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Abstract Body temperature is a significant indicator of illness and hence is a
useful parameter for clinical diagnosis. Among various techniques available for
accurate and reliable measurement of subject temperature, infrared thermography is
a relatively new methodology. However, it has become popular because of its
noncontact, noninvasive, and real-time temperature measurement capability. During
the last few decades, numerous applications of infrared thermography are reported
in the field of medical sciences, which are rapidly growing. Diabetes is a metabolic
disorder associated with high blood sugar levels over prolonged duration. One in
every 11 adult population of the world is affected by diabetes and for every 6 s, one
person dies from diabetes-induced complications. Therefore, a worldwide dedicated
effort to prevent diabetic complications by early detection is important. Studies so
far reveal that infrared thermography is capable of detecting subtle changes in skin
temperature distribution in diabetic-at-risk foot and is capable of early detection
diabetic-related peripheral neuropathy and vascular disorders. This chapter attempts
to highlight the applications of infrared thermography in the early detection of
diabetic neuropathy and vascular disorder. The basics of infrared thermography,
classification of medical thermography techniques, details of infrared camera, ideal
experimental conditions, data analysis, etc. along with typical case studies are
discussed in detail.
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1 Introduction

Temperature has been considered as a very good indicator of health and has been
used as a parameter for clinical diagnosis since 400 BC [1–3]. Although ther-
mometers were developed around seventeenth century [2], only in 1868,
Wunderlich [4] first systematically studied the temperature of human subjects
suffering from fever and compared the same with normal subjects and established
the physiological and clinical importance of temperature. Till then, temperature has
been considered as one of the most significant indicators of illness. Among various
techniques being used for accurate and reliable measurement of subject tempera-
ture, infrared thermography is a comparatively new methodology that has become
popular because of its noncontact, noninvasive, and real-time temperature mea-
surement capability [5, 6]. Although infrared thermography is routinely used for
nondestructive evaluation and condition monitoring studies [5–9], its application in
the bio-medical field is huge and rapidly growing [10–16]. Numerous applications
of infrared thermography in the medical sciences have been reported in the last few
decades.

Some of the reviews highlighting the application of infrared thermography in
medical science are by Jones [12], Ammer and Ring [13, 17], Jung et al. [18], Yang
and Yang [19], Fauci et al. [20], Jiang et al. [21], Ring et al. [22], Lahiri et al. [10],
and Faust et al. [23]. Infrared thermography has been extensively used in various
fields of bio-medical sciences, viz., fever screening [24–31], breast cancer detection
[32–37], brain imaging (thermoencephaloscopy) [38], dentistry and dermatology
[39–42], muscular pain and shoulder impingement syndrome detection [43], dry
eye syndrome detection [44, 45], diagnosis of rheumatologic diseases [46–49],
evaluation of skin sympathetic dysfunction in Parkinson’s disease [50], ther-
moregulation [14, 15, 51–53], detection and treatment of parasitic and metastatic
liver diseases [54, 55], bowel ischemia [56], diagnosis of tuberculosis [57], renal
transplantation [58, 59], gynecology [60–62], acupuncture [63], forensic medicine
[64, 65], heart treatment [66], quantification of bacterial concentration [16, 67], and
diagnosis and early detection of diabetic neuropathy and vascular disorder [68–77].
The developments in the field of medical thermography between 1989 and 2003 are
reviewed by Ammer [78, 79]. An internet search in popular bibliometry service
“Pubmed” [80] with the keywords, “Medical” and “Thermography” in all fields,
yields in total 932 publications spanned over 1964–2016. Figure 1 shows the
number of publication in the field of medical thermography as a function of pub-
lication year. It can be seen that in recent years (especially from 2000 onward), the
number of publications per year clearly increased indicating a rapid growth in the
use of infrared thermography in medical sciences. Figure 2a shows the year-wise
number of publications on infrared thermography-based studies on diabetes, which
was obtained from the “Pubmed” [80] database which clearly shows a surge of
interest in infrared thermography-based detection of diabetes-related complications.
Figure 2b shows the percentage of diabetes-related publication with respect to total
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number of year-wise publications in medical thermography which indicates
diversified applications of infrared thermography in other medical fields, like breast
cancer detection, fever screening, diagnosis of rheumatologic diseases, etc.

Diabetes is a metabolic disorder associated with high blood sugar levels over
prolonged duration. 415 million cases of diabetes have been reported up to 2015
and the number is expected to rise to 642 million by 2040 [81]. One in every 11
adult population of the world is affected by diabetes and for every 6 s a person dies

Fig. 1 Histogram distribution showing the number of publications in the field of medical
thermography as a function of the year of publication. The data was obtained from “Pubmed”
database [80] using the keywords: “Medical” and “Thermography” in all fields

Fig. 2 a Histogram distribution showing the number of publications on application of
thermography in diabetes. The data was obtained from “Pubmed” database [80] using the
keywords “Diabetes” and “Thermography” in all fields. b Histogram showing the percentage of
publications on application of thermography in diabetes with respect to the total number of
publication in the field of medical thermography
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from diabetes-induced complications [81]. It has also been reported that 1 in every 7
birth is associated with gestational diabetes [81]. Hence, a worldwide dedicated
effort has been witnessed toward diagnosis, prevention, and early detection of
diabetes. Bharara et al. [70, 82] reported that the incidence of diabetic foot diseases
is growing worldwide leading to an increased socio-economic burden on health care
systems of different countries. Diabetic foot with higher temperature patterns is
indicative of early onset of diabetic neuropathy and subsequent ulceration, if not
treated. Moreover, peripheral small fiber damages are often undetected using
clinical and nerve conduction studies resulting in delayed diagnosis and detection of
neuropathic symptoms. Infrared thermography is capable of detecting subtle
changes in skin temperature distribution in diabetic-at-risk foot and hence, early
detection is feasible using this technique which resulted in a renewed interest in
application of infrared thermography in diagnosis of peripheral neuropathy and
vascular disorder in diabetic subjects.

