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Infrared thermography technology has improved dramatically in recent years and is gaining renewed interest in the

medical community for applications in skin tissue identification applications. However, there is still a need for an optimized

measurement setup and protocol to obtain the most appropriate images for decision making and further processing.

Nowadays, various cooling methods, measurement setups and cameras are used, but a general optimized cooling and

measurement protocol has not been defined yet. It is possible to improve thermal images of skin lesions by choosing an

appropriate cooling method, infrared camera and optimized measurement setup.
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1. Introduction

In 2020, more than 19 million new cases of cancer were diagnosed, with an estimation of around 10 million deaths. Non-

melanoma of the skin accounts for 6.2% of the total amount of new cases, while melanoma of the skin accounts for 1.7%

of new cases . Melanoma incidence rates have tripled in Europe over the past four decades, similar to the United

States. According to the World Health Organization, the total annual economic cost of cancer is estimated to be over 1

trillion euros. These figures are expected to rise further due to increasing population and life expectancy . Cancers of

the skin are the most common type of cancer in humans. “Skin cancer” refers to a number of pathological entities

originating from various cells of the epidermis and dermis. Skin cancer is mainly divided into melanoma and non-

melanoma skin cancer is further divided in Merkel cell cancer and keratinocyte cancers such as basal cell carcinoma and

squamous cell carcinoma . Early detection of the cancer increases survival rates and leads to less expensive, more

effective treatments that often have less impact on patients’ quality of life . Regular screening is recommended for

populations at moderate to high-risk, such as annual breast cancer screening for older women or annual lung cancer

screening for those between 55 and 74 years of age with a smoking history .

1.1. Today’s Screening Methodology

Skin cancer screening nowadays includes a total body skin examination (TBSE) . This is a relatively quick, inexpensive

and noninvasive procedure in which dermatologists perform skin examinations to differentiate possible malignant and

benign skin lesions. Skin classification depends on proper training and the experience of the dermatologists .

Breslow thickness, i.e., the penetration of malignant melanocytes in the skin measured in millimeters, is the most

important prognostic factor in melanoma patients . Currently, the diagnosis of melanoma is made by naked-eye and

dermoscopic examination using the ABCDE classification by Nachbar and Stolz , which stands for Asymmetry, Border

irregularities, Colour differences, large Diameter, Evolution over time. Even when performed by skilled dermatologists the

technique has a relatively low specificity (56–65%) and moderate sensitivity (47–89%) . Introduction of dermoscopy to

trained dermatologists increased sensitivity from 69% to 87% and specificity from 88% to 91% . In general,

dermoscopy with polarized light is used as an additional technique to highlight additional features in skin lesions .

However, to exclude false-negative findings that could lead to metastasis and death, excisions are performed. These

excisions are invasive and often unnecessary, as melanoma is detected for every 10 to 60 biopsies performed .

The focus is on studies that have been performed using various measurement setups, procedures and equipment for

infrared thermography to diagnose skin cancer in humans. Some basic findings and concepts of thermography are also

presented. Post-processing of IR images, processing algorithms and classification are outside the scope. The purpose is

to summarize recent developments and new perspectives for future research on skin cancer diagnosis with infrared

thermography.
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1.2. Biomedical Infrared Thermography

Infrared thermal imaging is rarely used in biomedical applications, although there were early proponents and supporters of

this new technology. The root cause is probably the unsatisfactory results of passive thermography and the use of bulky

first-generation IR cameras and their limited performance . Infrared thermography (IRT) has been continuously

improved in recent years and is now widely used in scientific research and industry . In the last decade, more and

more researchers have rediscovered their interest in biomedical applications based on the well-described fundamentals of

infrared thermography . IRT is used in medical science for example, to detect breast cancer, psoriasis, for fever

screening, in dentistry, or even in breast reconstruction with DIEP flaps .

Infrared radiation or thermal radiation, which is part of the electromagnetic spectrum, is emitted by any object above the

absolute zero temperature (−273.15 °C) . Infrared radiation is temperature dependent . The properties of this

radiation are described by Planck’s law, which states that the spectral radiance Mλ of a perfect emitter (blackbody) is

given by Equation (1) and Figure 1 .

(1)

where λ is the wavelength, T is the absolute temperature, h is the Planck constant, k is the Boltzmann constant and c is

the speed of light in a vacuum.

