermal images were included. A quality assessment analysis was 

performed. The attention threshold was extracted through the median of the extracted data. 

The findings were narratively discussed. 

Results 

A total of 9 studies have been included after the eligibility criteria selection. The studies 

presented some differences in terms of acquisition protocol, thermal imaging camera, data 

extrapolation, and analysis. Despite these differences, the studies presented similar thermal 

data. 

Conclusion 

A knee thermography of or above 31.3 °C could indicate osteoarthritis, highlighting the 

necessity of further, more specific, and accurate analysis. 

Keywords: Attention pattern; Thermography; Osteoarthritis; Normative data; IRT 

1. Introduction 

The thermal camera can detect heat radiation, also in the human body [4]. It measures the 

temperature at skin level which is the result of the heat transfer of deeper tissue to the 

upper layers, and blood flow [223]. Indirectly, infrared thermographic imaging provides 

information on the metabolic and vascular conditions of the human body [40] and muscle 

metabolisms [224]. The examination technique and the digitalization of imaging improved 

its reliability, also in medicine [225]. Consequently, infrared thermal imaging can detect 

abnormal temperature patterns [95] in healthy and pathological individuals [28].  

In the last years, the interest of the literature for this instrument as a complementary tool to 

evaluate the musculoskeletal system is growing [15-18]. It is adopted in sports and exercise 

but also in the clinical medicine world [226,227]. In this last field, it is worth for screening, 

diagnosis, monitoring of disease progression, response to medical treatment, preclinical 

research settings, and clinical assessment of patients [40,228]. Thermal imaging has as an 
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outcome the so-called region of interest (ROI). The ROI corresponds to the skin 

temperature distribution of a pre-determined region of the body [229]. 

High-sensitivity infrared cameras are becoming a possible alternative diagnostic tool for 

inflammatory pain detection [230]. The interest is in different joints affected by 

inflammatory and degenerative pathologies such as the hand, the hip, and the knee [40]. 

Therefore, this instrument can be adopted as a supportive diagnosis evaluation and 

monitoring tool for several knee conditions such as osteoarthritis (OA), rheumatoid 

arthritis, ligaments and tendons problems, and inflammations in the bone region (such as 

chronic nonbacterial osteomyelitis) [231-235]. The best sensitivity and specificity data are in 

the monitoring of the knee arthroplasty (around 90%), and of knee OA (above 85%) [231]. 

In OA a correlation has been detected between thermal findings and disease presence and 

stage, clinical assessment of disease activity, and response to treatment [40].  

Joint diseases represent painful and disabling pathologies worldwide, whose prevalence is 

expected to grow mainly due to the rise in life expectancy [236]. Nowadays a satisfactory 

therapeutic solution is lacking, and drugs are among the potential treatments [236]. 

Osteoarthritis is a bone disease that mainly affects the cartilage and the breakdown of the 

cartilage bone is the cause. X-ray and magnetic resonance imaging are the most adopted 

techniques to assess cartilage degeneration [237-239]. The analysis of synovial biopsies is 

another technique that studies the pathology at a cellular level [239,240]. Considering the 

burden of hip and knee OA continues to increase, strategies to reduce OA through primary 

and secondary prevention programs are fundamental [241-243]. Therefore, thermal 

thresholds could help in the pre-diagnosis of OA. Only if a standardized infrared protocol 

and the availability of a thermal threshold could make this tool a reliable method for 

detecting the inflammatory process [243]. A multifaceted approach is important in disease 

evaluation and thermography assessment can help in this regard, especially for larger joints 

[229]. For the accuracy of the evaluation, it is important to be precise. Adopting a 

standardized protocol to reduce interference could be helpful [244]. It exists a checklist 

entitled “Thermographic Imaging in Sports and Exercise Medicine (TISEM)” [245] that is 

useful for the standardization of the protocol from the collection to the analysis. The 

standardization should be also for the data processing, and the creation of the ROI [227], 

sometimes this is lacking in the studies [246].  

To our knowledge, there are no protocols accepted for inflammatory pain analysis [230]. 

The actual evaluation can present temporal variations due to technical factors (such as 
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equipment accuracy, measurement environment, and technique), and physiological 

variability (such as the blood flow) [6]. Studies about knee thermogram analysis have been 

conducted over own-acquired datasets but, to our knowledge, publicly available knee 

thermogram datasets do not exist [230]. The existing dataset does not contain labeled knee 

thermograms indicating the types of arthritis [230] or the grade. Consequently, attention is 

still required for the creation of thermal thresholds for this population. For other 

populations such as healthy adults [24,247-249] and sportive people [53], thermal patterns 

and thresholds have been proposed but not for the knee OA. Consequently, the objective of 

the present study is to extrapolate data from the existing literature to provide a thermal 

threshold for people with knee OA. 

2. Methods 

This review follows the principles outlined by the preferred reporting for systematic 

reviews and meta-analyses for Scoping Reviews (PRISMA-ScR) checklist and explanation 

[250]. 

2.1 Eligibility criteria 

Population, Intervention, Comparison, Outcomes, and Study design (PICO–S) criteria are 

followed. The population of interest is composed of people with OA. Other knee 

pathologies such as rheumatoid arthritis or juvenile arthritis (autoimmune disease), or knee 

OA have been excluded. The intervention of the included studies had no exclusion criteria. 

The data considered were collected before the study intervention, consequently, the 

intervention is not a confounding factor. The comparators considered are the knees with 

OA evaluated through digital infrared thermal images. Outcomes considered are infrared 

thermal images expressed in degrees Celsius. Only English-written, original, peer-

reviewed articles are included (study design). Reviews, meta-analyses, or other article 

typologies are excluded. 

2.2 Data collection 

The systematic search includes studies published until the 25th of March 2024 (the day of 

the search) performed through the electronic databases PubMed, Web of Science, and 

Scopus. After the first screening, also Google Scholar was searched to detect the highest 

number of articles on the topic. The following keywords were adopted: 

Keywords1: Articular cartilage, fibrocartilage, gristle, osteoarthritis, OA, arthritis; 
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Keywords 2: Infrared camera, thermography, infrared thermography, thermal camera, IRT, 

infrared thermal imaging. The keywords were matched adopting the Boolean operators 

OR/AND, and the following string has been created: 

("Articular Cartilage" OR fibrocartilage OR gristle OR Osteoarthritis OR OA OR arthritis) 

AND ("Infrared Camera" OR Thermography OR "Infrared Thermography" OR "Thermal 

Camera" OR IRT OR "Infrared Thermal Imaging"). 

2.3 Study record 

In the first step, duplicates were searched through EndNote software (EndNote version X8; 

Thompson Reuters, New York, NY) and manually. In the second step, the selection against 

the eligibility criteria was performed by two independent investigators. They screened the 

titles, the abstracts, and the full-length articles. In case of disagreement, the principal 

investigator considered the study and provided the tie-breaking decision. Investigators 

were not blinded to the study title, authors, or associated institutions during the selection 

process. 

2.4 Data extraction and analysis 

A Microsoft Excel® (Microsoft Corp., Redmond, WA) spreadsheet was compiled. The 

information collected included: the first author; year of publication; type of study; sample 

size; participants’ age (range or mean ± standard deviation); sex; and main outcomes. The 

main outcomes are presented with tables and they are discussed narratively. To extract the 

thermal attention threshold, the median and the mean of the data of the included studies 

were adopted. 

2.5 Quality assessment 

Studies were also searched on Google Scholar to include the highest number of studies on 

the topic. Because the quality of the study is not always clear, it was decided to evaluate 

their quality. To assess it, the “Quality Appraisal for Diverse Studies” (QuADS) tool was 

adopted. The QuADS presents inter-rater reliability and validity [251]. The tool consists of 

13 questions, presented in Table 3. Each of the 13 points can receive a score from 0 (not 

mention, no info for that point) to 3 (detailed information is provided). The highest score 

that each article can receive is 39. Two investigators evaluated the 9 articles included, they 

worked independently. 
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3. Results  

A total of 1569 articles (Pubmed 434; Scopus 678; Web of Science 457) were detected 

after the databases search. After removing duplicates, a total of 1197 articles were screened 

against the eligibility criteria. Articles were excluded mainly because of other article 

typologies, studies on animal models, and in vitro. One study was excluded because it was 

impossible to extract the data from the manuscript and the authors did not answer the 

emails in which the data were requested [252]. A total of 3560 articles were detected in 

Google Scholar. Filters for article typology were applied and a total of 620 articles were 

screened against the eligibility criteria, no articles were added to the original search. A 

final number of 9 was included in the analysis. The screening process is provided in Fig. 1, 

the PRISMA flowchart [143]. 

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of 

databases and registers only. 