This chapter attempts to highlight the applications of infrared thermography in
diabetic neuropathy and vascular disorder. For non-specialists, the basics of infrared
thermography and classification of medical thermography techniques are discussed
in detail, followed by a brief discussion on infrared camera, experimental condi-
tions, and data analysis techniques. In the subsequent section, the physiological
relationship of temperature with diabetic complications is discussed along with
relevant literature survey. Finally, a few case studies on infrared thermography-
based detection of diabetic neuropathy and vascular disorder are briefly presented.

2 Infrared Thermography

2.1 Basics of Infrared Thermography

Infrared thermography is a noncontact temperature measurement methodology
where the electromagnetic radiation emitted by the surface of an object under
observation is detected using a suitable infrared detector and surface temperature of
the object is obtained from the intensity of the recorded radiation. The infrared
radiation (wavelength ranging from 0.75 to 1000 lm) lies in between the micro-
wave and visible regions of the electromagnetic spectrum. This vast range is further
subdivided into three categories, viz., far infrared or FIR (wavelength range:
5.6–1000 lm), medium infrared or MIR (wavelength range: 1.5–5.6 lm), and near
infrared or NIR (wavelength range: 0.75–1.5 lm). Although the theoretical
understanding about infrared thermography was available from 1800, it took nearly
150–200 years for the technique to be available for routine use, due to lack of
proper equipments and technical knowhow. The origin and theory of infrared
thermography can be found elsewhere [5, 6].
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Blackbody is a hypothetical object which absorbs all radiation incident on it and
emits a continuous spectrum characteristic of its temperature and this continuous
spectrum is governed by the well-known Planck’s law [5]:

Lk ¼ C1

k5 exp C2
kT

� �� 1
� � ; ð1Þ

where k is the wavelength (lm), Lk is the power radiated by the blackbody per unit
surface and per unit solid angle (W m−2 lm−1 sr−1), T is the temperature of the
blackbody in absolute scale (K), and C1 and C2 are the first and second radiation
constants, respectively. Integrating Planck’s law over all wavelength leads to the
Stefan–Boltzmann’s law which shows that the radiative power emitted per unit area
is directly proportional to T4, as described below [5]:

q
A
¼ rT4; ð2Þ

where q is the rate of energy emission (W), A is the area of the emitting surface
(m2), and r is the Stefan–Boltzmann’s constant (r = 5.676 � 10−8 W m−2 K−4).
For a real object the Stefan–Boltzmann’s law is modified as q

A ¼ erT4, where the
parameter e is known as emissivity which is defined as the ratio of spectral power
radiated by a real surface at a particular temperature to that of a hypothetical
blackbody maintained at the same temperature. For a hypothetical blackbody e = 1
and for real surfaces e < 1 [5]. It has been reported that the emissivity of human
skin is *0.98 ± 0.01 in the wavelength range of 2–14 lm [83]. The skin emis-
sivity does not vary with the color or texture of the skin or the nature of experi-
ments, i.e., in vivo or in vitro [83]. On the other hand, studies show that the
application of cosmetics or surface curvature may lead to a change in skin emis-
sivity [84, 85]. Watmough et al. [86] have shown that the errors associated with
surface temperature measurement are insignificant for viewing angles up to 45°
which essentially rules out the variation of emissivity with skin curvature for
medical thermography studies except for the cases of female breast imaging where
silver, copper, or aluminized mylar mirrors have been used as reflectors with
suitable correction factors [84].

The temperature of an object is measured using infrared camera using the fol-
lowing radiometric equation [5]:

Mcam ¼ seMobj þ sð1� eÞMenv þð1� sÞMatm; ð3Þ

where Mcam is the radiance received by the infrared camera, Mobj, Menv, and Matm

are the radiance emitted by the surface of the object under investigation, sur-
rounding environment and atmosphere, respectively. e and s are the surface
emissivity of the object under investigation and atmospheric transmittance,
respectively. Considering atmospheric transmittance to be nearly equal to unity for
indoor experiments, Eq. 3 can be simplified to Mcam ¼ eMobj þð1� eÞMenv.
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Radiance received by the infrared camera is converted into an electrical signal by
the infrared detector housed inside the camera casing and surface temperature of the
object under investigation is obtained using suitable calibration curves [5].

Modern-day infrared cameras show the surface temperature distribution as visual
images often pseudo-color coded where each pseudo-color indicates a range of
temperature which aides in online visualization and fast analysis. Specifications of a
typical infrared camera (FLIR SC5000) are shown in Table 1 [87].

2.2 Classification of Medical Thermography Techniques

On the basis of temperature measurement methodology, medical thermography can
be primarily classified into four categories, viz., cutaneous temperature discrimi-
nation, electrical contact thermometry, liquid crystal thermography, and infrared

Table 1 Specifications of a typical high-end cooled type infrared camera (FLIR SC 5200)

Parameters Values

Detector Indium Antimonide (InSb)

Spectral range 3–5 lm (Detector response is from 2.5
to 5.1 lm)

Resolution 320 � 256 pixels

Pixel pitch 30 � 30 lm

Temperature range 5–300 °C (standard)
−20 to 300 °C (very low temperature:
additional)
5–1500 °C (high temperature: additional)
5–2500 °C (very high temperature: additional)
5–3000 °C (ultra high temperature: additional)

Accuracy ±1 °C or ± 1%

Noise equivalent temperature difference
(NETD)

<25 mk (20 mK typical) @ 25 °C

Sensor cooling Stirling closed cycle cooler

f/# f/3.0

Power 12 V (DC)

Integration Snapshot type

Integration time (electronic shutter speed) 3 ls–20 ms

Read-out mode Asynchronous integrate then read

Dynamic range 14 bit

Full frame rate Programmable 1–170 Hz

Sub-windowing 160 � 128/64 � 120/64 � 8 (minimum)

