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SUMMARY 

Introduction: Diabetic foot ulcers are a major 
complication of diabetes that can lead to amputation 
and reduced quality of life.  Early detection is very 
important,  but is often constrained by conventional 
clinical method.  This systematic review aimed to map 
and synthesize the latest evidence on advancements 
in diabetic foot ulcers early detection..  
Methods: This systematic review followed PRISMA 
guidelines with literature searches in PubMed (128), 
ScienceDirect (12), Scopus (19), and the Cochrane 
Library (5) using the PICO approach.  The studies 
analyzed included randomized controlled trials (RCTs), 
cohort studies, and case-control studies.  To ensure 
the most up-to-date data, only studies published in the 
last 7 years (2018–2024) and available in English or 
with official translations are considered.  The Joanna 
Briggs Institute (JBI) Critical Appraisal Checklist was 
used to assess the study’s quality.  

Results: Of the 128 articles identified, 14 met the 
inclusion criteria.  The latest findings in early 
detection of diabetic foot ulcers are that innovative 
technologies such as “Foot Selfie”, D-Foot, smart 
socks, and telehealth applications through patient 
self-monitoring.  Machine Learning and high-accuracy 
models such as CNNs, YOLOv2-DFU, and SNNs were 
used in medical imaging for high-accuracy wound 
classification.  Biomarkers and Genetic Analysis, such 
as IL-18, PTX-3, PCT, PA, and TyG Index, showed 
potential in predicting the risk and severity of DFU.  
Conclusion: Digital technology, medical imaging, 
and biomarkers contribute significantly to the early 
detection of DFU, reduce the risk of amputation, and 
improve the management of diabetic patients.

Keywords: Diabetic foot ulcer, early detection, 
artificial intelligence, wearable sensor technology, 
digital health innovation.  

RESUMEN

Introducción: Las úlceras del pie diabético son una 
complicación importante de la diabetes que puede 
provocar amputación y reducir la calidad de vida.  
La detección temprana es esencial, pero los métodos 
clínicos convencionales la limitan.  Esta revisión 
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sistemática tuvo como objetivo mapear y sintetizar 
la evidencia más reciente sobre los avances en la 
detención temprana de las úlceras del pie diabético.  
Métodos: Esta revisión exploratoria siguió las 
directrices PRISMA y se realizó mediante búsquedas 
bibliográficas en PubMed (128), ScienceDirect (12), 
Scopus (19) y la Biblioteca Cochrane (5), con el 
enfoque PICO.  Los estudios analizados incluyeron 
ensayos controlados aleatorizados (ECA), cohortes 
y estudios de casos y controles.  Para garantizar 
la información más actualizada, solo se incluyeron 
estudios publicados en los últimos 7 años (2018-2024) 
y disponibles en inglés o con traducciones oficiales.  Se 
utilizó la Lista de Verificación de Evaluación Crítica 
del Instituto Joanna Briggs (JBI) para evaluar la 
calidad del estudio.  
Resultados: De los 128 artículos identificados, 14 
cumplieron los criterios de inclusión.  Los hallazgos 
más recientes en la detección temprana de úlceras del 
pie diabético indican que tecnologías innovadoras 
como “Foot Selfie”, D-Foot, calcetines inteligentes 
y aplicaciones de telesalud mejoran la detección 
temprana de dichas úlceras mediante el autocontrol 
del paciente.  El aprendizaje automático y técnicas 
de alta precisión, como CNN, YOLOV2-DFU y SNN, 
se utilizan en imágenes médicas para clasificar con 
precisión las heridas.  Los biomarcadores y el análisis 
genético, como IL-18, PTX-3, PCT, PA y el índice 
TyG, muestran potencial para predecir el riesgo y la 
gravedad de las úlceras del pie diabético.  
Conclusión: La tecnología digital, las imágenes       
médicas y los biomarcadores contribuyen signi-
ficativamente a la detección temprana de UPD, reducen 
el riesgo de amputación y mejoran el tratamiento de 
los pacientes diabéticos.

Palabras clave: Úlcera del pie diabético, detección 
temprana, inteligencia artificial, tecnología de 
sensores portátiles, innovación en salud digital.

INTRODUCTION

Diabetes mellitus represents a major global 
public health challenge, affecting an estimated 
589 million individuals worldwide.  This 
staggering number is projected to reach 
approximately 853 million by 2050, underscoring 
the urgent need for effective prevention and 
management strategies (1).  Among the various 
complications associated with diabetes, diabetic 
foot ulcers (DFU) are particularly severe and 
costly, accounting for the majority of diabetes-
related hospitalizations and amputations (2).  
The World Health Organization has noted that 

DFU not only increases morbidity and mortality 
but also imposes a significant psychological and 
socioeconomic burden on patients, their families, 
and the healthcare system.  In Western countries, 
approximately 2 % of the diabetic population 
experiences foot ulceration every year, resulting 
in substantial healthcare costs primarily because 
of hospital admissions and surgical procedures, 
including amputations (3).  The direct medical 
costs per DFU episode vary widely across 
countries, ranging from approximately $3 
300 in Singapore to over $27,000 in the USA, 
reflecting differences in healthcare systems 
and treatment modalities (4-6).  In contrast, 
developing countries face significant challenges 
with DFU management due to limited healthcare 
infrastructure, lower access to advanced therapies, 
and often delayed presentation of cases.  Cost 
analyses from countries such as India, Nigeria, 
and Brazil highlight lower absolute but relatively 
burdensome costs, with episodes costing $300 to 
$2 000 on average.  Moreover, socio-economic 
factors, limited awareness, and disparities in 
healthcare access exacerbate disease severity and 
outcomes in these regions (4,7,8).  The incidence 
of global DFU continues to increase, particularly 
in low- and middle-income countries where 
early detection and preventive care are limited, 
exacerbating the existing health disparities (6).  
The severity of this issue is further highlighted 
by the fact that diabetic foot ulcers are often 
preventable.  Yet, they remain a leading cause 
of hospitalization and amputation, resulting in 
substantial economic and human costs (9,10).  
Indonesia exemplifies the growing challenge 
of DFU in developing countries.  With over 10 
million adults diagnosed with type 2 diabetes 
mellitus (T2DM), Indonesia ranks sixth globally 
in diabetes prevalence (11).  

DFU develops as a result of complex 
interactions between neuropathy, peripheral 
vascular disease, and wound healing disorders.  
This multifaceted interplay significantly increases 
the risk of infection, gangrene, and amputation 
once ulceration occurs (10,12).  The lifetime risk 
of developing a foot ulcer among individuals 
with diabetes is estimated at 19 %-34 %, 
indicating a substantial and long-term threat to 
their health (10).  Furthermore, in people with 
diabetes, 85 % of lower limb amputations are 
preceded by ulcerative lesions, underscoring 
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the critical importance of early detection and 
treatment of DFUs (13).  Approximately 15 % 
of people with diabetes may develop a DFU over 
time, emphasizing the need for regular monitoring 
and preventive measures to mitigate the risk of 
this debilitating condition (14).  Barriers such as 
late diagnosis, limited specialized wound care 
facilities, and insufficient health literacy remain 
critical challenges in mitigating the burden of 
DFUs in Indonesia (15-17).

Early detection and intervention are critical 
to reduce complications and healthcare costs 
because they allow for timely intervention, 
which can prevent the progression of the wound 
and reduce the risk of amputation (18-20).  
Consequently, understanding current methods 
and emerging technologies for DFU detection is 
vital to enhance evidence-based clinical practice 
and improve patient outcomes (21).  Up-to-date 
knowledge of advances in early detection of DFU 
is essential, as foot ulcers remain one of the most 
debilitating complications of diabetes, frequently 
resulting in osteomyelitis, amputation, impaired 
mobility, decreased quality of life, and increased 
mortality (9,10).

Conventional methods for detecting diabetic 
foot ulcers (DFU), such as physical examination 
and manual risk assessment, often rely on 
subjective clinical evaluations and are limited by 
the variability in how different observers interpret 
the results.  This traditional approach may fail 
to identify subtle physiological or structural 
abnormalities that can occur before ulcer 
formation (22,23).  As a result, many patients seek 
treatment only after significant tissue damage 
has occurred, which can lead to less favorable 
outcomes.  To address this issue, new technologies 
have been developed that integrate digital health, 
wearable sensors, artificial intelligence, computer 
vision, and biomarker analysis to improve early 
DFU screening and monitoring (18,22,24).  
Infrared thermal imaging, for example, can detect 
small changes in temperature in the foot, which 
can indicate inflammation or infection before 
it becomes clinically apparent (22,25).  Plantar 
pressure analysis can identify areas with high 
pressure on the legs, which can increase the risk 
of ulceration (23).  