3.1 Study characteristics  

Most of the studies included participants with a mean age above 60 years (number of 

studies: 7). The remaining studies included mainly young adults and adults. A total of 412 

participants were included in the studies: of those 191 were males and 221 were females, 

while of 11 participants the sex was not specified. The mean body mass index of the 

participants was below 30 (obese status) in 7 studies, only 2 studies reported that the 

participants had a body mass index above 30: 31.1 [253] and 35 [254]. Two studies [254,255] 
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did not report information about how the pathology was evaluated. The remaining studies 

adopted the X-rays [253,256-258] and Kellgren-Lawrence grading scale [259,260]. Of the 

included studies, 3 of them had a sample composed of people with unilateral OA, and 2 

with symptomatic OA. Detailed information is provided in Table 1. 

Tab 1. Summary of the included studies 

Note. Body mass index: BMI; Celsius: C; osteoarthritis: OA; no info: NI; standard deviation: SD. 

One study reported a maximal temperature of 33.6 °C (FLIR thermal camera) and one 

study of 32.3 °C (Meditherm Med2000™ Pro). The minimum temperature was 30.3 °C 

(FLIR thermography) and 29.1 °C (Meditherm Med2000™ Pro). The studies presented a 

mean temperature ranging from 28.7 °C to 34.7 °C. The mean and the median of the mean 

temperature of the studies included were the same, 31.3 ± 1.7 °C. Dividing the mean 

temperature of the included studies (9 studies) in terciles, the values in the second tercile 

were between 31.2 °C and 31.5 °C. Considering the mean, the median, and the articles in 

the second tercile, a thermal attention threshold for OA could be 31.3 °C. The mean values 

of the included studies are presented in Fig. 2. 
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Figure 2. Graphical representation of the mean temperature values of the included studies. 

 

3.2 Protocols characteristics  

Six studies adopted the FLIR thermography (FLIR® Systems, Stockholm, Sweden). Of 

them, 2 studies adopted the FLIR T1020 (most adopted). Only 1 study adopted the Testo 

882 (Testo SE and Co, Germany), one study adopted the Cepid titanium HD560M, and one 

study the Meditherm Med2000™ Pro (Meditherm, Medical Monitoring Systems Pty Ltd., 

Beaufort, NC, USA). The room setting was controlled and standardized in all the studies. 

The temperature ranged from 18 °C to 28.2 °C (one study respectively). The majority of 

the studies adopted a temperature that ranged between 22 and 23 °C (number of studies: 5). 

One study [253] affirmed that the temperature was controlled but no numerical values were 

provided. Humidity was set between 45 and 60% in most of the studies (number of studies: 

6). One study did not report this value. Most of the studies requested to be in a room with 

shorts (exposing at least the knees) for 10–30 min. During the thermography, there was a 

fixed distance between the thermal camera and the knee. In 2 studies the distance was 

below 1 m and in 1 study above 3 m. In 6 studies the distance was around 1 and 2 m. Four 

studies specified that the thermography was taken at the knee/patella level. Seven studies 

recorded the data with the participants standing, and 2 studies with the participants seated. 

Another study adopted fluorescent lighting and a black velvet wall covering behind the 

participant to eliminate external infrared energy (emanating from such sources as outlets, 

electrical wires, and pipes) [254]. 
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Data were mainly (number of studies: 6) analyzed with the software FLIR Tool (Teledyne 

FLIR LLC, Wilsonville, Oregon, USA). ALTAIR 5.50 was adopted 1 time such as WinTes 

thermal evaluation, one study did not report the software adopted [259]. The ROI was a 

square in 4 studies. A square of 6 cm in width, divided into “medial patella” and “lateral 

patella” (6 cm high and 3 cm wide each); the “suprapatellar” area was the area 3 cm over 

the patella; and the “medial” and “lateral” areas were the regions 3 cm under the patella 

and on its medial and lateral sides, respectively was adopted in 3 studies following a 

previously published protocol [254]. A circle was adopted in 1 study. A polygon was 

proposed in 1 study positioned above the knee/patella. One study [258] adopted the color 

segmentation technique of extrapolating the ROI from the images. Altas and colleagues did 

not report this information [259]. Detailed information is presented in Table 2. 

Tab 2. Information related to the protocol adopted in the included studies 

Note: Celsius: C; centimeters: cm; meters: m; minutes: min; temperature: T; humidity: U. 

Tab 3. QuADS tool for quality assessment of the studies included in the study 

Note. 1. Theoretical or conceptual underpinning to the research; 2. Statement of research aim; 3. A 

clear description of the research setting and target population; 4. The study design is appropriate to 

address the stated research aim; 5. Appropriate sampling to address the research aim; 6. Rationale 

for choice of data collection tool; 7. The format and content of the data collection tool are 

appropriate to address the stated research aim 8. Description of data collection procedure; 9. 

Recruitment data provided; 10. Justification for the analytic method selected; 11. The method of 
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analysis was appropriate to answer the research aim; 12. Evidence that the research stakeholders 

have been considered in research design or conduct; 13. Strengths and limitations are critically 

discussed. 

3.3 Quality assessment  

The QuADS tool was adopted to assess the study quality. Of a maximal score of 39 points, 

the mean of the included studies was 31.5 points. The studies ranged from 30 to 34. The 

QuADS tool did not provide the cut-off score of quality, but indicative, the studies seem to 

be of good quality. The points with a low score are 12 (evidence that the research 

stakeholders have been considered in research design or conduct) and 13 (strengths and 

limitations critically discussed), both points are of secondary importance for the aim of this 

review. The points of interest of this review are especially 3 (clear description of the 

research setting and target population), 5 (appropriate sampling to address the research 

aim), 6 (rationale for the choice of data collection tool), 7 (the format and content of data 

collection tool is appropriate to address the stated research aim), and 8 (description of data 

collection procedure). Only in point 8, some studies [44,253,256] obtained a score of 1/3. A 

score of 2/3 was obtained by 5 studies [254,257,259,260]. The lack of some information on 

the data collection procedure is highlighted in the discussion section. Detailed information 

about the quality assessment of each study is provided in Table 3. 

4.  Discussion 

A thermal attention threshold is proposed from the data of the included studies. Knee 

thermography of or above 31.3 °C could indicate knee OA making possible a pre-diagnosis 

of this degenerative process. Only 9 studies were included, within these studies were 

detected differences in the data acquisition protocols and data extraction, limiting the 

findings. Despite the limited number of studies, we presented a thermal attention threshold 

to invite the scientific community to start studies in this direction. Only in this way, it is 

possible to create thermal thresholds that allow rapid preventive interventions to limit the 

deterioration process due to OA. It seems that physical and sports exercise is a way of 

intervention for cartilage health and homeostasis [53,180,189]. The combination of both, 

thermography as a pre-diagnosis method, and adapted physical activity, could be a way to 

limit the disabling process. 

The attention threshold for OA is above the thermal data of the knee in a healthy 

population. If reference data are adopted (using the data of the control group within some 
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of the included studies), the mean temperatures of a healthy knee were 25.8 °C [256], 30.6 

°C [254], and 31.7 °C [257]. On the other side, studies on other inflammatory pathologies of 

the knee, such as rheumatoid arthritis, presented higher temperatures (34 °C). Rheumatoid 

arthritis is characterized by an irreversible progressive joint destruction with an important 

inflammatory process [261], this highlights the attention that, specific pathologies require 

specific thermal thresholds.  

Of the participants, 191 were males and 221 were females. According to the literature, 

most of the ROI of the human body are different between males and females but the 

difference seems to not influence the results [104]. Consequently, our thermal attention 

threshold could not be influenced by sex. Another aspect to consider is the age of the 

participants. Our sample was mainly composed of old adults with few studies with adults 

[256,258]. It is to know that the study of Arfaoui and colleagues [256] had a sample of young 

adults and the temperature detected was 28.7 °C, some degrees Celsius below our thermal 

attention threshold (31.3 °C). Some studies on juvenile arthritis [262,263] present values 

above our threshold (31.6 °C), and higher than those of the study of Arfaoui et colleagues. 

Probably, the difference in the temperature in the study of Arfaoui and colleagues [256] is 

due to other aspects such as the room temperature (18 °C vs the 22.5 °C of the majority of 

the included studies) and not the participants’ age. Considering the anthropometric 

characteristics of the participants, most of the studies presented a body mass index below 

30, the limit that defines the obese status according to the World Obesity body mass index 

cut-offs [264]. A study [253] presented a mean temperature of 31.2 (1.4)°C, 0.1 °C below 

the 31.3 °C that is our attention threshold. Another study [254] included participants with a 

body mass index of 35 and the temperature detected at the knee (30.6 °C) was importantly 

below our thermal attention threshold. This aspect highlights the importance of providing 

information about the body mass index and, even better, of the body composition within 

the studies, only in this way is possible to better compare the results. According to the 

literature, the body mass index influences the skin temperature evaluated with an infrared 

thermal camera: the higher the weight, the lower the temperature measured [265]. Similarly, 

for body fat, a greater body fat percentage is associated with lower resting skin temperature 

value [266,267].  

