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Preface

The complexities of oral and maxillofacial diseases demand a multidisciplinary approach,

reflected in the topics covered. Advanced radiological techniques, such as cone-beam computed

tomography (CBCT) and magnetic resonance imaging (MRI), are explored for their ability to provide

detailed anatomical insights critical for disease localization and treatment planning. Additionally,

the potential of optical imaging and non-invasive diagnostic tools is discussed, offering pathways for

early disease detection and treatment response evaluation.

Pathology and biopsy techniques feature prominently, with an emphasis on the role of

histopathological analysis in achieving definitive diagnoses. Innovations in biopsy methods that

enhance tissue sampling accuracy are highlighted, alongside discussions on the integration of

molecular diagnostics. Genetic and molecular markers are shown to be transformative in early-stage

disease identification and personalized therapeutic strategies, exemplifying the shift toward precision

medicine.

Another key theme is prognostic assessment, focusing on biomarkers that indicate disease

progression and treatment efficacy. Understanding these markers enables clinicians to predict disease

trajectories and optimize treatment strategies, ultimately leading to improved patient outcomes.

This Special Issue synthesizes cutting-edge research findings and clinical applications, aiming to

bridge the gap between innovative diagnostic technologies and routine clinical practice. It serves

as an essential resource for clinicians, researchers, and healthcare professionals in the oral and

maxillofacial field, inspiring further research and collaboration to advance diagnostic tools and

methodologies.

The overarching objective of this Special Issue is to enhance the quality of care for patients with

oral and maxillofacial diseases. By integrating emerging diagnostic technologies and methodologies,

it seeks to improve diagnostic precision and patient outcomes, while also fostering timely and

effective interventions. As the field of diagnostics evolves, the insights shared in this edition will

guide future innovations and practices, contributing to a more precise and patient-centered approach

to healthcare.

Luis Eduardo Almeida

Guest Editor
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Immunohistochemical Analysis of Dentigerous Cysts and
Odontogenic Keratocysts Associated with Impacted Third
Molars—A Systematic Review
Luis Eduardo Almeida * , David Lloyd, Daniel Boettcher, Olivia Kraft and Samuel Zammuto

Surgical Sciences Department, School of Dentistry, Marquette University, Milwaukee, WI 53233, USA
* Correspondence: luiseduardo.almeida@marquette.edu; Tel.: +1-414-288-6022

Abstract: Objective: This systematic review investigates the diagnostic, prognostic, and therapeutic
implications of immunohistochemical markers in dentigerous cysts (DCs) and odontogenic kera-
tocysts (OKCs) associated with impacted third molars. Materials and Methods: A comprehensive
search strategy was employed across major databases including MEDLINE/PubMed, EMBASE,
and Web of Science, from the inception of the databases to March 2024. Keywords and Medical
Subject Heading (MeSH) terms such as “dentigerous cysts”, “odontogenic keratocysts”, “immunohis-
tochemistry”, “Ki-67”, and “p53” were used. The PRISMA 2020 guidelines were followed to ensure
methodological rigor. Inclusion criteria encompassed studies on humans and animals providing
definitive diagnoses or specific signs and symptoms related to DCs and OKCs, with results on protein
expression derived from immunohistochemistry, immune antibody, proteomics, or protein expression
methods. Results: Of the 159 studies initially identified, 138 met the inclusion criteria. Our analysis
highlighted significantly higher expressions of Ki-67 (22.1% ± 4.7 vs. 10.5% ± 3.2, p < 0.001), p53
(15.3% ± 3.6 vs. 5.2% ± 1.9, p < 0.001), and Bcl-2 (18.4% ± 3.2 vs. 8.7% ± 2.4, p < 0.001) in OKCs
compared to DCs, indicating a higher proliferative index, increased cellular stress, and enhanced
anti-apoptotic mechanisms in OKCs. Additionally, PCNA levels were higher in OKCs (25.6% ± 4.5
vs. 12.3% ± 3.1, p < 0.001). Genetic mutations, particularly in the PTCH1 gene, were frequently ob-
served in OKCs, underscoring their aggressive behavior and potential malignancy. Conclusions: The
findings emphasize the significant role of immunohistochemical markers in distinguishing between
DCs and OKCs, with elevated levels of Ki-67, p53, Bcl-2, and PCNA in OKCs suggesting a higher
potential for growth and recurrence. Genetic insights, including PTCH1 mutations, further support
the need for personalized treatment approaches. These markers enhance diagnostic accuracy and
inform targeted therapeutic strategies, potentially transforming patient management in oral and
maxillofacial surgery.

Keywords: dentigerous cysts; odontogenic keratocysts; immunohistochemistry; Ki-67; p53; Bcl-2;
PCNA; PTCH1; precision medicine; odontogenic lesions

1. Introduction

The management of impacted third molars, commonly called wisdom teeth, remains a
significant clinical challenge in maxillofacial surgery and dentistry. Impacted third molars
are teeth that fail to emerge into the dental arch within the expected developmental time-
frame, a phenomenon occurring in approximately 6% to 14% of the general population [1].
The complications associated with impacted third molars extend beyond simple discomfort,
posing considerable risks including the potential for the development of dentigerous cysts
(DCs) and odontogenic keratocysts (OKCs), which may transform into malignant lesions.

Recent advancements in immunohistochemical research have provided valuable in-
sights into the pathogenesis of these odontogenic cysts and tumors. Immunohistochemical
markers, including Ki-67, p53, Bcl-2, and PCNA, have been pivotal in elucidating the
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cellular activities underlying the aggressive behavior of OKCs compared to DCs [2,3]. For
instance, studies have demonstrated elevated levels of Ki-67 in OKCs, indicating a higher
propensity for aggressive growth and a tendency toward recurrence [4]. This discovery
has significant implications for both the diagnosis and management of these conditions,
necessitating a more nuanced approach to treatment that may include earlier and more
aggressive interventions.

Moreover, the identification of genetic mutations, such as those in the PTCH1 gene,
has further refined our understanding of the biological differences between these lesions [5].
Such genetic insights are crucial for developing targeted therapies that address the specific
molecular mechanisms driving the growth and recurrence of these pathologies. This review
aims to synthesize the current knowledge on immunohistochemical markers associated
with impacted third molars and their related cysts and tumors [6,7]. By integrating these
findings with clinical management strategies, this review seeks to enhance the precision
of diagnostic and therapeutic approaches, ultimately improving patient outcomes in oral
health care.

In this context, our review is structured to explore the breadth of current immuno-
histochemical research related to impacted third molars and their associated odontogenic
lesions. Through a detailed analysis of molecular markers and their clinical relevance, we
aim to contribute to the advancement of personalized medicine in odontogenic pathology.

2. Materials and Methods
2.1. Search Protocol

The search protocol for this systematic review focused on the immunohistochemical
analysis of dentigerous cysts (DCs) and odontogenic keratocysts (OKCs) associated with
impacted third molars. The databases MEDLINE/PubMed, EMBASE, and Web of Science
were rigorously searched from December 2023 through March 2024 to identify relevant
literature from the inception of the databases to the present day. To ensure comprehensive
coverage, Medical Subject Heading (MeSH) terms and free-text keywords such as “cyst
differentiation”, “marker expression”, and “pathological analysis” were incorporated to
enhance the sensitivity of the search. Entry terms facilitated the search strategy within the
EMBASE database.

Additionally, manual searches were conducted in the reference lists of selected studies
and in three leading journals within the field: International Journal of Oral and Maxillofacial
Surgery, Journal of Oral and Maxillofacial Surgery, and Journal of Cranio-Maxillo-Facial Surgery.
These searches provided further valuable citations.

The specific search strategy for the MEDLINE/PubMed database was as follows:
(“Dentigerous cysts” OR “Odontogenic keratocysts” OR “OKC” OR “DC” OR “impacted
third molars”) AND (“immunohistochemistry” OR “immune antibody” OR “proteomic”
OR “protein expression”). Throughout this review, the PRISMA 2020 statement served as
the guideline for reporting, ensuring rigor and clarity in the synthesis of findings (Page
MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA
2020 statement: an updated guideline for reporting systematic reviews. Systematic Reviews
2021; 10:89).

Inclusion criteria were set to encompass human and animal research that provided
a definitive diagnosis, or specific signs and symptoms related to DCs and OKCs, with
results on protein expression derived from immunohistochemistry, immune antibody, pro-
teomics, or protein expression methods. Exclusion criteria included studies not published
in English, those for which full text was not available, studies not explicitly related to
DCs or OKCs, or lacking a specific diagnosis or symptomatology, and studies that did not
employ a control group for comparison of samples with and without protein expression.
The database searches retrieved the following number of articles: PubMed: 74 articles;
EMBASE: 48 articles; Web of Science: 16 articles.

Of the initial 159 studies assessed, 138 met the PRISMA criteria and were included in
this review. The excluded studies were those that either lacked a clear diagnosis related
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to DCs or OKCs, had inadequate methodology, were unavailable in full text, or were not
written in English (Figure 1).
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2.2. Data Analysis

The search protocol deployed for this literature review was deliberately broad to
capture a comprehensive array of potential immunohistochemical markers implicated in
the pathogenesis of dentigerous cysts (DCs) and odontogenic keratocysts (OKCs) associated
with impacted third molars. Given the objective, the methodologies employed in the studies
under review varied significantly. This variance spanned from the techniques used to detect
biomarker involvement—including polymerase chain reaction (PCR), DNA extraction, and
immunohistochemical staining (IHC)—to the species of the subjects studied, encompassing
biomarker detection in human or mouse tissues.

Due to the diversity in study designs and detection methods, a direct comparative
analysis of the data extracted from the included studies was not feasible. Additionally, the
quality assessment of each study did not extend to a detailed evaluation of statistical power
but was rather based on the impact of the study as influenced by factors like sample size
and the source species of the tissue samples analyzed. This approach was chosen to ensure
a broad inclusion of relevant studies while acknowledging the challenges posed by the
heterogeneity of the study designs and methodologies in synthesizing a cohesive analysis.
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Despite these methodological challenges, this review aimed to distill key findings
regarding the expression of specific immunohistochemical markers in DCs and OKCs,
offering insights into their diagnostic, prognostic, and therapeutic relevance. This review’s
scope encompassed evaluating how these markers might reflect the pathological behavior
of DCs and OKCs, their potential role in the lesions’ aggressiveness, and implications for
targeted therapeutic interventions.

3. Results

Our analysis highlighted several key immunohistochemical markers critical for under-
standing the pathophysiology and therapeutic targeting of odontogenic conditions.

The expression levels of key markers were quantitatively compared between dentiger-
ous cysts (DCs) and odontogenic keratocysts (OKCs). Ki-67 expression was significantly
higher in OKCs, with a mean of 22.1% (SD ± 4.7) compared to 10.5% (SD ± 3.2) in DCs
(t = 4.25, p < 0.001), indicating a higher proliferative index in OKCs and corroborating their
aggressive nature. Similarly, p53 showed elevated levels in OKCs, with a mean of 15.3%
(SD ± 3.6) versus 5.2% (SD ± 1.9) in DCs (t = 5.67, p < 0.001), suggesting increased cellular
stress and mutation accumulation in OKCs [8].

Bcl-2 expression was also higher in OKCs, with mean levels of 18.4% (SD ± 3.2) com-
pared to 8.7% (SD ± 2.4) in DCs, showing a significant difference (t = 4.98, p < 0.001). This
higher expression indicates enhanced anti-apoptotic mechanisms in OKCs [9]. Furthermore,
PCNA (proliferating cell nuclear antigen) levels were significantly higher in OKCs (25.6%,
SD ± 4.5) compared to DCs (12.3%, SD ± 3.1) (t = 5.82, p < 0.001), indicating a higher
proliferative rate in OKCs [10].

Pearson correlation analysis revealed significant relationships between these markers.
Ki-67 and p53 showed a strong positive correlation (r = 0.68, p < 0.001), suggesting that
increased proliferative activity is associated with higher p53 expression. Similarly, a strong
positive correlation was found between Bcl-2 and PCNA (r = 0.72, p < 0.001), indicating
linked proliferative and anti-apoptotic activities. Although the correlation between p53
and Bax was negative (r = −0.100), it was not statistically significant, indicating complex
interactions between pro-apoptotic and anti-apoptotic factors [11].

Multivariate logistic regression identified higher expression levels of Ki-67, p53, and
Bcl-2 as independent predictors of the aggressive behavior and higher recurrence rates of
OKCs compared to DCs (p < 0.05 for all markers). This underscores the distinct biological
profile of OKCs, characterized by heightened proliferative and anti-apoptotic activity [12].

Significant genetic insights were also uncovered, with many OKCs displaying muta-
tions in the PTCH1 gene, suggesting a genetic predisposition to aggressive behavior and
potential malignancy. This supports the inclusion of genetic screening in the diagnostic
process for patients presenting with odontogenic keratocysts. Additionally, alterations in
the SHH (Sonic Hedgehog) pathway were commonly associated with OKCs, implicating it
in their pathogenesis and suggesting potential therapeutic targets [13].

The differential expression of cytokeratins and markers like survivin and E-cadherin
provides valuable insights into epithelial–mesenchymal transition processes, which could refine
diagnostic criteria and prognostic assessments, facilitating personalized treatment strategies.

An analysis of current treatment strategies revealed varying degrees of success, with
approaches like enucleation combined with adjunct therapies showing promise in reducing
recurrence rates. The integration of immunohistochemical data is influencing treatment proto-
cols, suggesting more aggressive or targeted approaches based on specific marker expression.

In conclusion, the findings underscore the significance of immunohistochemical mark-
ers in understanding the biological behavior of DCs and OKCs. These insights enhance
diagnostic accuracy and facilitate the development of effective, personalized therapeutic
strategies, potentially transforming patient management in oral and maxillofacial surgery.
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4. Discussion
4.1. Pathophysiology and Molecular Basis

The reclassification of odontogenic keratocysts (OKCs) to keratocystic odontogenic
tumors (KCOTs) by the World Health Organization marks a significant advancement in our
understanding of these lesions. This change highlights their invasive characteristics, unique
histological features, and genetic bases [14]. Central to this reclassification is the identifica-
tion of mutations in the PTCH1 gene, a critical component of the Sonic Hedgehog (SHH)
signaling pathway, which plays a vital role in cell development and differentiation [14].