By promoting accessible, innovative, and 
sustainable healthcare solutions, this approach 

can significantly improve the quality of life 
for individuals affected by diabetes.  The 
convergence of digital health, wearable sensors, 
artificial intelligence, telehealth, and biomarker 
analysis has the potential to revolutionize 
diabetic foot management by enabling early 
detection, timely intervention, and personalized 
treatment.  This convergence is not only a 
technological advancement but also a strategic 
move towards achieving the SDGs, specifically 
SDG 3 (Good Health and Well-being) and SDG 
9 (Industry, Innovation, and Infrastructure).  This 
systematic review aims to map and synthesize 
the latest evidence on advancements in early 
DFU detection, focusing on innovations in 
digital health, wearable sensor technology, 
artificial intelligence, computer vision, telehealth 
monitoring, and biomarker analysis.

METHOD

This systematic review is registered in the 
Open Science Framework (OSF) with code (osf.
io/x2bh3).  This article is based on the Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines to ensure 
transparency and systematics in the reporting of 
review results (Figure 1).

The research approach uses the Population, 
Intervention, Comparison, Outcome (PICO) 
strategy to formulate a comprehensive research 
question and search strategy.  The PICO questions 
used in this review were: How effective is the 
latest early detection method (I) in identifying 
diabetic foot ulcers (P) compared to conventional 
methods (C), based on diagnostic accuracy and 
clinical benefit (O)?

A comprehensive literature search was 
conducted on February 14, 2025, in the following 
databases: PubMed, ScienceDirect, Scopus, 
and the Cochrane Library.  The search targeted 
articles published between January 2018 and 
February 2024, available in English or with 
official translation using keywords based on 
Medical Subject Headings (MeSH) and combined 
using Boolean operators.  Examples of search 
strategies in PubMed are as follows: ((“Diabetic 
Foot Ulcers”) OR (“DFU”) OR (“Foot Ulcer 
in Diabetes”)) AND ((“Early Detection”) OR 
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(“Screening”) OR (“Diagnosis”) OR (“Predictive 
Markers”)) AND ((“Randomized Controlled 
Trial”) OR (“Cohort Study”) OR (“Case-Control 
Study”)).

Studies were included if they involved 
adults with type 1 or type 2 diabetes at risk of, 
or diagnosed with, DFU, and assessed early 
detection methods using digital technologies, AI, 
imaging, or biomarkers.  Excluded were reviews, 
meta-analyses, case reports, expert opinion, 
animal studies, and treatment-only trials.

The data selection and screening process 
was carried out manually by two independent 
reviewers (SWA and N) using the established 
inclusion and exclusion criteria.  Articles 

identified in the initial search are evaluated based 
on their titles and abstracts to determine their 
relevance.  Studies that meet the initial criteria 
are then checked for full text to ensure suitability 
with the objectives of this systematic review.  If 
there is a difference of opinion regarding the 
study selection, the final decision is made through 
discussion or by involving a third reviewer (YSD 
or H) as a mediator.  This process aims to ensure 
transparency and accuracy in the selection of 
articles for further analysis.  From the initial 
search results, 128 articles were identified; after 
removing duplicates and adjusting inclusion 
and exclusion criteria, 14 articles were further 
evaluated (Figure 1).  

Figure 1.  Flowchart of Study Selection. 

The methodological quality of the included 
articles was assessed using the Joanna 
Briggs Institute (JBI) Critical Appraisal 
Checklist for randomized controlled trials 
and observational studies.  The data extracted 
from the article included: title, author, year of 
publication, objectives, methodology, participant 

characteristics, type of intervention, and key 
outcomes.  Two independent reviewers (SWA 
and N) performed data extraction and evaluation 
of article quality.  Any differences in assessment 
are resolved through discussion or, if necessary, 
by involving a third reviewer (Table 1).
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RESULT

The results of this study were obtained through 
a systematic review that followed the PRISMA 
guidelines by searching the literature on PubMed 
(128), ScienceDirect (12), Scopus (19), and the 
Cochrane Library (5) using the PICO approach.  
A total of 128 articles were identified; 14 met the 
inclusion criteria for further analysis (Table 2).

Technological Innovations

Technological innovations are continuously 
being developed to improve the monitoring 
and management of diabetic foot ulcers 
(DFU).  Swerdlow introduced "Foot Selfie", a 

smartphone-based system that allows patients 
to monitor the condition of their feet through 
photos independently (26).  Meanwhile, Zügner 
evaluated the D-Foot tool for DFU risk factor 
screening, which focuses on early identification of 
high-risk patients (28).  Another innovation is the 
smart compression sock developed by Billings, 
equipped with temperature, pressure, and blood 
oxygen sensors for continuous monitoring (33).  
Ming also developed a telehealth application 
integrated with sensor insoles to monitor foot 
temperature and DFU risk, enabling timely 
interventions based on data collected in real-
time (39).

Table 1

Critical appraisal

Article							      Criteria of JBI
	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 Total	 Quality
	
Swerdlow et al., 2023	 Y	 Y	 U	 Y	 Y	 Y	 X	 Y	 Y	 N/A	 7/9	 High

Al-Farra et al., 2024	 Y	 Y	 U	 Y	 X	 X	 Y	 Y	 N/A	 N/A	 5/8	 Medium

Zügner et al., 2022	 Y	 Y	 Y	 X	 Y	 Y	 Y	 U	 N/A	 N/A	 6/8	 High

Guo et al., 2024	 Y	 Y	 U	 Y	 Y	 Y	 X	 N/A	 N/A	 N/A	 5/7	 Medium

Ardelean et al., 2023	 Y	 Y	 X	 Y	 Y	 U	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Arteaga-Marrero et al., 2023	 Y	 Y	 X	 Y	 X	 Y	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Soler Climent et al., 2024	 Y	 Y	 Y	 U	 Y	 Y	 Y	 N/A	 N/A	 N/A	 6/7	 High

Billings et al., 2024	 Y	 Y	 U	 Y	 Y	 X	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Suganthi & Robin, 2024	 Y	 Y	 U	 Y	 U	 Y	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Toofanee et al., 2023	 Y	 Y	 U	 Y	 U	 Y	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Sendilraj et al., 2024	 Y	 Y	 Y	 Y	 U	 Y	 Y	 N/A	 N/A	 N/A	 6/7	 High

Qalhati et al., 2018	 Y	 X	 X	 Y	 Y	 X	 Y	 N/A	 N/A	 N/A	 4/7	 Low

Saminathan et al., 2020	 Y	 Y	 U	 Y	 U	 Y	 Y	 N/A	 N/A	 N/A	 5/7	 Medium

Ming et al., 2024	 Y	 Y	 Y	 X	 X	 Y	 Y	 Y	 Y	 U	 7/10	 Medium

Y = yes; U = Unclear; X = No, N/A (Not Applicable) 



ADVANCEMENTS IN EARLY DETECTION OF DIABETIC FOOT ULCERS

	 Vol. 134, Supl 1, enero 2026S198

Ta
bl

e 
2

C
ha

ra
ct

er
is

tic
s 

of
 in

cl
ud

ed
 s

tu
di

es

T
itl

e,
 A

ut
ho

r, 
Ye

ar

In
iti

al
 C

lin
ic

al
 E

xp
er

ie
nc

e w
ith

 a 
Si

m
pl

e,
 H

om
e 

Sy
st

em
 f

or
 E

ar
ly

 D
et

ec
tio

n 
an

d 
M

on
ito

ri
ng

 
of

 D
ia

be
tic

 F
oo

t 
U

lc
er

s:
 T

he
 F

oo
t 

Se
lfi

e 
(S

w
er

dl
ow

 e
t a

l.,
 2

02
3)

(2
6)

Po
te

nt
ia

l B
io

m
ar

ke
rs

 f
or

 th
e 

E
ar

ly
 D

ia
gn

os
is

 
an

d 
Se

ve
ri

ty
 P

re
di

ct
io

n 
of

 D
ia

be
tic

 F
oo

t U
lc

er
 

(A
l-

Fa
rr

a 
et

 a
l.,

 2
02

4)
(2

7)

E
xp

er
ie

nc
es

 o
f u

si
ng

 a
 d

ig
ita

l t
oo

l, 
th

e 
D

-f
oo

t, 
in

 th
e 

sc
re

en
in

g 
of

 ri
sk

 fa
ct

or
s f

or
 d

ia
be

tic
 fo

ot
 

ul
ce

rs
 (Z

üg
ne

r e
t a

l.,
 2

02
3)