Figure 1. Radiance of blackbodies for various temperatures.

According to Vollmer , emissivity ϵ is a measure of the efficiency in which an object radiates thermal energy and is

characterized by the percentage of thermal energy (radiation) from the material’s surface being emitted relative to that

radiated by a perfect emitter (a black body) at the same wavelength and temperature. Emissivity is a dimensionless

number between 0 and 1. An emissivity value of 1 corresponds with a black body being a perfect emitter of heat energy

and a perfect thermal mirror corresponds with an emissivity value of 1. As reported by Lee and Minkina, the commonly

accepted emissivity ϵ of human skin, independent of the skin pigmentation, is 0.98±0.01 for λ>2μm, which makes human

skin a close to perfect black body . Many studies in the past have confirmed the emissivity of 0.98±0.01 

. In 2009, Sanchez-Marin et al. proposed a new approach to evaluate the emissivity of human skin . They

concluded that human skin follows Lambert’s law of diffuse reflectance and that the emissivity of skin is almost constant

between 8 and 14 μm . Charlton et al. conducted a study on the influence of constitutive pigmentation on the measured

emissivity of human skin . They collected data from participants with varying pigmentation according to the Fitzpatrick
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scale. Charlton et al. concluded that human skin emissivity is not affected by skin pigmentation . They also advocate

the use of an emissivity ϵ=0.98 for general use . Several other parameters also affect the emissivity ϵ. Material,

surface structure, angle of observation, wavelength, and temperature all have an effect on emissivity, with material being

the most important parameter . Bernard et al. showed that topical treatment of human skin with various substances

such as ultrasound gel, disinfection, ointment, etc. has an effect on the emissivity of human skin . They showed that it

is necessary to integrate emissivity into the calculation of human skin temperature considering the environment and its

temperature since the measured surface temperature is a function of emissivity . Spurious radiation originating from the

environment and reflected from the sample can be ignored because human skin is a nearly perfect blackbody. Hardy and

Muschenheim concluded that dead skin can be considered as a perfectly black surface with an emissivity of ϵ=1 .

Figure 2 illustrates the electromagnetic spectrum and the IR spectral band in a finer scale. The boundaries between

different IR spectral regions can vary. Infrared radiation has a wavelength range of 0.75 (0.78)–1000 μm. According to the

ISO 20473 scheme the subdivision is as follows; Near-infrared or NIR (0.78–3 μm), Mid-infrared or MIR (3–50 μm) and

Far-infrared or FIR (50–1000 μm). The boundaries that researchers adopt here are divided in smaller regions that divide

up the band based on the response of various detectors . The five sub-ranges are Near-infrared or NIR (0.7–1 μm),

Short-Wave Infrared or SWIR (1–3 μm), Mid-Wave Infrared or MWIR (3–5 μm), Long-Wave Infrared or LWIR (7–14 μm)

and Very-Long Wave Infrared or VLWIR (12–30 μm).

Figure 2. The electromagnetic spectrum with a subdivision for infrared wavelengths.

1.3. Skin Cancer and Infrared Thermography

When heat increases unexpectedly, it is an indication that something is wrong. For example, increased mechanical friction

develops heat and causes wear, possibly leading to material failure . Similarly, human heat is associated with many

conditions such as inflammation and infection, and even in the time of Hippocrates, physicians used thermobiological

diagnostics . As a living organism, the human body attempts to maintain homeostasis, that is, an equilibrium of all

systems within the body, for all physiological processes, which leads to dynamic changes in heat emission . The result

of a complicated combination of central and local regulatory systems is reflected in the surface temperature of an

extremity. Core body temperature is maintained constant at depths larger than 20 mm . Skin surface temperature is a

useful indicator of health concerns or a physical dysfunction of near-to-skin processes .

Biomedical infrared thermography detects the emitted radiation on the human body surface and reveals the

heterogeneous skin and superficial tissue temperature . Infrared emissions from human skin at 27 °C are in the

wavelength range of 2–20 μm, and peaks at 10 μm. Body infrared rays, a narrow wavelength range of 8–12 μm, is used

for medical applications . Another term commonly used in medical IR imaging is thermal infrared (TIR) . This region

includes the wavelengths 1.4–1000 μm, infrared emission is primarily heat or thermal radiation, hence the term

thermography.