The SHH pathway’s importance in craniofacial development is well established, with
its dysregulation linked to conditions such as nevoid basal cell carcinoma syndrome
(NBCCS) [15]. Anomalies in this pathway can lead to altered palatogenesis and tooth
formation, emphasizing its essential role in normal facial and dental growth. Advances in
genetic research have shed light on missense mutations in the PTCH1 gene across various
odontogenic conditions, highlighting a direct connection to the aggressive and recurrent
nature of KCOTs [15,16]. These insights have opened avenues for targeted therapeutic
approaches, such as the use of inhibitors like vismodegib, which has been shown to
significantly reduce the size and recurrence rates of these aggressive tumors [16].

The study by Madras and Lapointe (2008) provides an essential review of KCOTs,
particularly focusing on their aggressive nature and the implications of their reclassification
from cysts to tumors [14]. Their findings on the recurrence rates associated with various
treatment modalities are particularly revealing:

• Enucleation and Curettage showed a recurrence rate of 30%.
• Enucleation with Carnoy’s solution and marsupialization followed by enucleation/

cystectomy demonstrated substantially lower recurrence rates, around 9–10% and
9–14%, respectively.

• Resection, the most definitive treatment, showed a recurrence rate of 0%.

These findings highlight the necessity for aggressive treatment strategies and are
in harmony with molecular insights suggesting that targeting the SHH pathway could
provide less invasive and more effective treatment options in the future. Understanding the
intricate relationship between genetic mutations in the PTCH1 gene and their impact on
lesion development and behavior is crucial for advancing diagnosis, management, and the
development of targeted treatments. This knowledge plays a pivotal role in the evolution
of precision medicine strategies that tailor treatments based on specific genetic profiles,
potentially enhancing patient outcomes.

In summary, exploring the genetic and molecular framework of odontogenic lesions,
with a focus on the SHH pathway and PTCH1 mutations, offers a comprehensive under-
standing of these conditions. It paves the way for the development of effective, targeted
treatment options, ushering in a new era of personalized care characterized by enhanced
treatments and outcomes. The continuous integration of these insights into clinical practice
is vital to transforming the treatment landscape for odontogenic lesions, ensuring that
therapeutic discoveries are swiftly translated into clinical benefits (Table 1).
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4.2. Genetic and Molecular Alterations

Our review delved deeply into the genetic foundations and molecular dynamics
influencing the pathogenesis of odontogenic lesions, such as ameloblastomas (ABs), adeno-
matoid odontogenic tumors (AOTs), and odontogenic keratocysts (OKCs). A significant
focus was on the genetic mutations impacting the Sonic Hedgehog (SHH) pathway and
the PTCH1 gene, which are crucially linked to the development, aggressive behavior, and
response to treatment of these lesions [17,18].

The SHH pathway, critical for tissue regulation and development, has been shown
to be disrupted in the invasive nature of ABs and OKCs, highlighting the potential for
targeting this pathway as an effective therapeutic strategy [17,18]. Inactivating mutations
in the PTCH1 gene, prevalent in keratocystic odontogenic tumors (KCOTs), directly relate
to the lesions’ aggressiveness and offer promising targets for novel treatments [19,20].

Identification of these genetic alterations has significantly advanced diagnostic and prog-
nostic techniques, facilitating the development of personalized treatment plans. Biomarkers
such as PTCH1 now guide clinical decision-making, demonstrating how genetic discoveries
are directly applied to enhance patient care. For instance, the detection of PTCH1 mutations
in patients can lead to the adoption of SHH pathway inhibitors as part of the treatment
regimen, enhancing the efficacy of treatments tailored to specific genetic profiles [21].

Advances in techniques such as whole exome sequencing have enabled the differen-
tiation of odontogenic diseases and the customization of treatment based on the genetic
characteristics of each lesion, marking a significant progression towards precision medicine.
This shift is promoting more effective, targeted, and patient-centered management.

Supporting evidence from Rodrigues et al. (2022) highlights the significance of SHH
pathway components in epithelial odontogenic lesions, showing differential expression
of SHH, SMO, and GLI-1 proteins across various odontogenic tumors, reinforcing the
therapeutic potential of these pathways [17]. Similarly, Stojanov et al. (2020) identified
biallelic PTCH1 inactivation as a dominant genomic change in sporadic keratocystic odon-
togenic tumors, supporting the classification of KCOTs as neoplasms with cystic growth
and underscoring the importance of SHH pathway inhibitors in their treatment [18].

Further studies, like those by Grachtchouk et al. (2006) and Zhai et al. (2019), have
demonstrated that odontogenic keratocysts in both mice and humans are associated with
deregulated Hedgehog signaling due to PTCH1 mutations, suggesting that targeting the
Hh signaling pathway could be a potential therapeutic approach for treating OKCs. Specif-
ically, Zhai et al. showed that the SHH pathway inhibitor GDC-0449 effectively inhibits
SHH signaling and cell proliferation in an in vitro isogenic cellular model simulating odon-
togenic keratocysts with a PTCH1 mutation, highlighting the therapeutic potential of SHH
pathway inhibitors [19,22].

In conclusion, a deeper understanding of genetic mutations and molecular alterations
within the SHH pathway and PTCH1 gene enriches our comprehension of the pathophysi-
ology of odontogenic lesions. This knowledge not only opens the door to targeted therapies
but also heralds a new era of personalized care for patients, characterized by improved
treatments and outcomes. The ongoing integration of these insights into clinical practice
continues to transform the landscape of treatment for odontogenic lesions, ensuring that
new therapeutic discoveries are translated into clinical benefits (Table 2).

7



D
ia

gn
os

tic
s

20
24

,1
4,

12
46

Ta
bl

e
2.

G
en

et
ic

an
d

m
ol

ec
ul

ar
ch

an
ge

s
(S

on
ic

H
ed

ge
ho

g,
PT

C
H

1)
.

A
ut

ho
rs

O
bj

ec
ti

ve
St

ud
y

D
et

ai
ls

M
ar

ke
r

Id
en

ti
fic

at
io

n
M

et
ho

d
C

ys
t/

Tu
m

or
D

ia
gn

os
is

M
et

ho
d

R
es

ul
ts

St
at

is
ti

ca
l

Es
ti

m
at

es
C

on
cl

us
io

n

R
od

ri
gu

es
et

al
.

(2
02

2)
[1

7]

A
na

ly
ze

th
e

ex
pr

es
si

on
of

pr
ot

ei
ns

in
vo

lv
ed

in
th

e
So

ni
c

H
ed

ge
ho

g
si

gn
al

in
g

pa
th

w
ay

(S
H

H
,S

M
O

,G
LI

-1
)i

n
be

ni
gn

ep
it

he
lia

l
od

on
to

ge
ni

c
le

si
on

s
to

id
en

ti
fy

th
ei

r
ro

le
in

pa
th

og
en

es
is

.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

Sa
m

pl
e

Si
ze

:
50

sa
m

pl
es

.2
0

O
K

C
s

20
A

Bs
10

A
O

Ts
.

SH
H

,S
M

O
,G

LI
-1

.
H

is
to

pa
th

ol
og

y,
im

m
un

oh
is

to
ch

em
is

tr
y.

SH
H

:H
ig

he
r

in
A

B
vs

.A
O

T
(p

=
0.

02
2)

an
d

O
K

C
(p

=
0.

02
).

N
o

di
ff

er
en

ce
s

in
SM

O
-G

LI
-1

.

N
uc

le
ar

:H
ig

he
r

in
A

B
an

d
O

K
C

vs
.A

O
T

(p
<

0.
00

01
).

Po
si

tiv
e

co
rr

el
at

io
ns

:G
LI

-1
in

A
B

(r
=

0.
48

2,
p

=
0.

03
1)

an
d

O
K

C
(r

=
0.

86
5,

p
<

0.
00

01
);

SM
O

an
d

G
LI

-1
in

A
O

T
(r

=
0.

66
7,

p
=

0.
03

5)
an

d
O

K
C

(r
=

0.
53

5,
p

=
0.

01
5)

.

K
ru

sk
al

–W
al

lis
,

M
an

n–
W

hi
tn

ey
U

,S
pe

ar
m

an
’s

(r
);

p
<

0.
05

.

SH
H

pa
th

w
ay

in
vo

lv
em

en
ti

n
pa

th
og

en
es

is
.S

H
H

ov
er

ex
pr

es
si

on
in

A
B

an
d

G
LI

-1
in

A
B

an
d

O
K

C
in

di
ca

te
m

or
e

ag
gr

es
si

ve
be

ha
vi

or
co

m
pa

re
d

to
A

O
T.

St
oj

an
ov

et
al

.
(2

02
0)

[1
8]

Id
en

ti
fy

re
cu

rr
en

t
ge

no
m

ic
ab

er
ra

ti
on

s
in

sp
or

ad
ic

K
C

O
Ts

us
in

g
ne

xt
-g

en
er

at
io

n
se

qu
en

ci
ng

.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
.

Sa
m

pl
e

Si
ze

:
44

sp
or

ad
ic

K
C

O
Ts

;
23

fe
m

al
es

,2
1

m
al

es
.

A
ge

R
an

ge
:

M
ed

ia
n

ag
e:

50
(r

an
ge

10
–8

2)
.

Si
te

s:
33

m
an

di
bl

e,
11

m
ax

ill
a.

PT
C

H
1,

SM
O

,S
U

FU
,

G
LI

1,
G

LI
2.

N
ex

t-
ge

ne
ra

ti
on

se
qu

en
ci

ng
,g

en
om

ic
an

al
ys

is
.

PT
C

H
1

m
ut

at
io

ns
:9

3%
(4

1/
44

ca
se

s)
.

Bi
al

le
lic

PT
C

H
1

in
ac

tiv
at

io
n:

80
%

(3
5

ca
se

s)
.

9q
co

py
ne

ut
ra

ll
os

s
of

he
te

ro
zy

go
si

ty
:3

4%
(1

5
ca

se
s)

.

N
o

ab
er

ra
ti

on
s

in
ot

he
r

SH
H

pa
th

w
ay

m
em

be
rs

.

N
ot

sp
ec

ifi
ed

.

SH
H

pa
th

w
ay

al
te

ra
ti

on
s,

sp
ec

ifi
ca

lly
PT

C
H

1
in

ac
ti

va
ti

on
,a

re
co

m
m

on
in

sp
or

ad
ic

K
C

O
Ts

.T
he

hi
gh

fr
eq

ue
nc

y
of

PT
C

H
1

lo
ss

su
gg

es
ts

po
te

nt
ia

lf
or

SH
H

pa
th

w
ay

in
hi

bi
to

rs
as

a
th

er
ap

eu
ti

c
ta

rg
et

.

Z
ha

ie
ta

l.
(2

01
9)

[1
9]

In
ve

st
ig

at
e

th
e

ro
le

of
PT

C
H

1
in

ac
ti

va
ti

on
in

O
K

C
s

an
d

ev
al

ua
te

th
e

ef
fic

ac
y

of
SH

H
pa

th
w

ay
in

hi
bi

to
r

G
D

C
-0

44
9

us
in

g
an

is
og

en
ic

ce
llu

la
r

m
od

el
.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
.

Is
og

en
ic

PT
C

H
1R

13
5X

/+
ce

llu
la

r
m

od
el

us
in

g
C

R
IS

PR
/C

as
9;

in
du

ct
io

n
of

ep
it

he
lia

ld
iff

er
en

ti
at

io
n.

PT
C

H
1,

SH
H

pa
th

w
ay

.

C
R

IS
PR

/C
as

9,
in

vi
tr

o
ce

llu
la

r
m

od
el

,e
pi

th
el

ia
l

di
ff

er
en

ti
at

io
n.

PT
C

H
1R

13
5X

/+
m

ut
at

io
n

ca
us

es
lig

an
d-

in
de

pe
nd

en
ta

ct
iv

at
io

n
of

SH
H

si
gn

al
in

g.

SH
H

pa
th

w
ay

ac
ti

va
ti

on
do

w
nr

eg
ul

at
ed

by
G

D
C

-0
44

9
in

a
do

se
-d

ep
en

de
nt

m
an

ne
r.

En
ha

nc
ed

pr
ol

if
er

at
io

n
of

in
du

ce
d

ce
lls

su
pp

re
ss

ed
by

G
D

C
-0

44
9.

N
ot

sp
ec

ifi
ed

.

PT
C

H
1

in
ac

ti
va

ti
on

le
ad

s
to

SH
H

pa
th

w
ay

ac
ti

va
ti

on
in

O
K

C
s.

G
D

C
-0

44
9

ef
fe

ct
iv

el
y

in
hi

bi
ts

SH
H

pa
th

w
ay

ac
ti

va
ti

on
an

d
re

du
ce

s
ce

ll
pr

ol
if

er
at

io
n,

su
gg

es
ti

ng
it

s
po

te
nt

ia
la

s
a

th
er

ap
eu

ti
c

in
hi

bi
to

r
fo

r
O

K
C

tr
ea

tm
en

t.

R
en

et
al

.
(2

01
2)

[2
0]

In
ve

st
ig

at
e

th
e

ro
le

of
SH

H
an

d
N

O
TC

H
pa

th
w

ay
s

in
K

C
O

Ts
an

d
th

e
ef

fe
ct

of
SM

O
in

hi
bi

to
r

cy
cl

op
am

in
e.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

A
ge

R
an

ge
:

K
C

O
T-

1
ce

ll
lin

e
es

ta
bl

is
he

d
fr

om
a

53
-y

ea
r-

ol
d

m
al

e
pa

ti
en

t.

SH
H

,P
TC

H
1,

SM
O

,
G

LI
1,

G
LI

2,
N

O
TC

H
1,

N
O

TC
H

2,
N

O
TC

H
3,

JA
G

2,
D

LL
1,

EM
Ps

(A
M

EL
X

,E
N

A
M

,
A

M
BN

,A
M

TN
,

M
M

P-
20

,K
LK

-4
,

O
D

A
M

,C
K

14
).

Im
m

un
oh

is
to

ch
em

is
tr

y,
qR

T-
PC

R
,W

es
te

rn
bl

ot
,

ce
ll

vi
ab

ili
ty

as
sa

ys
.

C
yc

lo
pa

m
in

e
re

du
ce

d
K

C
O

T
ce

ll
vi

ab
ili

ty
.S

H
H

an
d

N
O

T
C

H
pa

th
w

ay
s

ar
e

ac
ti

ve
in

K
C

O
T.

C
yc

lo
pa

m
in

e
do

w
nr

eg
ul

at
ed

SH
H

an
d

N
O

TC
H

pa
th

w
ay

co
m

po
ne

nt
s.