Well capacity 7.1 M electrons

Operability 99.5%

Dimension (L � W � H) (mm) 320 � 141 � 159

Weight (kg) 3.8
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thermography [69]. Bertelsmann et al. have shown that cutaneous temperature
discrimination threshold, which is a measure of small nerve fiber function, can be
used for early diagnosis of diabetic subjects [88]. One of the most widely used
instruments for the cutaneous temperature discrimination is the TipTherm (Axon
GmBh, Germany) which is pen-like device without any external power supply and
consist of two flat surfaces, one of them is metallic and the other one is synthetic
[69]. Viswanathan et al. [89] used TipTherm for studying distal symmetrical
polyneuropathy. In another study, Liniger et al. [90] used a thermo-resistance-based
device, Thermocross (Medical School, Geneva, Switzerland) for thermal sensitivity
in subjects with diabetic neuropathy. In electrical contact thermometry, individual
or arrays of suitable transducers (thermistors or semiconductor sensors) are used for
measuring skin temperature in contact mode [69]. A temperature difference
of ±1.5 °C was proposed as a limit of agreement between thermistor-based elec-
trical contact thermometry and localized infrared thermometer [91]. Although the
major drawback of electrical contact thermometry is due to fluctuation of skin
temperature due to excessive contact pressure and lack of uniform contact with skin
surface, small local arrangement of sensors in the size and shape of human foot to
measure temperature of the plantar surface of the foot in diabetic neuropathy
subjects is immensely beneficial [69]. In liquid crystal thermography,
temperature-sensitive cholesteric liquid crystals are arranged in several layers
between two flexible and heat sensitive rubber sheets for proper contact with skin
surface [41, 69]. The liquid crystals change their color according to the temperature
and the resultant pattern is a representation of skin surface temperature distribution.
The major drawbacks of liquid crystal thermography are poor spatial resolution
(>5 mm), low thermal sensitivity (*0.3–1.0 °C), slow response time (>60 s), and
contact-based subjective temperature measurement [41, 92]. Two liquid crystal
thermography-based commercial products, namely Spectrasole Pro 1000 (Sweden)
[93] and TempstatTM (USA) [94], are available since 2004. Although Spectrasole is
more focused on preventive diagnostics and monitoring of healing, Tempstat is a
personal homecare product along with regular professional expertise. Taiwan-based
Thermoscale is also a personal care device with integrated temperature-sensitive
thermistors (electrical contact thermometry) for each foot, along with body
weighing scale and fat measurement function. Piotr et al. [95] reported the devel-
opment of a temperature measurement system for continuous monitoring of feet
temperature using a data logger and wireless communication.

Infrared thermography, on the other hand, is a completely contactless temper-
ature measurement technique where the infrared rays emitted by the skin surface are
remotely detected in a noninvasive way. It is fast and can monitor temperature
variations over a comparatively larger area. Modern infrared cameras are capable of
real-time skin temperature measurement, with onboard image processing, which
enables fast online data interpretations. The representation of skin surface tem-
perature distribution in terms of pseudo-color-coded visual images also aides in data
interpretation. Moreover, infrared thermography records naturally emitted radia-
tions and no harmful radiation effects are present which makes this technique
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perfectly suitable for prolonged and repeated use. In general, for medical applica-
tions, passive infrared thermography technique is used without the presence of
external heat sources. An object at 27 °C emits a wavelength in the range of
2–20 lm with a peak around 10 lm. A narrow wavelength band of 8–12 lm is in
general used for medical applications, which is also termed as body infrared rays.
With the advent of newer generation infrared cameras near and mid-infrared bands
are also used for medical thermography [68, 96]. Several commercial infrared
cameras are available in the market as subsequently discussed.

3 Experimental Methods

3.1 Infrared Camera

The major requirements for medical thermography experiments are an infrared
camera, a tripod, an image display, and processing unit. With advent of sophisti-
cated computers, on-chip image processing is very common and most modern
infrared cameras are equipped with inbuilt visual display and primary image
analysis options. Personal computers equipped with necessary hardware and soft-
ware configurations are the most widely used alternatives for detailed image pro-
cessing and data analyses. Ring [74] stressed the need of a parallax-free mounting
stand (not a common tripod) for medical infrared imaging for ensuring that
reproducible camera positioning and reduced angular errors in the field of view
between the infrared camera and the subject under investigation.

Development and detailed working principle of various infrared cameras and
detectors have been described elsewhere [5, 97, 98]. Infrared cameras have
undergone three major generations of advancements. The first-generation cameras
were equipped with a single detector and two scanning mirrors for image pro-
duction. These cameras were very slow and they suffered from saturation and
calibration errors. Time delay integration was enabled in the second-generation
cameras which improved image production. They were equipped with a small 2-D
array or a large linear array of detectors along with two scanning mirrors.
Third-generation cameras were free of any scanning mirrors and a focal plane array
detector produced an image of the entire field of view in one snap. Modern-day
infrared cameras are improved version of third-generation cameras with better and
faster backplane electronics, sharpness controlled autofocus, on-chip image pro-
cessing, variable integration time, and frame rate for image acquisition which make
them suitable for real-time temperature measurement enabling online monitoring of
dynamic temperature variation. Modern infrared detectors can be classified into two
major categories, viz., cooled and uncooled. Traditionally cooled cameras are more
stable and provide better spatial and temperature resolution but they are heavy and
costly. On the other hand, uncooled cameras are light weight, portable, and cheap
compared to the cooled cameras and with advancement of solid-state electronics,
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the thermal sensitivity of uncooled cameras has reached *0.05 °C, which is more
than sufficient for majority of applications and mass manufacturing of such detector
is possible using silicon wafer technologies [99]. It has been reported that infrared
cameras equipped with focal plane arrays have spatial resolution of *2 mm over a
range of working distances and fields of view (e.g., 200 � 200 mm to
500 � 500 mm at a distance of 1 m) [100]. To provide a guideline for nonspecialist
for selecting infrared cameras from various models available in the market, a few
infrared cameras used for diabetes-related thermal imaging are tabulated in Table 2.

3.2 Experimental Conditions

Infrared radiation emitted from skin surface depends on several environmental
factors like airflow, surrounding temperature, humidity, and the physiological
condition of subjects. Hence, it is essential to perform medical thermography
experiments in a controlled environment, especially when the main objective is to
detect subtle temperature changes. The importance of a standard data acquisition
protocol was stressed by Clark et al. [115] and Ring and Ammer [116] for repro-
ducible and reliable results. According to their studies, the basic standards for
examination room, subject information processing, imaging system, data acquisi-
tion, and data processing were very important for medical thermography.
International Organization for Standardization (ISO) guidelines on human tem-
perature screening [117, 118] were also found to provide additional useful infor-
mation on test requirement and implementation guidelines for a proper and accurate
medical thermography experiments.