The use of infrared thermography for skin cancer is optimal because of the temperature changes and temperature

distribution and it is noninvasiveness . Skin cancer cells are enlarged compared to normal skin cells due to the high

rate of uncontrolled cell division . As a result of the high rate of cell division, cancer cells must convert more energy to

run cellular processes . This chemical process is called metabolism. Due to the high metabolism, there is a higher

energy demand, which also leads to increased angiogenesis. Angiogenesis is the physiological process by which new

blood vessels form from existing vessels to provide the necessary extra energy . In conjunction with the

increased energy requirements, melanoma skin lesions are thought to have a higher (Δ 2–4 K) temperature than the

surrounding healthy skin . Therefore, IR imaging for melanoma skin lesions is based on the detection of new

blood vessels and chemical changes associated with a tumour development and growth . Other skin tumor types,
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such as basal cell carcinoma may form an encapsulating layer of involved cells which acts like a thermal insulator,

resulting in a delayed thermoregulatory process . Similarly, González et al.  studied the vascularity of different

skin lesions (melanoma and non-melanoma) and discovered that each cancer type has its own thermal signature.

2. Concepts of Thermography

2.1. Qualitative versus Quantitative Thermography

In qualitative thermography, the infrared data is presented as an image of the scene or sample and this thermogram is

sufficient to analyze or interpret the problem. It finds its use in search and rescue operations where warm human bodies

should be found, in site surveillance of places or in situations with poor visibility .

In contrast, quantitative thermography uses the ability to detect and record the temperature of each pixel. The infrared

camera must be calibrated and take into account atmospheric interference, surface characteristics, emissivity, camera

angle, distance etc. .

2.2. Passive versus Active Thermography in Biomedical Applications

Passive thermography investigates the sample in its steady state without application of an external thermal stress . The

passive approach tests materials and structures that are inherently at a different temperature than the ambient

temperature . Active thermography measures transient temperatures following an external thermal load. The thermal

modulation can be cooling or heating of the sample. Thermal loading can be by conductive or convective heat transfer or

by absorption of infrared radiation. The major drawback of thermography are the exogenous disturbances such as

external heat sources, evaporative heat losses, etc., which can introduce biases or affect image quality .

2.2.1. Passive Thermography

Passive thermography is the most commonly used thermal imaging technique . Thermograms are taken from a sample

in a steady state, so there is no external thermal excitation. The thermograms are examined for abnormal temperature

differences, hot and cold spots or asymmetric temperature distributions, that indicate a potential health problem .

Passive thermal imaging is qualitative and the information that can be retrieved is rather limited . Hot or cold spots on

the skin surface are influenced by various subcutaneous factors such as metabolic processes or the presence of large

blood vessels and bones, etc. Other external factors can also influence passive thermography measurements. The

position of the patient, heat exchange conditions with the environment, recent ingestion of hot or cold beverages, time of

the day, etc., all have an influence on the passive thermography measurements . Other environmental conditions that

may effect the measurements are: room temperature, relative humidity, air circulation flow and the intrinsic conditions of

the examination room . This results in limitations in the interpretation of thermograms. Interpretation of the diagnostic

value of skin temperature distribution is difficult and requires careful preparation of the patient in stable environmental

conditions . To limit the influence of such factors, some authors  have attempted to devise rigorous measurement

procedures, which unfortunately severely limit the feasibility of passive thermography in routine clinical practice .

2.2.2. Active Thermography

Unlike passive thermography, active thermography requires thermal excitation, while an IR imaging device captures the

dynamic temporal distribution of temperature . Active thermography can be used to obtain quantitative information

about the thermal properties of the sample. To use the quantitative data, a temperature calibration should be performed at

known temperatures . Various excitation sources can be used for active thermography, for example, laser heating, flash

lamps, halogen lamps, electric heating, ultrasonic excitation, eddy currents, microwaves, and others. Inhomogeneities or

defects in materials cause distortion of spatial temperature distribution and lead to temperature differences on the material

surface. The main advantage of active thermography in the biomedical field is the possibility of a short thermal interaction

with the sample. The thermal excitation should be shorter than the activation time of the biofeedback processes which can

affect the measurement results .