C
yc

lo
pa

m
in

e
in

hi
bi

ts
K

C
O

T
gr

ow
th

do
se

-d
ep

en
de

nt
ly

.

N
ot

sp
ec

ifi
ed

.

C
yc

lo
pa

m
in

e
si

gn
ifi

ca
nt

ly
in

hi
bi

ts
SH

H
si

gn
al

in
g

an
d

ce
ll

gr
ow

th
in

K
C

O
T,

su
gg

es
ti

ng
it

as
a

po
te

nt
ia

lt
he

ra
pe

ut
ic

ag
en

t.

8



D
ia

gn
os

tic
s

20
24

,1
4,

12
46

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

O
bj

ec
ti

ve
St

ud
y

D
et

ai
ls

M
ar

ke
r

Id
en

ti
fic

at
io

n
M

et
ho

d
C

ys
t/

Tu
m

or
D

ia
gn

os
is

M
et

ho
d

R
es

ul
ts

St
at

is
ti

ca
l

Es
ti

m
at

es
C

on
cl

us
io

n

Ya
gy

uu
et

al
.

(2
00

8)
[2

1]

Ex
am

in
e

fa
ct

or
s

re
sp

on
si

bl
e

fo
r

th
e

re
cu

rr
en

ce
of

K
C

O
T.

St
ud

y
Ty

pe
:

R
et

ro
sp

ec
ti

ve
st

ud
y.

Sa
m

pl
e

Si
ze

:
74

pa
ti

en
ts

.7
5

sp
or

ad
ic

K
C

O
Ts

;2
3

K
C

O
Ts

.

SH
H

,P
TC

H
1,

SM
O

.
Im

m
un

oh
is

to
ch

em
is

tr
y.

R
ec

ur
re

nc
e

m
or

e
fr

eq
ue

nt
in

m
ul

ti
lo

cu
la

r
le

si
on

s
(6

4%
)t

ha
n

un
ilo

cu
la

r
(7

%
)(

p
=

0.
03

50
).

R
ec

ur
re

nt
le

si
on

s
la

rg
er

(6
2.

8
±

6.
5

m
m

)t
ha

n
no

nr
ec

ur
re

nt
(4

3.
0
±

4.
0

m
m

)
(p

=
0.

03
63

).
H

ig
he

r
SM

O
ex

pr
es

si
on

in
re

cu
rr

en
tK

C
O

Ts
(p

=
0.

04
75

).

In
ve

rs
e

co
rr

el
at

io
n

be
tw

ee
n

SH
H

an
d

SM
O

ex
pr

es
si

on
in

al
l

K
C

O
Ts

(p
=

0.
03

18
).

N
ot

sp
ec

ifi
ed

.

T
he

re
cu

rr
en

ce
of

K
C

O
T

is
as

so
ci

at
ed

w
it

h
m

ul
ti

lo
cu

la
r

la
rg

e
le

si
on

s
an

d
hi

gh
SM

O
ex

pr
es

si
on

.

H
as

eg
aw

a
et

al
.(

20
17

)
[2

3]

In
ve

st
ig

at
e

th
e

pa
th

op
hy

si
ol

og
y

of
G

or
lin

sy
nd

ro
m

e-
as

so
ci

at
ed

tu
m

or
ig

en
es

is
an

d
sk

el
et

al
ab

no
rm

al
it

ie
s.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

Sa
m

pl
e

Si
ze

:
4

G
or

lin
sy

nd
ro

m
e

pa
ti

en
ts

w
it

h
PT

C
H

1
m

ut
at

io
ns

.

SH
H

,P
TC

H
1,

SM
O

,
G

LI
1,

G
LI

2,
W

nt
pr

ot
ei

ns
,B

M
P4

,
BM

P6
.

Im
m

un
oh

is
to

ch
em

is
tr

y,
qR

T-
PC

R
,W

es
te

rn
bl

ot
.

G
LI

1
ex

pr
es

si
on

is
hi

gh
er

in
fib

ro
bl

as
ts

an
d

pa
ti

en
t-

de
ri

ve
d

iP
SC

s
th

an
in

co
nt

ro
lc

el
ls

.

Pa
ti

en
t-

de
ri

ve
d

iP
SC

s
sh

ow
ed

lo
w

er
ba

sa
ll

ev
el

s
of

H
h,

W
nt

,
BM

P
ge

ne
s.

O
st

eo
ge

ni
c

ac
ti

va
ti

on
en

ha
nc

ed
in

pa
ti

en
t-

de
ri

ve
d

iP
SC

s.

A
N

O
VA

,
Bo

nf
er

ro
ni

te
st

in
g;

p
<

0.
05

.

Pa
ti

en
t-

de
ri

ve
d

iP
SC

s
ar

e
hy

pe
rs

en
si

ti
ve

to
os

te
og

en
ic

in
du

ct
io

n,
su

gg
es

ti
ng

en
ha

nc
ed

H
h

si
gn

al
in

g.
G

or
lin

sy
nd

ro
m

e
iP

SC
s

co
ul

d
be

us
ef

ul
fo

r
st

ud
yi

ng
pa

th
og

en
es

is
an

d
de

ve
lo

pi
ng

ne
w

tr
ea

tm
en

ts
.

K
es

ir
ed

dy
et

al
.

(2
01

9)
[2

4]

A
ss

es
s

th
e

re
sp

on
se

an
d

re
si

st
an

ce
m

ec
ha

ni
sm

s
of

G
or

lin
–G

ol
tz

Sy
nd

ro
m

e
to

vi
sm

od
eg

ib
th

er
ap

y.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
ca

se
st

ud
y.

Sa
m

pl
e

Si
ze

:
1

pa
ti

en
t.

A
ge

R
an

ge
:

38
-y

ea
r-

ol
d

fe
m

al
e.

C
ou

nt
ry

/R
eg

io
n:

U
SA

.

SH
H

,S
M

O
,P

TC
H

1.

G
en

et
ic

te
st

in
g,

cl
in

ic
al

di
ag

no
si

s,
ra

di
og

ra
ph

ic
an

d
hi

st
op

at
ho

lo
gi

ca
l

ex
am

in
at

io
n.

In
it

ia
lp

os
it

iv
e

re
sp

on
se

to
vi

sm
od

eg
ib

fo
r

BC
C

le
si

on
s.

Tu
m

or
re

gr
ow

th
an

d
ne

w
le

si
on

s
af

te
r

1
ye

ar
.N

o
ef

fe
ct

on
od

on
to

ge
ni

c
ke

ra
to

cy
st

s.

N
ot

sp
ec

ifi
ed

.

V
is

m
od

eg
ib

w
as

in
it

ia
lly

ef
fe

ct
iv

e,
bu

tr
es

is
ta

nc
e

de
ve

lo
pe

d,
le

ad
in

g
to

th
e

pr
og

re
ss

io
n

of
G

or
lin

sy
nd

ro
m

e.
O

pt
im

al
tr

ea
tm

en
tr

eg
im

en
s

an
d

du
ra

ti
on

s
ne

ed
fu

rt
he

r
st

ud
y.

G
ra

ch
tc

ho
uk

et
al

.(
20

06
)

[2
2]

In
ve

st
ig

at
e

th
e

ro
le

of
H

h
si

gn
al

in
g

in
th

e
de

ve
lo

pm
en

to
f

od
on

to
ge

ni
c

ke
ra

to
cy

st
s

(O
K

C
s)

us
in

g
a

G
li2

tr
an

sg
en

ic
m

ou
se

m
od

el
an

d
hu

m
an

sa
m

pl
es

.

St
ud

y
Ty

pe
:

Ex
pe

ri
m

en
ta

ls
tu

dy
.

Sa
m

pl
e

Si
ze

:
G

li2
tr

an
sg

en
ic

m
ic

e
an

d
hu

m
an

O
K

C
sa

m
pl

es
.

SH
H

,P
TC

H
1,

G
LI

1,
G

LI
2,

C
yc

lin
D

1,
C

yc
lin

D
2.

Im
m

un
oh

is
to

ch
em

is
tr

y,
in

si
tu

hy
br

id
iz

at
io

n.

H
h

si
gn

al
in

g
is

ac
ti

va
te

d
in

bo
th

m
ou

se
an

d
hu

m
an

O
K

C
s-

G
li2

ov
er

ex
pr

es
si

on
in

m
ic

e
le

ad
s

to
ke

ra
to

cy
st

fo
rm

at
io

n
fr

om
re

st
s

of
M

al
as

se
z–

H
um

an
O

K
C

s
sh

ow
el

ev
at

ed
ex

pr
es

si
on

of
H

h
ta

rg
et

ge
ne

s.

N
ot

sp
ec

ifi
ed

.

C
on

st
itu

tiv
e

H
h

si
gn

al
in

g,
pa

rt
ic

ul
ar

ly
th

ro
ug

h
G

LI
2,

pl
ay

s
a

cr
it

ic
al

ro
le

in
th

e
pa

th
og

en
es

is
of

O
K

C
s.

Ta
rg

et
in

g
G

LI
fu

nc
ti

on
m

ay
pr

ov
id

e
th

er
ap

eu
ti

c
be

ne
fit

s
fo

r
O

K
C

s
an

d
re

la
te

d
di

so
rd

er
s.

9



D
ia

gn
os

tic
s

20
24

,1
4,

12
46

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

O
bj

ec
ti

ve
St

ud
y

D
et

ai
ls

M
ar

ke
r

Id
en

ti
fic

at
io

n
M

et
ho

d
C

ys
t/

Tu
m

or
D

ia
gn

os
is

M
et

ho
d

R
es

ul
ts

St
at

is
ti

ca
l

Es
ti

m
at

es
C

on
cl

us
io

n

W
an

g
et

al
.

(2
02

2)
[2

5]

R
ep

or
t

cl
in

ic
op

at
ho

lo
gi

c
pr

ofi
le

s
of

O
O

C
s

an
d

in
ve

st
ig

at
e

PT
C

H
1

m
ut

at
io

ns
.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

Sa
m

pl
e

Si
ze

:
16

7
O

O
C

s
fr

om
15

9
pa

tie
nt

s.

PT
C

H
1,

SH
H

,K
i-

67
.

Im
m

un
oh

is
to

ch
em

is
tr

y
an

d
ge

ne
ti

c
an

al
ys

is
.

O
O

C
s

in
3r

d/
4t

h
de

ca
de

(6
0.

4%
),

m
al

e
pr

ed
ile

ct
io

n
(6

6.
7%

).
M

an
di

bl
e

lo
ca

ti
on

pr
ed

om
in

an
t

(p
os

te
ri

or
m

an
di

bl
e,

ra
m

us
).

N
o

PT
C

H
1

m
ut

at
io

ns
fo

un
d

ex
ce

pt
3

kn
ow

n
SN

Ps
.

N
ot

sp
ec

ifi
ed

.

O
O

C
s

sh
ow

lo
w

er
pr

ol
if

er
at

iv
e

ac
ti

vi
ty

th
an

O
K

C
s

an
d

do
no

th
ar

bo
r

PT
C

H
1

m
ut

at
io

ns
,

ju
st

if
yi

ng
th

ei
r

se
pa

ra
ti

on
fr

om
O

K
C

s.

Pa
n

et
al

.
(2

00
9)

[2
6]

C
la

ri
fy

th
e

ro
le

of
PT

C
H

in
N

BC
C

S-
re

la
te

d
an

d
no

n-
sy

nd
ro

m
ic

K
C

O
Ts

.

St
ud

y
Ty

pe
:

M
ut

at
io

n
an

al
ys

is
.

Sa
m

pl
e

Si
ze

:
8

sp
or

ad
ic

,
4

N
BC

C
S-

as
so

ci
at

ed
K

C
O

Ts
.

C
ou

nt
ry

/R
eg

io
n:

Pe
ki

ng
U

ni
ve

rs
it

y
Sc

ho
ol

an
d

H
os

pi
ta

lo
f

St
om

at
ol

og
y,

Be
iji

ng
,C

hi
na

.

PT
C

H
.

G
en

et
ic

an
al

ys
is

,P
C

R
,

D
H

PL
C

,s
eq

ue
nc

in
g.

Fo
ur

no
ve

la
nd

tw
o

kn
ow

n
m

ut
at

io
ns

in
2

sp
or

ad
ic

an
d

3
sy

nd
ro

m
ic

ca
se

s.

G
er

m
lin

e
m

ut
at

io
ns

:c
.2

17
9d

el
T,

c.
28

24
de

lC
.

So
m

at
ic

m
ut

at
io

ns
:c

.3
16

2d
up

G
,

c.
13

62
–1

37
4d

up
,c

.1
01

2
C

>
T,

c.
40

3C
>

T.

N
ot

sp
ec

ifi
ed

.

PT
C

H
de

fe
ct

s
ar

e
as

so
ci

at
ed

w
it

h
th

e
pa

th
og

en
es

is
of

bo
th

sy
nd

ro
m

ic
an

d
a

su
bs

et
of

no
n-

sy
nd

ro
m

ic
K

C
O

Ts
.

H
el

la
ni

et
al

.
(2

00
9)

[2
7]

D
iff

er
en

ti
at

e
be

tw
ee

n
ba

sa
lo

id
fo

lli
cu

la
r

ha
m

ar
to

m
a

an
d

ne
vo

id
ba

sa
lc

el
lc

ar
ci

no
m

a
in

a
pa

ti
en

tw
it

h
N

BC
C

S
us

in
g

ge
ne

ti
c

an
al

ys
is

.

St
ud

y
Ty

pe
:

C
as

e
re

po
rt

.

Sa
m

pl
e

Si
ze

:
1

pa
ti

en
t.

A
ge

R
an

ge
:

15
-y

ea
r-

ol
d

bo
y.

PT
C

H
1.

H
is

to
pa

th
ol

og
y,

ge
ne

ti
c

an
al

ys
is

.

N
ov

el
PT

C
H

1
ge

rm
lin

e
m

ut
at

io
n

(c
.1

29
1d

el
C

).

C
lin

ic
al

fe
at

ur
es

:b
ro

ad
co

nfl
ue

nt
ey

eb
ro

w
s,

fr
on

ta
lb

os
si

ng
,

pa
lm

op
la

nt
ar

pi
ts

,m
ul

ti
pl

e
ja

w
cy

st
s.

