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ABSTRACT
Introduction: Foot thermograms depict vascular distribution among foot regions with a spec-
trum of thermal values. Infrared thermography (IRT) is used to explore challenges in diagnosing
complications that involve temperature differences. Problem Statement: It is crucial to identify
underlying diabetic ulcers in the foot plantar regions, which are typically missed in photographic
images. Early detection of ulcer onset can reduce healing time and treatment costs; thus, IRT plays
a vital role in identifying early-stage ulcers by detecting vascular changes. This systematic review
aimed to identify studies of thermography in foot ulcer diagnosis, including analysis techniques,
extracted features, and scores among patients. Method: A literature search was conducted in
PubMed and Scopus databases to identify relevant articles published within the last 10 years. The
main criteria for the search results were articles in English with abstracts, and full articles that ex-
amine the relationship between diabetes mellitus (DM), foot ulcer and thermography among DM
patients. Results: The search identified 2,215 articles, with only 8 studies meeting the inclusion
criteria. Foot thermograms were used to identify foot ulcer regions associated with temperature
differences. The studies included parameters such as ankle brachial index (ABI), toe brachial index
(TBI), age, sex, duration of diabetes, and type of diabetes for statistical analyses to verify the validity
of temperature difference data in asymmetrical analysis. Conclusion: Further interventional stud-
ies should be conducted to investigate foot IRT in patients with DM, as a variation in temperature
differences may challenge the validity of foot thermograms in foot ulcer grading.
Key words: Diabetes Mellitus, Foot thermograms, Foot ulcer, Thermal image analysis

INTRODUCTION
According to the International Diabetes Federation
(IDF), 463 million people, aged 20–79 years had di-
abetes in 2019, and this number is expected to in-
crease to 578 million by 2030 and to 700 million by
2045 (Figure 1)1. Among the total mentioned above,
nearly 80% of individuals with diabetes live in low-
or middle-income countries. Global data for 2019
showed 4.2 million deaths due to diabetes mellitus
(DM). In Southeast Asia, 1 in 2 adults have undiag-
nosed diabetes. Among all Asian countries, India has
the highest incidence andmortality rates of DM in in-
dividuals aged 20–79 years. The alarming global rise
in the death rate for diabetes may be due in part to
high healthcare expenditures when diagnosis occurs
at a later stage of disease2. A non-invasive early diag-
nostic tool embedded with a data-driven analysis ap-
proach is expected to be a future solution for early de-
tection and diabetes management. Peripheral arterial
disease (PAD) may occur due to smoking, diabetes,
hypertension, and nerve damage3. In this systematic
review, PAD will be discussed in its relation to dia-
betes; however, it is beyond the scope of our work to