Amalu et al. [32] reported that the temperature and humidity of the examination
room must be selected in such a way that the physiology of the subjects is not
“stressed into a condition of shivering or perspiring.” A comfortable room tem-
perature ensures mild thermal stress-induced vasoconstriction aided cooling of skin
rendering the hot spots due to the underlying abnormalities to be clearly discernible
[12]. A thermal acclimatization time is useful for the subjects to adjust with the
environmental temperature and the duration of thermal acclimatization time is
essential as it affects skin temperature profile. This thermal acclimatization proce-
dure can be either nude or with normal dressing, depending on the requirements.
For infrared thermography experiments on the lower or upper extremities, in most
of the cases, disrobing is not required. Literature shows a wide variation in thermal
acclimatization time adopted by various researchers, viz., nil duration [119],
1–5 min [68, 105, 120], 15–20 min [101, 107, 109, 111], and up to 30 min [104].
15 min of thermal acclimatization time is more than sufficient in maximum cases as
this is approximately 50% higher than the recommended duration for stabilization
of infrared thermography images of human subject at rest [121]. Experimental
conditions followed by a few research groups are highlighted in Table 3.
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Additionally, the examination room must be free from secondary sources of in-
frared radiation like incandescent lamps and direct sunlight to reduce the scattering
and background temperature fluctuations. Moreover, the subjects should be advised
to refrain from the use of cosmetics, deodrants, and antiperspirants. The ambient
temperature of the experiment room can be varied between approximately
26–33 °C, i.e., within the limit of classical thermoneutral zone [122]. The physi-
ological conditions of the subjects (like drugs, medications, alcohol, nicotine,
exercise, etc.) may alter the skin temperature and hence, proper protocol must be
followed in subject selection. Infrared thermography results are to be compared
with clinical and medical data to establish possible correlations.

3.3 Data Analysis and Image Processing

Data analysis and image processing are important in medical thermography
applications. Temperature data obtained from the acquired thermal images are in
general presented as mean ± standard deviation (S.D.). The fluctuations in
experimental conditions lead to such deviations and hence, statistical analysis is
important obtaining reliable measurement of skin temperature distribution. The
common statistical tools are hypothesis testing (Student’s t test, Fischer’s test),
correlation analysis, v2 test, and analysis of variance (ANOVA) [71, 103, 123].
Selection of optimal statistical tool is very important as it varies with experimental
protocol, data size, and primary objective of the study and design of experiments.
Personal computer-based statistical software packages like IBM-SPSS, SAS/STAT
statistical analysis software, R, Origin, and Microsoft Excel are in general used for
statistical analysis.

Thermal waves attenuate exponentially in a medium and hence, skin surface
thermal signatures, which represent underlying anomalies, are of comparatively low
signal-to-noise ratio (SNR) [124]. Hence, image processing is fundamental to
medical thermography and its importance in medical thermography was rightly

Table 3 Experimental parameters followed by a few research groups

Serial
no.

Researcher Year Experimental conditions

Ambient room
temperature (°C)

Acclimatization
time (min.)

1 Branemark et al. [101] 1967 18–20 15–20

2 Armstrong et al. [71] 1997 21 ± 2 15

3 Hosaki et al. [75] 2002 20 15

4 Sun et al. [103] 2006 21 ± 1 15–20

5 Bagavathiappan
et al. [68]

2010 25 5
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pointed out by Jones and Plassmann [11]. Nowadays, the image obtained from the
infrared camera is directly fed into a personal computer where different filters, in
time and frequency domains, for minimizing noise, preservation of edges, reducing
blurring and for enhancing image quality, are used [112]. Soft computing tech-
niques like artificial neural network (ANN), fuzzy logic, image fusion, etc. have
significantly contributed to the development of the semi-automatic processing of
medical thermography images [37, 112, 125]. Bandyopadhyay et al. [112] used
histogram and Hough transform-based image processing algorithm for screening
and monitoring of diabetic status from acquired infrared images of the subjects.
Content-based automatic target localization and pattern matching has also been
implemented in a few studies [126, 127]. Liu et al. [128] used asymmetric analyses
for automatic detection of diabetic foot complications. They developed a robust
algorithm for avoiding foot segmentation error using color images and used non-
rigid landmark-based registration along with B-splines to circumvent contralateral
differences arising out of shape or amputation. Hernandez-Contreras et al. [129]
used 3D morphological pattern spectrum for automatic classification of thermal
patterns in diabetic foot. Standardization of image capture by means of software
masks have been reported by Ring [74]. These masks were designed for infrared
imaging of subjects with diabetic neuropathy and vascular disorder where the
masks fit the dorsal and plantar surfaces of the feet and hands along with other body
parts. Recently, the concept of angiosome, which is defined as the “composite unit
of skin and underlying deep tissue supplied by a source artery” [130], has emerged
in thermographic monitoring of diabetic foot. Attinger et al. [131] have proposed
four angiosomes in the plantar surface of foot, viz., the medial plantar artery
angiosome, lateral plantar artery angiosome, medial calcaneal artery angiosome,
and the lateral calcaneal artery angiosome. The concept of angiosome along with
the aid of software mask will be immensely helpful for accurate monitoring and
reliable measurement of temperature patterns in diabetic foot. Plassmann, Ring and
Murawski [132, 133] have developed a modern PC-based software called
CTHERM which is capable to acquire, store, and manipulate infrared images from
both modern and older generation cameras. Modern software packages like Matlab,
Labview, Altair, Thermacam-Researcher, etc. have multitude of options for image
acquisition and image processing to suit the requirements of medical thermography
researchers. The need for a digital database for medical thermography images was
felt long ago and substantial work has been done in this direction [134–137].
Colantonio et al. [138] integrated infrared thermography data with 3D shapes to
present a 3D image of diabetic foot. Netten et al. [110] have developed and
implemented an automatic algorithm for differentiating between local and diffuse
diabetic foot complications which was based on parameters captured by an infrared
camera and was also capable of detecting absence of diabetic foot complications in
healthy subjects. Nevertheless as of now, there is no dedicated database of medical
thermography images for diabetic neuropathy and vascular disorder.
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4 Infrared Thermography for Detection of Diabetic
Neuropathy and Vascular Disorder

The term “diabetic foot” indicates physiological and clinical condition of lower
extremities of human subject resulting from diabetes or its long-term complications
[139]. The major issues of diabetic foot can be categorized into four types of
complications, viz., peripheral neuropathy, peripheral arterial disease or vascular
disorder, secondary infection, and soft tissue or bone deformity [140]. Mayfield
et al. [141] discussed in detail the various complications of diabetes and preventive
foot care methodologies.