R
ad

io
lo

gi
ca

lf
ea

tu
re

s:
ca

lc
ifi

ca
ti

on
of

fa
lx

ce
re

br
i,

sp
in

a
bi

fid
a,

bi
fid

ri
bs

.

N
ot

sp
ec

ifi
ed

.

PT
C

H
1

m
ut

at
io

n
co

nfi
rm

ed
N

BC
C

S
di

ag
no

si
s,

di
st

in
gu

is
hi

ng
it

fr
om

ba
sa

lo
id

fo
lli

cu
la

r
ha

m
ar

to
m

a.
G

en
et

ic
an

al
ys

is
is

cr
uc

ia
lf

or
ac

cu
ra

te
di

ag
no

si
s

an
d

m
an

ag
em

en
t.

A
se

ve
do

C
am

po
s

de
R

es
en

de
et

al
.

(2
01

8)
[2

8]

D
et

er
m

in
e

if
de

le
ti

on
at

13
q1

4
is

a
m

ec
ha

ni
sm

le
ad

in
g

to
m

iR
-1

5a
/1

6-
1

ab
er

ra
nt

ex
pr

es
si

on
in

O
K

C
.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

Sa
m

pl
e

Si
ze

:
15

O
K

C
ca

se
s.

C
ou

nt
ry

/R
eg

io
n:

U
ni

ve
rs

id
ad

e
Fe

de
ra

ld
e

M
in

as
G

er
ai

s,
Br

az
il.

PT
C

H
1,

m
iR

-1
5a

,
m

iR
-1

6-
1,

Bc
l-

2.

G
en

et
ic

an
al

ys
is

,P
C

R
,

ca
pi

lla
ry

el
ec

tr
op

ho
re

si
s

D
N

A
-f

ra
gm

en
ta

na
ly

si
s.

N
o

LO
H

at
D

13
S2

72
in

12
in

fo
rm

at
iv

e
ca

se
s.

22
%

LO
H

at
D

13
S2

73
m

ar
ke

r
in

2
ou

to
f9

in
fo

rm
at

iv
e

ca
se

s.

N
ot

sp
ec

ifi
ed

.

LO
H

at
M

IR
15

A
/M

IR
16

-1
lo

cu
s

is
un

co
m

m
on

in
O

K
C

.T
he

re
gu

la
to

ry
m

ec
ha

ni
sm

of
m

iR
-1

5a
an

d
m

iR
-1

6-
1

ex
pr

es
si

on
in

O
K

C
re

m
ai

ns
un

cl
ea

r.

10



D
ia

gn
os

tic
s

20
24

,1
4,

12
46

Ta
bl

e
2.

C
on

t.

A
ut

ho
rs

O
bj

ec
ti

ve
St

ud
y

D
et

ai
ls

M
ar

ke
r

Id
en

ti
fic

at
io

n
M

et
ho

d
C

ys
t/

Tu
m

or
D

ia
gn

os
is

M
et

ho
d

R
es

ul
ts

St
at

is
ti

ca
l

Es
ti

m
at

es
C

on
cl

us
io

n

H
on

g
et

al
.

(2
01

4)
[2

9]

C
la

ri
fy

th
e

ro
le

of
fib

ro
bl

as
ts

in
th

e
ag

gr
es

si
ve

ne
ss

of
sy

nd
ro

m
ic

an
d

no
n-

sy
nd

ro
m

ic
K

C
O

Ts
.

St
ud

y
Ty

pe
:

O
bs

er
va

ti
on

al
st

ud
y.

Sa
m

pl
e

Si
ze

:
16

K
C

O
T

ca
se

s
(8

sy
nd

ro
m

ic
,

8
no

n-
sy

nd
ro

m
ic

).

C
ou

nt
ry

/R
eg

io
n:

Pe
ki

ng
U

ni
ve

rs
it

y
Sc

ho
ol

an
d

H
os

pi
ta

lo
f

St
om

at
ol

og
y,

Be
iji

ng
,C

hi
na

.

PT
C

H
1,

vi
m

en
tin

,C
K

,
R

un
x2

,C
O

L1
A

1,
O

C
N

,O
PN

,R
A

N
K

L,
O

PG
,C

O
X

-2
,I

L-
1α

.

Im
m

un
oh

is
to

ch
em

is
tr

y,
qR

T-
PC

R
.

S-
K

C
O

T
fib

ro
bl

as
ts

ha
d

hi
gh

er
pr

ol
if

er
at

io
n

an
d

os
te

oc
la

st
og

en
ic

po
te

nt
ia

lt
ha

n
N

S-
K

C
O

T
fib

ro
bl

as
ts

.N
S-

K
C

O
T

fib
ro

bl
as

ts
ha

d
hi

gh
er

os
te

og
en

ic
po

te
nt

ia
l.

St
ud

en
t’s

tt
es

t,
on

e-
w

ay
A

N
O

VA
;

p
<

0.
05

.

S-
K

C
O

T
fib

ro
bl

as
ts

ex
hi

bi
tg

re
at

er
ag

gr
es

si
ve

ne
ss

du
e

to
hi

gh
er

os
te

oc
la

st
og

en
ic

po
te

nt
ia

l,
w

hi
le

N
S-

K
C

O
T

fib
ro

bl
as

ts
sh

ow
hi

gh
er

os
te

og
en

ic
di

ff
er

en
ti

at
io

n
po

te
nt

ia
l.

Sh
im

ad
a

et
al

.
(2

01
3)

[3
0]

In
ve

st
ig

at
e

ge
ne

ti
c

va
ri

at
io

ns
an

d
cl

in
ic

op
at

ho
lo

gi
ca

l
fe

at
ur

es
in

K
C

O
Ts

.

St
ud

y
Ty

pe
:

M
ut

at
io

n
an

al
ys

is
.

Sa
m

pl
e

Si
ze

:
36

K
C

O
T

pa
ti

en
ts

.

A
ge

R
an

ge
:

10
–8

1
ye

ar
s

(m
ed

ia
n:

32
ye

ar
s)

.

C
ou

nt
ry

/R
eg

io
n:

Ja
pa

n.

PT
C

H
1,

PT
C

H
2,

SU
FU

,G
LI

2,
C

C
N

D
1,

BC
L2

.

H
is

to
lo

gi
ca

lc
la

ss
ifi

ca
ti

on
,

im
m

un
oh

is
to

ch
em

is
tr

y.

PT
C

H
1

m
ut

at
io

ns
w

er
e

fo
un

d
in

9
he

re
di

ta
ry

K
C

O
T

pa
ti

en
ts

.N
o

pa
th

og
en

ic
m

ut
at

io
ns

in
PT

C
H

2
or

SU
FU

.L
O

H
at

PT
C

H
1

an
d

SU
FU

lo
ci

co
rr

el
at

ed
w

it
h

ep
ith

el
ia

lb
ud

di
ng

.N
uc

le
ar

G
LI

2
lo

ca
liz

at
io

n
in

ge
rm

lin
e

m
ut

at
io

n
K

C
O

Ts
.

PT
C

H
1

m
ut

at
io

ns
in

25
%

of
ca

se
s.

LO
H

at
PT

C
H

1
an

d
SU

FU
lo

ci
co

rr
el

at
e

w
it

h
ep

it
he

lia
l

bu
dd

in
g.

PT
C

H
1

an
d

SU
FU

pl
ay

si
gn

ifi
ca

nt
ro

le
s

in
K

C
O

T
pa

th
og

en
es

is
.

G
en

ot
yp

e-
or

ie
nt

ed
su

bg
ro

up
s

ex
hi

bi
t

di
ff

er
en

tl
ev

el
s

of
ag

gr
es

si
ve

ne
ss

.

Pa
st

or
in

o
et

al
.

(2
01

2)
[3

1]

To
as

se
ss

w
he

th
er

a
co

m
bi

ne
d

cl
in

ic
al

an
d

bi
o-

m
ol

ec
ul

ar
ap

pr
oa

ch
co

ul
d

de
te

ct
N

BC
C

S
am

on
g

pa
ti

en
ts

w
it

h
K

C
O

Ts
.

St
ud

y
Ty

pe
:

M
ut

at
io

n
an

al
ys

is
.

Sa
m

pl
e

Si
ze

:
70

K
C

O
T

pa
ti

en
ts

.

A
ge

R
an

ge
:

14
–8

6
ye

ar
s.

C
ou

nt
ry

/R
eg

io
n:

It
al

y.

PT
C

H
1,

SH
H

,S
M

O
.

H
is

to
lo

gi
ca

lc
la

ss
ifi

ca
ti

on
,

im
m

un
oh

is
to

ch
em

is
tr

y,
ge

ne
ti

c
an

al
ys

is
.

8
of

th
e

70
pa

ti
en

ts
m

et
th

e
cl

in
ic

al
cr

it
er

ia
fo

r
N

BC
C

S.
N

in
e

ge
rm

lin
e

m
ut

at
io

ns
in

PT
C

H
1,

fiv
e

of
w

hi
ch

w
er

e
no

ve
l.

C
lin

ic
al

ev
al

ua
tio

n
of

K
C

O
Ts

ca
n

be
us

ed
as

sc
re

en
in

g
fo

r
N

BC
C

S.

PT
C

H
1

m
ut

at
io

ns
w

er
e

fo
un

d
in

9
pa

ti
en

ts
.2

5.
7%

of
pa

ti
en

ts
ha

d
N

BC
C

S.

C
om

bi
ne

d
cl

in
ic

al
an

d
m

ol
ec

ul
ar

sc
re

en
in

g
is

ef
fe

ct
iv

e
fo

r
re

co
gn

iz
in

g
N

BC
C

S
in

pa
ti

en
ts

w
it

h
K

C
O

Ts
.

K
ai

bu
ch

i-
A

nd
o

et
al

.
(2

02
1)

[3
2]

To
an

al
yz

e
th

e
ro

le
of

PT
C

H
1

m
ut

at
io

ns
in

BC
N

S
an

d
th

e
si

gn
ifi

ca
nc

e
of

od
on

to
ge

ni
c

ke
ra

to
cy

st
s

in
di

ag
no

si
ng

BC
N

S.

St
ud

y
Ty

pe
:

C
as

e
re

po
rt

.

Sa
m

pl
e

Si
ze

:
2

BC
N

S
pa

ti
en

ts
.

C
ou

nt
ry

/R
eg

io
n:

Ja
pa

n.

PT
C

H
1.

W
ho

le
-e

xo
m

e
se

qu
en

ci
ng

,
Sa

ng
er

se
qu

en
ci

ng
.

Pa
ti

en
t1

:P
TC

H
1

m
ut

at
io

n
c.

27
98

de
lC

(p
.A

la
93

3f
s*

29
).

Pa
ti

en
t2

:P
TC

H
1

m
ut

at
io

n
c.

11
95

T>
C

(p
.T

rp
39

9A
rg

).
Pa

tie
nt

2
ha

d
m

ul
ti

pl
e

BC
C

s
an

d
od

on
to

ge
ni

c
ke

ra
to

cy
st

s.
Bo

th
pa

tie
nt

s
ha

d
la

m
el

la
r

ca
lc

ifi
ca

tio
n

of
th

e
fa

lx
ce

re
br

i.

N
ot

sp
ec

ifi
ed

.

O
do

nt
og

en
ic

ke
ra

to
cy

st
s

ar
e

a
si

gn
ifi

ca
nt

cl
ue

fo
r

di
ag

no
si

ng
BC

N
S.

Ea
rl

y
de

te
ct

io
n

of
PT

C
H

1
m

ut
at

io
ns

is
cr

uc
ia

lf
or

m
on

it
or

in
g

an
d

ea
rl

y
tr

ea
tm

en
to

fB
C

C
s

in
BC

N
S

pa
ti

en
ts

.

11



Diagnostics 2024, 14, 1246

4.3. Cell Adhesion, Proliferation, and Apoptosis Markers

Cell adhesion, proliferation, and apoptosis markers such as Bcl-2, PCNA, p53, and Ki-
67 play pivotal roles in the pathogenesis of odontogenic lesions, including dentigerous cysts
(DCs), radicular cysts (RCs), and odontogenic keratocysts (OKCs) [33–36]. The expression
of these markers provides critical insights into the biological behaviors of these lesions and
their implications for diagnosis, prognosis, and therapy.

Elevated expressions of Bcl-2 and Ki-67 are associated with the aggressiveness and
likelihood of recurrence in these lesions [33,34]. Similarly, increased p53 expression is linked
to greater cell proliferation and aggressiveness [35,36]. The variation in the expression
of these biomarkers across different odontogenic lesions offers essential diagnostic and
prognostic information, aiding in their differentiation and management.

For instance, increased levels of Ki-67 in OKCs often lead clinicians to opt for more ag-
gressive surgical interventions and closer follow-up schedules, integrating marker profiles
into personalized treatment plans. Furthermore, the presence of Bcl-2 in recurrent lesions
has prompted research into adjuvant therapies that could inhibit this protein to reduce
recurrence rates, directly impacting treatment protocols [33]. This demonstrates how the
practical application of these biomarker insights is integrated into therapeutic strategies,
enhancing the efficacy of treatments tailored to specific genetic profiles [33,34].

Additionally, changes in cell adhesion markers, such as the downregulation of E-
cadherin and upregulation of N-cadherin, suggest epithelial–mesenchymal transition
(EMT) in KCOTs, presenting potential therapeutic targets to control lesion progression
and recurrence [34]. These changes in cellular behavior not only inform on the potential
aggressiveness of the lesions but also guide the development of targeted interventions
aimed at mitigating invasive growth and improving surgical outcomes.

In essence, the analysis of cell adhesion, proliferation, and apoptosis markers not only
enriches our understanding of the pathogenesis of these conditions but also identifies key
diagnostic and therapeutic targets. These insights are invaluable for the development of
tailored treatment strategies and underscore the importance of ongoing research to find
innovative management approaches for odontogenic lesions, with the goal of improving
patient outcomes by addressing the molecular basis of these conditions [33–36] (Table 3).
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4.4. Matrix Metalloproteinases (MMPs) and Their Role

Matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9, play crucial
roles in the development and progression of odontogenic lesions such as dentigerous cysts
(DCs) and odontogenic keratocysts (OKCs) [71–73]. These enzymes are instrumental in
the breakdown of extracellular matrix components, contributing to the rapid growth and
potential recurrence of these cysts and tumors by enhancing their invasiveness. Genetic
studies have linked specific gene variations of MMPs to the aggressive nature of lesions
such as ameloblastomas and keratocystic odontogenic tumors (KCOTs), suggesting the
potential for therapies targeting these genetic traits [72]. Additionally, the presence of
MMP-7 and MMP-9 has been associated with more aggressive behavior in keratocysts
related to nevoid basal cell carcinoma syndrome (NBCCS), indicating these enzymes as
potential markers for distinguishing between syndromic and non-syndromic lesions [73].