include all complications that occur with PAD.
Hence, this systematic reviewwill focus on conditions
associated with type 2 diabetes in the general popula-
tion in India, in which the incidence rate is high. DM
is a group of metabolic disorders that is characterized
by high glucose levels in the blood. The regulation
of blood glucose levels is essential to avoid the devel-
opment of pathological conditions caused by either
hyperglycemia or hypoglycemia. Hyperglycemia is a
condition in which blood glucose levels are elevated,
leading to a non-enzymatic glycation stage, which
causes functional and structural disruptions to blood
vessels. These anomalies affect major organs through
micro and macrovascular complications which in-
clude peripheral neuropathies, poor wound healing
or chronic neuropathy, coronary artery disease, cere-
bral vascular disease, and chronic kidney disease2.
Among these, diabetic neuropathy is amajor concern,
in which the nerve fibers of the lower limbs of the
body can become damaged by persistently high blood
glucose levels4. Most diabetic foot ulcers are due to
both ischemic and neuropathic conditions and are as-
sociated with pain and numbness in the extremities,
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as well as complications that include bacterial infec-
tion and deep-tissue destruction5–7. Figure 2 shows
various complications that occur in the diabetic foot.
This type of ulceration may lead to amputation of the
foot due to chronic wounds that fail to heal6. Current
practice for foot care in DM includes a complete his-
tory and physical examination, in addition to assess-
ment by an expert and the time needed for a proper
evaluation8–11.
A simplermethod to identify ischemic or neuropathic
changes in the diabetic foot could facilitate diagnosis
in a timely manner to avoid amputation of the foot.
Because ischemia and neuropathy affect temperature
regulation of the foot, temperature is an established
clinical marker for diabetic neuropathy. Hence, the
assessment of subtle changes in the thermal pattern
of the foot may help identify pathologic conditions at
an early stage and thus drastically decrease patients’
morbidity 8. The human body typically regulates and
maintains a normal body temperature within a nar-
row range, despite ambient temperature variations12.
Thermal regulation in the body may vary, depending
on neuropathic pathologies, inflammation, and pe-
ripheral arterial diseases. Studies have shown that di-
abetic foot ulcers are characterized by lower temper-
atures than those of the plantar foot13–17. However,
these subtle changes in temperature cannot be felt by
the examining physician during a manual examina-
tion of the foot. Hence, in recent years several studies
have explored the use of infrared thermography (IRT)
for measuring plantar foot temperature in the detec-
tion of diabetic foot ulcers18–20. The studies show that
IRT has been extensively used to examine changes
in lower limb temperature and to detect temperature
changes during hyperglycemia. One of the major ad-
vantages of IRT is that the acquisition of an area un-
der inspection provides maximum pixel elements in
less time and with accurate temperature values. Re-
cent technological advances in thermal cameras for
improving speed and resolution have made it possi-
ble to adapt these techniques for medical use21–23. In
diabetic foot analysis, patient preparation for the ac-
quisition of plantar foot thermograms is carried out
with the patient in a supine position and with bare
feet. The patient is asked to rest for about 20 min
to attain a temperature equilibrium before the ther-
mal image is captured24–26. As thermography is use-
ful for inspecting an ischemic foot and a neuropathic
foot, a computer-aided tool that can assist clinicians
in patient-specific diagnosis would be an important
addition to current clinical practice. A grading tech-
nique is also required to characterize colder temper-
atures in ischemic cases and warmer temperatures in
neuropathic cases4.

METHODS
Eligibility Criteria
Themain inclusion criteria for the search results were
articles in English with abstracts, and full articles that
discussed the relationship between DM, foot ulcer,
and IRT among DM subjects. Studies that included
animals or tissue cultures were excluded. In addi-
tion, review papers, letters, conference papers, arti-
cles in the press, editorials, and short surveys were ex-
cluded. For the present systematic review, only stud-
ies that showed the relationship between DM, foot ul-
cer, and IRT were selected. Articles were filtered in
three stages before they were selected for inclusion in
the review. In the first stage, any articles that did not
meet the inclusion criteria were removed. In the sec-
ond stage, filters were applied for the range of years
between 2010 and 2020, and only full articles were
screened. In the final stage, articles that contained the
selection criteria keywords were included. All read-
ers had to agree on the criteria of the selected articles
to be reviewed before the data extraction stage. Any
conflicts of opinion were resolved by rational discus-
sion among the reviewers. All data searching was per-
formed independently through data search engines.
The following data were obtained from the articles
and tabulated accordingly: year of publication, pre-
processing type, segmentation technique, automated
vs. manual region of extraction, and classifiers used.
The search found twelve articles potentially related to
the search criteria, of which eight articles met the in-
clusion criteria (Figure 3).

Information Sources
Extensive studies on the diabetic foot using thermog-
raphy techniques for identifying and classifying the
thermal variations in the plantar region have been car-
ried out. The angiosomes were combined in a new
classification matrix consisting of 20 types of ther-
mal patterns27. The medial plantar artery (MPA)
and lateral plantar artery (LPA) thermal patterns for
32 healthy subjects and 129 patients with diabetes
without foot ulcers are represented in the rows, and
the medial calcaneal artery (MCA) and lateral cal-
caneal artery (LCA) of the thermal patterns are rep-
resented in the columns. Statistical analysis revealed
that temperature patterns differed significantly be-
tween healthy individuals and those with diabetes.
Atypical patients were defined as those who did not
fit into any of the 20 categories. This categorization
scheme could be utilized in foot care and surgical in-
terventions to identify vascular conditions.
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Figure 1: Year-wise estimation of people affected with diabetes mellitus 1.