Thermal Excitation: Cooling vs. Heating

Thermal agitation can be achieved by heating or cooling the sample through various approaches. The first cooling setups

for active thermography of human skin are based on stimulation of the skin by conductive heat transfer using cold gel

packs or balloons filled with a cold alcohol/water dispersion . Large, uniformly distributed temperature gradients can be

generated on the skin lesion, but some difficulties arise. These cooling methods use conductive heat transfer which

means that the cooling devices touch the skin lesion. It is therefore almost impossible to monitor the surface temperature
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of the tissue during the thermal excitation, and accurate synchronization between the IR detector and the thermal

excitation setup is difficult to achieve. Conductive cooling limits the acquisition of quantitative information .

For active thermography, heat can also be used as thermal excitation. Human skin can be heated by absorption of

electromagnetic radiation, conduction or convection. Visible light cannot be used due to the different pigmentation of the

lesion compared to the surrounding skin, which would result in heterogeneous heating . A SWIR radiation source

(about 2 μm) can be used to heat the skin because the absorption of the skin in IR is high and less affected by

pigmentation . When heating the skin, only a smaller heat gradient can be produced due to the limited heating

temperature of 42 °C, a higher value would damage the living cells .

According to Bonmarin et al. , convective heat transfer is probably the optimal thermal excitation method for

dermatological applications. The airflow can be regulated in temperature and relatively large temperature gradients can be

exerted. Due to convective heat transfer, the skin surface temperature can be monitored with a IR camera without any

obstacles. This is a noncontact thermal excitation method that contributes to a hygienic and optimal clinical device.

This led to the conclusion that cooling, although technically more difficult, is the better solution. Cooling the skin to 4 °C is

acceptable, resulting in greater thermal contrasts. The large temperature gradient can be accurately measured and makes

it possible to show the dominant internal heat flows, which resemble the internal structure of a tested region .

2.2.3. Lock-In Thermography

Lock-in thermography or thermal wave imaging is commonly used in industrial environments where nondestructive testing

of materials is required . Heat is periodically introduced at a specific lock-in frequency and the local surface

temperature modulation is evaluated and averaged over a number of periods . The resulting surface temperature

oscillations allows the detection of variations in the thermophysical properties under the surface of the sample .

Compared to steady state thermography, lock-in thermography has a higher signal to noise ratio (SNR) . The phase

signal with varying lock-in frequencies can reveal anomalies at different depths . The high SNR has the advantage that

it allows researchers to amplify the defect signals to make it more visible in the phase image. The in-phase and out-of-

phase signals can be calculated using Equations (2) and (3), respectively . Bonmarin et al.  presented a lock-in

thermal imaging setup for a proof of concept study on benign lesions as shown in Figure 3a,b. Bhowmik et al. 

conducted a numerical study for the detection of subsurface skin lesions using frequency modulated thermal wave

imaging (FMTWI). FMTWI is an improved technique that is faster than lock-in thermography, and provides better

resolution of deeper defects with a lower peak power incident heat flux .
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Figure 3. Lock-in (a) Lock-in device. Reprinted with permission from Ref. . 2014, John Wiley & Sons A/S; (b)

Description of lock-in setup. Reprinted with permission from Ref. . 2014, John Wiley & Sons A/S.

The amplitude A and phase ϕ can be calculated with Equations (4) and (5):

(5)

(6)

2.3. Infrared Cameras

This section is intended to provide a brief overview of the most important aspects in the selection of IR cameras for

dermatological applications. A detailed look at the state-of-the-art IR camera technology is beyond the scope but can be

found in the numerous reviews on this topic . For a comparison of IR detector technologies chosen by other

research groups in their studies. The most important minimum specifications for clinical IRT devices, according to the

International Academy of Clinical Thermology (IACT) thermography guidelines  are listed here:

Spectral response of 5–15 μm with a peak around 8–10 μm.

NETD of <80 mK

Minimal accuracy of +/−2%.

Spatial resolution of 1 mm2 at a measuring distance of 40 cm from the detector.

Fast real-time capturing of infrared data

Absolute resolution: >19,200 temperature points

Instantanious Field of View: <2.5 mRad

Emissivity ϵ set to 0.98 (human skin)

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020:
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 20
21, 71, 209–249.