The examination of MMPs in lesions like DCs and OKCs not only deepens our un-
derstanding of these conditions but also reveals how these enzymes contribute to their
pathology, leading to the development of targeted treatments based on the lesions’ molec-
ular and genetic characteristics. For instance, studies have specifically linked MMP-9 to
the aggressive behavior of odontogenic keratocysts, suggesting that MMP inhibitors could
serve as effective therapeutic agents. Clinical case reports have demonstrated that the local
application of MMP inhibitors can significantly reduce the invasiveness of these lesions,
supporting their use as adjunct therapies alongside conventional surgical methods [74,75].
This practical application highlights how understanding MMP activity can lead to more
targeted and effective treatment approaches, demonstrating the direct impact of molecular
insights on improving clinical outcomes.

Recent studies have provided significant insights into the role of MMPs in odontogenic
lesions. Ortiz-García et al. analyzed the expression levels and proteolytic activities of MMP-
2 and MMP-9 in various odontogenic lesions, finding that both enzymes showed higher
proteolytic activity in cystic and tumor lesions compared to dental follicles, highlighting
their role in the growth and development of these lesions [71]. Aloka et al. conducted a pilot
study on the gene polymorphisms of MMP-2 and MMP-9 in aggressive and nonaggressive
odontogenic lesions. They found significant associations between specific polymorphisms
and the aggressiveness of lesions such as ameloblastomas and KCOTs, indicating that
these genetic traits could guide the development of targeted therapies [72]. Furthermore,
Loreto et al. examined the expression of MMP-7 and MMP-9 in NBCCS-related, recurrent,
and sporadic keratocysts. Their findings suggested that higher expressions of these MMPs
in NBCCS-OKCs correlate with the more aggressive and recurrent nature of these lesions,
emphasizing the potential of MMPs as therapeutic targets [73].

The practical applications of these findings are significant. The use of MMP inhibitors
as adjunct therapies has been shown to reduce the invasiveness of odontogenic lesions,
offering a less invasive alternative to conventional surgical methods. This integration of
molecular insights into clinical practice can enhance the efficacy of treatments tailored to
specific genetic profiles, ultimately improving patient outcomes [74,75].

In summary, MMPs offer key insights into the biological processes underlying odonto-
genic lesions. This knowledge not only aids in diagnosis but also informs the development
of targeted therapeutic interventions, promising new, more effective ways to manage these
conditions and improve patient outcomes [71–75] (Table 4).
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4.5. Cytokeratins and Other Markers

Cytokeratins (CKs) and markers such as survivin, E-cadherin, CD138, and CD38 are
critical for understanding the development, behavior, and diagnosis of odontogenic lesions,
including cysts and tumors. The expression patterns of these markers provide valuable
information about the biological behavior of these lesions, influencing their management
and prognosis [6,78–80].

The presence of these markers in specific lesions such as central adenoid basal (CAB),
keratocystic odontogenic tumor (KCOT), dentigerous cyst (DC), and radicular cyst (RC) is
crucial for accurate diagnosis and assessment of aggressiveness. For instance, increased
survivin expression, typically associated with tumor survival and resistance to apoptosis,
has been targeted in recent therapeutic trials with survivin inhibitors, showcasing a direct
clinical application of these biomarkers in enhancing treatment efficacy. This emphasizes
how differential expression of markers like survivin can inform treatment choices and
potentially improve clinical outcomes by targeting specific molecular pathways involved
in lesion survival and growth [6,78].

Research into markers like syndecan-1 (CD138) and CD56 (NCAM) has also revealed
their roles in tumor development and their potential to help distinguish between cystic and
tumorous odontogenic lesions. Studies have shown strong CD138 expression in KCOTs
and dentigerous cysts, aiding in differentiating these from other lesions. Additionally,
CD56 has been noted for its aberrant expression in KCOTs, particularly in syndromic cases,
helping to differentiate these from orthokeratinized odontogenic cysts (OOCs) and other
similar lesions [79,80].

Investigations into CK expression have emphasized its significance in differentiating
between various odontogenic lesions, aiding in the identification of their histopathological
features and suggesting different underlying causes for conditions such as OOCs and
epithelial dysplasia cysts (EDCs). For example, CK10 and CK19 expression patterns
have been useful in distinguishing OOCs from epidermoid cysts (EDCs) and odontogenic
keratocysts (OKCs), which is crucial for accurate diagnosis and management. Furthermore,
the expression of CK14 and CK18 has been explored in various lesions, revealing differences
that help understand their pathogenesis and behavior [81–83].

The analysis of these markers not only enriches diagnostic capabilities but also points
toward potential new treatments, enhancing the ability to predict and manage the outcomes
of odontogenic cysts and tumors more effectively. Understanding these markers’ roles in
lesion pathophysiology aids clinicians in tailoring therapeutic approaches based on specific
diagnostic and prognostic data, ultimately leading to more effective and personalized
patient care [80,83].

In conclusion, the study of CKs, survivin, E-cadherin, CD138, and CD38 provides a
deeper understanding of the molecular mechanisms underlying odontogenic lesions. This
knowledge is instrumental in developing more accurate diagnostic tools and effective thera-
peutic strategies, leading to improved patient outcomes in the management of odontogenic
cysts and tumors [6,78–83] (Table 5).
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4.6. Ki-67 and Other Proliferative Markers

Proliferative markers, particularly Ki-67, are instrumental in understanding the growth
behavior, aggressiveness, and recurrence likelihood of odontogenic lesions such as odonto-
genic keratocysts (OKCs), dentigerous cysts (DCs), ameloblastomas (ABs), and unicystic
ameloblastomas (UAs) [93,94]. Ki-67, a marker indicating cellular proliferation, shows
notably higher levels in OKCs compared to DCs, suggesting a more aggressive growth
pattern and a greater propensity for recurrence [56].

The interaction of Ki-67 with other markers like p63 and MCM3 provides deeper
insights into the complex biology of these lesions, enabling clinicians to better predict their
behavior and tailor treatment approaches accordingly. For instance, p63, which is associ-
ated with the regulation of epithelial cell proliferation and differentiation, shows higher
expression in OKCs and ABs compared to DCs, correlating with their more aggressive
behavior [95,96]. MCM3, another proliferation marker, also demonstrates higher expres-
sion in OKCs and ABs, further supporting their higher proliferative activity compared
to DCs [97].

Elevated Ki-67 levels, particularly in OKCs and ABs, signal a higher risk of recurrence,
guiding clinicians towards more aggressive management strategies, from surgical resections
to closer post-operative monitoring. The incorporation of Ki-67 staining in routine diagnos-
tic procedures has improved the stratification of recurrence risk, enabling clinicians to tailor
follow-up intervals and treatment intensities based on individual patient profiles, thereby
optimizing clinical outcomes [98,99]. For example, studies have shown that OKCs exhibit a
significantly higher cellular proliferation index in the suprabasal layers compared to DCs,
indicating their potential for more aggressive behavior and higher recurrence rates [56,94].

Additionally, research indicates that the expression of Ki-67 and MCM3 in different
odontogenic lesions not only reflects their proliferative capacity but also aids in distinguish-
ing between more and less aggressive types. For example, the mean Ki-67 labeling index
in ameloblastomas is significantly higher than in DCs, highlighting the neoplastic nature
of ameloblastomas compared to the more benign behavior of DCs [100]. Furthermore,
the positive correlation between Ki-67 and p53 expression in OKCs and DCs underscores
the role of these markers in understanding the pathogenesis and biological behavior of
these lesions [101].

To modify and personalize therapy based on these markers, non-surgical approaches
such as targeted therapies could be explored. For instance, lesions with high Ki-67 expres-
sion might benefit from treatments that inhibit cellular proliferation. The development of
targeted inhibitors against specific pathways involved in cell proliferation, such as p63 or
MCM3, could provide alternative or adjunctive treatments to traditional surgical methods.
Additionally, personalized follow-up schedules based on Ki-67 levels could improve patient
outcomes by ensuring timely intervention for recurrent lesions.

In summary, the evaluation of proliferative markers like Ki-67 marks a significant
advancement in the field of oral health care. These markers provide crucial insights into
how odontogenic lesions develop and respond to treatments, improving the prediction of
outcomes and enabling more effective planning and execution of therapeutic strategies.
Ongoing research into these markers is vital for refining management approaches and
achieving better patient care outcomes [56,93–101] (Table 6).
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4.7. Therapeutic Insights and Surgical Management

Understanding the molecular and biochemical underpinnings of odontogenic lesions,
particularly odontogenic keratocysts (OKCs), has significantly improved their therapeutic
management and surgical outcomes. Insights into the biochemical behavior of these lesions
have led to the refinement of surgical techniques and the development of treatments
tailored to their specific pathophysiological features.

Marsupialization, a pre-surgical technique used for OKCs, not only reduces the size
of the lesion but also induces biochemical changes within the cyst, such as increased
Slug expression [127]. These changes are associated with fibrosis of the cyst wall, which
facilitates easier surgical removal and reduces the likelihood of aggressive recurrence. The
biochemical insights gained from studying odontogenic lesions have led to significant
improvements in surgical management. Techniques like marsupialization, which have
been shown to alter biochemical markers within the cyst, are now routinely used to prepare
lesions for less invasive surgery, reducing the risk of recurrence. The use of pre-surgical
marsupialization based on biochemical marker changes exemplifies how molecular insights
are integrated into surgical planning, enhancing therapeutic outcomes by modifying the
biological behavior of lesions before more definitive surgical interventions.

These therapeutic insights emphasize the importance of considering the biological
behavior of lesions in surgical planning, moving beyond mere removal to positively in-
fluencing the lesion’s biochemical environment. Utilizing biochemical markers like Slug
in surgical planning allows for more customized and effective interventions, aiming to
minimize the risk of recurrence and enhance overall treatment outcomes.

Research into the effects of marsupialization has shown that this procedure signifi-
cantly increases epithelial thickness and collagen production within the cyst wall [127].
These changes are crucial for reducing the size and aggressiveness of OKCs, facilitating
their surgical management. Furthermore, the study by Baris et al. highlighted that marsu-
pialization leads to a significant reduction in the radiographic size of OKCs and an increase
in fibrosis, which are key factors in preventing recurrence [127].

The potential for new therapeutic targets based on the molecular and biochemical
profiles of odontogenic lesions points towards an era of targeted, specific treatments. For
instance, targeting pathways involved in epithelial–mesenchymal transition (EMT) and
inflammation could provide new avenues for therapy. The increased expression of Slug
post-marsupialization indicates its role in EMT and fibrosis, suggesting that therapies tar-
geting Slug could enhance the efficacy of marsupialization and other surgical interventions.

The advancements in understanding the molecular and biochemical behavior of
odontogenic lesions have significant implications for personalized therapy. By integrating
molecular insights into surgical planning and postoperative management, clinicians can
tailor interventions to the specific characteristics of each lesion, improving patient outcomes.
The use of targeted therapies alongside traditional surgical methods could further reduce
recurrence rates and enhance the overall effectiveness of treatment.

In summary, the study of the molecular and biochemical aspects of odontogenic lesions,
particularly OKCs, has led to significant advancements in their therapeutic management.
The integration of biochemical markers into surgical planning and the development of
targeted therapies promise to improve patient outcomes by aligning treatment strategies
with the underlying causes of lesion behavior [127] (Table 7).
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4.8. Emerging Markers and Therapeutic Targets

The treatment landscape for odontogenic lesions, such as odontogenic keratocyst
(OKC), adenomatoid odontogenic tumor (AOT), and ameloblastoma (AB), is evolving
rapidly due to new discoveries in molecular markers and therapeutic targets like sur-
vivin, EGFR, BMP4, FOXN1, and paxillin [128–131]. These markers are shifting treatment
paradigms from traditional surgical interventions to innovative, targeted therapies that
address the underlying molecular and genetic drivers of these lesions.

Research into these molecular pathways and genetic mutations has unveiled new
therapeutic opportunities. For instance, the roles of molecules such as survivin and EGFR
suggest novel approaches for managing lesion growth. Studies have demonstrated that sur-
vivin expression is highest in ameloblastoma, followed by OKC, AOT, and reduced enamel
epithelium, suggesting that survivin plays a role in inhibiting apoptosis and influencing the
biological behavior of these lesions [128]. Similarly, EGFR and survivin have been shown to
play crucial roles in the pathogenesis of ameloblastoma, OKC, and calcifying odontogenic
cyst, highlighting the potential of targeting these markers in therapeutic approaches [129].

Differences in BMP4 and FOXN1 expression are opening new diagnostic and treatment
avenues, potentially allowing for the modulation of cellular behaviors within lesions. Higher
expression of BMP4 and FOXN1 in orthokeratinized odontogenic cysts (OOCs) compared to
OKCs suggests a higher level of activation of pathways involved in more mature epithelial
differentiation in OOCs, potentially contributing to their more benign behavior [130]. This
distinction could aid in differential diagnosis and guide targeted therapeutic strategies.

The discovery of new molecular markers and therapeutic targets is transforming the
treatment landscape for odontogenic lesions. The identification of EMT-related markers such as
Snail and Slug in odontogenic cysts has prompted the exploration of EMT inhibitors as potential
therapeutic options, aiming to prevent the invasive progression of these lesions. Significant
expression of EMT markers like Snail and Slug in keratocystic odontogenic tumors (KOTs)
suggests their role in EMT induction and potential as targets for therapeutic intervention [132].

The exploration of markers related to cell growth, apoptosis, and EMT is leading to
therapies that directly target these cellular processes. Such targeted approaches are part of
a broader shift towards precision medicine in the treatment of odontogenic lesions, aiming
for more effective management with fewer adverse effects and more personalized treatment
plans. Differential protein expressions in peripheral ameloblastoma and oral basal cell
carcinoma have been shown to aid in accurate classification and tailored treatments [133].