 (2
8)

In
te

gr
at

in
g 

bi
oi

nf
or

m
at

ic
s 

an
d 

m
ul

ti
pl

e 
m

ac
hi

ne
 l

ea
rn

in
g 

to
 i

de
nt

if
y 

m
it

op
ha

gy
-

re
la

te
d 

ta
rg

et
s 

fo
r t

he
 d

ia
gn

os
is

 a
nd

 tr
ea

tm
en

t 
of

 d
ia

be
ti

c 
fo

ot
 u

lc
er

s:
 e

vi
de

nc
e 

fr
om

 
tr

an
sc

ri
pt

om
e 

an
al

ys
is

 a
nd

 d
ru

g 
do

ck
in

g 
(G

uo
 

et
 a

l.,
 2

02
4)

(2
9)

C
on

tin
ue

d 
in

 p
ag

.  
S1

99
…

In
te

rv
en

tio
n

Pa
rt

ic
ip

an
ts

 u
se

d 
a 

sm
ar

tp
ho

ne
-b

as
ed

 "F
oo

t S
el

fie
" 

sy
st

em
 t

o 
ph

ot
og

ra
ph

 t
he

ir
 f

ee
t 

da
ily

 f
or

 r
em

ot
e 

m
on

ito
ri

ng
.

Te
ch

ni
ca

l s
up

po
rt

 in
cl

ud
es

 a
pp

 in
st

al
la

tio
n 

an
d 

liv
e 

de
m

on
st

ra
tio

ns
 to

 en
su

re
 p

ar
tic

ip
an

t u
nd

er
st

an
di

ng
.

Th
e s

tu
dy

 in
vo

lv
ed

 a 
w

ee
kl

y r
ev

ie
w

 of
 th

e t
ra

ns
m

itt
ed

 
im

ag
es

 to
 m

on
ito

r f
or

 p
re

-u
lc

er
at

iv
e 

si
gn

s.
Pa

rti
ci

pa
nt

s a
re

 co
nt

ac
te

d 
if 

th
ey

 d
on

't u
pl

oa
d 

im
ag

es
 

du
ri

ng
 th

e 
w

ee
k 

to
 a

dd
re

ss
 p

ot
en

tia
l i

ss
ue

s.

- C
lin

ic
al

 e
xa

m
in

at
io

ns
 a

re
 c

on
du

ct
ed

 b
y 

C
er

tifi
ed

 
Pr

os
th

et
is

ts
 a

nd
 O

rt
ho

tis
ts

 (
C

PO
s)

 u
si

ng
 D

-F
oo

t 
so

ft
w

ar
e.

Tr
ea

tm
en

t 
of

 d
ia

be
tic

 f
oo

t 
ul

ce
rs

 (
D

FU
) 

in
cl

ud
es

 
de

br
id

em
en

ts
, 

w
ou

nd
 d

re
ss

in
gs

, 
an

ti-
in

fe
ct

io
n 

m
ed

ic
at

io
ns

, a
nd

 s
tr

ic
t g

ly
ce

m
ic

 c
on

tr
ol

. A
ct

iv
at

or
 

m
ito

ph
ag

y 
is

 p
ro

po
se

d 
as

 a 
ne

w
 th

er
ap

eu
tic

 ap
pr

oa
ch

 
fo

r D
FU

. T
he

 st
ud

y 
us

es
 m

ac
hi

ne
 le

ar
ni

ng
 to

 a
id

 in
 

th
e 

di
ag

no
si

s 
of

 D
FU

.

- - -

M
et

ho
d

 A
 s

m
ar

tp
ho

ne
-b

as
ed

 s
ys

te
m

, 
"F

oo
t 

Se
lfi

e,
" 

en
ab

le
s 

pa
tie

nt
s 

to
 t

ak
e 

un
as

si
st

ed
 p

ho
to

s 
of

 
th

e 
pl

an
ta

r 
su

rf
ac

e 
of

 t
he

ir
 f

ee
t 

an
d 

tr
an

sm
it 

th
em

 to
 a

 r
em

ot
e 

se
rv

er
. T

hi
s 

m
et

ho
d 

al
lo

w
s 

fo
r 

ea
rl

y 
de

te
ct

io
n 

an
d 

re
m

ot
e 

m
on

ito
ri

ng
 o

f 
di

ab
et

ic
 fo

ot
 u

lc
er

s 
(D

FU
s)

.
 T

he
 p

ilo
t 

st
ud

y 
in

vo
lv

ed
 p

at
ie

nt
s 

im
ag

in
g 

th
ei

r 
fe

et
 d

ai
ly

 f
or

 s
ix

 m
on

th
s,

 w
ith

 r
es

ul
ts

 
re

vi
ew

ed
 w

ee
kl

y.
 D

ia
gn

os
tic

-q
ua

lit
y 

im
ag

e 
ca

pt
ur

e 
sy

st
em

, 
en

ab
li

ng
 r

em
ot

e 
cl

in
ic

al
 

m
an

ag
em

en
t d

ec
is

io
ns

.

T
he

 s
tu

dy
 c

al
cu

la
te

s 
th

e 
PE

D
IS

 (
pe

rf
us

io
n,

 
ex

te
nt

, d
ep

th
, i

nf
ec

tio
n,

 an
d 

se
ns

at
io

n)
 sc

or
es

 to
 

as
se

ss
 th

e s
ev

er
ity

 o
f d

ia
be

tic
 fo

ot
 u

lc
er

s (
D

FU
). 

E
L

IS
A

, 
a 

co
m

m
on

 l
ab

or
at

or
y 

te
ch

ni
qu

e 
fo

r 
qu

an
tif

yi
ng

 b
io

m
ar

ke
rs

, 
is

 u
se

d 
to

 m
ea

su
re

 
se

ru
m

 le
ve

ls
 o

f I
L

-1
8 

an
d 

PT
X

-3
. 

T
he

 s
tu

dy
 u

se
s 

th
e 

th
in

k-
al

ou
d 

m
et

ho
d,

 a
 

co
m

m
on

 ap
pr

oa
ch

 to
 u

sa
bi

lit
y 

te
st

in
g,

 in
 w

hi
ch

 
th

e 
pr

in
ci

pa
l i

nv
es

tig
at

or
 re

co
rd

s s
po

nt
an

eo
us

 
co

m
m

en
ts

 f
ro

m
 u

se
rs

, i
nc

lu
di

ng
 p

at
ie

nt
s 

an
d 

C
er

tifi
ed

 P
ro

st
he

tis
ts

 a
nd

 O
rt

ho
tis

ts
 (

C
PO

s)
, 

du
ri

ng
 u

se
 o

f t
he

 D
-F

oo
t d

ev
ic

e.
 

T
he

 s
tu

dy
 u

se
d 

se
ve

ra
l 

m
et

ho
ds

 t
o 

id
en

tif
y 

m
ito

ph
ag

e h
ub

 (M
R

G
)-

re
la

te
d 

ge
ne

s a
ss

oc
ia

te
d 

w
ith

 d
ia

be
tic

 fo
ot

 u
lc

er
s (

D
FU

s)
. S

pe
ci

fic
al

ly
, 

it 
us

es
 t

hr
ee

 m
ac

hi
ne

 l
ea

rn
in

g 
al

go
ri

th
m

s:
 

su
pp

or
t 

ve
ct

or
 e

ng
in

e 
re

cu
rs

iv
e 

fe
at

ur
e 

el
im

in
at

io
n 

(S
V

M
-R

F
E

),
 l

ea
st

 a
bs

ol
ut

e 
sh

ri
nk

ag
e 

an
d 

se
le

ct
io

n 
op

er
at

or
 (

L
A

SS
O

), 
an

d 
ra

nd
om

 fo
re

st
 (R

F)
 fo

r t
he

 id
en

tifi
ca

tio
n 

of
 

di
ff

er
en

tia
lly

 e
xp

re
ss

ed
 m

ito
ph

ag
e-

as
so

ci
at

ed
 

ge
ne

s 
(D

M
G

s)
.

Fi
nd

in
g

T
he

 s
tu

dy
 d

ev
el

op
ed

 a
 s

m
ar

tp
ho

ne
-b

as
ed

 "
Fo

ot
 

Se
lfi

e"
 s

ys
te

m
 f

or
 r

em
ot

e 
m

on
ito

ri
ng

 o
f 

di
ab

et
ic

 
fo

ot
 u

lc
er

s.
Pa

tie
nt

s t
ra

ns
m

it 
di

ag
no

st
ic

-q
ua

lit
y 

im
ag

es
 o

f t
he

ir
 

fe
et

 w
ith

 m
in

im
al

 tr
ai

ni
ng

. 
Pa

rt
ic

ip
an

ts
 u

pl
oa

d 
im

ag
es

 o
n 

av
er

ag
e 

76
%

 o
f 

el
ig

ib
le

 s
tu

dy
 d

ay
s.