Figure 2: Complications in a diabetic foot.
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Figure 3: Flowchart of selection of related articles.

Based on mean temperature variations between the
ipsilateral and contralateral areas of the foot, an al-
gorithm was used to categorize the types of ulcera-
tions28. Five of the 15 patients had no complica-
tions, five had local complications (e.g., neuropathic
ulcers), and the remaining five cases had diffuse com-
plications, such as ischemic ulcers resembling Char-
cot’s foot. Cases with no complications showed a tem-
perature difference of less than 1.5 ◦C, those with lo-
cal complications had a temperature difference of less
than 2 ◦C, and cases with diffuse complications had
a temperature difference of less than 3 ◦C. Manual
segmentation for border detection and lack of signifi-
cance were two of the drawbacks identified in this pa-
per.
The atypical cases described in another study 27 were
grouped into one of seven categories previously de-
fined in a different study 29. The authors used pre-
processing and image segmentation to distinguish the

plantar and distal regions for standardizing the tem-
perature values. A method for grading the infection
level was presented in another study 30. The pres-
ence of erythema, foot ulcers, calluses, blisters, or fis-
sures was used to grade the level of infection using
the perfusion, extent, depth, infection and sensation
(PEDIS) classification system. Infections were classi-
fied as hotspot, erythema, or foot ulcers based on a
temperature differential greater than 2.2 ◦C. The re-
search included 54 individuals with foot complica-
tions, such as infections, ulcers, and Charcot’s foot31.
The classification was carried out by calculating the
temperature differential between six pre-defined re-
gions on the contralateral foot. The authors proposed
further studies to categorize foot thermograms and
treatment urgency.
The authors of another study 32 proposed a method
that employed image processing and morphological
approaches to overcome the deformations produced
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by amputation. K means and EM clustering were
used to distinguish between ambient and foot tem-
peratures. Temperature differences were utilized as
a significant factor in study 33 to distinguish between
DM patients, with and without complications. In
comparison to patients with DM, without complica-
tions, PAD-affected DM patients showed tempera-
tures greater than 26.2 ◦C. In one study with 43 sub-
jects34 the PAD from 21 regions of interest were char-
acterized. Features were extracted and classified using
the support vector machine (SVM) model.
Various methods are available for detecting and grad-
ing foot ulcers and infections. All of these assess-
ments, however, require manual examination of the
soles of the patient’s feet, which are not typically vis-
ible under normal circumstances. Foot thermogra-
phy, which is a non-invasive method for studying a
patient’s feet, can be utilized to obtain thermograms
of the thermal pattern of the foot, which enables early
diagnosis and the grading of infections. The value of
temperature differences as a key feature in image anal-
ysis to define infection in the foot is explained in the
present review.

Search Strategy
A literature search was conducted to investigate the
relationship between DM, foot ulcers, and classifi-
cation of the ulcers using thermography in patients
with DM. PubMed and Scopus databases were used
to identify relevant articles published between 2010
and 2020. Related articleswere identified by using two
groups of keywords: (1) classification of foot ulcers
using thermography AND (2) pre-processing tech-
niques for the classification of foot ulcers OR image
segmentation techniques for the classification of foot
ulcers OR pre-processing techniques for the classifi-
cation of foot ulcers.