2. Wild, C.P.; Weiderpass, E.; Stewart, B.W. World Cancer Report; Cancer Research for Cancer Prevention: Lyon, Franc
e, 2020.

3. Verstockt, J.; Verspeek, S.; Thiessen, F.; Tondu, T.; Tjalma, W.A.; Brochez, L.; Steenackers, G. Dynamic Infrared Ther
mography (DIRT) in Biomedical Applications: DIEP Flap Breast Reconstruction and Skin Cancer. Eng. Proc. 2021, 8, 3.

[62]

[62]

A =√S 2
0 + S 2

−90

ϕ =arctan (
−S−90

S0
)

[66][67][68][69]

[70]



4. Johnson, M.M.; Leachman, S.A.; Aspinwall, L.G.; Cranmer, L.D.; Curiel-Lewandrowski, C.; Sondak, V.K.; Stemwedel,
C.E.; Swetter, S.M.; Vetto, J.; Bowles, T.; et al. Skin cancer screening: Recommendations for data-driven screening gui
delines and a review of the US Preventive Services Task Force controversy. Melanoma Manag. 2017, 4, 13–37.

5. Kandlikar, S.G.; Perez-Raya, I.; Raghupathi, P.A.; Gonzalez-Hernandez, J.L.; Dabydeen, D.; Medeiros, L.; Phatak, P. In
frared imaging technology for breast cancer detection – Current status, protocols and new directions. Int. J. Heat Mass
Transf. 2017, 108, 2303–2320.

6. Brunssen, A.; Waldmann, A.; Eisemann, N.; Katalinic, A. Impact of skin cancer screening and secondary prevention ca
mpaigns on skin cancer incidence and mortality: A systematic review. J. Am. Acad. Dermatol. 2017, 76, 129–139.e10.

7. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN es
timates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2018, 68, 394–424.

8. Nachbar, F.; Stolz, W.; Merkle, T.; Cognetta, A.B.; Vogt, T.; Landthaler, M.; Bilek, P.; Braun-Falco, O.; Plewig, G. The AB
CD rule of dermatoscopy: High prospective value in the diagnosis of doubtful melanocytic skin lesions. J. Am. Acad. De
rmatol. 1994, 30, 551–559.

9. Godoy, S.E.; Hayat, M.M.; Ramirez, D.A.; Myers, S.A.; Padilla, R.S.; Krishna, S. Detection theory for accurate and noni
nvasive skin cancer diagnosis using dynamic thermal imaging. Biomed. Opt. Express 2017, 8, 2301.

10. Vestergaard, M.; Macaskill, P.; Holt, P.; Menzies, S. Dermoscopy compared with naked eye examination for the diagnos
is of primary melanoma: A meta-analysis of studies performed in a clinical setting. Br. J. Dermatol. 2008, 159, 669–676.

11. Braun, R.P.; Oliviero, M.; Kolm, I.; French, L.E.; Marghoob, A.A.; Rabinovitz, H. Dermoscopy: What is new? Clin. Derm
atol. 2009, 27, 26–34.

12. Çetingül, M.P.; Herman, C. Quantification of the thermal signature of a melanoma lesion. Int. J. Therm. Sci. 2011, 50, 4
21–431.

13. Bonmarin, M.; Le Gal, F.A. Chapter 31-Thermal Imaging in Dermatology. In Imaging in Dermatology; Hamblin, M.R., Av
ci, P., Gupta, G.K., Eds.; Academic Press: Boston, MA, USA, 2016; pp. 437–454.

14. Williams, K.L. Infrared Thermometry as a Tool in Medical Research. Ann. N. Y. Acad. Sci. 1964, 121, 99–112.

15. Jones, B. A reappraisal of the use of infrared thermal image analysis in medicine. IEEE Trans. Med. Imaging 1998, 17,
1019–1027.

16. Ring, E.F.J.; Ammer, K. Infrared thermal imaging in medicine. Physiol. Meas. 2012, 33, R33–R46.

17. Tattersall, G.J. Infrared thermography: A non-invasive window into thermal physiology. Comp. Biochem. Physiol. Part A
Mol. Integr. Physiol. 2016, 202, 78–98.

18. Vardasca, R.; Simoes, R. Current Issues in Medical Thermography. In Topics in Medical Image Processing and Comput
ational Vision; Tavares, J.M.R., Natal Jorge, R.M., Eds.; Lecture Notes in Computational Vision and Biomechanics; Spri
nger: Dordrecht, The Netherlands, 2013; pp. 223–237.