 
T

he
 sy

st
em

 a
llo

w
s d

oc
to

rs
 to

 re
vi

ew
 se

ri
al

 im
ag

es
 

an
d 

m
ak

e 
cl

in
ic

al
 d

ec
is

io
ns

 re
m

ot
el

y.
 

H
ea

lin
g 

of
 s

ev
en

 w
ou

nd
s 

an
d 

re
ve

rs
al

 o
f 

20
 p

re
-

ul
ce

ra
tiv

e 
le

si
on

s 
w

er
e 

ob
se

rv
ed

 d
ur

in
g 

th
e 

st
ud

y.
Pa

tie
nt

s 
fin

d 
th

is
 s

ys
te

m
 u

se
fu

l a
nd

 p
re

fe
ra

bl
e 

to
 

pr
ev

io
us

 m
et

ho
ds

 o
f f

oo
t s

cr
ee

ni
ng

.
Th

is
 st

ud
y 

de
m

on
st

ra
te

s t
he

 p
ot

en
tia

l o
f i

ne
xp

en
si

ve
 

ho
m

e-
ba

se
d 

fo
ot

 s
cr

ee
ni

ng
 a

nd
 m

on
ito

ri
ng

 f
or

 
di

ab
et

ic
 fo

ot
 u

lc
er

s.

 T
he

 st
ud

y 
fo

un
d 

th
at

 IL
-1

8 
an

d 
PT

X
-3

 le
ve

ls
 w

er
e 

hi
gh

er
 i

n 
pa

tie
nt

s 
w

ith
 D

FU
 t

ha
n 

in
 t

ho
se

 w
ith

 
T

2D
M

 o
r h

ea
lth

y 
co

nt
ro

ls
.

T
he

 c
ut

-o
ff

 v
al

ue
 o

f I
L

-1
8 

to
 p

re
di

ct
 th

e 
se

ve
ri

ty
 o

f 
D

FU
 is

 ≥
 1

24
.0

 p
g/

m
L

, w
hi

le
 P

T
X

-3
 >

 8
.6

7 
ng

/m
L

.
Si

gn
ifi

ca
nt

 d
iff

er
en

ce
s 

w
er

e 
ob

se
rv

ed
 i

n 
fa

st
in

g 
bl

oo
d 

gl
uc

os
e 

le
ve

ls
, H

bA
1c

, u
re

a,
 a

nd
 c

re
at

in
in

e 
be

tw
ee

n 
th

e 
gr

ou
ps

 s
tu

di
ed

.
T

he
 r

es
ul

ts
 s

ho
w

ed
 t

ha
t 

PT
X

-3
 w

as
 a

 p
ro

m
is

in
g 

bi
om

ar
ke

r 
fo

r 
pr

ed
ic

tin
g 

D
FU

, 
w

he
re

as
 I

L
-1

8 
pr

ed
ic

te
d 

se
ve

ri
ty

. 

T
hi

s 
st

ud
y 

ev
al

ua
te

d 
th

e 
us

er
 e

xp
er

ie
nc

e 
w

ith
 th

e 
D

-F
oo

t t
oo

l f
or

 sc
re

en
in

g 
fo

r r
is

k 
fa

ct
or

s a
ss

oc
ia

te
d 

w
ith

 d
ia

be
tic

 fo
ot

 u
lc

er
s.

C
PO

 fi
nd

s 
th

e 
D

-F
oo

t s
ys

te
m

 u
sa

bl
e,

 w
ith

 a
bo

ve
-

av
er

ag
e 

us
ab

ili
ty

 s
co

re
s.

T
he

 st
ud

y 
id

en
tifi

ed
 7

02
 d

iff
er

en
tly

 ex
pr

es
se

d 
ge

ne
s 

as
so

ci
at

ed
 w

ith
 d

ia
be

tic
 f

oo
t 

ul
ce

rs
 (

D
FU

s)
 a

nd
 

hi
gh

lig
ht

ed
 t

he
ir

 r
el

at
io

ns
hi

p 
w

ith
 m

ito
ch

on
dr

ia
 

an
d 

en
er

gy
 m

et
ab

ol
is

m
.

K
ey

 m
ito

ch
on

dr
ia

l-
re

la
te

d 
ge

ne
s i

de
nt

ifi
ed

 in
cl

ud
e 

H
K

2,
 R

PS
3,

 a
nd

 L
D

H
A

, w
hi

ch
 w

er
e 

co
nfi

rm
ed

 b
y 

m
ul

tip
le

 m
ac

hi
ne

 le
ar

ni
ng

 a
lg

or
ith

m
s.

 



WAHYUNI AWALUDDIN S, ET AL

Gac Méd Caracas S199

…
co

nt
in

ua
tio

n 
Ta

bl
e 

2.
  C

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

.

T
itl

e,
 A

ut
ho

r, 
Ye

ar

Pe
nt

ra
xi

n-
3 

an
d 

O
th

er
 In

fla
m

m
at

or
y 

M
ar

ke
rs

 
fo

r a
n 

In
fe

ct
ed

 D
ia

be
tic

 F
oo

t U
lc

er
 D

ia
gn

os
is

: 
A

 P
ro

sp
ec

tiv
e S

tu
dy

 (A
rd

el
ea

n 
et

 al
., 

20
23

) (
30

)

St
at

e-
of

-t
he

-A
rt

 F
ea

tu
re

s 
fo

r 
E

ar
ly

-S
ta

ge
 

D
et

ec
tio

n 
of

 D
ia

be
tic

 F
oo

t 
U

lc
er

s 
B

as
ed

 
on

 T
he

rm
og

ra
m

s 
(A

rt
ea

ga
-M

ar
re

ro
 e

t 
al

., 
20

23
)(

31
)

Id
en

tifi
ca

tio
n 

of
 p

ha
se

 a
ng

le
 a

nd
 T

ri
gl

yc
er

id
e-

G
lu

co
se

 in
de

x 
as

 b
io

m
ar

ke
rs

 fo
r p

re
di

ct
io

n 
an

d 
m

an
ag

em
en

t o
f d

ia
be

tic
 fo

ot
 d

is
ea

se
 (S

ol
er

 e
t 

al
., 

20
24

)(
32

)

Sm
ar

t C
om

pr
es

si
on

 S
oc

k 
fo

r E
ar

ly
 D

et
ec

tio
n 

of
 

D
ia

be
tic

 F
oo

t U
lc

er
s (

B
ill

in
gs

 e
t a

l, 
20

24
)(

33
)

So
le

Sc
an

: 
In

no
va

tin
g 

D
ia

be
tic

 F
oo

t 
U

lc
er

 
Id

en
tifi

ca
tio

n 
an

d 
E

va
lu

at
io

n 
(S

ug
an

th
i 

an
d 

R
ob

in
 e

t a
l.,

 2
02

4)
(3

4)

C
on

tin
ue

d 
in

 p
ag

.  
S2

00
…

In
te

rv
en

tio
n

- T
he

 st
ud

y 
te

st
ed

 sm
ar

t c
om

pr
es

si
on

 so
ck

s d
es

ig
ne

d 
to

 p
re

ve
nt

 d
ia

be
tic

 f
oo

t 
ul

ce
rs

, 
w

ith
 i

nt
eg

ra
te

d 
se

ns
or

s t
o 

m
on

ito
r t

em
pe

ra
tu

re
, p

re
ss

ur
e,

 a
nd

 b
lo

od
 

ox
yg

en
 le

ve
ls

.
Pa

rt
ic

ip
an

ts
 w

er
e 

in
st

ru
ct

ed
 to

 w
ea

r s
m

ar
t s

oc
ks

 fo
r 

at
 le

as
t 1

.5
 h

ou
rs

 d
ur

in
g 

th
e 

te
st

.
Sm

ar
tp

ho
ne

 a
pp

s 
ar

e 
us

ed
 t

o 
co

lle
ct

 a
nd

 m
on

ito
r 

da
ta

 d
ur

in
g 

th
e 

in
te

rv
en

tio
n.

A
 p

ro
m

is
in

g 
in

te
rv

en
tio

n 
to

 i
m

pr
ov

e 
di

ag
no

st
ic

 
ac

cu
ra

cy
 in

 d
ia

be
tic

 fo
ot

 u
lc

er
 s

tu
di

es
.