As there were differences in the body mass index, differences were detected also in the 

pathology evaluation. Fortunately, most of the studies adopted the X-rays and the 

Kellgren-Lawrence grading scale, they are common and valid methods for knee evaluation 
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[268]. Unfortunately, none of the studies evaluated molecular biomarkers such as Cartilage 

Oligomeric Matrix Protein, Matrix Metalloproteinases, Carboxy-Terminal Telopeptide, or 

Interleukins really useful for determining various aspects of cartilage health [244] limiting 

the information about the inflammation status. The studies evaluated people with OA, 

some studies in its bilateral and unilateral form, and other studies in the symptomatic and 

asymptomatic form. Despite the differences in the OA form, the temperature range is 

similar between the studies making the thermal attention threshold (31.3 °C) ideal for 

populations with OA.  

The studies included, despite the eligibility criteria, resulted heterogeneous in terms of 

protocols and data extraction. It is fundamental for a good thermogram acquisition to 

manage the environmental conditions in terms of room setting, the distance between the 

thermal camera and the participant, and patient preparation [230]. Thermal imaging cameras 

adopted, even if different, have good resolution, accuracy, and object temperature range. 

Only Alfieri and colleagues [247] specified the emissivity value adopted of 98% which 

corresponds to the emissivity of the human skin [269]. Regarding the procedure, only 3 

studies [257,260,270] specified that followed the TISEM checklist. Consequently, the quality 

of the data collection process of these studies is certified by a common, standardized 

procedure. A study [256] adopted 18 °C as room temperature and the mean temperature 

detected in the knee was 28.7 °C, a value below the mean range. Another study [257] 

adopted 28 °C as room temperature, but the knee temperature (31.5 °C) was slightly above 

the thermal attention threshold. The humidity was also controlled, it was between 45 and 

65% in most of the studies (see Table 2). There are no standardized differences between 

the seated and the stand position, or the distance between the camera and the knee (about 

1–3 m), and the adaptation time of the participants to the room temperature.  

More than the software, differences are in the ROI. Most studies adopted a square (6 cm 

high and 3 cm wide) or a circle (5.5 cm in diameter). The study with the circle [255] was 

below (29.5 °C) the thermal attention threshold provided. The studies with a squared ROI 

[253,254,260,270] are generally above the proposed threshold. One study [256] adopted 

another technique, they extrapolated 2 areas from the knee: their mean temperature was 

28.7 °C, importantly below the thermal pattern provided by us. It is hard to understand if 

the form of the ROI could influence the results, indeed, a specific study in which different 

ROI forms are adopted could better explain this aspect. Unfortunately, only a few studies 

adopted protocols previously published [27,104,227,254,271-273], this is an important aspect 
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that creates confusion. To analyze the data, most of the studies adopted a temperature-

based statistical analysis, which is in line with the current literature [230]. 

4.1 Limitations and future studies 

The results of the study present some limitations. The first and most important limitation of 

the study is the number of included articles. Only 9 articles were suitable for the present 

manuscript, limiting the findings and the conclusion. Even if a search was performed in a 

second moment on Google Scholar, the final number remained the same. On the other side, 

the number of articles is an important indication that the literature needs to be further and 

deeply investigated. Connected to this limitation, is the heterogeneity of the included 

studies, the results could be influenced by uncontrollable confounding factors. One second 

important limitation is that the data did not consider the possible influence of blood flow 

variation, as the literature suggests [274]. Furthermore, the studies included people 

presenting different OA forms and stages and it is known that the temperature changes 

with the OA stage (warmer than normal at the onset of OA, colder if OA worsens) [275]. 

Future studies could better understand the temperature according to the OA stage and 

propose a thermal attention threshold in this regard. The inclusion of people with bilateral 

and unilateral OA could be an aspect that influenced the results due to the different use of 

the affected limb. Our initial idea was to provide information about the knee temperature 

detected in the frontal, posterior, and lateral planes. Unfortunately, not all the studies 

included provided this kind of information. Only one study [257] proposed the anterior and 

posterior view. In the study [257], the difference between anterior and posterior 

thermograms between the groups (OA vs control group) were similar: in the anterior 

thermogram, a difference of 0.4 °C was detected between groups, in the posterior view the 

difference between groups was of 0.3 °C. It seems that the trend is similar limiting the 

utility of taking two pictures. Further studies are necessary to support or deny this 

assumption. Attention threshold for a thermogram taken from a posterior view has been 

impossible, one study is not sufficient to propose some indications. No study proposed 

thermal images collected laterally. Consequently, no indication can be proposed for the 

lateral view. Future studies could consider the evaluation also taking posterior and lateral 

thermal images to better understand the differences in the thermograms. A further aspect to 

consider is the background of the participants of the studies. The working routine or the 

physical activity practiced could influence the results in terms of inflammation [276] and 

consequently, also in terms of thermography. This kind of data is fundamental to better 
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understanding the pathology severity and the confounding factors. For us, it was 

impossible to stratify the participants according to their backgrounds. Another aspect to 

pay more attention to is the influence of body composition. Most studies use only body 

mass index as a reference variable, which gives us relative information about body 

composition because it varies significantly depending on the background of the 

participants (whether athletes, sedentary, young, or old adults). Other studies associated 

other more precise instruments [266,267,277] with thermal imaging. Similarly, this could be 

proposed with people with OA to identify boundary parameters of body composition 

beyond which the thermal camera would be less reliable for capturing temperature 

changes. Future studies should implement deep-learning techniques to automatically 

classify people with knee pathologies as a study did [278], but data are necessary for this. 

An online database, taking advantage of new technologies and possibilities, could be a 

feasible and effective solution to speed up the process. Consequently, the publication of 

data could facilitate this process. 

5. Conclusion 

The study proposes a knee thermal attention threshold for a pre-diagnosis of knee OA. A 

value of or above 31.3 °C could indicate the presence of OA. These values are indicative 

and could be used as a starting point for future research. The first step is the 

standardization of the protocols and the data extrapolation, at this moment there are too 

many differences between studies on this topic. This makes difficult to propose a definitive 

thermal attention threshold. 
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ARTICLE – ORIGINAL RESEARCH N°4 

The fourth original article presented in this thesis will focus on the effect of exercise on the 

temperature of the knee in a population of healthy subjects. The aim of this work is to 

understand how the anatomical area of the knee respond, in terms of changes in 

temperature, to different type of stretching exercises and a change of direction exercise. In 

the context of this thesis this study was crucial to understand the thermal patterns of the 

knee of healthy subject and to obtain data useful to be compared with individuals with 

MSD. 

Frontiers in physiology (IF:3.2, Q2) doi: 10.3389/fphys.2024.1393804  

The influence of static and dynamic warm-up on knee temperature: infrared 
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Abstract 

Introduction: Infrared thermography is gaining attention in the field of sports medicine 

and performance. This study investigated the effects of static and dynamic warm-ups and a 

90° change of direction (COD) exercise on the thermal response of the knee. 

Methods: Thermograms were collected using the FlIR E54 Imaging Camera from 85 

healthy young adults, 46 men and 39 women, aged 20–31 years. The participants were 

divided in two groups, static and dynamic warm-up. Four thermograms were taken: 

baseline (T0), warm-up (T1), COD (T2), and rest (T3). Four regions of interest (ROIs) of 

the knee were analyzed: anterior upper half (AUH), anterior lower half (ALH), posterior 

upper half (PUH), and posterior lower half (PLH). Mixed ANOVA with the Bonferroni–

Holm test and independent t-test were used for pairwise comparison and to spot differences 

between the right and left knees at T1 and T2 and at T0 between men and women, 

respectively. 
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Results: The mixed ANOVA was significant for time points (p< 0.001) in all the ROIs and 

for the stretching/temperature interaction with different levels of significance. The t-test 

results for the right and left knees at T1 and T2 were not significant. The temperature in the 

static warm-up group followed a decrease at T1, a subsequent decrease at T2, and a 

recovery similar to the baseline at T3, in the ALH in men and women and in the PUH only 

in men. 

Conclusion: Static stretching was more suitable for preparing the knee for the COD 

exercise than the dynamic one in terms of the thermal response. 

 

1. Introduction  

Warm-up is a fundamental moment in which both recreational and professional athletes 

prepare themselves physically and psychologically to perform intense physical activity. It 

has been observed that various types of warm-ups can reduce the risk of injuries in the 

lower limbs [279,280]. The implementation of stretching exercises was explored in the past, 

with controversial findings, describing whether static or dynamic stretching was useful or 

not in preparing the muscles for subsequent activity with the potential to reduce the 

incidence of injuries [279-282]. 