Peripheral neuropathy in the lower extremity is one of the most common
complications in diabetes subjects and approximately 60% diabetic subjects suffer
from peripheral neuropathy [10, 68, 140, 142–144]. It has also been reported to be
the most significant cause of pain in diabetic foot with burning or tingling sensation
in the foot, which is often accompanied with radiating pain in the plantar regions
[140]. In general, it has been observed that the severity of peripheral neuropathy
increases with subject’s age or duration of diabetes. Diabetic neuropathy affects
large and small fibers affecting temperature discrimination and sensory functions
[69, 70, 88, 103]. Sympathetic dysfunction in lower limbs often results in reduced
sweating and dry skin leading to cracks, fissures, and thermoregulatory sweating
abnormalities [103, 145, 146]. Cyclic and repetitive pressure, shear force during
weight-bearing exercise or walking, etc. leads to an increased plantar pressure on
diabetic foot leading to callus formation and skin breakdown [140]. Diabetic foot
motor neuropathy is often associated with the imbalance of flexor and extensor
muscles, which results in foot deformation along with prominent metatarsal heads,
dry skin, and clawing of claws [140]. If left untreated, foot deformity may progress
to joint deformity requiring conservative off loading or surgical intervention [140].
Charcot’s neuropathy is a limb threatening advanced stage of joint neuropathy
which involves small fiber neuropathy and the two major mechanistic processes
involved in the pathogenesis are neurovascular theory and neurotraumatic theory
which may ultimately lead to dislocation, disorganization, and changes in bone
density [71, 140]. Sympathetic skin response is in general mediated through
post-junctional unmyelinated small fibers via pseudo-motor pathways, which is
anatomically distinct from vasomotor pathway, whereas skin temperature is regu-
lated by vasomotor as well as pseudo-motor pathways [103, 147]. The elevated skin
temperature in neuropathic foot is due to arteriovenous shunt flow [103, 148, 149].
Although the peripheral neuropathy affects somatic and sympathetic neural com-
ponents in diabetic subjects, clinical and nerve conduction studies investigate only
the somatic functions of large myelinated fiber [103, 150]. It has been reported that
diabetic neuropathy can be identified in the early stage through detection of damage
to unmyelinated small fibers [151] which is associated with change in skin tem-
perature [103]. Studies show that infrared thermography can be reliably applied for
early diagnosis of diabetic neuropathy and feet with elevated skin temperature in
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diabetic subject is considered as an indication of early diabetic neuropathy [68, 69,
71, 103, 140, 145, 149]. Harding et al. [152] used infrared thermography for early
detection of foot ulceration in diabetic neuropathic foot and observed that compared
to radiation or isotope-based methods, infrared thermography is beneficial due to
radiation protection, logistic, and cost reasons. Bharara et al. [69] reported that in
early stages of diabetic neuropathy the skin temperature appears elevated, whereas
in later stages the affected areas present lower skin temperature distribution due to
significant vascular damage.

Branemark et al. [101] applied infrared thermography to study 16 (12 females
and 4 males) diabetic subjects with an average history of 13 years and found that all
of them presented abnormal temperature distribution in the feet and hands, like
reduced temperature over the toes, fingers, and metatarsal regions. This is one of the
first thermography-based studies on diabetic subjects and their studies indicated no
variation in the temperature pattern over the dorsal aspect of the foot and tibia in the
subjects. Bharara et al. [69] presented an excellent review on diabetes-induced
complication in foot and the role of infrared thermography in diagnosis of diabetic
foot. Sun et al. [103] used infrared thermography for studying the relationship
between plantar skin temperature and sympathetic dysfunction in diabetic-at-risk
foot in 29 diabetic subjects and compared the findings with temperature pattern of
25 control subjects. Their studies indicated that diabetes-at-risk subjects have sig-
nificantly higher mean foot temperature (30.2 ± 1.3 °C) compared to the normal
subjects (26.8 ± 1.8 °C). Mean foot temperature was obtained by averaging of the
foot temperature over six regions, viz., hallux, lesser toes, forefoot, arch, lateral
sole, and heel. Armstrong et al. [71] carried out comparative studies on the skin
temperature of subjects affected with asymptomatic peripheral neuropathy
(78 subjects), neuropathic ulcers (44 subjects), and Charcot’s anthropathy
(21 subjects) where contralateral limb was used as control. Their studies revealed
significant contralateral temperature difference in the cases of neuropathic ulcers
(5.6 °F) and Charcot’s anthropathy (8.3 °F) whereas, no such temperature differ-
ence was observed in the cases of asymptomatic peripheral neuropathy. Vinik et al.
[153] reported large temperature variation in extremities of diabetic subjects which
was found to depend on several factors like environmental temperature and activity
of the neurovegetative sympathetic nervous system. Papanas et al. [154] and Vinik
et al. [155] studied the association of pseudo-motor dysfunction with foot tem-
perature and dermal neurovascular dysfunction in diabetic subjects, respectively.
Sivanandam et al. [156] studied 62 diabetic subjects using infrared thermography
along with other clinical examinations and reported that infrared thermography was
very successful in examining the extremities of the subjects and early diagnosis of
foot ulceration was possible. This study also indicates a better sensitivity, accuracy,
and specificity of infrared thermography-based diagnosis compared to conventional
HBA1c-based measurements. Chan et al. [157] reported that diabetic subjects with
painful peripheral neuropathy have higher forefoot temperature compared to normal
subjects. Benbow et al. [73] and Stess et al. [158] reported that higher foot tem-
perature in diabetic subjects was indicative of foot ulceration and temperature
measurement aids in early diagnosis. Roback et al. [93] studied the feasibility of
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thermography technique for early detection of foot complications in diabetic sub-
jects. Fujiwara et al. [159] also used thermography for skin temperature measure-
ment in diabetic subjects. Nishide et al. [160] applied thermography and
ultrasonography for studying latent inflammation in diabetic foot callus. Recently,
Kanazawa et al. [161] used a smartphone attached infrared thermography system
(FLIR one) for assessment of pressure ulcer induced inflammation and diabetic foot
monitoring and their results suggest that such ultra-lightweight alternative ther-
mography systems can be reliably used for diabetic foot monitoring. Hazenberg
et al. [162] combined digital photography and infrared thermography for assess-
ment of foot infection in diabetic subjects and obtained high specificity (>79%) and
high sensitivity (>60%) from the combined technique which was not possible to
achieve with an individual technique alone. A typical case study [68] carried out in
author’s laboratory is described below. The infrared images were acquired using
AGEMA Thermovision 550 infrared camera which is equipped with a focal plane
array of platinum silicide (PtSi) detector elements cooled using an internal Stirling
cycle. The spectral range was 3.6–5 lm and thermal sensitivity of the camera was
better than 0.1 °C. Experiments were performed under controlled environment with
an ambient temperature of 25 °C and 5 min of thermal acclimatization time during
which the subjects were requested to remove their foot wears and socks and lie
supine on a couch.