T
he

 in
no

va
tiv

e 
"S

ol
eS

ca
n"

 sy
st

em
 a

im
s t

o 
im

pr
ov

e 
ea

rl
y 

de
te

ct
io

n 
an

d 
pe

rs
on

al
iz

ed
 tr

ea
tm

en
t s

tr
at

eg
ie

s 
fo

r d
ia

be
tic

 fo
ot

 u
lc

er
s.

 

M
et

ho
d

D
at

a 
co

lle
ct

io
n 

in
vo

lv
es

 s
ta

nd
ar

d 
la

bo
ra

to
ry

 
bl

oo
d 

te
st

s,
 i

nc
lu

di
ng

 W
B

C
, 

E
SR

, 
H

bA
1c

, 
an

d 
fib

ri
no

ge
n,

 ta
ke

n 
fr

om
 p

at
ie

nt
 fi

le
 c

ha
rt

s.
 

O
ve

ra
ll,

 th
e 

st
ud

y 
ai

m
s 

to
 a

ss
es

s 
pe

nt
ra

xi
n-

3 
as

 a
 b

io
m

ar
ke

r f
or

 in
fe

ct
ed

 d
ia

be
tic

 fo
ot

 u
lc

er
s 

(i
D

FU
) 

an
d 

em
pl

oy
s 

a 
ra

ng
e 

of
 s

ta
tis

tic
al

 
m

et
ho

ds
 to

 a
na

ly
ze

 th
e 

co
lle

ct
ed

 d
at

a.

T
he

 r
es

ea
rc

h 
em

pl
oy

ed
 a

 v
ar

ie
ty

 o
f 

fe
at

ur
e-

se
le

ct
io

n 
m

et
ho

ds
, 

in
cl

ud
in

g 
cl

as
si

ca
l 

te
ch

ni
qu

es
 s

uc
h 

as
 ra

nd
om

 fo
re

st
s 

an
d 

L
as

so
, 

as
 w

el
l 

as
 t

w
o 

no
ve

l 
de

ep
 l

ea
rn

in
g 

(D
L

) 
ap

pr
oa

ch
es

, 
na

m
el

y 
co

nc
re

te
 d

ro
po

ut
s 

an
d 

va
ri

at
io

na
l d

ro
po

ut
s.

T
he

 e
xt

ra
ct

ed
 f

ea
tu

re
s 

ar
e 

us
ed

 a
s 

in
pu

ts
 

to
 t

he
 s

up
po

rt
 v

ec
to

r 
m

ac
hi

ne
 c

la
ss

ifi
er

 t
o 

di
ff

er
en

tia
te

 b
et

w
ee

n 
di

ab
et

ic
 a

nd
 h

ea
lth

y 
su

bj
ec

ts
, 

de
m

on
st

ra
tin

g 
th

e 
ef

fe
ct

iv
en

es
s 

of
 

th
e 

m
et

ho
do

lo
gy

 u
se

d.
 

T
he

 s
tu

dy
 u

se
d 

a 
co

m
pa

ra
tiv

e 
ca

se
-c

on
tr

ol
 

m
et

ho
do

lo
gy

 c
on

du
ct

ed
 a

t t
he

 E
lc

he
 G

en
er

al
 

H
os

pi
ta

l, 
in

vo
lv

in
g 

70
 p

ar
tic

ip
an

ts
, 

w
ith

 3
3 

su
ff

er
in

g 
fr

om
 d

ia
be

te
s 

an
d 

37
 w

ith
ou

t. 
T

he
 

an
al

ys
is

 ai
m

ed
 to

 as
se

ss
 th

e a
ss

oc
ia

tio
n 

be
tw

ee
n 

Ph
as

e 
A

ng
le

 (
PA

) 
an

d 
Tr

ig
ly

ce
ri

de
-G

lu
co

se
 

in
de

x 
(T

yG
) a

nd
 th

e r
is

k 
of

 d
ia

be
tic

 fo
ot

 u
lc

er
s,

 
hi

gh
lig

ht
in

g 
th

ei
r p

ot
en

tia
l a

s e
as

ily
 m

ea
su

ra
bl

e 
bi

om
ar

ke
rs

. 

T
he

 s
tu

dy
 u

se
d 

sm
ar

t c
om

pr
es

si
on

 s
oc

ks
 th

at
 

in
te

gr
at

e 
te

m
pe

ra
tu

re
, 

pl
an

ta
r 

pr
es

su
re

, 
an

d 
bl

oo
d 

ox
yg

en
 se

ns
or

s t
o 

m
on

ito
r p

hy
si

ol
og

ic
al

 
ch

an
ge

s i
n 

th
e f

oo
t a

nd
 ar

e s
pe

ci
fic

al
ly

 d
es

ig
ne

d 
to

 p
re

ve
nt

 d
ia

be
tic

 fo
ot

 u
lc

er
s.

D
at

a 
co

lle
ct

io
n 

is
 fa

ci
lit

at
ed

 b
y 

a 
sm

ar
tp

ho
ne

 
ap

p 
th

at
 c

on
ne

ct
s 

to
 th

e 
se

ns
or

 v
ia

 B
lu

et
oo

th
, 

w
ith

 th
e d

at
a t

ra
ns

fe
rr

ed
 to

 a 
pe

rs
on

al
 O

ne
D

riv
e 

ac
co

un
t f

or
 a

na
ly

si
s.

T
hi

s 
st

ud
y 

em
pl

oy
s 

a 
sy

st
em

at
ic

 a
pp

ro
ac

h 
to

 i
de

nt
if

y 
an

d 
lo

ca
liz

e 
di

ab
et

ic
 f

oo
t 

ul
ce

rs
 

(D
FU

s)
 u

si
ng

 m
ac

hi
ne

 l
ea

rn
in

g.
 T

he
 s

tu
dy

 
in

tr
od

uc
es

 a
 1

6-
la

ye
r 

C
on

vo
lu

tio
na

l 
N

eu
ra

l 
N

et
w

or
k 

(C
N

N
) 

m
od

el
 s

pe
ci

fic
al

ly
 d

es
ig

ne
d 

to
 cl

as
si

fy
 im

ag
es

 o
f d

ia
be

tic
 fe

et
 in

to
 d

iff
er

en
t 

pa
th

ol
og

ic
al

 re
gi

on
s.

Fi
nd

in
g

Pe
nt

ra
xi

n-
3 

w
as

 id
en

tifi
ed

 as
 a 

si
gn

ifi
ca

nt
 p

re
di

ct
or

 
of

 d
ea

th
 i

n 
in

fe
ct

ed
 d

ia
be

tic
 f

oo
t 

ul
ce

rs
 (

iD
FU

) 
w

ith
 p

 =
 0

.0
47

.
O

th
er

 m
ar

ke
rs

 s
uc

h 
as

 p
ro

ca
lc

ito
ni

n 
(P

C
T

) 
sh

ow
 

th
e 

hi
gh

es
t A

U
R

O
C

 o
f 0

.9
1 

to
 id

en
tif

y 
iD

FU
. 

T
he

 s
tu

dy
 c

on
cl

ud
ed

 th
at

 th
e 

du
ra

tio
n 

of
 d

ia
be

te
s 

do
es

 n
ot

 a
ff

ec
t t

he
 p

ro
gn

os
is

 o
f i

D
FU

.

T
he

 s
tu

dy
 s

uc
ce

ss
fu

lly
 d

if
fe

re
nt

ia
te

d 
be

tw
ee

n 
he

al
th

y 
an

d 
pa

th
ol

og
ic

al
 s

ub
je

ct
s 

us
in

g 
pl

an
ta

r 
te

m
pe

ra
tu

re
 m

ea
su

re
m

en
ts

.  
T

he
 s

tu
dy

 e
m

ph
as

iz
es

 t
he

 n
ee

d 
fo

r 
st

an
da

rd
 

th
er

m
og

ra
m

s 
to

 im
pr

ov
e 

fe
at

ur
e 

se
le

ct
io

n.
T

he
se

 fi
nd

in
gs

 co
nt

ri
bu

te
 to

 th
e e

ar
ly

 id
en

tifi
ca

tio
n 

of
 d

ia
be

tic
 f

oo
t 

ul
ce

rs
, 

re
du

ci
ng

 t
he

 r
is

k 
of

 
am

pu
ta

tio
n.

T
he

 s
tu

dy
 i

de
nt

if
ie

d 
Ph

as
e 

A
ng

le
 (

PA
) 

an
d 

Tr
ig

ly
ce

ri
de

-G
lu

co
se

 (
Ty

G
) 

in
di

ce
s 

as
 s

tr
on

g 
pr

ed
ic

to
rs

 o
f d

ia
be

tic
 fo

ot
 ri

sk
.