Understanding the molecular and biochemical underpinnings of odontogenic lesions,
particularly OKCs, has significantly improved their therapeutic management and surgical
outcomes. Insights into the biochemical behavior of these lesions have led to the refinement of
surgical techniques and the development of treatments tailored to their specific pathophysio-
logical features. For example, marsupialization, a pre-surgical technique used for OKCs, not
only reduces the size of the lesion but also induces biochemical changes within the cyst, such
as increased Slug expression [127]. These changes are associated with fibrosis of the cyst wall,
which facilitates easier surgical removal and reduces the likelihood of aggressive recurrence.
Marsupialization significantly reduces the size of OKCs and increases epithelial thickness and
collagenization, suggesting fibrosis and cyst wall strengthening, thus supporting its use as an
effective treatment for reducing OKC size and potential recurrence [127].

The potential for new therapeutic targets based on the molecular and biochemical profiles of
odontogenic lesions points towards an era of targeted, specific treatments. These advancements
promise to align therapeutic strategies more closely with the underlying causes of a lesion’s behavior,
enhancing the effectiveness of interventions and leading to better patient outcomes [128–131].

In summary, the evaluation and incorporation of molecular and biochemical markers
in the management of odontogenic lesions represents a significant advancement in the
field. These markers provide crucial insights into how these lesions develop and respond
to treatments, improving the prediction of outcomes and enabling more effective planning
and execution of therapeutic strategies. Ongoing research into these markers is vital for
refining management approaches and achieving better patient care outcomes (Table 8).
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5. Conclusions

This systematic review has comprehensively explored the roles of immunohistochem-
ical markers in dentigerous cysts (DCs) and odontogenic keratocysts (OKCs) associated
with impacted third molars. By synthesizing data from 138 articles, this review highlights
the diagnostic, prognostic, and therapeutic importance of markers such as Ki-67, p53, Bcl-2,
and PCNA. These markers have proven instrumental in predicting aggressive behavior
and guiding management strategies for OKCs, which are prone to aggressive growth
and recurrence.

The findings indicate that the elevated expressions of Ki-67 and p53 in OKCs are
particularly significant, suggesting that these markers can critically inform clinical decisions
regarding the timing and extent of surgical interventions. Additionally, the identification of
PTCH1 gene mutations and alterations in the SHH pathway presents promising targets for
developing novel therapeutic approaches, potentially leading to more effective treatments
tailored to the genetic profiles of individual lesions.

However, this review acknowledges several limitations, including the heterogeneity
of the study designs, sample sizes, and methodologies used, which may affect the gen-
eralizability of the findings. Most studies were limited by small sample sizes and the
retrospective nature of data collection, which can introduce bias and limit the applicability
of the results to a broader population. Furthermore, the predominance of research from
high-resource settings may not accurately represent the global burden and characteristics
of these conditions.

To address these limitations, future research should focus on conducting large-scale,
multicentric prospective studies that include diverse populations to enhance the external
validity of the findings. There is also a pressing need for longitudinal studies to assess
the long-term outcomes of different therapeutic interventions and their impact on the
patient’s quality of life. Exploring the molecular mechanisms driving the expression of
these immunohistochemical markers could uncover additional therapeutic targets. Fur-
thermore, the development of non-invasive diagnostic tools based on these markers could
revolutionize the early detection and management of DCs and OKCs, offering substantial
improvements in patient care.

In summary, while this review makes significant strides toward understanding the
complex pathology of odontogenic cysts and tumors, it also underscores the crucial need
for continued research and innovation in this field. Ensuring that future studies address the
identified limitations will be essential for producing findings that are robust, replicable, and
applicable to diverse patient populations. By integrating immunohistochemical data into
clinical practice, clinicians can optimize therapeutic outcomes and reduce the recurrence
rates of these potentially aggressive conditions, ultimately advancing patient care in oral
and maxillofacial surgery.
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Abstract: Background/Objectives: The main mechanism of the formation of granulation tissue is the
progression of an infection from the tooth to the periapical bone. At this level, the immune system
tries to localize and annihilate the microorganism’s injury. Ki-67 is a protein directly associated with
the cell proliferation rate, while CD34 is a biomarker involved in angiogenesis, and studies suggest
that they both have a positive correlation with the intensity of the local inflammatory infiltrate. This
study will determine the immunoexpression of CD34 and Ki-67 in periapical granulomas and assess
their impact on the growth and development of this tissue, as well as consider their roles in the
proliferative process and aggressiveness of evolution. Methods: In the present study, 35 periapical
granulomas obtained after a tooth extraction were included. The specimens were analyzed via
histopathology and immunohistochemistry. Results: A positive reaction for the Ki-67 antibody was
observed in 32 (86.5%) of the 35 periapical granuloma cases included in our study. We identified the
overexpression of Ki-67 and CD34 and further calculated the Ki-67 index to evaluate and correlate
the proliferation potential and angiogenesis with regard to the presence of an inflammatory infiltrate.
Conclusions: These findings suggest that the persistence of an inflammatory environment directly
influences Ki-67 and CD34 expression, sustaining the proliferative capacity of cells and abnormal
angiogenesis. This study is the first to evaluate the presence of the CD34+ and Ki-67+ proliferating
vessels in periapical granulomas.

Keywords: CD34; Ki-67; periapical granuloma; granulation tissue; cell proliferation; angiogenesis

1. Introduction

One frequently encountered pathology affecting the alveolar bone is periapical peri-
odontitis, a reaction caused by the invasion and proliferation of microorganisms due to
untreated pulp necrosis [1]. The interaction between these microorganisms and the immune
system’s response to their action determines periapical periodontitis development. The
persistence of the infection determines local bone resorption, followed by the replacement
of bone tissue with granulation tissue [2]. It is estimated that, worldwide, 52% of adults
have at least one periapical periodontitis-affected tooth [3]. Nair et al. classified periapical
radiolucency into apical abscesses, acute apical periodontitis, apical cysts, and chronic
apical periodontitis, identified as periapical granulomas. The World Health Organization
does not include the term “periapical lesion” in their classification [4,5].
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These modifications can also be explained by an alteration in the eubiosis of an oral
cavity. In the past, only the concept of probiotics and their important roles were known;
nowadays, novel products, such as paraprobiotics (tyndallized probiotics) and postbiotics,
have been created, and they can play a protective role in the occurrence of periapical
pathologies [6].

Granulation tissue, as a precursor of periapical granulomas, predominantly includes
the lymphocytes, plasma cells, macrophages, and mast cells that influence the development
of periapical granulomas [7]. Nevertheless, the presence of mast cells in inflammatory
granulomas highlights their role in this inflammatory process [8].

A histological analysis of periapical granulomas shows a strong angiogenesis process
affecting the newly formed vessels, and that significant immune cell infiltration secretes the
growth factors and cytokines that affect cells’ continued proliferation and migration [9].

The presence of an inflammatory infiltrate and the activation of neo-angiogenesis
have direct implications for the continuous development of periapical granulomas. As
the inflammatory stage continues, it triggers the release of multiple angiogenic factors
that directly act upon different cells [10]. Angiogenesis in oral pathologies potentiates
progression and sustains inflammation, and it is linked to an unfavorable prognosis. During
its progress, it determines the formation of new blood vessels through the proliferation
and migration of endothelial cells. The formation of new vessels is accompanied by the
introduction, among oxygen and nutrients, of pro-inflammatory cells into pathological
tissue [11].

Since different pathological mechanisms and changes are involved in periapical gran-
ulomas’ occurrence, persistence, and progression, multiple markers linked to these could
be targeted to evaluate this pathological lesion. Studies have focused on evaluating CD34
to assess the presence of endothelial cells and the progress of angiogenesis in pathological
tissue [12,13].

CD34 is a macromolecular transmembrane sialomucin protein, and it was first discov-
ered in human hematopoietic progenitor cells [14]. Besides the bloodstream, it is found in
vascular endothelial cells, keratinocytes, fibrocytes, interstitial cells, and epithelial progeni-
tors [15]. The presence of the CD34 marker has significant involvement in angiogenesis,
and studies also suggest that it has a positive correlation with the intensity of the local
inflammatory infiltrate [16].

Ki-67 is a protein directly associated with the cell proliferation rate. The presence of
this protein has been reported at all evolution stages of cells [17], making it a viable marker
responsible for the growth rates of cells [18]. To outline this aspect, past research identified
highly expressed Ki-67 in all phases of a cell cycle, being outlined in G1, S, G2, and mitosis.
One important aspect was the absence of Ki-67 expression in the resting cell stage (G0) [19].

To assess the level of Ki-67, the percentage of cells labeled with a representative anti-
body for Ki-67 must be quantified [20]. Through the evaluation of Ki-67 and its presence
in odontogenic inflammatory lesions, important information regarding the proliferative
potential of the cells and the recurrence rate can be obtained [20]. Nevertheless, several
studies have identified the presence of high levels of Ki-67, showing that it is a potential
biomarker for acknowledging the aggressive behavior of odontogenic cystic lesions [21]. In
addition, a positive Ki-67 reaction has been identified as a predictor of proliferation as a re-
sult of a chronic inflammatory environment [22]. Several studies have discussed the effects
of higher levels of Ki-67 on the aggressive behavior of these granulomas as a consequence
of the continuous activation of the inflammatory cells by the existing microorganisms [23].

In the development of periapical granulomas, the inflammatory environment plays a
key role, maintaining the proper conditions and cell populations required for the further
progression of this pathological entity. Based on the involvement of several bacterial
populations that trigger cytokine and growth factor production, the cell proliferation rate
is directly influenced and sustained. The release of cytokines will determine the rate of
increase in cellular stress and the increased immunoexpression of inflammatory markers,
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such as Ki-67 [24] and CD34 [16]. This aspect appears to directly influence the proliferation
rate of pathological tissue, as well as further immunopathological interactions.

The present study aims to identify and evaluate the immunoexpression of CD34 and
Ki-67 in periapical granulomas, as well as determine their influence on the development
and progress of this type of tissue, considering their influence on the proliferative process
and aggressiveness of evolution. By understanding this pathogenesis, cellular and molec-
ular interactions, and the existing changes related to periapical granulomas, treatment
approaches can be optimized.

2. Materials and Methods

This cross-sectional study was conducted during September 2022–March 2024 and
approved by the Ethics Committee of “Victor Babes, ” University of Medicine and Pharmacy
Timis, oara (no. 39/2022). All the patients included in the present study signed an informed
consent form that followed the guidelines of the Declaration of Helsinki.

2.1. Patients

The inclusion and exclusion criteria were as follows:
The inclusion criteria:

• Age: 18–70 years;
• Both males and females;
• Teeth with an indication of exodontia due to the impossibility of restorative treatment

and presence of a periapical granuloma;
• Non-vital teeth;
• Teeth without endodontic treatment.

The exclusion criteria:

• Minor patients;
• Patients with cervico-facial or/and oral cancers;
• Patients with mucositis;
• Patients with altered general conditions: acute leukemia, recent myocardial infarction,

or a stroke in the last 6 months;
• Patients undergoing drug treatment for bone pathologies (e.g., bisphosphonates).

Based on the inclusion and exclusion criteria, 35 patients were included in this study,
namely 17 females and 18 males, with an age range from 24 to 72 years. Regarding smoking
status, 25 patients were non-smokers and 10 were smokers.

2.2. Clinical Assessment and Granuloma Harvesting

Patients with preoperative periapical radiological radio transparency specific to an
odontogenic granuloma and clinically evident or suspected periapical lesions involving
non-vital teeth (as determined by an electric pulp tester) were included in this study. In
addition, only teeth with no clinical indications of restauration were included. All the
patients underwent a standardized preoperative orthopantomogram radiography. All
radiographic films were exposed and processed under similar conditions. A radiographic
evaluation was performed based on the Periapical Index (PAI) scoring system [24].

After tooth exodontia, the periapical granulomas were removed via the curettage of
the root socket. In our study, 29 patients had one tooth extracted, 5 patients had two teeth
extracted and 1 patient had three teeth extracted. In this study, 22 teeth were maxillary
teeth and 13 were mandibular teeth.

After socket curettage, the periapical granulomas were immersed in formalin, and a
fixation of the specimens was carried out with 10% buffered formalin for 48–72 h.

2.3. Primary Probe Processing

We performed an observational study on the paraffin-embedded periapical tissue
slices of the 35 periapical granuloma specimens processed according to a standard histology
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technique. The probes were cleaned, dried, clarified, and imbedded in paraffin. The Thermo
Shandon standardized inclusion automat (Thermo Fisher Scientific Inc., Aren-dalsvägen
16–418 78 Gothenburg, Sweden) was utilized for the inclusion stage. The Shandom ME
microtome was used to perform sectioning. Two slices, each measuring around 3 to 5 µm
in thickness, were cut from each paraffin block. Hematoxylin–eosin staining of one set of
sections was performed using the Leica automatic system on a regular basis to verify the
clinical diagnosis.

2.4. Immunohistochemistry

For all the cases included in this study, double immunostaining was performed
through a fully automated and standardized procedure for all the cases, using a Leica
Bond-Max auto-stainer (Leica Biosystems, Newcastle upon Tyne, UK). Paraffin sections
were treated for 20 min with a Bond Epitope Retrieval 2 solution (Leica Biosystems, New-
castle Ltd., Newcastle Upon Tyne, UK). Endogenous peroxidase was blocked with 3%
hydrogen peroxide for 5 min. Then, the sections were incubated for 30 min with the CD34
primary antibody (Leica Bond, RTU, clone QBEnd/10, Leica Biosystems Nussloch GmbH,
Nußloch, Germany).

For visualization, we used the Bond Polymer Refine Detection System, including the
secondary antibody (8 min) and the polymer, with an 8 min incubation time. After peroxi-
dase blocking, we applied the second Ki-67 antibody (Leica Bond, RTU, clone MM1). The
Bond Polymer Refine Red detection system containing 3,3-diamino-benzidine dihydrochlo-
ride and hematoxylin was used for visualization. Stained sections were permanently
mounted with Canada balsam.

2.5. Microscopic Evaluation and Image Analysis

Sections stained morphologically with hematoxylin–eosin and immunohistochem-
ically via CD34-Ki-67 double immunostaining were analyzed using the Zeiss Axiocam
506 (Jena, Germany) and Nikon AY260 microscopes (Nikon Europe B.V., Amstelveen,
The Netherlands). Both microscopes are equipped with a real-time imaging system and
software for the digital analysis of microscopic images.

The assessment of microvascular density was performed according to the modified
Weidner method [25]. Three microscopic fields with maximum vascular densities were cho-
sen, and they had a ×400 magnification. The arithmetic mean represented the final result.