Data Extraction
Datawere extracted fromall identified studies and fol-
lowed a specified format. The following variables were
included: year of publication, type of image analy-
sis involved, classification techniques used, statistical
analysis conducted, and features used in classification
techniques and findings.
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Table 1: Description of methodologies from related articles

No. Methodology Description Steps
Processing Classification

1 – 20 types using Angio-
some concept

Framework of 20 categories that is used to com-
pare the acquired thermal patterns of healthy sub-
jects and DM patients using MPA, LPA, MCA and
LCA27

Image type & size: Plantar thermogram and digital images for
atypical cases
Device type: Thermotracer (TH5108ME, NEC)
Clustering/Classification technique: Classification frame-
work with 20 categories
Grading/ MODELLING approach: Manual grading using
thermographic patterns of the distal and heel regions.

2 Manual RoI an-
notations

Mean temperature dif-
ferences in contralateral
& ipsilateral foot

Manually segmented boundaries for IR and photo-
graphic images. Mean temperature difference com-
pared with three threshold values 1.5o C and 2o
C and 3o C. Grading of the ulcer types were done
by using University of Texas wound classification
method28

Image type & size: color image using and thermogram
Device type: Cannon Eos with 40D and FLIR SC305 320 x 240
pixels
Pre-processing technique: Manual annotation of the foot
boundaries
Grading /MODELLING approach: Manual classification
based on thermal differences

3 Segmentation
using image
partitioning
algorithm

Computer based 7 types
categories

preprocessing done to standardize the temperature
values for the same color. segmentation is done to
partition the regions into clusters with same pixel
values. Cases are then classified into either of the 7
types29

Image type & size: plantar thermograms
Device type: Thermotracer (TH5108ME, NEC)
Pre-processing technique: Color bar adjustment
Grading /MODELLING approach: image segmentation using
mode-seeking method using probability density function for
clustering the common pixels

4 No pre-
processing
mentioned

3 three types of foot in-
fection assessment: live,
photographic foot, in-
frared thermography

Using three techniques: live observation, PEDIS
and temperature difference, the foot infection was
classified30

Image type & size: photographic images and temperature val-
ues from surface
Device type: photographic foot imaging device andTemptouch
instrument
Classification method: PEDIS score based

Continued on next page

5034



Biom
edical Research and Therapy 2022, 9(5):5029-5042

Table 1 continued
No. Methodology Description Steps

Processing Classification
5 Boundary detec-

tion
Manual classification
based on thermal differ-
ences into three groups
1. complications with
immediate treatment, 2.
complications with not
immediate treatment, 3.
no complications

Cut-off temperature to decide on the type of infec-
tion and urgency of treatment is > 2.2o C31

Image type & size: color & thermograms of the foot
Device type: Canon & FLIR 320x240 pixels
Pre-processing technique: manual annotation on boundaries
of the foot in color image
Classification approach: classified based on temperature dif-
ference

6 Automated
segmentation

Asymmetric analysis Three step process that involves segmentation of
foot regions from the background using K means
clustering and EM clustering, registration of ther-
mal and color images using B splines and third us-
ing asymmetric analysis of temperature difference
between right and left foot32

Image type & size: color & thermograms of the foot
Device type: CanonEOS40D & FLIRSC305 320x240 pixels
Pre-processing technique: automated segmentation of the foot
using unsupervised machine learning algorithms
Classification approach: Manual comparison of the contralat-
eral foot.

7 Automated seg-
mentation &
extraction of foot
regions manually

Classification using
temperature values

Identification of DM with and without complica-
tions using temperature difference33

Image type & size: thermograms of the foot 320 x 240 pixels
Device type: FLIR SC7200
Pre-processing technique: automated segmentation of the foot
using
region growing method
Classification approach: using temperature differences and
statistical analysis

8 Normalizations
of thermograms

Support Vector Ma-
chine (SVM)

12 features extracted that are used in the classifica-
tion of PAD using 21 regions of interest from the
foot34

Image type & size: thermograms of the foot 640 x 480 pixels
Device type: Xenics Goby 640 GigE
Pre-processing technique: normalization of images
Classification approach: Classification using SVM machine
learning model
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RESULTS
Study Selection
As illustrated in Figure 3, our review identified 2,215
publications, of which 2,203 met the exclusion crite-
ria. As a result, 12 papers published between 2010
and 2020 were included. Following a thorough review
of the text, four papers were eliminated due to the
lack of foot thermogram analysis. Overall, 8 scientific
articles were analyzed, all of which contained image
processing analysis of foot thermograms. The studies
included were published between 2010 and 2020, as
shown in Table 1, with one study carried out in 2020,
one study in 2018, one study in 2015, two studies in
2014, two studies in 2013, and one study in 2011.