T
he

 P
A

 a
nd

 T
yG

 i
nd

ic
es

 c
an

 s
er

ve
 a

s 
va

lu
ab

le
 

bi
om

ar
ke

rs
 fo

r a
ss

es
si

ng
 d

ia
be

tic
 fo

ot
 ri

sk
.

T
he

 s
tu

dy
 e

va
lu

at
ed

 s
m

ar
t 

co
m

pr
es

si
on

 s
oc

ks
 

de
si

gn
ed

 to
 p

re
ve

nt
 d

ia
be

tic
 fo

ot
 u

lc
er

s,
 e

qu
ip

pe
d 

w
ith

 in
te

gr
at

ed
 s

en
so

rs
 fo

r t
em

pe
ra

tu
re

, p
re

ss
ur

e,
 

an
d 

bl
oo

d 
ox

yg
en

 s
at

ur
at

io
n.

T
he

 r
es

ul
ts

 s
ho

w
 t

he
 p

ot
en

tia
l 

ef
fe

ct
iv

en
es

s 
of

 
sm

ar
t s

oc
ks

 in
 p

re
ve

nt
in

g 
di

ab
et

ic
 fo

ot
 u

lc
er

s 
an

d 
w

ar
ra

nt
 fu

rt
he

r c
lin

ic
al

 tr
ia

ls
.

T
he

 s
tu

dy
 in

tr
od

uc
es

 "
So

le
Sc

an
,"

 a
 n

ew
 a

pp
ro

ac
h 

to
 i

m
pr

ov
in

g 
th

e 
m

an
ag

em
en

t 
of

 d
ia

be
tic

 f
oo

t 
ul

ce
rs

 u
si

ng
 m

ac
hi

ne
 le

ar
ni

ng
 an

d 
co

m
pu

te
r v

is
io

n.
T

he
 fi

nd
in

gs
 s

ug
ge

st
 o

ng
oi

ng
 r

es
ea

rc
h 

is
 n

ee
de

d 
to

 e
xp

lo
re

 n
ew

 th
er

ap
ie

s 
an

d 
ad

dr
es

s 
he

al
th

 c
ar

e 
ga

ps
 in

 d
ia

be
te

s 
ca

re
.



ADVANCEMENTS IN EARLY DETECTION OF DIABETIC FOOT ULCERS

	 Vol. 134, Supl 1, enero 2026S200

…
co

nt
in

ua
tio

n 
Ta

bl
e 

2.
  C

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

.

T
itl

e,
 A

ut
ho

r, 
Ye

ar

D
FU

-H
el

pe
r:

 A
n 

In
no

va
tiv

e 
Fr

am
ew

or
k 

fo
r 

L
on

gi
tu

di
na

l 
D

ia
be

tic
 F

oo
t 

U
lc

er
 D

is
ea

se
s 

E
va

lu
at

io
n 

U
si

ng
 D

ee
p 

L
ea

rn
in

g 
(T

oo
fa

ne
e 

et
 a

l.,
 2

02
3)

(3
5)

D
FU

C
ar

e:
 d

ee
p 

le
ar

ni
ng

 p
la

tf
or

m
 fo

r d
ia

be
tic

 
fo

ot
 u

lc
er

 d
et

ec
tio

n,
 a

na
ly

si
s,

 a
nd

 m
on

ito
ri

ng
 

(S
en

di
lr

aj
 e

t a
l.,

 2
02

4)
(3

6)

D
es

ig
n 

an
d 

D
ev

el
op

m
en

t 
of

 G
ra

ph
ic

al
 U

se
r 

In
te

rf
ac

e 
(G

U
I)

 w
ith

 M
A

T
L

A
B

 f
or

 E
ar

ly
 

D
et

ec
tio

n o
f D

ia
be

tic
 F

oo
t U

lc
er

s u
si

ng
 In

fr
ar

ed
 

Im
ag

in
g 

(Q
al

ha
ti 

et
 a

l.,
 2

01
8)

(3
7)

C
om

pu
te

r-
ai

de
d 

de
te

ct
io

n 
of

 d
ia

be
tic

 f
oo

t 
ul

ce
r 

us
in

g 
as

ym
m

et
ry

 a
na

ly
si

s 
of

 t
ex

tu
re

 
an

d 
te

m
pe

ra
tu

re
 f

ea
tu

re
s 

(S
am

in
at

ha
n 

et
 a

l.,
 

20
20

)(
38

)

C
on

tin
ue

d 
in

 p
ag

.  
S2

01
…

In
te

rv
en

tio
n

- D
FU

-H
el

pe
r, 

a 
to

ol
 th

at
 u

til
iz

es
 a

 S
ia

m
es

e 
N

eu
ra

l 
N

et
w

or
k 

fo
r t

he
 a

ss
es

sm
en

t o
f d

ia
be

tic
 fo

ot
 u

lc
er

s.
 D

FU
ca

re
 is

 a
 n

on
-i

nv
as

iv
e 

pl
at

fo
rm

 f
or

 a
na

ly
zi

ng
 

di
ab

et
ic

 fo
ot

 u
lc

er
s 

us
in

g 
de

ep
 le

ar
ni

ng
 a

lg
or

ith
m

s 
an

d 
m

ob
ile

 p
ho

ne
 im

ag
es

.
T

he
 p

la
tf

or
m

 c
la

ss
ifi

es
 i

nf
ec

tio
ns

 a
nd

 i
sc

he
m

ia
, 

he
lp

in
g 

w
ith

 ti
m

el
y 

in
te

rv
en

tio
n.

T
he

 p
ro

po
se

d 
sy

st
em

 u
se

s 
in

fr
ar

ed
 i

m
ag

in
g 

to
 

m
on

ito
r 

an
d 

ea
rl

y 
de

te
ct

 d
ia

be
tic

 f
oo

t 
ul

ce
rs

, 
em

pl
oy

in
g 

a 
co

m
pu

te
r-

ai
de

d 
de

te
ct

io
n 

(C
A

D
) 

sy
st

em
 im

pl
em

en
te

d i
n M

AT
LA

B
 fo

r i
m

ag
e a

na
ly

si
s.

T
he

rm
al

 D
ra

w
in

g

M
et

ho
d

T
he

 Y
ol

oV
2-

D
FU

 m
od

el
 w

as
 d

ev
el

op
ed

 
to

 a
cc

ur
at

el
y 

de
te

ct
 a

nd
 l

oc
al

iz
e 

dF
U

 b
y 

in
te

gr
at

in
g 

fe
at

ur
es

 f
ro

m
 t

he
 Y

ol
oV

2 
an

d 
Sh

uf
fle

N
et

 ar
ch

ite
ct

ur
es

, t
he

re
by

 im
pr

ov
in

g 
its

 
pe

rf
or

m
an

ce
 in

 id
en

tif
yi

ng
 a

bn
or

m
al

 r
eg

io
ns

 
in

 im
ag

es
.

T
he

 st
ud

y 
in

tr
od

uc
ed

 a
 n

ew
 fr

am
ew

or
k,

 D
FU

-
he

lp
er

, 
th

at
 u

se
s 

a 
Si

am
es

e 
N

eu
ra

l 
N

et
w

or
k 

(S
N

N
) 

to
 a

ss
es

s 
di

ab
et

ic
 f

oo
t 

ul
ce

rs
 (

D
FU

s)
 

ov
er

 t
im

e.
 T

hi
s 

m
et

ho
d 

le
ve

ra
ge

s 
SN

N
s' 

le
ar

ni
ng

 c
ap

ab
ili

tie
s 

to
 p

ro
vi

de
 a

n 
ac

cu
ra

te
 

an
d 

ob
je

ct
iv

e e
va

lu
at

io
n 

of
 D

FU
 d

ev
el

op
m

en
t.

T
he

 D
FU

ca
re

 p
la

tf
or

m
 i

nt
eg

ra
te

s 
co

m
pu

te
r 

vi
si

on
 an

d 
de

ep
 le

ar
ni

ng
 al

go
rit

hm
s,

 le
ve

ra
gi

ng
 

th
e 

pr
e-

tr
ai

ne
d 

Y
ol

oV
5s

 a
lg

or
ith

m
 fo

r w
ou

nd
 

lo
ca

liz
at

io
n 

an
d 

de
ep

 l
ea

rn
in

g 
m

od
el

s 
fo

r 
in

fe
ct

io
n 

an
d 

is
ch

em
ia

 c
la

ss
ifi

ca
tio

n.