Change of direction (COD) exercises require a high physical demand due to the forces that 

converge on the different anatomical structures in the area of the knee both for the joint 

[283] and for the muscles [284]. However, they are key movements to master for athletes to 

reach a high peak of performance, especially in team sports [285] where performing them 

with high efficacy is considered an indicator of talent [286]. The demands on the knee, 

when performing a COD exercise, highly depend on the velocity and angle of the action, 

with 90 degree COD determining higher braking and propulsive forces than other angles 

[287]. Therefore, it is fundamental to choose the right warm-up for athletes before they 

approach physical activities involving COD exercises, considering that this maneuver has 

been considered one of the main actions resulting in non-contact injuries of the anterior 

cruciate ligament in different sports [288,289]. 

Nowadays, innovative technologies provide researchers and clinicians new tools to use and 

new data to analyze, allowing an improvement in the understanding of human physiology 

both under static [290] and dynamic [291] conditions. One of the most interesting and 

promising techniques in this field is infrared thermography (IRT), which is used in 
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different kinds of evaluations, from clinical medicine to sports and exercise physiology 

[226,227]. IRT evaluations are easy to perform, and the technique is non-harmful, highly 

reproducible [6,292], and reliable under different conditions when performed following 

specific protocols for thermal data acquisition [245]. IRT cameras use a sophisticated form 

of the radiation thermometer to detect heat radiation emitted by the human body within an 

electromagnetic spectrum that is not visible to the human eye [46]. By identifying the 

surface temperature, these cameras provide insights into the blood flow and muscle 

metabolism, which, in turn, enhance the convection of heat across various regions of the 

body [224]. The outcome measurement evaluated by this technique is the skin temperature 

(Tsk) distribution of the region of interest (ROI) framed by the camera [48]. Studies support 

the application of IRT in the detection of Tsk changes after different kinds of exercises 

[22,293,294], as an imaging strategy to reduce the incidence of muscle injuries [63,295] and to 

monitor the fatigue after specific warm-up exercises [296]. Past studies investigated the 

effects of static or dynamic stretching on COD performance [297-299] in terms of velocity, 

power, and biomechanics improvement. To date, the thermal response of the anatomical 

structures in the area of the knee after a COD exercise, anticipated by a static or dynamic 

stretching warm-up, was never explored. These structures are fundamental while practicing 

different athletic movements, from individual to team sports. To optimize the warm-up 

routines, considering the thermal response of the knee is fundamental to improve the 

wellness of athletes and help coaches in tailoring to their training interventions. Moreover, 

this study will provide researchers with further insights into the thermoregulatory response 

of the knee and new perspectives on how to adjust the warm-up interventions to better suit 

the physical demands of exercise. Hence, the aim of this study was to investigate the 

efficacy of static and dynamic stretching warm-ups in preparing the knee for a 90° COD 

exercise, utilizing IRT. Additionally, the study aimed to analyze the thermal responses in 

healthy young adults, differentiating between genders and types of stretching. 

2. Methods  

This pre–post-observational study involved 85 healthy young adults (46 men [M] and 39 

women [F]) aged 20–31 years and evaluated the Tsk of the knees with IRT at four time 

points before and after different types of exercises. The study was approved by the 

Research Center on Motor Activities (CRAM) Scientific Committee (Protocol no. CRAM-

020-2021, 20/12/2021) in accordance with the Declaration of Helsinki. Informed consent 

was obtained from all subjects before participation. 
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2.1 Participants  

Participants were recruited voluntarily at the Research Center on Motor Activities 

(CRAM), University of Catania. The inclusion criteria were age between 18 and 35 years, 

body mass index (BMI) between 18 and 25 kg/m2, and no altered health status. A 

questionnaire was administered to all participants to collect general information about 

allergies, medication use, recent surgery, regular menstrual cycle, sports played, and 

dominant limb. The exclusion criteria were musculoskeletal disorders, history of scoliosis 

or spine alterations, acute back pain during the previous 4 months, recent surgery, altered 

menstrual cycle, diabetes, or metabolic syndrome. 

2.2 Data collection and instruments 

The IRT acquisitions were performed according to the TISEM checklist [245] to obtain 

high-quality thermal images and reduce bias. This checklist allows researchers to perform 

reliable data acquisition with IRT taking into account extrinsic factors affecting Tsk, like 

applications of ointments, temperature and humidity, consumption of drugs before the 

measurement, and positioning of the camera. Thermograms were taken using a FLIR E54 

camera (Wilsonville, OR, United States) with a detector resolution of 320 × 240 pixels and 

thermal sensitivity <0.04°C. A tripod was placed in a room with a set temperature of 24°C 

± 2°C and humidity of 50%, 1.5 m away from the subjects to standardize the image 

acquisition; the sensor’s emissivity was set at 0.98. The process of IRT involves capturing 

the radiance of an object and then using algorithms to convert it into temperature values, 

providing information about the temperature of the object’s surface. To ensure accurate 

results, the participants were asked to wear shorts to not influence the knee temperature; 

moreover, they rested for 15 min in the evaluation room for acclimatization before the 

thermogram acquisition. During the imaging, the participants stood upright with their knees 

to the camera, arms by their sides, in shorts, facing the camera with their patella and after 

with their popliteal fossa. The thermograms of both the right and left knees were acquired 

at different time points: baseline (T0), Tsk after warm-up (T1), Tsk after COD exercise 

(T2), and Tsk after a 20-min rest (T3). Using FLIR Thermal Studio PRO software, version 

1.9.38.0, we analyzed the thermograms, focusing on two ROIs for the anterior coronal 

plane and two ROIs for the posterior coronal plane. When an area is delimited on a 

thermogram, this software application automatically provides the user the average Tsk of 

the region of interest, representing the average temperature of all the portions 

selected.Different metrics can be used to evaluate a thermogram other than the mean value; 
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however, the average Tsk was used considering that, to date, it is the most frequently used 

metric in literature [49]. For the anterior coronal plane, the ROIs selected were the anterior 

knee upper half (AUH), comprehending the insertion of the quadriceps and the upper half 

of the patella, and the anterior knee lower half (ALH), comprehending the origin of the 

tibialis anterior and the inferior part of the patella. For the posterior coronal plane, the ROIs 

selected were the posterior knee upper half (PUH), which includes the insertion of the 

hamstrings and the upper half of the popliteal fossa, and the posterior knee lower half 

(PLH), including the origin of the gastrocnemius and the lower half of the popliteal fossa. 

The identification of the anterior and posterior ROIs is presented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Line plot representing the temperature variations in means at the four time points for each 

region of interest for men and women divided for stretching. 

2.3 Physical activity protocol 

Participants were randomly divided and assigned to two groups, dynamic stretching (26 M 

and 21 F) and static stretching (20 M and 18 F), and they performed 10 min of warm-up. 

Then, they performed a 90° COD exercise, focusing the activity on the right knee. The 

static stretching protocol comprehended 5 min of low-intensity running and 5 min of static 

stretching of the lower limbs (without reaching the point of discomfort), changing the static 

position every 30 s. The dynamic stretching protocol comprehended 5 min of low-intensity 

running and 5 min of dynamic stretching exercise with repeated movements of flexion, 

extension, adduction, and abduction of the lower limbs. The 90° COD exercise was set up 
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by predisposing a square of 5 m for each section delimited with four cone markers, and the 

participants had to sprint until they reached the marker and change their direction to reach 

the subsequent one; the exercise was considered adequately completed when a participant 

performed five consecutive laps. All the exercises were supervised by an expert trainer. 

2.4 Statistical analysis 

The data analysis was conducted using the R Project for Statistical Computing (Vienna, 

Austria, v.4.3.2). Data were tested for normality with the Shapiro–Wilk test and equality of 

variance with Levene’s test. A mixed ANOVA with a post hoc Bonferroni–Holm test was 

used to spot the difference in Tsk in time points and between groups for the type of 

stretching. A repeated-measures ANOVA was used to spot any significant differences 

between the temperatures of the right and left knees. The independent t-test was used to 

assess the differences between men and women at T0 and whether differences were present 

between the temperatures of the right and left knees at T1 and T2. 

3. Results 

The characteristics of the participants, in terms of means and standard deviations for 

anthropometrics, BMI, age, and temperature at baseline, are presented in Table 1. The IRT 

results of all the ROIs examined in both the anterior and posterior coronal planes in means, 

divided by gender, and type of stretching, for the right knee, are presented in Table 2. 

Table 1. Characteristics of the sample. 

BMI, body mass index; SD, standard deviation; T0, temperature at baseline; AUH, anterior upper 

half; ALH, anterior lower half; PUH, posterior upper half; PLH, posterior lower half. *p < 0.05, 

**p < 0.01, and ***p < 0.001 
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Table 2.  Mean temperature of the four ROIs of the right knee at each time point.  

SD: standard deviation;  AUH: anterior upper half; ALH: anterior lower half; PU: posterior  upper 

half;   PLH: posterior lower half; T0: baseline; T1: temperature after warm-up; T2: temperature 

after COD exercise; T3: temperature after 20min of rest. 