Analyses from the Results
Among the eight studies, six28,29,31–34 described
the use of image processing techniques to classify
foot thermograms. The remaining two studies27,30

demonstrated manual categorization using tempera-
ture difference measurements or statistical analysis.
The findings in these studies demonstrate that image
processing has a higher sensitivity and specificity rate
in classifying foot thermograms compared to human
observation, likely due to the fact that it is indepen-
dent of human involvement and provides a more ac-
curate clinical forecast. Five studies utilized statisti-
cal analysis, such as the t-test, chi-square, indepen-
dent t-test, and Mann-Whitney U test for the asym-
metry comparison between DM patients and control
subjects27,28.
Two studies31,33 provided statistical analysis, as well
as asymmetry analysis, of temperature readings with a
difference greater than 2.65 ◦C between the right and
left foot for diabetic individuals. Each group showed
a statistically significant difference (p < 0.001). One
study 23 manually divided the regions of interest from
foot thermograms and conducted a statistical anal-
ysis with a receiving operator characteristic (ROC)
curve and area under the ROC curve to determine
cut-off values for classifying the urgency of therapy
for patients with peripheral neuropathy. A classi-
fication was performed between patients with DM
and individuals with PAD due to DM in a different
study 33. The t-test and parametric test revealed sig-
nificant variations in temperature between the two
groups. Segmentation employing a region-growing
algorithm was found to provide the region of inter-
est (RoI) for properly estimating the temperature of
the foot.
In addition to temperature data, age, duration of dia-
betes, type 2 diabetes, ankle brachial index (ABI), toe

brachial index (TBI), sex, and energy of intensity val-
ues were also included in the analysis of the foot ther-
mograms27,29,34. Table 1 provides a summary of the
techniques used in the associated articles.
In general, temperature differences between the af-
fected and contralateral foot thermograms are an es-
sential characteristic that requires further investiga-
tion, whether asymmetrically or statistically. To suc-
cessfully distinguish between non-diabetic individu-
als and patients with DM, classification with pattern
classifiers such as the SVM model34 was carried out
in addition to the asymmetric analysis of foot thermo-
grams. Table 2 summarizes the findings of the eight
papers included in the review.

DISCUSSION
Temperature values are used as a key indicator of an
underlying problem in a diabetic patient’s foot ther-
mogram. Apart from the asymmetry analysis us-
ing temperature values, image processing techniques,
including segmentation and pattern classifiers, were
used to automatically categorize the thermograms
without the need for human interpretation. We high-
light a few noteworthy studies below.
Healthy individuals (n = 32) and diabetic patients
with neuropathy (n = 129) were included in a study
of the diagnostic utility of foot thermograms27. In
order to compare the foot thermograms obtained, 20
types of thermal patterns were developed. According
to the authors’ findings, 75% of patients in the con-
trol group and 87.2 % of patients with DM could be
classified in the pre-defined thermal patterns. The fol-
lowing limitations were identified: bias observation
when comparing the thermograms with the classifi-
cation system; mean age and sex were not normal-
ized between the control and DM groups; neuropathy
causes instability in the plantar foot regions; and 20
categories resulted in a complicated analysis were not
suitable for clinical use. The authors addressed these
shortcomings in a follow-up study 29 by including an
image partitioning method for extracting the RoI and
reducing the categories to six, which include only the
distal area of the foot.
In another study 28, a total of 15 patients with DM
were enrolled. Patients with no complications had
a temperature difference of less than 2 ◦C, patients
with local complications, such as non-ischemic neu-
ropathic ulcers and callus, had a temperature differ-
ence ofmore than 2 ◦C, and patientswith diffuse com-
plications, such as Charcot and osteomyelitis, had a
temperature difference of more than 3 ◦C, accord-
ing to asymmetric analysis. Furthermore, RoI ex-
traction helped make the study possible. The ther-
mogram were unable to exhibit symptoms of diffuse