Randomly chosen 112 subjects suffering from type 2 diabetes were studied using
infrared thermography. Anthropometric measurements like weight, height, waist,
and hip sizes were carried out along with clinical measurements of vibratory per-
ception threshold (VPT) using biothesiometry and pathological measurement of
glycated hemoglobin (HBA1c). Mean foot temperature (MFT) was obtained from
the infrared images of the plantar surface of the subjects by averaging the tem-
perature over various locations, viz., hallux, lesser toes, arch, lateral sole ,and
forefoot regions. It was also observed that neuropathic subjects (VPT > 20) have
higher MFT compared to non-neuropathic subjects and the MFT showed a positive
correlation with right and left great toes VPT values [68]. Figure 3 shows the
variation of MFT values as a function of VPT values and it can be seen that 28
subjects with VPT values less than 20 (non-neuropathic) showed MFT values
within the temperature range of 27–30 °C. On the other hand, 33 subjects were
found with VPT values higher than 20 (neuropathic) and MFT values varying
between 30 and 37 °C. Figure 4a, b shows the infrared images of the lower
extremities of a 44-year-old neuropathic male diabetic (HbA1c value = 9.6%) and a
67-year-old non-neuropathic female diabetic (HbA1c value = 6.6%) subjects,
respectively. The mean foot temperatures over the encircled regions were found to
be 34.1 and 29.1 °C, respectively. It can be clearly seen that neuropathic subjects
were associated with a higher mean foot temperature. The elevated skin temperature
in neuropathic foot is attributed to arteriovenous shunt flow [103, 148, 149].

Diabetes often leads to peripheral arterial diseases (PAD) or vascular disorder
which mainly affects the small and large blood vessels in the extremities, more
commonly in the lower arteries resulting in varicose veins with inadequate
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drainage. The major arteries that deliver blood to the lower extremities are posterior
tibial, anterior tibial, and peroneal arteries and with progressing diabetes-induced
vascular disorder these arteries may be affected [140]. It has been reported that
progressing PAD primarily affect anterior tibial and peroneal arteries, whereas
dorsalis pedis, posterior tibial, and plantar arteries are less affected resulting in
normal pulsating responses in these arteries [76, 140]. Further complications of
vascular disorder result in micro-arterial dysfunction, limited capillary capacity,
increased arteriovenous shunting, and decreased neurogenic regulation, mild to

Fig. 3 Mean foot temperature (MFT) of diabetic subjects as a function of their vibratory
perception threshold (VPT) values [68]. For non-neuropathic subjects (indicated by the blue
rectangle) with VPT values less than 20, MFT values were distributed within 27–30 °C, whereas
for neuropathic subjects (indicated by the red rectangle) with VPT values greater than 20, MFT
values were within a range of 30–37 °C