T
he

 re
se

ar
ch

 d
is

cu
ss

es
 th

e 
us

e 
of

 O
ts

u 
H

yb
ri

d 
Se

gm
en

ta
tio

n,
 w

hi
ch

 co
m

bi
ne

s t
hr

ee
 m

et
ho

ds
: 

k-
m

ea
ns

 cl
us

te
ri

ng
, O

ts
u 

th
re

sh
ol

di
ng

, a
nd

 th
e 

w
at

er
sh

ed
 m

et
ho

d.
 T

hi
s m

et
ho

d 
is

 sp
ec

ifi
ca

lly
 

us
ed

 to
 d

et
ec

t l
eg

 u
lc

er
s.

T
he

 O
ts

u 
m

et
ho

d 
is

 w
id

el
y 

us
ed

 fo
r t

hr
es

ho
ld

 
se

le
ct

io
n 

in
 re

al
-w

or
ld

 im
ag

es
, p

ar
tic

ul
ar

ly
 fo

r 
sy

m
m

et
ry

 a
nd

 s
ha

pe
 s

iz
e,

 w
hi

ch
 a

re
 e

ss
en

tia
l 

fo
r e

ff
ec

tiv
e 

im
ag

e 
se

gm
en

ta
tio

n.

T
hi

s s
tu

dy
 u

se
s a

n 
as

ym
m

et
ri

c a
na

ly
si

s m
et

ho
d 

to
 d

et
ec

t 
di

ab
et

ic
 f

oo
t 

ul
ce

rs
 b

y 
co

m
pa

ri
ng

 
te

m
pe

ra
tu

re
 a

nd
 te

xt
ur

e 
fe

at
ur

es
 b

et
w

ee
n 

th
e 

ip
si

la
te

ra
l a

nd
 c

on
tr

al
at

er
al

 fo
ot

 re
gi

on
s.

T
he

rm
al

 a
nd

 c
ol

or
 im

ag
es

 o
f p

la
nt

ar
 fe

et
 w

er
e 

ob
ta

in
ed

 fr
om

 su
bj

ec
ts

, i
nc

lu
di

ng
 n

on
-d

ia
be

tic
 

an
d 

di
ab

et
ic

 in
di

vi
du

al
s,

 to
 fo

rm
 a 

co
nt

ro
l g

ro
up

 
an

d 
a 

D
M

 g
ro

up
.

T
he

 f
ea

tu
re

 e
xt

ra
ct

io
n 

pr
oc

es
s 

in
vo

lv
es

 
co

m
pu

tin
g 

th
e G

ra
y 

L
ev

el
 C

o-
M

at
ri

x 
(G

L
C

M
) 

to
 d

er
iv

e t
ex

tu
re

 fe
at

ur
es

 fr
om

 th
er

m
al

 im
ag

es
.

Fi
nd

in
g

 T
hi

s s
tu

dy
 in

tro
du

ce
s D

FU
-h

el
pe

r, 
a f

ra
m

ew
or

k 
th

at
 

us
es

 S
ia

m
es

e 
N

eu
ra

l N
et

w
or

ks
 to

 a
ss

es
s 

di
ab

et
ic

 
fo

ot
 u

lc
er

s 
ov

er
 ti

m
e.

D
FU

-h
el

pe
r 

pr
ov

id
es

 v
is

ua
l 

an
d 

nu
m

er
ic

al
 

re
pr

es
en

ta
tio

ns
 o

f 
di

se
as

e 
pr

og
re

ss
io

n 
ac

ro
ss

 fi
ve

 
co

nd
iti

on
s:

 a
bs

en
t, 

in
fe

ct
io

us
, 

is
ch

em
ia

, 
bo

th
, 

an
d 

he
al

th
y.

T
he

 s
tu

dy
 d

ev
el

op
ed

 D
FU

ca
re

, 
a 

no
n-

in
va

si
ve

 
pl

at
fo

rm
 fo

r m
on

ito
ri

ng
 d

ia
be

tic
 fo

ot
 u

lc
er

s (
D

FU
) 

us
in

g 
de

ep
 le

ar
ni

ng
 a

lg
or

ith
m

s.
T

he
 p

la
tf

or
m

 s
ho

w
s 

st
ro

ng
 p

er
fo

rm
an

ce
 w

ith
 a

n 
er

ro
r r

at
e 

of
 le

ss
 th

an
 1

0%
 in

 c
lin

ic
al

 tr
ia

ls
.

D
FU

ca
re

 o
ff

er
s a

 co
st

-e
ff

ec
tiv

e,
 co

nv
en

ie
nt

 so
lu

tio
n 

fo
r e

ar
ly

 d
et

ec
tio

n 
of

 in
fe

ct
io

n 
an

d 
is

ch
em

ia
 in

 D
FU

. 

R
es

ea
rc

h 
sh

ow
s 

th
at

 i
nf

ra
re

d 
th

er
m

al
 i

m
ag

in
g 

is
 

ef
fe

ct
iv

e 
fo

r 
th

e 
ea

rl
y 

de
te

ct
io

n 
of

 d
ia

be
tic

 f
oo

t 
ul

ce
rs

.
A

 co
m

pu
te

r-
ai

de
d 

de
te

ct
io

n 
sy

st
em

 w
as

 d
ev

el
op

ed
 

us
in

g 
M

A
T

L
A

B
 to

 a
na

ly
ze

 a
nd

 e
xt

ra
ct

 th
e 

re
gi

on
 

of
 in

te
re

st
.

T
he

 O
ts

u 
hy

br
id

 s
eg

m
en

ta
tio

n 
te

ch
ni

qu
e 

is
 u

se
d 

to
 p

ro
ce

ss
 a

nd
 s

eg
m

en
t i

m
ag

es
 o

f f
oo

t u
lc

er
s.

 T
he

 
sy

st
em

 p
ro

vi
de

s 
ri

sk
 a

ss
es

sm
en

ts
 c

at
eg

or
iz

ed
 a

s 
lo

w
 o

r h
ig

h 
ri

sk
 b

as
ed

 o
n 

im
ag

e 
an

al
ys

is
.

T
he

 s
tu

dy
 d

ev
el

op
ed

 a
 c

om
pu

te
r-

ai
de

d 
di

ag
no

st
ic

 
sy

st
em

 fo
r t

he
 ea

rl
y 

de
te

ct
io

n 
of

 d
ia

be
tic

 fo
ot

 u
lc

er
s 

us
in

g 
te

xt
ur

e a
nd

 te
m

pe
ra

tu
re

 fe
at

ur
es

. A
sy

m
m

et
ry

 
an

al
ys

is
 w

as
 p

er
fo

rm
ed

 o
n 

fe
at

ur
es

 e
xt

ra
ct

ed
 fr

om
 

th
e 

ip
si

la
te

ra
l a

nd
 c

on
tr

al
at

er
al

 fo
ot

 re
gi

on
s.

Th
e S

V
M

 cl
as

si
fie

r a
ch

ie
ve

s a
n 

ac
cu

ra
cy

 o
f 9

5.
61

%
, 

se
ns

iti
vi

ty
 o

f 
96

.5
%

, 
an

d 
sp

ec
ifi

ci
ty

 o
f 

92
.4

1%
. 

T
he

 m
et

ho
do

lo
gy

 c
an

 s
er

ve
 a

s 
th

e 
ba

si
s 

fo
r 

ea
rl

y 
id

en
tifi

ca
tio

n 
of

 d
ia

be
tic

 fo
ot

 c
om

pl
ic

at
io

ns
.



WAHYUNI AWALUDDIN S, ET AL

Gac Méd Caracas S201

Machine Learning and Computer Vision

These studies demonstrate significant 
advances in applying image processing and deep 
learning methods to detect and classify diabetic 
foot ulcers (DFU).  Arteaga-Marrero successfully 
applied Convolutional Neural Networks (CNNs) 
and YOLOV2-DFU for DFU image detection and 
classification, which allows for more accurate 
visual diagnosis (31).  Toofanee used the Siamese 
Neural Network (SNN) in DFU-Helper to 
evaluate the progression of DFU wounds, aiding 
in the monitoring of disease progression (35).  
Sendilraj developed DFUcare, a deep learning-
based platform specifically designed to detect 
and classify DFUs, which has the potential for 
large-scale screening (36).  Qalhati utilized 
Otsu hybrid segmentation in infrared image 
processing to detect DFU, demonstrating a non-
invasive approach (37).  Saminathan used the 
Support Vector Machine (SVM) to analyze the 
temperature asymmetry and texture of the foot, 
which is an effective image processing method 
for the early detection of DFU (38).