5036



Biomedical Research and Therapy 2022, 9(5):5029-5042

Ta
bl
e
2:

Re
su

lt
of

Sy
st
em

at
ic
Re

vi
ew

Re
f.
N
o.

Po
pu

la
tio

n
stu

dy
Av

er
ag
eA

ge
C
om

pl
ic
at
io
ns

Ty
pe

of
an
al
ys
is

Im
ag
eP

ro
ce
ss
in
g
Te
ch
ni
qu

es

A
sy
m
m
et
ric

al
an
al
ys
is

St
at
ist
ic
al
A
na
ly
sis

27
N
=
16
1

(1
29
)N

on
-u
lc
er

di
ab
et
ic

(3
2)

N
or
m
al

(3
6.
8)

N
or
m
al

(6
7.
2)

D
M

N
ot

m
en
tio

ne
d

–
T-
te
st
an
d
ch
is
qu

ar
et
es
t

–

28
N
=
15

(5
)N

or
m
al

(5
)D

M
w
ith

lo
ca
lc
om

pl
ic
a-

tio
ns

(5
)D

M
w
ith

di
ffu

se
co
m
pl
i-

ca
tio

ns

(6
7.
6)

-N
or
m
al

(7
0.
4)

-D
M

U
lc
er

ha
llu

x,
ca
llu

s,
ch
ar
co
tf
oo

t,
Te
m
pe
ra
tu
re

di
ffe
r-

en
ce

an
d

sta
nd

ar
d

de
vi
at
io
n

va
lu
es

fo
r

co
nt
ro
l
=

-0
.1
6

an
d

D
M

=
1.
79

–
M
an
ua
la

nn
ot
at
io
ns

fo
r
Ro

I
ex
tr
ac
-

tio
n

29
N
=
16
1

(1
29
)n

on
-u
lc
er

di
ab
et
ic

(3
2)

N
or
m
al

(3
6.
8)

N
or
m
al

(6
7.
2)

D
M

N
o t

m
en
tio

ne
d

–
T-
t e
st
an
d
ch
is
qu

ar
et
es
t

C
o l
or

ad
ju
stm

en
t

an
d

im
ag
e-

pa
rt
iti
on

in
g
al
go
rit
hm

fo
rs
eg
m
en
ta
-

tio
n

30
(3
8)

D
M

31
-M

,7
-F

N
ot

m
en
tio

ne
d

Er
yt
he
m
a,
ho

tsp
ot

w
ith

in
-

fe
ct
io
n,

ul
ce
r

Te
m
pe
ra
tu
re

di
ffe
r-

en
ce

w
ith

2.
2

–
–

31
N
=
54

(2
0)

no
rm

al
(3
4)

D
M

(6
6)

C
on

tro
l

(6
4)

D
M

ch
ar
co
t,
ul
ce
r

ha
llu

x
Te
m
pe
ra
tu
re

di
ffe
r-

en
ce

fo
r
co
nt
ro
l=

0.
9,

an
d
D
M

=
3.
1

Cu
t-o

ff
va
lu
es

de
te
r-

m
in
ed

us
in
g

RO
C

an
d

ar
ea

un
de
rR

O
C

M
a n
ua
lR

oI
,i
m
ag
ep

ar
tit
io
ni
ng

32
N
=
76

(7
)D

M
I

(6
9)