All data respected the assumption of normality and homogeneity in the Shapiro–Wilk test 

and Levene’s test, respectively. The temperature of all four ROIs analyzed was higher in 

men at each of the time points T0, T1, T2, and T3 for both the right and left knees. The 

comparison between the right and left knees showed no significant differences, and the 

repeated-measure ANOVA results between the right and left knees were not significant. 

Hence, only the results for the right knee are presented. The general trend of temperature 

was a slight decrease in temperature at T1, followed by a higher decrease at T2 and a 

recovery of temperature, near or superior to the baseline at T3. To identify statistical 

significance, a mixed ANOVA was used to analyze the four ROIs individually and for 

gender separately. The results of the mixed ANOVA are presented in Table 3. 

Table 3. Mixed ANOVA results of the four regions of interest divided by gender. 

ROI, region of interest; AUH, anterior lower half; ALH, anterior lower half; PUH, posterior upper 

half; PLH, posterior lower half. 

The type of stretching did not show significant results in the four ROIs examined, with p-

values >0.05. However, the variable stretching/time points showed significant results in 

every ROI aside from the AUH. To spot the significance through pairwise comparison, the 

Bonferroni–Holm post hoc test was used, highlighting various significant meaningful 
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comparisons, as shown in Table 4. A significant difference was found between T1 static 

and T1 dynamic in the ALH for both men and women and the PUH only in men. The 

dynamic stretching was not significant in all the ROIs examined, while the static stretching 

elicited a decrease in temperature in the ALH aside from gender and in the PUH only in 

men. Significant differences were spotted between T0 and T2 in the dynamic group in the 

ALH for men and in the static group for both men and women in the ALH and PLH and 

only in men in the PUH. Figure 2 presents the variation in temperature in time points for 

stretching and gender in the ROIs examined. 

Table 4. Results of the meaningful comparisons of the Bonferroni–Holm test 

ROI: region of interest; AUH: anterior lower half; ALH: anterior lower half; PUH: posterior upper 

half; PLH: posterior lower half. *p< 0.05; **p< 0.01; and ***p< 0.001. 
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Figure 2. Representation of IRT acquisition and ROI division of the anterior and posterior regions 

of the knee. The thermograms were edited using FLIR Thermal Studio PRO, version 1.9.38.0. 

4. Discussion  

In this study, the thermal response of the knee after a static or dynamic warm-up and a 90° 

COD exercise was investigated in a cohort of healthy, young male and female adults. It 

was found that men presented a higher temperature at the baseline than women. The 

evaluation of time points showed a general trend of a slight decrease in temperature after 

warm-up, followed by a higher decrease after the 90° COD exercise and an increase in 

temperature with a return to baseline or slightly higher at rest. The static stretching warm-

up elicited this phenomenon in the ALH in both men and women and in the PUH only in 

men; instead, the dynamic warm-up did not show significant results in all the ROIs 

examined. Moreover, the comparison between the static and dynamic groups at T1 showed 

significant results in the ALH aside from gender and in the PUH in men. 

The Tsk is influenced by many factors [27], and differences in temperature at rest between 

men and women in different body regions have already been investigated in different 

studies [103,300]. Our study aligns with a previous study that found that men have a higher 

Tsk than women in the lower limbs [277]. Women have higher subcutaneous fat 

percentages than men [301], and this characteristic affects the Tsk detection through IRT 

[266]. Moreover, the metabolic rate is also higher in men than women [302], fostering this 

thermal difference in areas of the body where men typically have more muscle tissue. 

Marins et al. [104] also found that there are significant differences in the temperature of the 

lower limbs between men and women, especially in the calves and ventral and posterior 

thighs. Thus, it is essential to consider gender when performing IRT acquisition regarding 

lower limbs. 
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The general trend of our results showed a slight decrease in Tsk after warm-up exercise 

and a higher reduction after a more intense COD exercise, followed by an increase in 

temperature after 20 min of rest, especially in the static group. This temperature trend after 

acute exercise is in line with different study results [100,303-307], which highlighted a 

decrease in temperature immediately post-exercise and an increase during the rest period, 

pursuant to different types of physical activities. When administering incremental exercise, 

the temperature decreases at the start, with a progressive decrease until exhaustion, and no 

increase is observed until the end of exercise during rest [94]. IRT allows us to detect Tsk, 

which is the result of the heat transfer of deeper tissue to the upper layers and blood flow 

[223]. The decrease in temperature after acute exercise is caused by the physiological 

vasodilatation response due to the skin that reflexively contracts as blood is redistributed 

from non-working tissues to the working skeletal muscle [308]. Another physiological 

reason behind this trend is the start of the thermoregulatory response, particularly sweating, 

that causes the Tsk to decrease during the first few minutes of exercise compared to 

thermograms taken at other times; subsequently, during exercise, the Tsk will increase 

progressively [271].  

We did not find any statistical difference in temperature between the right and left knees. 

This could be explained by the nature of the exercise that made both legs physically active, 

considering that temperature follows the same trend in the non-exercised leg [309].  

The physical demand of a sharp 90° COD exercise requires high muscle activation on the 

biceps femoris and vastus lateralis, while the quadriceps is fundamental for the 

deceleration phase [310]. Moreover, the hamstrings do the essential job of stabilizing the 

knee to protect it from abnormal movement that can lead to an injury [311,312].  

Williams et al. [313] found that static stretching can elicit differences in the quadriceps 

torque output, analyzing their sample with surface electromyography, and another study 

[314] found that dynamic stretching can elicit significant differences in electromyographic 

activity of the rectus femoris and vastus medialis and lateralis.  

Conversely, we found that neither static nor dynamic stretching elicited a change in 

temperature in the AUH. This may be due to the intensity of the warm-up, which was not 

high enough to prepare one of the biggest muscles in the body for activity in terms of 

temperature. Generally, static stretching focused on the quadriceps can elicit positive 

changes in it [313]; however, the static stretching in our study was focused not only on the 

quadriceps but also on all the main muscle groups of the legs that contribute to the 
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stabilization of the knee. A lowering of Tsk can be interpreted as a redirection in blood 

flow from the skin vessels to the muscles [315], suggesting that muscles might be more 

ready to perform the exercise. Differently from our results, de Oliveira et al. [316] observed 

an increase in muscle temperature of the hamstrings after 180 s of static stretching. 

However, their study was performed in laboratory settings, while our study focused on 

testing a stretching warm-up routine closer to that performed before training. Moreover, 

the authors evaluated all the posterior sections of the thigh, while we analyzed only the 

insertion of the hamstring close to the knee.  

This study has some limitations. First, we examined a sample of people who perform 

physical activity as a recreational activity, so these findings should be interpreted carefully 

when comparing with other populations such as athletes. Second, we used the BMI instead 

of the body fat percentage as an exclusion criterion, which can impact the IRT results. The 

observed differences in thermal response between men and women suggest that 

customized warm-up routines might be beneficial for sport practitioners. Thus, 

incorporating tailored stretching exercises could be more effective in preparing the 

muscles, potentially reducing injury risk during high-intensity maneuvers like 90° COD 

exercises. Future studies should evaluate the knee thermal response to stretching in 

professional athletes and change of direction exercise during a training period and explore 

possible connections between abnormal thermal response to exercise and the rates of 

injuries. 

5. Conclusion 

This study presents an exploration into the effects of two distinct stretching warm-ups and a 

90° COD exercise on the thermal response of the upper and lower regions of the knee, 

utilizing IRT. We found that men exhibited a higher Tsk than women. Notably, the static 

stretching warm-up elicited a significant reduction in Tsk compared to dynamic stretching, 

particularly in the anterior lower and posterior upper regions of the knee for men and only in 

the anterior lower region for women. These findings provide valuable practical information 

for trainers in determining the most suitable stretching warm-up for their athletes tailored to 

the physical demands required by specific exercises. Coaches can use this information to 

customize warm-up protocols that optimize knee temperature, preparing their athletes with 

more precision for subsequent performances, attempting to reduce the risk of potential 

injuries. Moreover, the results of this study may be useful for researchers investigating the 

thermal responses of the knee after different kinds of moderate and more intensive exercises. 
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ONGOING STUDIES 

In this section it will be presented one pilot study which is still ongoing at the Research 

Center on Motor Activities directed by my supervisor Professor Musumeci. In this pilot study, 

the investigation was performed on individuals with knee OA using infrared thermography for 

the acquisition of the thermal data of the knee, and walker view treadmill for the data 

regarding the biomechanics of walking. The aim of this research is to develop a new way of 

analysing the individual with knee OA to gain useful data on the follow up of this category of 

patients, improving their management for clinicians and specialists. The preliminary results of 

this research were disseminated at the 77° national SIAI (Società Italiana Anatomia Istologia) 

congress with an oral presentation entitled: “Biomechanical alteration of gait and temperature 

evaluation of the knee in people with osteoarthritis: a pilot study”. Only the abstract, the 

methods employed and the preliminary results will be presented. 