19. Lahiri, B.B.; Bagavathiappan, S.; Jayakumar, T.; Philip, J. Medical applications of infrared thermography: A review. Infra
red Phys. Technol. 2012, 55, 221–235.

20. Thiessen, F.E.F.; Vermeersch, N.; Tondu, T.; Van Thielen, J.; Vrints, I.; Berzenji, L.; Verhoeven, V.; Hubens, G.; Verstoc
kt, J.; Steenackers, G.; et al. Dynamic Infrared Thermography (DIRT) in DIEP flap breast reconstruction: A clinical study
with a standardized measurement setup. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 252, 166–173.

21. Bale, M. High-resolution infrared technology for soft-tissue injury detection. IEEE Eng. Med. Biol. Mag. 1998, 17, 56–5
9.

22. Qi, H.; Diakides, N. Infrared Imaging in Medicine; CRC Press: Boca Raton, FL, USA, 2007.

23. Vollmer, M.; Möllmann, K.P. Infrared Thermal Imaging: Fundamentals, Research and Applications, 2nd ed.; Wiley-VCH:
Berlin, Germany, 2017; Volume 2.

24. Vollmer, M.; Möllmann, K.P. Medical Applications. In Infrared Thermal Imaging - Fundamentals, Research and Applicati
ons, 2nd ed.; Wiley-VCH: Berlin, Germany, 2018; pp. 709–721.

25. Lee, Y.Y.; Md Din, M.F.; Noor, Z.Z.; Iwao, K.; Mat Taib, S.; Singh, L.; Abd Khalid, N.H.; Anting, N.; Aminudin, E. Surrogat
e human sensor for human skin surface temperature measurement in evaluating the impacts of thermal behaviour at o
utdoor environment. Measurement 2018, 118, 61–72.

26. Minkina, W.; Dudzik, S. Infrared Thermography—Errors and Uncertainties, 1st ed.; Wiley: Hoboken, NJ, USA, 2009.

27. Buzug, T.; Schumann, S.; Pfaffmann, L.; Reinhold, U.; Ruhlmann, J. Skin-Tumour Classification with Functional Infrare
d Imaging. In Proceedings of the 8th IASTED International Conference on Signal and Image Processing, SIP 2006, Ho
nolulu, HI, USA, 14–16 August 2006.



28. Togawa, T. Non-contact skin emissivity: Measurement from reflectance using step change in ambient radiation tempera
ture. Clin. Phys. Physiol. Meas. 1989, 10, 39–48.

29. BuchmÜller, K. Über die ultrarote Emission, Reflexion und Durchlässigkeit der lebenden menschlichen Haut im Spektra
lbereich lambda = 3–15 um. Pflüger’s Arch. Für Die Gesamte Physiol. Des Menschen Und Der Tiere 1961, 272, 360–3
71.

30. Gärtner, W.; Göpfert, H. Topographische Untersuchungen über die Strahlungseigenschaften der lebenden menschliche
n Haut. Pflüger’s Arch. Für Die Gesamte Physiol. Des Menschen Und Der Tiere 1964, 280, 224–235.

31. Hardy, J.D.; Muschenheim, C. The radiation of heat from the human body. IV. The emission, reflection, and transmissio
n of infra-red radiation by the human skin. J. Clin. Investig. 1934, 13, 817–831.

32. Jacquez, J.A.; Huss, J.; McKeehan, W.; Dimitroff, J.M.; Kuppenheim, H.F. Spectral Reflectance of Human Skin in the R
egion 0.7–2.6 µ. J. Appl. Physiol. 1955, 8, 297–299.

33. Mitchell, D.; Wyndham, C.H.; Hodgson, T.; Nabarro, F.R.N. Measurement of the Total Normal Emissivity of Skin Without
The Need For Measuring Skin Temperature. Phys. Med. Biol. 1967, 12, 359–366.

34. Sanchez-Marin, F.J.; Calixto-Carrera, S.; Villaseñor-Mora, C. Novel approach to assess the emissivity of the human ski
n. J. Biomed. Opt. 2009, 14, 024006.