D
M

II

66
Bl
ist
er
s,
ca
llu

s,
ul
ce
ra
tio

ns
,

re
dn

es
s

Le
ft
&
rig

ht
fo
ot

no
n
-

rig
id

re
gi
str

at
io
n

–
C
ol
or

im
ag
e
se
gm

en
ta
tio

n
us
in
g
EM

clu
ste

rin
g

an
d

fe
et

re
gi
str

at
io
n

fo
r

ve
rt
ic
al
al
ig
nm

en
t

33
N
=
84

(6
2)

D
M

w
ith

PA
D

(2
2)

D
M

w
ith

ou
tP

A
D

(6
8)

D
M

w
ith

PA
D

(6
2.
8)

D
M

w
ith

ou
t

PA
D

PA
D
w
ith

pe
rip

he
ra
l

ne
ur
op

at
hy

Si
gn

ifi
ca
nt

te
m
-

pe
ra
tu
re

di
ffe
re
nc
e

be
tw
ee
n
D
M

&
D
M

+
PA

D

N
or
m
al
ity

an
d
in
de
pe
n-

de
nt

tt
es
t

Au
to
m
at
ed

im
ag
e
se
gm

en
ta
tio

n
us
-

in
g
re
gi
on

gr
ow

in
g
al
go
rit
hm

34
N
=
43

(2
0)

N
or
m
al

(2
3)

D
M

(5
9)

C
on

tro
l

(6
4)

D
M

PA
D
w
ith

,0
.9
A
BI

–
U
m
an
n
W
hi
tn
ey

te
st

Im
ag
e
eq
ua
liz
at
io
n,

fe
at
ur
es

ex
tr
ac
-

tio
n
an
d
cla

ss
ifi
ca
tio

n
us
in
g
SV

M

5037



Biomedical Research and Therapy 2022, 9(5):5029-5042

cases, which restricted the population for enrollment,
according to this study’s findings.
Thermometry and thermography are two techniques
for analyzing the temperature of the feet. Thermom-
etry focuses on selected regions of the foot, whereas
thermography looks at the entire area. In one study,
thermography was used to monitor temperatures in
six distinct locations in patients with DM (n = 36)30.
Significant temperature variations were discovered
between hotspots, erythema, and ulcers, according to
the study.
In a different study, 76 patients with DM who pre-
sented with callus, blisters, redness, and ulcerations
were included32. The RoI was segmented using ma-
chine learning methods, and the foot was aligned in
the vertical position using non-rigid landmark-based
registration. Although image processing techniques
have advanced in terms of patient classification, there
were certain limitations to this study. Because a com-
parison could only be made between both feet in pa-
tients with DM, the registration procedure would fail
if only one foot was available, such as in cases of am-
putation.
Although a substantial amount of research has been
done on temperature differences in diabetic patients,
there have been relatively few studies on temperature
differences in PAD-related problems of the foot using
thermography 35,36. This might be due to the lack of
feasibility of asymmetry analysis in this population, as
PAD patients have lower vascular variations in their
lower limbs, which could result in abnormalities be-
ing missed. One study 34 included 23 patients with
PAD, a 0.9 ABI, and an average age of 64 years, as
well as 20 control subjects with an average age of 54.6
years. Energy intensity values were computed as fea-
tures and supplied to SVM classifiers as inputs. Statis-
tical analysis with the Mann-Whitney U test was per-
formed to confirm the classification results. Interdig-
ital zones were excluded because they include defor-
mities in the foot, whereas toes and insteps showed
increased vascularity improvements.
By using temperature as an essential marker for dis-
tinguishing foot ulcers in patients with DM, IRT in-
cludes amode formeasuring the temperature of ulcer-
affected areas beneath the skin. Any rise in tempera-
ture on the plantar surface of the foot could be a symp-
tom of pre-ulcer inflammation, necessitating further
research and foot screening37–39. In diabetic indi-
viduals, this type of temperature fluctuation indicates
a problem with thermoregulation. Neuropathic dis-
ease, ischemia, infection, or a combination of these
might induce a rise in temperature. Arteriovenous