Ongoing study n°1 – original research 

Presented at the 77° SIAI congress held in Genova 12-14 September 2024  

Biomechanical alteration of gait and temperature evaluation of the knee in people with 

osteoarthritis: a pilot study 

Bruno Trovato1, Martina Sortino1, Federico Roggio1, Claudia Lombardo1, Carla Loreto1, 

Sergio Castorina1, and Giuseppe Musumeci 1 

1Department of Biomedical and Biotechnological Sciences, Section of Anatomy, Histology and Movement 

Science, School of Medicine, University of Catania, Catania, 95123, Italy 

Abstract  

Osteoarthritis (OA) is a common musculoskeletal disorder with more than 500 million people 

affected worldwide [317] according to the World Health Organization. Finding new ways to 

analyse people with OA is fundamental to improving disease identification and treatment. In 

this field, infrared thermography (IRT) is gaining interest considering its ease of use, non-

harmfulness and non-invasiveness [40]. This study aims to evaluate the biomechanical 

alterations of gait and temperature (Tsk) in people with knee OA, compared to healthy 

control, using two markerless systems: IRT and walker view. We recruited 10 males with 

knee OA (age 66.6 ±4.8, height 169±8,7, weight 76.9±10.1), and a Kellgren/Lawrence score 

of at least 2, and 10 healthy males (age 62.4±6.7, height 174±4.9, weight 75.1±5.86) with no 

musculoskeletal disorders. Participants were evaluated with the Flir E54 thermal camera to 
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measure the average Tsk of the knee, and the Walker view treadmill to analyse the gait. Six 

regions of interest (ROIs) were selected on the thermograms [260]: patellar, medial patella, 

and lateral patella, suprapatellar, medial and lateral areas. The gait parameters considered 

were: knee flexion, extension, total range of motion and step length. Shapiro-wilk test 

assessed the normality of data, and an independent t-test was used for significant differences 

between groups (α=0.05). The t-test resulted significant for the Tsk of all the ROIs, namely, 

patellar (0.005), medial patella (0.004), lateral patella (0.015), medial (0.004), lateral (0.024) 

and suprapatellar (0.016). Significant differences were detected for the knee flexion (0.007), 

total range of motion (0.021) and step length (<0.001). We found that these markerless 

systems were able to detect alterations in the biomechanics of gait and in Tsk of different 

ROIs of the knee, suggesting the feasibility of this approach for analyzing OA.  

1. Methods 

Patients with knee OA were recruited by orthopaedic and physiatrist physicians, between 

September 2023 and May 2024, at the AOU Policlinico G. Rodolico Catania, Italy. Informed 

consent was obtained from each patient for study participation. Males and females patients 

with unilateral knee OA, with at least a Kellgren–Lawrence grade of 2, were considered 

eligible for the study. The exclusion criteria used for selection of participants were: history of 

trauma or intra-articular injection therapy within 6 months before treatment or knee surgery 

within 12 months; knee lesion causing pain or swelling, cancer, dermatological or vascular 

conditions, metabolic disorders, cardiovascular diseases, rheumatoid arthritis, haematological 

diseases, use of nonsteroidal anti-inflammatory drugs in the 5 days before the investigation. A 

total of 10 males with knee OA (age 66.6 ±4.8, height 169±8,7, weight 76.9±10.1), and a 

Kellgren/Lawrence score of at least 2, were enrolled. To compare the thermal data of the knee 

and the biomechanics of the walking, a group of 10 healthy males (age 62.4±6.7, height 

174±4.9, weight 75.1±5.86) of comparable age was recruited. IRT acquisitions were carried 

out following the guidelines provided by the TISEM checklist (Moreira et al., 2017). This 

checklist account for external factors that could affect skin temperature (Tsk), such as the use 

of ointments, ambient temperature and humidity, medication intake prior to measurements, 

and the correct positioning of the camera. Thermal images were captured using a FLIR E54 

camera (Wilsonville, OR, USA), equipped with a detector resolution of 320 × 240 pixels and 

thermal sensitivity below 0.04°C. A tripod was positioned at a distance of 1.5 m from the 

participants, in a room maintained at a temperature of 24°C ± 2°C and a relative humidity of 

50%, to standardize image capture. Additionally, subjects rested for 15 minutes in the 
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assessment room for acclimatization before thermal image acquisition. The gait analysis 

acquisitions were performed with the walker view treadmill (TecnoBody, Bergamo, Italy). 

The analysis of thermograms was performed with the FLIR Thermal Studio PRO software  

(version 1.9.38.0.) and six regions of interest (ROIs) were selected on the thermograms: 

patellar, medial patella, and lateral patella, suprapatellar, medial and lateral areas (figure 1). 

For the evaluated gait parameters, they were: knee flexion, extension, total range of motion 

and step length. Statistical analyses were performed with the statistical software Jamovi (The 

jamovi project (2024). Jamovi (Version 2.3.26); the ShapiroWilk test assessed the normality 

of data, and an independent t-test was used to spot significant differences between groups 

(α=0.05). 

Figure 1. Visual representation of the division in region of interests on the FLIR Thermal Studio PRO 

software  (version 1.9.38.0.) 

2. Results 

The t-test resulted significant for the Tsk of all the ROIs, namely, patellar (0.005), medial 

patella (0.004), lateral patella (0.015), medial (0.004), lateral (0.024) and suprapatellar 

(0.016). Significant differences were detected for the knee flexion (0.007), total range of 

motion (0.021) and step length (<0.001) (figure 2). 
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Figure 2. T-test results for OA patients and healthy participants. OA: osteoarthritis group; Rom: range 

of motion; tsk: skin temperature; pat: patellar; sup pat: suprapatellar; med: medial; lat: lateral; tot: 

total. 

3. Conclusions  

The preliminary data from this pilot study suggest that there are significant differences in 

temperature and gait biomechanics between subjects with knee osteoarthritis and healthy 

subjects, opening up the possibility of using this new type of approach in the comprehensive 

and daily assessment of patients with knee osteoarthritis. 

Ongoing study n°2 – Systematic review 

Currently, it is under review in the scientific journal “Heliyon” the article entitled “Exploring 

the effects of anti-gravity treadmill training in musculoskeletal disorders: A Systematic 

Review”. In this article the effect of anti-gravity treadmill interventions on different type of 

MSD were explored, to understand if this type of approach is feasible and promote positive 

changes in patients affected by MSD. Here there will be presented only the abstract to avoid 

any potential publication issue with the journal. 

Exploring the effects of anti-gravity treadmill training in musculoskeletal disorders: A 

Systematic Review 
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Bruno Trovato1, Martina Sortino 1, Federico Roggio1*, and Giuseppe Musumeci1,2 

1Department of Biomedical and Biotechnological Sciences, Section of Anatomy, Histology and Movement 

Science, School of Medicine, University of Catania, 95123 Catania, Italy; 

2Research Center on Motor Activities (CRAM), University of Catania, 95123 Catania, Italy 

*Correspondence: federico.roggio@unict.it 

Abstract  

Musculoskeletal disorders (MSD) comprise a great variety of medical conditions, and the 

economic and sanitary burdens they cause are a major concern for the sanitary systems 

worldwide. Conventional rehabilitation is effective; however, with the rise of new 

technologies, it can be further improved. Anti-gravity treadmills are starting to enter the 

clinical rehabilitation practice of MSD due to their characteristics, which allow weight 

support while performing walking and running exercises. Thus, this systematic review aims to 

explore the effects and use of anti-gravity treadmills in MSD. A systematic search of literature 

was performed by collecting articles from PubMed, Scopus, and Web of Science on the use of 

anti-gravity treadmills in MSD management. The PEDro scale tool and the Joanna Briggs 

Institute checklist were used to assess the methodological quality of the included studies. 

Relevant data were collected in tables, and the primary outcomes were discussed narratively. 

Of the 185 articles screened, 11 were included in the qualitative synthesis. The findings of the 

selected articles encourage the use of anti-gravity treadmills in MSD rehabilitation to improve 

gait functionality, balance, pain relief rct, range of motion, and fracture healing. The protocols 

and outcomes evaluated showed high heterogeneity, and quantitative synthesis could not be 

performed. In conclusion, the anti-gravity treadmill proved feasible, safe, and well tolerated 

by individuals with different MSD, and greater improvements were seen in participants who 

performed anti-gravity exercises than in those who performed only conventional 

rehabilitation. 

Keywords: anti-gravity treadmill; microgravity training; musculoskeletal disorders; exercise; 

physical activity; rehabilitation. 
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General conclusions of the thesis 

This thesis has examined the applicability of IRT as an innovative, non-invasive tool for 

assessing musculoskeletal health, with applications across different populations, from 

healthy to pathological individuals. The collection of studies presented herein underscores 

the potential of IRT to enter in the assessment of musculoskeletal health as an auxiliary 

technique, offering an applicable and safe alternative to traditional methods while 

producing robust and reproducible data. 