35. Charlton, M.; Stanley, S.A.; Whitman, Z.; Wenn, V.; Coats, T.J.; Sims, M.; Thompson, J.P. The effect of constitutive pig
mentation on the measured emissivity of human skin. PLoS ONE 2020, 15, e0241843.

36. Bernard, V.; Staffa, E.; Mornstein, V.; Bourek, A. Infrared camera assessment of skin surface temperature—Effect of e
missivity. Phys. Medica 2013, 29, 583–591.

37. Miller, J.L. Image and Signal Processors. In Principles of Infrared Technology: A Practical Guide to the State of the Art;
Miller, J.L., Ed.; Springer: Boston, MA, USA, 1994; pp. 243–283.

38. Faust, O.; Rajendra Acharya, U.; Ng, E.Y.K.; Hong, T.J.; Yu, W. Application of infrared thermography in computer aided
diagnosis. Infrared Phys. Technol. 2014, 66, 160–175.

39. Ring, E.F.J. The historical development of temperature measurement in medicine. Infrared Phys. Technol. 2007, 49, 29
7–301.

40. Flores-Sahagun, J.H.; Vargas, J.V.C.; Mulinari-Brenner, F.A. Analysis and diagnosis of basal cell carcinoma (BCC) via i
nfrared imaging. Infrared Phys. Technol. 2011, 54, 367–378.

41. Verstockt, J.; Thiessen, F.; Cloostermans, B.; Tjalma, W.; Steenackers, G. DIEP flap breast reconstructions: Thermogra
phic assistance as a possibility for perforator mapping and improvement of DIEP flap quality. Appl. Opt. 2020, 59, E48.

42. Jiang, L.J.; Ng, E.Y.K.; Yeo, A.C.B.; Wu, S.; Pan, F.; Yau, W.Y.; Chen, J.H.; Yang, Y. A perspective on medical infrared i
maging. J. Med Eng. Technol. 2005, 29, 257–267.

43. Kirimtat, A.; Krejcar, O.; Selamat, A. A Mini-review of Biomedical Infrared Thermography (B-IRT). In Bioinformatics and
Biomedical Engineering; Rojas, I., Valenzuela, O., Rojas, F., Ortuño, F., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; Volume 11466, pp. 99–110.

44. Smith, R.L.; Soeters, M.R.; Wüst, R.C.I.; Houtkooper, R.H. Metabolic Flexibility as an Adaptation to Energy Resources
and Requirements in Health and Disease. Endocr. Rev. 2018, 39, 489–517.

45. Santulli, G. Angiogenesis: Insights from a Systematic Overview; Nova Publisher: Hauppauge, NY, USA, 2013.

46. Jones, B.F.; Plassmann, P. Digital infrared thermal imaging of human skin. IEEE Eng. Med. Biol. Mag. Q. Mag. Eng. Me
d. Biol. Soc. 2002, 21, 41–48.

47. Kerbel, R.S. Tumor Angiogenesis. N. Engl. J. Med. 2008, 358, 2039–2049.

48. Elder, D. Tumor Progression, Early Diagnosis and Prognosis of Melanoma. Acta Oncol. 1999, 38, 535–548.

49. Dössel, O. Thermographie und Infrarot-Bildgebung. In Bildgebende Verfahren in der Medizin: Von der Technik zur Medi
zinischen Anwendung; Dössel, O., Ed.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 485–495.

50. González, F.; Castillo-Martínez, C.; Valdes-Rodríguez, R.; Kolosovas-Machuca, E.; Villela-Segura, U.; Moncada, B. The
rmal signature of melanoma and non-melanoma skin cancers. In Proceedings of the 2012 International Conference on
Quantitative InfraRed Thermography, Naples, Italy, 11–14 June 2012; Taylor & Francis: Oxfordshire, UK, 2012.

51. Moustafa, A.M.N.; Muhammed, H.H.; Hassan, M. Skin Cancer Detection Using Temperature Variation Analysis. Engine
ering 2013, 5, 18–21.

52. Zalewska, A.; Wiecek, B.; Sysa-Jedrzejowska, A.; Gralewicz, G.; Owczarek, G. Qualitative thermograhic analysis of ps
oriatic skin lesions. In Proceedings of the 26th Annual International Conference of the IEEE Engineering in Medicine an
d Biology Society, San Francisco, CA, USA, 1–5 September 2004; Volume 1, pp. 1192–1195.