Fig. 4 Typical pseudo-color-coded infrared images of the plantar regions for two diabetic
subjects [68]. a A 44-year-old neuropathic male subject and b A 67-year-old non-neuropathic
female subject. The average temperature over the encircled regions were found to be 34.1 and
29.1 °C, for the neuropathic and non-neuropathic subjects, respectively
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severe pain due to lack of oxygen and nutrient. Varicose veins are often associated
with mild inflammation which can be detected using infrared thermography from
the abnormally higher skin temperature over the affected regions [76]. Moreover,
toe temperature at the distal positions appears to be lower in diabetic subjects
suffering from vascular disorder due to inadequate drainage [76, 77] which can be
reliably detected using infrared thermography. Historically, infrared thermography
had been used for studying peripheral vascular disorder from mid-sixties. Probably,
the first two studies on the application of infrared thermography in peripheral
vascular disorder was reported by Skversky et al. [163] and Winsor and Bendezu
[164] in 1964. In 1970, Robins and Bernstein [165] applied digital plethysmog-
raphy and infrared thermography on subjects with peripheral vascular diseases and
compared the efficacy of both the techniques. Application of infrared thermography
for vascular disorder was also studied by Langer et al. [166] in 1972. Soulen et al.
[167] compared angiography, ultrasonography, and thermography in the evaluation
of peripheral vascular diseases in 166 subjects with suspected thrombophlebitis and
300 other subjects with peripheral arterial diseases and found that thermography
aided in recognition of phlebitis and in assessment of post-operative vascular dis-
order. Holm et al. [168] reported the use of thermography in vascular surgery based
on results obtained from 12 case studies. Henderson and Hackett [169] described
thermography as a reliable, noninvasive and rapid methodology for investigating
subjects with peripheral vascular disorders. Hosaki et al. [75] applied infrared
thermography to quantitatively study peripheral vascular circulation in 27 diabetic
subjects in which 14 were males and the rest were females. They observed tem-
perature gradients, indicating abnormal blood flow in the affected regions which
were found to be correlated with other clinical findings. This study also indicated
that recovery ratio calculated from the infrared images were correlated with blood
flow measured using laser Doppler flowmetry and it was suggested that infrared
thermography can be used as a potential tool for early detection of arteriosclerosis
obliterans (ASO) in diabetic subjects. Hitoi and Matsuoka [170] stressed the use-
fulness of infrared thermography-based monitoring of peripheral circulation in
diabetic subjects. Balbinot et al. [108] applied IRT to diabetic subjects and found
that rewarming index after cold stress presented good repeatability. The study also
revealed that temperature difference (DT) measured using infrared thermography
was clinically more relevant. Fushimi et al. [171] studied the abnormal
vaso-reaction of peripheral arteries to cold stimulation in both hands of diabetic
subjects. Huang et al. [105] applied infrared thermography for evaluating subjects
with higher risk of lower extremity peripheral arterial disease (PAD) and observed
that temperature changes in the soles of PAD versus non-PAD subjects were −1.25
versus −0.15 (p < 0.001). Mitchell et al. [172] applied thermography for studying
skin blood flow and limited joint mobility in 32 insulin-dependent subject and 13
healthy control subjects at room temperature and after immersing in warm and cold
water. They reported a predominantly distal rewarming pattern after withdrawal of
cold stress with higher mean index finger temperature in the insulin-dependent
subjects compared to the controls which was experimentally confirmed using
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thermography. Toutouzas et al. [173] used an infrared thermography-based pro-
cedure for evaluating subjects with diabetes mellitus and coronary artery disease
and reported that such subjects suffer from higher carotid inflammation. Uchikawa
et al. [174] studied the effects of cilostazol (anti-platelet agent) on peripheral vas-
cular disorder in diabetic subjects and reported that infrared thermography is
beneficial in planning individual dose and monitor the effects of cilostazol and
subject compliance during long-term drug administration. The effect of cilostazol in
peripheral arterial occlusion was also studied by Ohashi et al. [175] using ther-
mography techniques. Staffa et al. [176] applied infrared thermography for
long-term monitoring of foot temperature in diabetic subjects. Three case studies,
carried out by Bagavathiappan et al. [76, 77], on application on infrared ther-
mography in detection of peripheral vascular disorder are described below.
AGEMA Thermovision 550 infrared camera was used for acquiring the infrared
images. Experiments were performed under controlled environment after 15 min of
thermal acclimatization time.

Case: 1

First is a 48-year-old male subject reported recurring pain in the left calf muscle
for past two years with the severity of pain continuously increasing over the last
half a year. The pain was found to increase on walking or prolonged standing and
presented symptoms of relief on comfortable seating posture. Clinical examinations
revealed normal pulses in the left and right upper and lower limbs, normal dorsalis
pedis and posterior tibial pulse in the right lower limb, and low volume of dorsalis
pedis and posterior tibial pulse in the left lower limb. A non-healing ulcerous
8-month-old injury in the left great toe was observed with the presence of gan-
grenous tissue. The subject was occasional user of alcohol and nicotine. The res-
piratory system (RS), cardiovascular system (CS), central nervous system (CNS),
and abdominal examinations were also found to be normal for this subject. Thermal
imaging was carried out on the left leg of the subject.

Figure 5a shows the pseudo-color-coded infrared image of the medial view of
the left leg of the subject along with the temperature scale. Figure 5b shows a
horizontal line scan (as indicated in Fig. 5a) along the calf muscle which indicates a
region of higher temperature at the middle portion which is also visually discernible
from the thermal image [76, 77]. Such abnormal higher temperature regions were
not present in healthy subjects used as control. This region of higher temperature
was attributed to the presence of thrombosis which is an arterial obstruction to
blood flow causing blood clotting within blood vessels. Such thrombosis may turn
potentially life threatening if the dislodgement of the thrombus results in pulmonary
embolism. This region of higher temperature was found to be associated with mild
to severe inflammation and was coincident with the region of pain. Infrared ther-
mography enabled noncontact detection of the region of pain and associated
thrombosis. It was concluded that this may be due to thromboangiitis obliterans (or
Buerger’s disease) due to arterial insufficiency.
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Case: 2

A 31-year-old male subject with a long history (approximately five years) of
swelling in both lower limbs on prolonged standing reported recurrent ulceration on
the left lateral malleolus associated with pain and discharge of pus even after
undergoing treatment and surgery (four years earlier). The RS, CVS, CNS,
abdominal examination, and palpable arterial pulse were found to be normal for the
subject. The subject was suffering from systematic hypertension and was under
medication for the same for 6 months. Clinical examinations of the left lower limb
revealed tortuous dilated veins and recurrent healing ulcers on the left lateral
malleolus which were covered with slough and pus discharge. Thermal imaging
was carried out on the left leg of the subject.

Figure 6 shows the pseudo-color-coded thermal image of the dorsal view of the
left leg of the subject. It can be seen from the infrared image that clinically detected
areas with varicosity presented an elevated temperature distribution (encircled by
the black-dotted line) which was attributed to the varicosity-induced mild inflam-
mation and slow passage of warm blood through the tortuous veins compared to
normal veins. It was observed that the higher temperature regions (containing
varicose veins) were presented in the lateral side of the left leg and not in the medial
side of the leg (most commonly observed locations of varicose veins). It can be
further seen from the infrared image that distal regions in the vicinity of the toes
were at a significantly lower temperature (indicated by the white arrow) which was
due to vascular disorder resulting in poor perfusion of blood [76, 77].