Biomarkers and Genetic Analysis

Recent research has focused on identifying 
biomarkers and using machine learning to 
predict the risk and severity of diabetic foot 
ulcers (DFUs).  Guo et al. (2024) used machine 
learning, including SVM-RFE, LASSO, and RF, 
to identify mitophage-associated genes in DFU, 
which could pave the way for targeted genetic 
therapies (29).  Al-Farra examined the roles of 
interleukin-18 (IL-18) and pentraxin-3 (PTX-3) 
as predictors of DFU severity, which may aid 
in stratifying patient risk (27).  Ardelean et al.  
(2023) focused on pentraxin-3 and procalcitonin 
(PCT) as biomarkers of infection in DFU, which 
are important for early diagnosis and appropriate 
management (30).  Meanwhile, Soler Climent 
examined phase angle (PA) and the triglyceride-
glucose (TyG) index as predictors of DFU risk, 
which can help identify high-risk patients before 
ulcers develop (32).

DISCUSSION

The development of health technology has 
revolutionized the approach to early detection …
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and treatment of diabetic foot ulcers (DFU).  The 
latest innovations in digital health, wearables, 
and artificial intelligence (AI) have introduced 
new strategies for identifying foot complications 
before they become severe.  DFU is particularly 
crucial because it is a leading cause of non-
traumatic lower limb amputation, which is 
associated with high morbidity and mortality 
rates among diabetic patients globally (33,39).  
The integration of digital health systems improves 
early screening, improves patient monitoring, and 
supports self-care behaviors, especially among 
populations with limited access to regular clinical 
services (36).  By leveraging these technologies, 
healthcare providers can more effectively identify 
and manage DFU, ultimately reducing the risk 
of amputation and improving patient outcomes.

Digital and mobile-based systems can 
effectively monitor foot conditions.  The “Foot 
Selfie” system utilises mobile phones to enable 
patients to photograph their feet, which are then 
transmitted to healthcare professionals for review, 
thereby facilitating ongoing evaluation and 
prompt detection of irregularities.  The D-Foot 
tool has established a standardized method for 
assessing DFU risk factors, enabling healthcare 
professionals to conduct consistent, evidence-
based screenings in both clinical and community 
settings.  The D-Foot tool enables healthcare 
professionals to conduct standardized, evidence-
based screening for risk factors for diabetic foot 
ulcer in both clinical and community settings.  
These applications highlight the potential of digital 
technologies to enable patients to take a more 
active role in preventing complications (28).  The 
Technology Acceptance Model (TAM) posits that 
perceived usefulness and ease of use are crucial 
determinants of technology adoption in healthcare 
settings (40,41).  For digital health interventions 
to be effective, patients must be highly engaged 
and literate, and healthcare professionals must 
receive comprehensive training to interpret data 
and provide timely, accurate feedback.  

Wearable devices have also emerged as 
important innovations for continuous foot 
monitoring.  For instance, smart compression 
socks and sensor-embedded insoles can measure 
plantar pressure, temperature, and oxygen 
saturation in real time, transmitting data to 
clinicians through mobile applications (29,42).  
Changes in these physiological parameters 

often indicate early-stage tissue damage or 
ulcer formation.  This approach is consistent 
with the pathophysiological understanding of 
DFU, which attributes ulcer development to 
repetitive pressure, neuropathy, and ischemia 
that compromise skin integrity (43).  Thus, 
wearable devices offer a proactive means of 
identifying warning signs before ulcer onset.  The 
continuous monitoring provided by these devices 
enables early intervention and may reduce the 
risk of complications.  This proactive approach 
is crucial for managing DFU because it allows 
clinicians to implement preventive measures and 
improve patient outcomes.  Several hurdles, such 
as their cost, patient compliance, and long-term 
outcome reliability, must be addressed before 
these devices can be widely implemented in 
resource-constrained regions.  

Interest in artificial intelligence and computer 
vision systems is growing due to their ability to 
automate the identification and classification of 
DFUs.  Convolutional Neural Networks (CNNs) 
and YOLO-based algorithms have achieved high 
diagnostic accuracy in distinguishing among 
various ulcer types and predicting healing 
outcomes (31,44).  The DFU-Helper system uses 
Siamese neural networks to track changes in ulcer 
size and severity over time, enabling clinicians 
to assess treatment progress objectively (30).  
These applications are based on supervised 
learning theory, in which algorithms are trained 
to identify visual and clinical features from large 
annotated datasets (27).  The reliability of AI 
models heavily relies on the quality and diversity 
of the training data used.  Algorithms may not 
generalize effectively across diverse ethnicities 
or clinical settings when datasets are biased or 
insufficient.  The development of diverse datasets 
that represent multiple patient populations is 
crucial for improving accuracy and ensuring fair 
clinical use.

Parallel to digital and AI-based approaches, 
biomarker and genetic research have significantly 
contributed to understanding the biological 
mechanisms underlying DFU.  Studies have 
identified several inflammatory biomarkers—
such as Interleukin-18 (IL-18), Pentraxin-3 
(PTX-3), and Procalcitonin (PCT)—that 
correlate with infection severity and wound 
chronicity (16-18).  Elevated IL-18 levels reflect 
excessive inflammatory responses that delay 
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tissue repair, whereas elevated PTX-3 levels 
indicate immune activation and endothelial 
dysfunction.  Mitochondrial dysfunction plays 
a key role in DFU development, as impaired 
mitophagy reduces cellular energy production and 
slows healing (45).  This process is a complex 
interplay of various cellular mechanisms that 
ultimately lead to the development of DFU.  
Integrating biomarker analysis with digital 
screening could enable the early identification of 
high-risk patients and the design of personalized 
therapeutic interventions.  However, the high 
cost and limited laboratory infrastructure remain 
barriers to the incorporation of such advanced 
diagnostics into routine diabetic care in many 
developing regions.  

Taken together, these findings highlight that 
the convergence of digital health, wearable 
technology, artificial intelligence (AI), 
and biomolecular innovation has created a 
multidimensional framework for the early 
detection of DFU.  Each approach has unique 
strengths: digital tools improve accessibility and 
patient engagement, wearable sensors enable 
real-time physiological monitoring, AI systems 
enhance diagnostic precision, and biomarkers 
provide molecular-level insight into disease 
progression (28).  To achieve optimal outcomes, 
these components should be integrated into 
a comprehensive, multidisciplinary model of 
diabetic foot care.  This integrative approach 
aligns with Leininger’s transcultural nursing 
theory, which emphasizes the importance of 
considering cultural values, beliefs, and practices 
in the design and application of healthcare 
interventions (46).  Culturally adapted education, 
ethical data management, and interprofessional 
collaboration are crucial to ensure that diverse 
patient populations effectively implement and 
accept technological innovations.  A team of 
healthcare professionals from diverse fields 
must collaborate to integrate these components 
and implement technological advancements in a 
culturally aware context.  Moreover, culturally 
adapted education and training programs must be 
developed to equip healthcare professionals with 
the skills to implement and manage technological 
advancements across diverse patient populations 
successfully.  

Further studies must confirm the effectiveness 
of advanced technologies for early identification 
and prevention of DFU in real-world settings.  
These advancements also require the development 
of standardized procedures to guarantee equitable 
access.  The global burden of diabetic foot 
complications can be significantly reduced by 
integrating technological advancements with 
comprehensive, culturally aware care methods, 
ultimately enhancing the quality of life and 
preventing unnecessary amputations among 
patients with diabetes.  This integration would 
involve healthcare professionals working closely 
with patients and their families to understand 
their specific needs and provide tailored care.  By 
doing so, it is possible to create a more effective 
and sustainable approach to managing diabetic 
foot complications.

CONCLUSION

Advances in monitoring technology, medical 
imaging, and biomarkers have led to innovations 
in DFU early detection and complication 
prevention.  Digital technologies enable patients’ 
continuous self-monitoring and the detection 
of psychological changes in real time, while 
still relying on patient adherence and health 
professional oversight.  On the other hand, 
medical imaging and computer-based image 
analysis show strong potential for automated DFU 
detection and classification, but face limitations 
relation to dataset diversity, validation, and 
clinical adoption.  Further validation is required to 
ensure the accuracy of results in various clinical 
conditions.

The integration of technological innovations, 
medical imaging, and biomarkers has the potential 
to enhance early detection of DFU, reduce the 
risk of amputation, and improve the quality of 
life for patients with diabetes.  For future studies, 
collaboration between researchers, medical 
personnel, and technology developers is needed 
to ensure the effectiveness and accessibility of 
these solutions in clinical practice.
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