53. Qualitative, vs. Quantitative Thermography: Understanding What Is Required and When. Available online: https://www.f
lir.com/discover/professional-tools/qualitative-vs.-quantitative-thermography-understanding-what-is-required-and-when/
(accessed on 9 March 2022).

54. Fernández-Cuevas, I.; Marins, J.C.B.; Lastras, J.A.; Carmona, P.M.G.; Cano, S.P.; García-Concepción, M.Á.; Sillero-Q
uintana, M. Classification of factors influencing the use of infrared thermography in humans: A review. Infrared Phys. Te
chnol. 2015, 71, 28–55.

55. Maldague, X.P.V. Theoretical Aspects. In Nondestructive Evaluation of Materials by Infrared Thermography; Maldague,
X.P.V., Ed.; Springer: London, UK, 1993; pp. 23–37.

56. Szentkuti, A.; Skala Kavanagh, H.; Grazio, S. Infrared thermography and image analysis for biomedical use. Period. Bi
ol. 2011, 113, 385–392.

57. Vardasca, R.; Vaz, L.; Mendes, J. Classification and Decision Making of Medical Infrared Thermal Images. In Classificat
ion in BioApps; Dey, N., Ashour, A.S., Borra, S., Eds.; Springer International Publishing: Cham, Switzerland, 2018; Volu
me 26, pp. 79–104.

58. Kaczmarek, M.; Nowakowski, A. Active Dynamic Thermography in Medical Diagnostics. In Application of Infrared to Bio
medical Sciences; Ng, E.Y., Etehadtavakol, M., Eds.; Springer: Singapore, 2017; pp. 291–310.

59. Ammer, K.; Ring, F.J. Standard Procedures for Infrared Imaging in Medicine. In Medical Infrared Imaging; Taylor & Fran
cis: Boca Raton, FL, USA, 2013.

60. Di Carlo, A. Thermography and the possibilities for its applications in clinical and experimental dermatology. Clin. Derm
atol. 1995, 13, 329–336.

61. Hardy, J.D.; Hammel, H.T.; Murgatroyd, D. Spectral Transmittance and Reflectance of Excised Human Skin. J. Appl. Ph
ysiol. 1956, 9, 257–264.

62. Bonmarin, M.; Gal, F.A.L. A lock-in thermal imaging setup for dermatological applications. Skin Res. Technol. 2015, 21,
284–290.

63. Breitenstein, O.; Warta, W.; Schubert, M.C. Lock-in Thermography: Basics and Use for Evaluating Electronic Devices a
nd Materials; Springer Series in Advanced Microelectronics; Springer International Publishing: Cham, Switzerland, 201
8; Volume 10.

64. Bonmarin, M.; Le Gal, F.A. Lock-in thermal imaging for the early-stage detection of cutaneous melanoma: A feasibility s
tudy. Comput. Biol. Med. 2014, 47, 36–43.

65. Bhowmik, A.; Repaka, R.; Mishra, S.C.; Mulaveesala, R. Detection of Subsurface Skin Lesion Using Frequency Modula
ted Thermal Wave Imaging: A Numerical Study; Volume 3A: Biomedical and Biotechnology Engineering; American Soci
ety of Mechanical Engineers: San Diego, CA, USA, 2013; p. V03AT03A064.

66. Rogalski, A. Infrared detectors: An overview. Infrared Phys. Technol. 2002, 43, 187–210.

67. Rogalski, A. History of infrared detectors. Opto-Electron. Rev. 2012, 20, 279–308.

68. Diakides, M.; Bronzino, J.D.; Peterson, D.R. Medical Infrared Imaging; CRC Press: Boca Raton, FL, USA; Taylor & Fra
ncis: Oxfordshire, UK, 2013.

69. Jagadish, C.; Gunapala, S.D.; Rhiger, D. Advances in Infrared Photodetectors, 1st ed.; Academic Press Elsevier: Camb
ridge, MA, USA, 2011; Volume 84.

70. Amalu, W. International Academy of Clinical Thermology Medical Infrared Imaging Standards and Guidelines; Internatio
nal Academy of Clinical Thermology: Foster City, CA, USA, 2018.

Retrieved from https://encyclopedia.pub/entry/history/show/55369