Case: 3

A 28-year-old male subject was suffering from a pain in the left lower limb
which increased on prolonged standing. RS, CVS, CNS, abdominal examination,
radial pulse, carotid pulse, dorsalis pedis, and posterior tibial pulse were found to be

Fig. 5 a Pseudo-color-coded infrared image of the dorsal profile of the left leg of a 48-year-old
male subject suffering from vascular disorder [77]. b Temperature profile along the horizontal line
shown in the infrared image which indicated the presence of a higher temperature region that was
attributed to the presence of thrombosis
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normal for the subject. Clinical examinations revealed varicosity of the long
saphenous system of the left lower limb and the varicosity-related complications
were predominant for the past one year. Thermal imaging was carried out over the
left leg of the subject.

Figure 7a shows the pseudo-color-coded infrared image of the left leg of the
subject. The line profile over the toe tips is shown in Fig. 7b. It can be clearly seen
that distal position (indicated by the white arrow in the thermal image) had a

Fig. 6 Typical infrared image of the dorsal profile of the left leg of a 31-year-old male subject
suffering from vascular disorder [76, 77]. Clinically diagnosed areas of varicosity were found to
coincide with the regions of higher temperature (encircled by the black-dotted lines). The distal
region was found to be at a lower temperature (indicated by the white arrow) due to inadequate
blood flow

Fig. 7 a Typical infrared image of the left leg of a 28-year-old male subject suffering from
vascular disorder. The image is shown in pseudo-color-coded isotherm scale and the region of
higher temperature (encircled by the black-dotted line) corresponded to the mild inflammation of
the varicose veins. The distal regions (indicated by a white arrow) presented a lower temperature
due to inadequate blood perfusion. b Temperature profile along the line indicated in the infrared
image. The periodic lower temperature confirmed slow blood perfusion in the distal regions (toes)
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comparatively lower temperature, which was attributed to varicosity-induced
inadequate venous drainage. Higher temperature regions (encircled by the
black-dotted line) were observed over the left leg of the subject, which were found
to be coincident with the varicosity-affected regions. It was observed that the
temperature was 0.7–1.0 °C higher in these regions compared to the surrounding
skin temperature. The affected regions presented an elevated temperature distri-
bution due to varicosity-induced mild inflammation which was otherwise not
detected during routine clinical examination.

Foot damages resulting from diabetic neuropathy, vascular disorder, or ischemia
very often causes infection, which ultimately results in foot ulceration. Infection can
be active (bacterial or fungal) or passive (biofilms). Most common species causing
infection in diabetic foot are aerobic gram-positive cocci (Staphylococcus aureus),
gram-negative bacilli (Escherichia coli), and anaerobic Bacteroides sp. and
Peptostreptococcus sp. [140, 177]. Infrared thermography is successfully used for
monitoring wound healing in the cases of foot ulcerations [178]. Apart from pe-
ripheral neuropathy and vascular disorder, infrared thermography has also been
applied to diabetic retinopathy. Sodi et al. [179] performed a comparative study of
the ocular surface temperature (OST) in 51 subjects with nonproliferative diabetic
retinopathy (NPDR) and in 53 age and gender matched healthy subjects. They
found that in diabetic subjects OST was significantly lower than the normal sub-
jects. Although majority of the infrared thermography-based studies were con-
ducted on subjects with type 2 diabetes, a few recent studies [180, 181] report the
applicability of infrared thermography on type 1 diabetic subjects. Sejling et al.
[180, 182] studied the changes in skin temperature during hypoglycemia in type 1
diabetic subjects and reported that skin temperature decreased during hypoglycemia
over the nose and glabella regions. They indicated the suitability of infrared ther-
mography to study the hypoglycemia-induced decrease in skin temperature which
was observed to be higher in subjects with hypoglycemia awareness. Zotter et al.
[181] applied infrared thermography to assess the abnormalities in skin blood flow
before and after cold challenge on lower leg of 25 adolescent asymptomatic sub-
jects with type 1 diabetes. Their studies revealed that adolescent type 1 diabetic
subjects show abnormalities in skin blood flow over the tips of first and fifth toes
and inner ankles after cold challenge which was successfully mapped using infrared
thermography. Schindl et al. [183, 184] applied infrared thermography for moni-
toring low-intensity laser-induced improvement in peripheral circulation in subjects
with diabetic microangiopathy.

The above case studies and literature survey clearly indicate that diabetic foot
complications are associated with significant changes in skin temperature with
definite patterns (e.g., lower temperature distribution in the distal position of the
toes in the cases of vascular disorders and elevated foot temperature for the diabetic
neuropathic subjects), which facilitates early diagnosis of diabetic complications
using infrared thermography-based skin temperature monitoring. Therefore, peri-
odic monitoring of skin temperature reduces the risk of foot ulceration [185].
Further, identifying individuals at high risk and treating for lower extremity
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complications may reduce the number of amputations by 85% [186]. Pafili and
Papanas [187] suggested that a 5-year use of infrared thermography or liquid crystal
thermography for daily self-examination among high-risk group of subjects may
significantly lower further complications in diabetic foot.

5 Conclusions

Among various techniques available for accurate and reliable measurement of
subject temperature, infrared thermography is a relatively new methodology that
has become popular because of its noncontact, noninvasive, and real-time tem-
perature measurement capability. During the last few decades, numerous applica-
tions of infrared thermography are reported in the field of medical sciences.
Considering the huge increase in diabetics cases worldwide, a dedicated effort for
early detection of diabetes is essential. Studies reveal that infrared thermography is
capable of the early detection of diabetic peripheral neuropathy and vascular dis-
orders. This book chapter highlights the studies on diabetic neuropathy and vascular
disorder using infrared thermography technique. The basics of infrared thermog-
raphy, classification of medical thermography techniques, details of various infrared
cameras available, ideal experimental conditions, data analysis, etc. along with
typical case studies on the above two subjects are discussed. To become IRT as
routine techniques for diagnosis of diabetic neuropathy and vascular disorder, more
systematic case studies in large number of subjects from various continents and
correlating the IRT results with clinical findings are a prerequisite. Further,
refinements in the experimental protocols, automation, rapid, and reliable data
analysis approaches are to be developed. One of the impeding issues in the use of
this technique in the past was the higher cost of infrared camera but it has now
surmounted because of the availability of infrared cameras at affordable rates.
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