shunting can occur due to autonomic neuropathy, re-
sulting in a vasodilatory state in tiny arteries (arteri-
oles)40–42. Increased cutaneous blood flow and aber-
rant inflammatory responses to tissue damage result
in a significant hemodynamic disturbance. Shunt-
ing increases venous pressure, which reduces the ar-
teriovenous pressure differentially across the nutritive
capillaries. This effect causes tissue ischemia and de-
creases capillary blood flow 43–45. Higher hemody-
namics contribute significantly to massive basement
thickening, which impairs capillary vessel wall flex-
ibility and leads to poor nutrition exchange, further
exacerbating diabetic foot ulceration38. Figure 4 il-
lustrates a healthy foot vs. a diabetic foot that is sus-
ceptible to ulceration due to a disruption in themicro-
circulatory system. Because a fever could suggest in-
fection, immediate treatment is required. According
to a literature review, a temperature difference of > 3
◦C between the affected and contralateral foot acts as
a cut-off value to indicate that the patient requires im-
mediate medical attention28. In addition, the authors
of one of the included studies31 have proposed re-
search that compares several cut-off diagnostic values
for identifying diabetes-related foot problems, includ-
ing ulceration, infection, and Charcot’s foot. PAD, a
disorder in which fatty deposits restrict the arteries in
the foot and decrease blood flow in the lower extremi-
ties, is also associated with a drop in temperature37,38

(Figure 5). One of the erroneous clinical findings is
that colder limbs are considered normal since they are
less perfused. However, in the event of PAD-related
problems in the DM foot, such cases should not be
overlooked and require medical attention as soon as
possible for additional thermographic evaluation33.
Although thermography is able to reveal differences
in thermoregulation in patients with DM, digital pro-
cessing of the thermograms is critical, as the human
eye might overlook significant information. To ap-
preciate the urgency of therapy, ulcers, infections, and
other consequences must be identified. As a result,
machine learning tools, such as SVM models, were
employed to classify energy intensity values, which
were used as input characteristics. Because the study
was carried out on PAD patients with DM, the in-
tensity data were taken from the upper foot34,46–48.
The energy values weremeasured from approximately
21 regions of interest, including the shin, instep, and
toes, since PAD is linked to artery routes in the upper
foot34. The choice of 21 areas for feature extraction
enabled a more comprehensive examination during
the clinical decision-making process49–51.
The goal of this systematic review was to investigate
the validity of a hybrid diagnostic method, in which
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Figure 4: Healthy and Diabetes condition.

current clinical approaches are supplemented with
foot thermogram characteristics. Practical sugges-
tions have been made for implementing these alter-
native and cost-effective treatment options in existing
practices, so that clinicians can obtain the best possi-
ble outcomes for patients and the healthcare system,
particularly in rural regions.

CONCLUSIONS
The studies examined for this review suggest that foot
thermograms can provide clinicians with evidence-
based options for the early detection of diabetic foot
ulcers. Data from image processing, analysis, and

classification can assist in promoting the healing pro-
cess, reduce healing times, and enable more cost-
effective clinical procedures. Due to the simplicity of
the equipment employed, a diagnosis provided by a
thermographic approach also gives patients an alter-
native for receiving precision therapy in the remote
setting. The foot thermogram has considerable future
potential as a diagnostic tool for diabetic foot ulcer.

ABBREVIATIONS
IDF: International Diabetes Federation, FU: Foot
Ulcer, CT: Classification of Thermograms, IRT:
Infrared Thermography, MCA: Medial Calcaneal
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Figure 5: Normal and Narrowed arteries – a condition called PAD.

Artery, MPA: Medial Plantar Artery, LCA: Lateral
Calcaneal Artery, LPA: Lateral Plantar Artery, ABI:
Ankle Brachial Index, TBI: Toe Brachial Index, DM:
Diabetes Mellitus, PAD: Peripheral Arterial Disease,
SVM: Support Vector Machine
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