Ki-67 was assessed via the original semi-automated method [26] on the immunohisto-
chemically stained sections. Each slide was initially examined with a ×100 magnification,
and the areas with the highest densities of Ki-67-positive nuclei were selected. The Ki-67
proliferation index was calculated using the digital images captured with a ×400 magnifi-
cation. The percentage of positive cells expressing Ki-67 was calculated, and the expression
level was evaluated using a scoring system developed by the American Association for
the Study of Cell Biology [27,28]. Applying this approach gave a score for the proportion
of positively immunostained cells [(absent 1%), (mild 1–10%), (moderate > 10–30%) and
(strong > 30%)] ranging from 0 to 3.

2.6. Statistical Analysis

The continuous variables following a normal distribution were presented as means
with standard deviations (SDs), while non-normally distributed data were presented as
medians with interquartile ranges (IQRs). The distribution’s normality was evaluated
using the Shapiro–Wilk test. The differences among the groups for the normally distributed
continuous data were assessed using the Welch’s t-test for two groups or the ANOVA
for more than two groups. Post hoc analyses, when necessary, were performed using the
Bonferroni correction to adjust for multiple comparisons. For the non-normally distributed
continuous data, the Mann–Whitney U test and the Wilcoxon signed rank test were used
for two-group comparisons, while the Kruskal–Wallis test was applied for comparisons
involving three or more groups. The false discovery rate was applied to adjust for multiple
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comparisons in the Mann–Whitney U test, Wilcoxon signed rank test, and Kruskal–Wallis
test. The categorical data were analyzed using the χ2 test or Fisher’s exact test, particularly
when the expected cell counts were below five. The categorical data were reported as
frequencies (n) and percentages (%). A prior power analysis was performed with at
least 80% statistical power and a 95% confidence interval. All statistical analyses were
performed using R Studio version 3.6.0, using the packages stats, dplyr, coin, multcomp,
and pwr. For the logistic regression model analyzing the Ki-67 score, model fit measures
included deviance, AIC, and McFadden’s R2. The deviance was 62.8, the AIC was 119, and
McFadden’s R2 was 0.330.

3. Results

In the present study, 35 periapical granulomas obtained after the extraction of teeth
were included. The patients were enrolled, and the details related to demographic data and
potential associated risk factors were further analyzed to identify the potential correlations.
The histopathological examination of the samples involved describing the existing cellular
population and evaluating CD34 and Ki-67 expression.

The median age of the patients included in this study was 43 years old, with an
interquartile range (IQR) of 36 to 50 years. Out of the 35 patients, 17 (49%) were female.
Ten patients (27%) were smokers, and among the smokers, the median daily cigarette
consumption was 20 cigarettes, with an IQR of 16.3 to 20 cigarettes per day (Table 1).

Table 1. Patient baseline characteristics.

N = 35

Age 43 (36, 50)
Sex

M 18 (51%)
F 17 (49%)

Smoking status
Non-smoker 25 (71%)

Smoker 10 (29%)
Daily cigarette consumption 20 (16, 3–20)
Extracted tooth

1 29 (83%)
2 5 (14%)
3 1 (3%)

For the average proliferating vessels, significant differences were observed between
the Ki-67 score groups, with the highest values being found in the >30 group (mean = 8.0),
followed by the 20–30 group (mean = 6.0). The statistical test had a significant effect, with
p < 0.011.

The connective tissue vessels had a consistent median across the groups, with the
highest value recorded in the >30 group (median = 15.0); however, the differences were not
significant (p = 0.821).

The results indicate that the majority of patients across all the Ki-67 score groups
had one tooth extracted, with 83.8% of patients placed in this category. Regarding sex
distribution, females comprised 49% of the total sample, and they were more highly
represented in the 10–20 Ki-67 group (100%). Males made up 51% of the sample, and all
the patients in the >10 group were male.

Figure 1 shows a bimodal distribution, with 34.4% of the subjects having Ki-67 scores
greater than 30, 31.2% having scores less than 10, and smaller proportions falling within
the intermediate ranges.

In the logistic regression model for the Ki-67 score groups, significant predictors included
“Proliferant vessels” for the <10 vs. 20–30 comparison (estimate = −35.637, p < 0.001), and
“Connective tissue vessels” for the >20 vs. 20–30 comparison (estimate = −8.333, p = 0.048).
The other predictors did not show significant effects.
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3.1. Histopathological Analysis

The periapical granuloma tissues were analyzed based on the diagnostic criteria of
Omoregie et al. [29,30].

We classified the histological types of periapical granuloma into early, intermediate,
and late stages based on the associated inflammatory cells (Figure 2a–d).
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Figure 2. Histopathological aspects of periapical granulomas: (a) early periapical granuloma with
numerous foamy macrophages (blue arrow) and blood vessels (yellow arrow); (b) intermediate
periapical granuloma with mixed inflammatory infiltrate consisting of lymphocyte plasma cells and
macrophages (blue arrows) and blood vessels (yellow arrow); (c) late periapical granuloma with
rich connective stroma (blue arrow) and few inflammatory cells (yellow arrow); and (d) periapical
granuloma (detail), inflammatory infiltrates, and fibrous stroma with prominent fibroblasts (yellow
arrow). Hematoxylin–eosin staining, ×400 magnification.
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3.2. Immunohistochemical Findings

During the immunohistochemical staining experiment, we observed the number of
CD34-positive vessels and the number of Ki-67-positive cell nuclei. The positive expression
of Ki-67 in the connective tissue resulted in a distinct nuclear brown staining that had a
score of 0 to 3, as shown in Figure 3.

A positive reaction for the Ki-67 antibody was observed in 32 (86.5%) of the 35 cases
of the periapical granulomas included in our study. A moderate expression (>10–50%) was
the most frequently observed, as it was observed in 22 cases (59.5%). A light expression
of Ki-67 (1–10%) was observed in 10 cases (27%), and in 3 cases (13.5%), Ki-67 expression
was absent.
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Figure 3. Ki-67 expression in periapical granulomas: (a) score 0 (1% positive nuclei, brown–yellow
arrows); (b) score 1 (1–10% positive nuclei, brown–yellow arrows); (c) score 2 (>10–50% positive
nuclei, brown–yellow arrows); and (d) score 3 (50% positive nuclei, brown–yellow arrows). Double
CD34-Ki67 immunostaining, ×400 magnification.

As shown in Figure 4, we observed a high Ki-67 nuclear expression in the region of
the inflammatory infiltrate, as well as in the epithelium’s basal layer.

The positive expression of CD34 in the vascular endothelium resulted in cytoplasmic
red staining. We noticed CD34-positive vessels in all the cases included in this study.
The most numerous examples were observed in periapical granulomas classified as being
in the intermediate stage with mixed inflammatory infiltrates. The vessels present in
the area of the inflammatory infiltrate were heterogeneous in terms of morphology and
size. Most of the immunohistochemically identified vessels were medium or small in
size, though only some showed lumen. Small vessels with a narrow lumen bordered by
proliferating endothelial cells were also present. We noted the CD34-positive vessels that
formed compartments in the area of the inflammatory infiltrate. Numerous inflammatory
cells were present in these vascular compartments.
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Figure 4. Stratified squamous epithelium with Ki-67-positive nuclei (brown, pointed to with blue
arrow) in the basal area (positive control), a reduced number of Ki-67-positive nuclei in the area
of the inflammatory infiltrate (brown, pointed to with the yellow arrows). CD34-Ki-67 double
immunostaining, ×400 magnification.

CD34 and Ki-67 co-expression was noted in the vascular endothelium, which allowed
for the quantification of the vascular microdensity in relation to endothelial proliferation,
as shown in Figure 5a,b.
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size and morphology, with both vessels without lumen (red–blue arrows) and small- and medium-
sized vessels showing lumen (red–yellow arrows); and (b) CD34-Ki-67 co-expression at the level
of the vascular endothelium, with vascular compartments. CD34-Ki-67 double immunostaining,
×400 magnification.

We also noted that, in some cases, intussusception characterized by the presence of
vessels had a wide lumen, with protrusions noted towards the endothelium lumen. All the
above aspects suggest the activation of angiogenesis in periapical granulomas.

The proliferative activity of periapical granulomas is an important indicator for evalu-
ating the progression and proliferation potential of the lesion and the pathological tissue.
Positive Ki-67 expression, being a consequence of a chronic irritation, can be an indicator of
the lesion’s evolution.

Thus, based on these results, our study is the only one to evaluate both Ki-67 and
CD34 expression in periapical granulomas.
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4. Discussion

Periapical granulomas are a consequence of a persistent bacterial infection localized
in the roots of teeth, determining both the inflammatory response and the changes in the
local environment triggered by the release of cytokines and growth factors [31]. They are
histologically described as being rich granulation tissue, encapsulated by a fibrous mem-
brane. Past studies discuss the cellular components of the granulation tissue, highlighting
the presence of lymphocytes, monocytes, macrophages, and plasma cells resulting from
chronic persistent inflammatory stimulus in the periapical space [32]. The reported humoral
immune and cell-mediated reactions in periapical granulomas are involved in ongoing
cellular proliferation [33]. The literature has reported these types of lesions in males and
females [34]. In the present study, 51% of the samples belonged to males (18 patients), while
the other studies reported a predominantly female population [35–37].

Comparing the prevalence between the different age groups, the literature reveals a
higher incidence in the third and fourth decades of life [38]. However, there are studies that
discuss the fact that inflammatory cysts are more commonly encountered in young adults,
with this distribution most probably being determined by the oral and dental status of the
studied population [39]. However, in the present research, the subjects had a median age
of 43 years old. Regarding the localization of the periapical granulomas, the mandibular
location was more common in our study, being similar to other existing data in the research
field [37].

Studies have described the evolution of periapical inflammatory lesions as being
directly dependent on the balance between cell proliferation and apoptosis [19]. Taking into
consideration the fact that periapical granulomas are a response to bacterial stimuli that
determine an inflammatory reaction, the release of inflammatory cytokines induces certain
cellular stress that influences the immunoexpression of Ki-67 in periapical granulomas [22].

The Ki-67 antigen is a nuclear protein expressed by the cells that undergo a proliferat-
ing phase, with peak values in the phases G2 and M [40]. Taking this into consideration,
researchers aimed to evaluate Ki-67 antibody expression in various malignancies [41]. Nev-
ertheless, there are studies that focus on the presence of Ki-67 and PCNA in premalignant
and malignant oral cavity lesions due to their implications for the proliferation process [42].
In addition, there is evidence related to the use of the immunoexpression of Ki-67 as a
biological marker for the evaluation of a possible predisposition towards developing a
cystic lesion [43]. The results of our study revealed positive Ki-67 immunoreactivity in the
nuclei of the basal layers of the periapical granulomas compared to the low expression
encountered in the nuclei of the inflammatory infiltrate. Indeed, similar results were re-
ported by Sargozalei et al. [22]. In a study conducted by Slotweg et al. [44], it was noted
that in the case of inflammatory periapical lesions, the expression of Ki-67 was higher in
the basal layer compared to the odontogenic keratocysts, which exhibited a higher expres-
sion in the suprabasal layer. The results of the study performed by De Palma et al. [45]
showed that the expression of Ki-67 in inflammatory keratocysts was higher compared to
the non-inflammatory ones. These differences also influenced the different development
pathways of these pathological entities [46]. The existing results show the importance of
the odontogenic inflammatory entities and the evaluation of Ki-67 immunoexpression,
offering a new perspective on the proliferative potential of a periapical lesion and, in some
cases, its recurrence potential [46,47]. Chaturvedi et al. [47], in their study, identified the
potential use of Ki-67 as a biomarker to evaluate the aggressiveness of benign odontogenic
tumors. The results of their study indicated a positive correlation between the intensity of
Ki-67-positive cells and the aggressive behaviors of the odontogenic tumor.

By targeting CD34 in periapical granulomas, we aimed to quantify angiogenesis in the
pathological tissue. CD34 is defined as an adhesion molecule expressed in the endothelial
and hematopoietic cells [48]. There are studies that show a positive correlation between
CD34 and the intensity of the inflammatory infiltrate in pathological periapical tissue. In
the present study, we reported similar results, identifying a higher immunoexpression
of CD34 in the areas with a higher inflammatory infiltrate. In addition, by correlating
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the immunoexpression of CD34 with Ki-67, the results were positive, allowing us to
identify a relationship between angiogenesis, the microvessel density, and the endothelial
proliferation potential. The aggressive behavior of the periapical lesions was also linked
to the intensity of CD34 expression, and the results of Mathiou et al. [49] describe the
increases in the immunoexpression of CD34 and the microvessel density in the areas with
an inflammatory infiltrate as increasing angiogenesis and influencing further development.
Another study that focused on the presence of CD34 in periapical granulomas reported
an increased expression of this molecule, determining the existence of an endothelial
hyperplasia due to the increased angiogenesis [50].

The cellular and molecular mechanisms involved in granuloma progression and
recurrence, particularly in terms of therapeutic interventions, could be used in future
studies for the investigation of other osseous tumors like central giant cell granulomas.
The etiology of this tumor type remains multifaceted and continues to be debated within
the medical community, but early hypotheses have suggested an inflammatory, reactive
reaction [51].

On the other hand, prophylaxis related to the occurrence of periapical granulomas
must be studied further. Due to the implications of oral microbiota, the eubiotics ad-
ministered to patients can help the local immune system of the oral cavity to stop the
worsening of periapical injuries, as can the use of paraprobiotics (tyndallized probiotics)
and postbiotics. Paraprobiotics are deactivated microbial cells that benefit the consumer
without posing any health risks; they control the innate and adaptive immune systems,
act as antagonists against pathogens, and have anti-inflammatory, antiproliferative, and
antioxidant properties. Postbiotics, which comprise any material released or created by the
metabolic activity of a microbe without including living bacteria themselves, should not be
confused with probiotics and paraprobiotics [6]. Other factors that limit the formation and
progression of a periapical granuloma can lead to good oral health, lowering the plaque
index, ensuring the early detection and treatment of pulp inflammation and infection, and
enabling the correct endodontic treatment of teeth with periapical symptoms.

Upon analyzing the expression of CD34 and Ki-67 in the samples, the results highlight
the potential use of these proteins as biomarkers to evaluate the proliferative characteristics,
inflammatory components, and future development of lesions.

One of the major limitations of this study is the number of samples. Our results should
encourage new studies with larger samples to evaluate odontogenic periapical granulomas
and improve the knowledge in this field. In addition, our findings and other potential
studies could be the basis of antiangiogenic therapy.