The first study of this thesis, “Thermal profile  classification of the  back  of sportive  and  

sedentary healthy individuals”, had the objective to classify the thermal profiles of the 

back in both sedentary and physically active individuals, providing normative data for the 

thermographic assessment of the back of healthy individuals. By analyzing the cervical, 

dorsal, and lumbar regions of the back, we were able to determine that sedentary 

individuals displayed a consistently higher temperature in these regions compared to 

physically active ones. This finding is crucial in distinguishing baseline thermal 

characteristics that are influenced by lifestyle and physical activity levels, opening to the 

possibility of recognizing abnormal thermal variations associated with musculoskeletal 

discomfort or pathology. The study’s multivariate analysis of variance results were 

significant across regions, with specific thermal differences pointing to the value of IRT in 

categorizing musculoskeletal profiles. This evidence supports the concept that IRT can 

serve as a baseline comparator for detecting potential alterations in individuals 

experiencing discomfort or early stages of musculoskeletal disorders.  

The second study “Active Breaks Reduce Back Overload during Prolonged Sitting: 

Ergonomic Analysis with Infrared Thermography” extended the application of IRT to 

ergonomic evaluations, focusing on office workers, starting from the hypothesis that this 

population has a potential susceptibility to musculoskeletal pain and discomfort due to 

prolonged sitting for work demands. In this study, IRT measurements were taken at 

multiple time points across a controlled sitting period to observe thermal changes in 

response to short, active breaks. The objective was to understand what was the thermal 

response of the back after sitting for a prolonged period of time with and without 

performing short active breaks. We found that back temperatures increased consistently in 

the no-active-break (NAB) group, reflecting sustained muscular load and potential strain, 

whereas the active-break (AB) group demonstrated a significant reduction in back 
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temperature post-activity. This variation suggests that tailored exercise movements can 

mitigate temperature increases associated with musculoskeletal strain. By applying 

statistical methods such as mixed ANOVA, the study demonstrated interaction effects 

between exercise and measurement time points on back temperature in the cervical, dorsal, 

and lumbar regions. The significant differences in temperature trends between the AB and 

NAB groups indicates that IRT could serve as a feasible tool in workplace health 

programs, helping to identify musculoskeletal strain in sedentary workers and facilitate 

physical activity intervention. This study illustrates how IRT not only detects strain in real-

time but also underscores its utility in longitudinal ergonomic assessments, which could 

contribute to the early detection of work-related musculoskeletal disorders and help in the 

starting of preventive tailored ergonomic interventions with exercise.   

The third original research article “Thermography and rasterstereography as a combined 

infrared method to assess the posture of healthy individuals” introduced a combined 

infrared approach, integrating IRT with rasterstereography to evaluate postural symmetry 

and thermal distribution in healthy individuals. This combined infrared method employed 

rasterstereography for postural assessment and IRT for detecting thermal asymmetries, 

creating a combination of infrared methods to obtain a comprehensive evaluation of the 

back without exposing participants to radiation. The study involved 175 healthy 

individuals and examined key postural parameters across sagittal and coronal planes, 

revealing gender differences, such as increased cervical depth in males and a greater 

lumbar lordosis angle in females. Correlations were observed between rasterstereographic 

parameters and thermal profiles, indicating a relationship between postural deviations and 

thermal variations in the back. This new approach offers a new way of performing postural 

assessment with the advantage of concurrently evaluating mechanical posture and thermal 

patterns. With the reliability of rasterstereography and thermography, and their non-

contact, non-radiative nature, this new combined infrared method could serve as an 

effective tool for detecting and monitoring postural changes that may potentially precede 

musculoskeletal pathologies. By identifying significant correlations between thermal 

profiles and specific postural metrics, this study strengthens the applicability for IRT to be 

integrated with 3D posture assessment tools in routine clinical evaluations of the 

musculoskeletal system. In addition to these original research contributions, this thesis also 

includes a comprehensive literature review exploring the application of IRT in assessing 

joint cartilage, particularly in the knee, and in the context of osteoarthritis.  
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The scoping review “Thermal threshold for knee osteoarthritis people evaluated with 

infrared thermography: A scoping review” highlighted the advantages of IRT in 

visualizing early signs of inflammation, a key factor in cartilage health and degeneration. 

Given IRT’s ability to reveal temperature increments associated with joint inflammation, 

the technique is particularly suited for monitoring osteoarthritis progression and assessing 

treatment efficacy without invasive procedures. IRT, when applied to joint health, could 

complement current OA diagnostic practices by enabling clinicians to observe changes in 

cartilage temperature and asymmetry, which are indicative of the disease. This literature 

review focuses the attention on IRT potential to advance the management of degenerative 

joint diseases, offering both precision for the evaluation and a non-invasive option for 

long-term disease monitoring.  

The first systematic review presented, “How physical activity affects knee cartilage and a 

standard intervention procedure for an exercise program: a systematic review,” 

synthesized findings on the effects of different physical activities on knee cartilage. This 

review not only highlighted the positive effects of moderate exercise on cartilage health, 

particularly in preventing degradation, but it also proposed a standard operating procedure 

for exercise programs focused on preserving joint health. A total of 24 studies were 

analyzed, and a standard operating procedure emphasized aerobic, resistance, flexibility, 

and balance exercises to support cartilage integrity. This review demonstrated that 

moderate activity, such as walking and structured aerobic exercises, does not detrimentally 

impact knee cartilage, but rather may support its health by increasing blood flow and 

reducing cartilage deterioration. For clinical application, the standard operating procedure 

offers a structured guide for designing exercise programs that benefit cartilage without 

overloading it, especially for older adults and those with mild osteoarthritis. Considering 

the capability of IRT in detecting changes after exercise, this opens to the possibility of 

integrating IRT evaluation and exercise together  to ameliorate the management of patients 

with osteoarthritis. 

The second systematic review performed, “The influence of different sports on cartilage 

adaptations: a systematic review”, analyzed how various sports activities can influence 

cartilage at different levels. This review identified high-impact sports such as soccer, 

basketball, and volleyball as having a higher potential of causing cartilage alterations due 

to repetitive joint loading. Conversely, lower-impact sports, like swimming and cycling, 

were shown to either have a neutral or beneficial effect on cartilage. Running, often 
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debated in literature, was highlighted as generally non-harmful if managed with adequate 

recovery times. It emerged that CTx-II biomarker levels as an important measure of 

cartilage health, noting that certain high-impact sports elevated this biomarker, indicating 

increased cartilage turnover.   

The last original article presented “The influence of static and dynamic warm-up on knee 

temperature: infrared thermography insights before and after a change of direction 

exercise” investigated the thermal response of the knee after static and dynamic warm-ups, 

followed by a 90° change of direction exercise, in a cohort of healthy, young adults. The 

results showed gender-specific differences, with men presenting higher baseline 

temperatures than women. Analysis of temperature trends revealed a decrease following 

the warm-up and a further decrease post-COD exercise, with temperatures returning to 

baseline or slightly above after a rest period. Significant changes were observed in the 

anterior lateral hamstring (ALH) for both genders and in the posterior upper hamstring 

(PUH) for men in response to static stretching, while the dynamic warm-up did not show 

substantial changes across the regions of interest.  

Finally, the ongoing pilot study “Biomechanical alteration of gait and temperature 

evaluation of the knee in people with osteoarthritis: a pilot study,” aimed to analyze gait 

biomechanics and knee temperature in individuals with OA. Preliminary findings indicate 

that OA patients exhibit altered gait parameters and higher knee temperatures, suggesting 

that inflammation and mechanical strain are present in affected joints. By identifying 

significant differences in temperature across the regions of interest of the knee, this 

preliminary study shows the feasibility of IRT as a non-invasive assessment tool for 

tracking disease progression in OA. When combined with gait analysis, IRT could offer a 

comprehensive, radiation-free approach to monitor disease impact and treatment 

effectiveness in OA management, particularly in capturing the early inflammatory changes 

that precede more severe structural degeneration.  

Through these diverse applications, from musculoskeletal health baselines in active and 

sedentary populations, to ergonomic evaluations, combined infrared methods, and joint 

health, the studies presented in this thesis aimed to explore the versatility and applicability 

of IRT in musculoskeletal research. Each study has highlighted the strengths of IRT: its 

reproducibility under controlled conditions, ease of use, and utility across both clinical and 

preventive settings. The significant findings across these works focus on the fact that IRT 
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has the potential to enter the clinical and prevention field as reliable tool for the evaluation 

of the musculoskeletal system that aligns with modern and patient-centred healthcare 

trends. With continued research and integration of IRT with advanced analysis tools, IRT 

could potentially play a key role in the future for the early detection and management of 

musculoskeletal conditions, thereby contributing to better health outcomes and enhancing 

quality of life across diverse populations. However, it is important to acknowledge that the 

application of  IRT in musculoskeletal assessment must be supported by rigorous 

validation with gold-standard methods. Although IRT has established utility in measuring 

skin temperature and shows promise for broader clinical use due to its non-invasive, cost-

effective, and practical nature, the risk of false positives or false negatives persists if its 

application is extended prematurely. Consequently, while the findings presented here 

demonstrate the potential of IRT as an auxiliary technique for musculoskeletal evaluation, 

further research is necessary to corroborate these results through validity studies. This 

entails direct comparisons with established diagnostic techniques to determine 

reproducibility, accuracy, and robustness across diverse patient populations. Ensuring that 

IRT meets these standards will solidify its ecological validity for clinical practice and 

mitigate the risks associated with under or over detection of musculoskeletal issues. 

Considering these limitations, at the current state of literature IRT can be considered a 

useful auxiliary method to evaluate different type of musculoskeletal disorders. 

Future perspectives  

The application IRT in assisting the diagnosing and monitoring of musculoskeletal disorders 

opens numerous suggestions for future research and advancements. This thesis has 

demonstrated the applicability of IRT as a non-invasive and reliable tool useful to assess the 

musculoskeletal system both in physiological and pathological conditions. Future studies 

might investigate the possibility of refining algorithms that combine IRT data with other non-

invasive infrared assessment tools like wearable sensors, and 3D motion capture. As seen in 

one of the studies in this thesis is already possible to create a combined infrared method to 

evaluate the back of individuals. In the future, a multi-modal approach could facilitate early 

diagnosis and enabling more personalized management of follow-up assessment with 

harmless imaging techniques. Another potential way of using IRT data is through the 

implementation of machine learning algorithms that could be specifically developed to 

analyze thermal patterns, providing clinicians with different methods to differentiate between 

early and advanced stages of musculoskeletal disorders. Another area of application of IRT in 
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the future it could be in preventive healthcare to improve the screening of those population 

that are at a higher risk of developing musculoskeletal pain due to work demands. As seen in 

this thesis, it is possible to detect thermal asymmetries in the back of individuals that work in 

the office environments, and this opens to the possibility of applying this method also on 

other populations of workers to improve their welfare and their overall health. By integrating 

IRT with ergonomic assessments, researchers might develop customized preventive 

interventions tailored to specific occupational demands, such as targeted stretching or exercise 

programs designed to mitigate musculoskeletal risks. 

Other research studies 

During the three years of Ph.D. I had the opportunity to participate in the other research 

studies listed below: 

-  Kinesiological Treatment of Early Spine Osteoarthritis in a Motorcyclist - 

Roggio, F., Trovato, B., Ledda, C., Rapisarda, V., Musumeci, G. (International 

Journal of Environmental Research and Public Health) 

-  Are Physically Active Breaks in School-Aged Children Performed Outdoors? A 

Systematic Review - Petrigna, L., Roggio, F., Trovato, B., Zanghì, M., Musumeci, 

G. (Sustainability) 

- Running Footwear and Impact Peak Differences in Recreational Runners – 

Roggio F., Trovato B., Zanghì M., Petrigna L., Testa G., Pavone V., Musumeci G. 

(Biology) 

- Effects of Exercise on Skeletal Muscle Pathophysiology in Huntington’s Disease 

- Trovato B., Magrì B., Castorina A., Maugeri G., D’agata V., Musumeci G. - 

(Journal of Functional Morphology and Kinesiology) 

- Postural Evaluation in Young Healthy Adults through a Digital and 

Reproducible Method - Trovato B., Roggio F., Sortino M., Zanghì M., Petrigna L., 

Giuffrida R., Musumeci G. (Journal of Functional Morphology and Kinesiology) 

- Molecular Assessment of Healthy Pathological Articular Cartilages in 

Physically Active People: A Scoping Review - Petrigna L., Trovato, B., Roggio, F., 

Castorina, A., Musumeci, G (International Journal of Molecular Sciences) 
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- The Role of Lubricin, Irisin and Exercise in the Prevention and Treatment of 

Osteoarthritis - Roggio, F., Petrigna L., Trovato, B., Di Rosa M., Musumeci G. 

(International Journal of Molecular Sciences) 

- Physical Activity, Sun Exposure, Vitamin D Intake and Perceived Stress in 

Italian Adults - Trovato, B., Godos J., Varrasi S., Roggio F., Castellano S., 

Musumeci G. (Nutrients) 

- Modified Isoinertial-Based Ruffier Test in Healthy Individuals: A Feasibility 

Study - Trovato, B., Roggio F., Petrigna L., Musumeci G. (Journal of Functional 

Morphology and Kinesiology) 

- The Role of Muscle Biomarkers in Adolescent Idiopathic Scoliosis - Roggio F., 

Trovato B., Sortino M., Onesta M. P., Petrigna L., Musumeci G. (Journal of clinical 

medicine) 

- Intervention Hypothesis for Training with Whole-Body Vibration to Improve 

Physical Fitness Levels: An Umbrella Review – Petrigna L., Amato A., Roggio F., 

Sortino M., Trovato B., Zanghì M., Roggio F., Musumeci G. (Journal of Functional 

Morphology and Kinesiology) 

- Rhythmic gymnastics, is a healthy or a deleterious sport for the athletes? An 

exploratory study on eating disorders in southern Italy - Petrigna, L., Sortino, M., 

Trovato, B., Alongi, S., Musumeci, G. (Sport science for health) 

- Exploring body composition and somatotype profiles among youth professional 

soccer players - Zambrano-Villacres R., Frias-Toral E., Maldonado-Ponce E., 

Poveda Loor C., Leal P., Velarde Sotres Á., Leonardi A., Trovato B., Roggio F., 

Castorina A., Xu W., Musumeci G (Mediterranean Journal of Nutrition and 

Metabolism) 

-  A comprehensive analysis of the machine learning pose estimation models used 

in human movement and posture analyses: A narrative review  - Roggio F., 

Trovato B., Sortino  M., Musumeci G. (Heliyon) 

-  Self-selected speed provides more accurate human gait kinematics and 

spatiotemporal parameters than overground simulated speed on a treadmill: a 

cross-sectional study – Roggio F., Trovato B., Sortino M., Vecchio M., Musumeci 

G. (BMC Sports Science, Medicine and Rehabilitation) 
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Attended congresses 

75° SIAI national congress, 14-16/9/2022 (Padova) – poster presentation - Thermal 

evaluation of the spine in sportive adults: a morphological classification. 

13° SISMES national congress, 4-6/11/2022 (Milano) – oral presentation - Validity of 

isoinertial Ruffier test to assess cardiorespiratory fitness in healthy individuals. 

13° national SISMES congress, 4-6/11/2022 (Milano) – poster presentation - Infrared 

thermal classification of the spine of sportive individuals.  This work won the honourable 

mention of its section. 

14° SISMES national congress, 2-4/11/2023 (Napoli) – oral presentation - The effects of a 

static or dynamic stretching warm-up in preparing the knee for a change of direction 

exercise: a pre-post observational study. 

77° SIAI national congress, 12-14/9/2024 (Genova) – oral presentation - Biomechanical 

alteration of gait and temperature of the knee in people with osteoarthritis: a pilot 

study. 

15° SISMES national congress, 19-21/9/2024 (Chieti-Pescara) – oral presentation - The 

effects of isometric and isoinertial exercises until exhaustion on the mechanical 

properties and temperature of the biceps brachii: a preliminary study. 
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Activities as invited speaker 

“Dismorfismi vertebrali in età evolutiva ed in età adulta, dalla diagnosi al trattamento ortesico 

riabilitativo” (Università degli studi di Catania), 1/4/2023 - Il ruolo della termografia ad 

infrarossi nello screening della scoliosi. 

C.U.R.I.A.M.O con la ricerca, 21/07/2023 (Università degli studi di Perugia) – Approcci 

innovativi per la valutazione della performance sportiva e la prevenzione degli infortuni. 

C.U.R.I.A.M.O con la ricerca, 27/05/2024 (Università degli studi di Perugia) – Strategie per 

lo sviluppo della forza: metodi consolidati e studi recenti. 
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Training activities 

Attended subjects: 

-  Citochimica ed istochimica nel differenziamento cellulare e tissutale (6 CFU) Prof. 

Michelino di Rosa 

-  Ematologia Sperimentale (6 CFU) Prof.ssa Cesarina Giallongo 

Attended courses: 

-  Drug discovery: sviluppo e valutazione di un farmaco (10 ore) 

-  Drug discovery: veicolazione e rilascio di un principio attivo (10 ore) 

-  Materiali bioispirati per la veicolazione di farmaci e la medicina rigenerativa (10 ore) 

Attended Workshops: 

-  Sensori inerziali per l’analisi clinica della mobilità: strategie per un uso consapevole 

(8 ore), 22/02/2024 

-  Biotecnologie microbiche e nanotecnologiche nell’industria farmaceutica, (3 ore), 

24/10/2024 
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