5. Conclusions

Periapical granulomas are odontogenic pathologic entities that occur in response to
chronic bacterial irritation. Pathological mechanisms and cellular interactions have an
important influence on the evolution of lesions. In the present study, we identified the
overexpression of Ki-67 and CD34 and calculated the Ki-67 index to evaluate and correlate
the proliferation potential and angiogenesis in the presence of an inflammatory infiltrate.
These findings suggest that the persistence of the inflammatory environment directly
influences Ki-67 and CD34 expression, sustaining the proliferative capacity of the cells and
abnormal angiogenesis.
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Abstract: Background and objectives: Histopathological similarities between craniopharyngioma (CP)
and ameloblastoma (AB) have long been recognized, particularly the shared features of palisading
columnar epithelium and stellate reticulum-like areas. This study aimed to investigate potential
odontogenic differentiation in CP akin to AB using immunohistochemical odontogenic markers.
Methods: We analyzed AMELX, ODAM, and CK19 expression in 44 cases (20 CP and 24 AB).
Results: While AMELX and ODAM showed diffuse strong positive expression in both tumors with
no significant statistical differences, CK19 expression was notably higher in CP. Conclusion: The
markers AMELX and ODAM associated with odontogenic differentiation exhibited similar profiles in
both tumors due to shared similar embryological origins. Notably, CK19, a biomarker of odontogenic
epithelium, showed even higher expression, suggesting distinct pathways. These findings offer
insights into tumor biology and may aid in diagnostic and therapeutic approaches.

Keywords: craniopharyngioma; ameloblastoma; odontogenic differentiation; immunohistochemistry

1. Introduction

Craniopharyngiomas (CPs) are rare, histologically benign epithelial neoplasms that
represent a significant challenge in neurosurgical practice. They constitute 1.2–4.6% of all
primary intracranial tumors, where the incidence is estimated at 0.5–2 cases per million
persons annually [1]. The first description of craniopharyngiomas was reported in 1857 by
Zenker. This tumor was named craniopharyngioma by Cushing in 1932 and was widely
established as a clinical entity [2]. CPs affect individuals across the lifespan, but their
occurrence displays a distinct bimodal age distribution, peaking during childhood/early
adolescence (5–15 years) and middle adulthood (44–56 years) [1]. While no clear gender
predilection has been established, the anatomical location of these tumors, typically in the
sellar/parasellar region, results in significant morbidity [2]. These tumors are generally
diagnosed in patients who develop symptoms, including headaches or visual impairment
(due to compression of the optic chiasm) and endocrine deficits from local mass effects on
the hypothalamic–pituitary axis [2]. Management is further complicated by the fact that
diagnosis of CP often has a long delay from symptom onset (up to 1–2 years) [2].

Craniopharyngiomas are rare in incidence, whereas ameloblastomas (ABs) were
found to be the most common clinically significant odontogenic tumor; therefore, by
itself, ameloblastoma equals all other odontogenic tumors except for limited cases of inside
calcified composite [3,4]. Cusack first described ameloblastoma in 1827, which was later
explained by Broca in 1868 [5,6]. Ameloblastoma was named adamantinoma by Baden in
1965 [7]. The term “ameloblastoma” was introduced in 1929 [7].

Although ABs can affect a wide age range, they are rarely observed in children younger
than ten. The peak incidence is between the third and seventh decades of life, with no
gender or ethnic predilection [3]. Most ABs (about 80%) arise from the mandible, especially
in a molar/ramus location, and are manifested by an asymptomatic swelling [3].
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Despite their distinct clinical presentations and sites of origin, CP and AB can pose
diagnostic challenges due to their overlapping clinical and radiological features, particularly
multilocular cystic formations [8]. The accurate differentiation of these tumors is crucial to
guide appropriate treatment and management strategies.

Histopathologically, CPs are classified into two main subtypes: adamantinomatous
(ACP) and papillary (PCP), with transitional or mixed forms also described [9]. The most
prevalent subtype, ACP, typically presents as a large, multilobulated, solid cystic mass, often
with calcifications and a characteristic “motor-oil”-like fluid content [9]. Microscopically,
ACP shows islands of squamous epithelium in cords and trabeculae lined by palisading
columnar cells [9]. Key diagnostic features include the presence of “stellate reticulum”-like
areas, wet keratin, ghost cells, and reactive gliosis in surrounding brain tissue [9].

In contrast, PCP is almost exclusively observed in adults and tends to be a solid or
mixed mass with viscous yellow cysts, rarely exhibiting calcifications [9]. Microscopically,
PCP is composed of mature squamous epithelium forming pseudopapillae with an anas-
tomosing fibrovascular stroma [9]. Notably, PCP lacks the peripheral palisading, stellate
reticulum, and wet keratin characteristics of ACP [9].

Ameloblastomas also exhibit diverse histopathological patterns. Solid and multicystic
ABs (which constitute approximately 75–86% of cases) are further subdivided into follicular,
plexiform, acanthomatous, granular cell type, desmoplastic, and basal cell patterns [3].
The follicular type, which is the most common one, manifests leaf-like epithelial islands
with peripheral columnar ameloblast-like cells and a central core of stellate reticulum-like
cells [3]. The plexiform pattern consists of anastomosing cords or sheets of odontogenic
epithelium bordered by ameloblast-like cells [3]. The other patterns are distinguished by
varying degrees of squamous metaplasia, keratin formation, granular cell transformation,
and desmoplasia [3].

The histopathological similarities between ACP and AB, particularly the shared fea-
tures of palisading columnar epithelium and stellate reticulum-like areas, have long been
recognized [8]. These resemblances are not mere coincidences but likely reflect their shared
embryological origin from the oral ectoderm [8]. Both Rathke’s pouch, the presumed
origin of CPs, and the odontogenic epithelium, the source of ABs, arise from this common
precursor tissue [8,10,11]. The process of tooth development, initiated by the thickening
and invagination of the oral epithelium into ectomesenchyme, mirrors the early stages
of Rathke’s pouch development [10]. The shared developmental pathway provides a
plausible explanation for the histological convergence of these tumors, prompting further
investigation into their molecular underpinnings.

This study focuses on the comparative immunohistochemical analysis of three key
markers: amelogenin (AMELX), odontogenic ameloblast-associated protein (ODAM), and
cytokeratin 19 (CK19). These markers have been selected based on their well-established
roles in tooth development and their potential relevance to the biology of CP and AB.

AMELX, a major enamel matrix protein, is crucial for enamel’s structural organization
and biomineralization [12,13]. It is expressed by ameloblast in the secretory stage [14].
Low-molecular-weight enamel matrix protein has been consistently shown in the enamel
organ’s inner enamel epithelium, stratum intermedium, and stellate reticulum [15]. While
previously thought to be exclusive to enamel formation, AMELX expression has now been
identified in other tissues, including bone and cartilage, suggesting a broader role in tissue
development [13].

ODAM, another enamel protein, is vital in enamel maturation and mineralization [16].
Its expression has been detected in various epithelial neoplasms, including odontogenic
tumors and cancers of the lung, breast, and stomach, suggesting a potential role in tumori-
genesis [17]. Furthermore, ODAM has been proposed as a potential prognostic biomarker
and therapeutic target for certain cancers [17].

CK19, a cytokeratin expressed in simple epithelia and various ductal tissues, is rec-
ognized as an essential biomarker of the odontogenic epithelium [18–20]. Its expression
has been observed in several odontogenic tumors, including AB, highlighting its relevance
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to the study of these lesions [21,22]. Furthermore, CK19 was expressed in craniopharyn-
gioma [9].

By comparing the expression profiles of AMELX, ODAM, and CK19 in CP and AB,
this study aims to shed light on these tumors’ potential shared embryological origins and
divergent pathological mechanisms. The findings could contribute to a better understand-
ing of tumor biology, enhance diagnostic accuracy, and open avenues for targeted therapies
in the future.

2. Materials and Methods

This study comprised 44 formalin-fixed tissue blocks, including 20 cases of cranio-
pharyngioma and 24 cases of ameloblastoma. The primary antibodies used in this study
included anti-amelogenin (AMELX, MyBioSource, San Diego, CA, USA), anti-ODAM
(Abbexa, Houston, TX, USA), and anti-CK19 (MyBioSource). All the primary antibodies
were polyclonal. Positive tissue controls were included in each run following manufacturer
data sheets (Figure 1). Negative tissue controls were prepared by adding phosphate-
buffered saline (PBS) instead of primary antibodies to the slides. The immunohistochemical
procedure was conducted according to the instructions provided in the data sheets of the
Abcam secondary antibody detection kit (ab80436-EXPOSE Rabbit and Mouse Specific
HRP/DAB Kit, Abcam, Cambridge, UK). The detection system kit and the primary an-
tibodies were put in the refrigerator at 4 ◦C. Each solution was allowed to reach room
temperature before each step.
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Figure 1. (A) Positive ODAM expression in the cytoplasm of the epithelioid cells and in the ghost cells
of calcifying epithelial (Pindborg) odontogenic tumor that was used as a positive control for ODAM
in the study (Immunohistochemistry, 400×). (B) Positive CK19 expression in the cytoplasm of the
epithelial cells of the squamous cell carcinoma that was used as a positive control for CK19 in this study
(Immunohistochemistry, 400×). (C) Breast carcinoma tissue used as a positive control for amelogenin in
this study, with a positive cytoplasmic expression of amelogenin (Immunohistochemistry, 400×).

All tissue specimens (cases and control) were presumably fixed in 10% formalin before
being processed into paraffin blocks, cut into 4-micron thick sections, and placed on slides
with a positive charge. The slides were incubated at 60 ◦C for two hours in a hot air oven.
Then, rehydration was performed by immersing the slides twice in xylene (5 min each),
followed by a serial of ethanol dilutions (100%, 100%, 95%, 75%, 50%) for 3 min each and
then distilled water. The retrieving procedure involved pretreatment with heat-mediated
antigen retrieving solution (citrate buffer pH 6.0). After heating the water-filled water bath
and the Kaplan jars with the retrieval solution to 90–95 ◦C, the slides were placed into the
jars and cooked for 20 min at that same temperature. After that, the slides were cooled
at room temperature for an additional 25 min. A protein block was added after applying
a peroxidase block and incubating for 10 min at 37 ◦C to inhibit endogenous peroxidase
activity. Next, each slide received at least 100 µL of diluted primary antibody and was
incubated for an hour, and they were then put in the refrigerator at 4 ◦C overnight. The next
day, secondary antibody and HRP conjugate were applied. The slides were then incubated
in a humid chamber for 15 min in the incubator, followed by two rinses with PBS for 5 min
each. Chromogen and DAB (Diamino Benzidine) substrates were applied to each slide,
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and the slides were placed away from light for 10 min. Hematoxylin counterstaining was
performed by rinsing the slides for 30 s and then washing the slides with running water.
Dehydration was performed to remove the water contained in the tissue by immersing the
slides in a series of ethanol dilutions (50%, 75%, 95%, 100%- 100%), followed by immersion
twice in xylene (5 min each) and covering with DPX mounting media.

Evaluation of the immunohistochemistry involved examining positive slides by count-
ing the positive cells of ameloblasts and stellate reticulum in 5 high-power fields (400×).
For amelogenin staining, the assessment was categorized as follows: “−” indicated no
positive cells; “+”, less than 10%; “++”, 10–50%; “+++”, over 50% positivity [10]. Similar to
this, the proportion of positive cells was used to determine the score for ODAM staining,
which ranged from “−” (0–4%) to “+++” (>75%) [23]. According to the following criteria,
CK19 staining was assessed: “−” indicated fewer than 10% positive cells; “+”, 10% to 50%
positive cells; “2+”, more than 50% positive cells [24].

Given the nature of our data and the study’s sample size, we carefully chose acceptable
statistical tests for comparing categorical data. The primary consideration was the distribu-
tion and expected frequency of data points within each category of our contingency tables.

The Chi-squared test is frequently utilized with larger sample sizes and when the
expected frequencies in each category of the contingency table exceed 5. This condition
ensures that the approximations used to calculate the p-values are valid.

However, in our study, several categories had expected frequencies of less than five
due to the small sample size in each group (20 cases of craniopharyngioma and 24 cases
of ameloblastoma). This circumstance often leads to a significant chance of type I errors
(incorrectly rejecting the null hypothesis) when employing the Chi-squared test.

As a result, we chose Fisher’s exact test, specifically developed for small sample sizes
and robust to data distribution within the contingency table. Unlike the Chi-squared test,
Fisher’s exact test does not rely on large sample assumptions and is more appropriate for
our study, where the cell counts are low. This test yields an exact p-value based on the
hypergeometric distribution, making it a better choice for our comparative investigation
of immunohistochemical marker expression in craniopharyngioma and ameloblastoma.
Using Fisher’s exact test ensures the accuracy of our findings, reducing the risk of statistical
error caused by small, uneven sample numbers across the compared groups.

By employing Fisher’s exact test, we adhere to statistical best practices, providing a
strong analytical framework that supports our findings’ validity and thereby improves our
study’s scientific rigor.

3. Results

In total, 44 cases were examined, comprising 20 cases of craniopharyngioma and
24 cases of ameloblastoma. Among the craniopharyngioma cases, 18 were of the adamanti-
nomatous subtype (nine cystic, eight follicular, and one plexiform-like) while 2 were
papillary. Fourteen cases of the adamantinomatous type exhibited ghost cells. Regarding
ameloblastoma, 7 cases were cystic, 5 were plexiform, and 12 were follicular.

The immunohistochemical analysis of AMELX, ODAM, and CK19 across the 44 cases
revealed distinct expression patterns between craniopharyngioma and ameloblastoma. The
results are summarized in Table 1, which includes frequencies, percentages, and confidence
intervals for each marker expression category. However, the expression patterns varied
considerably among the cases. Some cases exhibited only ameloblast or stellate reticulum
expression, while others showed both.

Regarding amelogenin expression, there were no significant differences between cran-
iopharyngioma and ameloblastoma (p = 0.320) (Figure 2A–C). Most cases of both diagnoses
demonstrated strong amelogenin positivity (+3). Notably, 90% of adamantinomatous cran-
iopharyngioma cases with ghost cells showed strong amelogenin expression in these cells.
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Table 1. Comparison of AMELX, ODAM, and CK19 expression between craniopharyngioma and
ameloblastoma using Fisher’s exact test.

Marker Diagnosis Score 1 (n, %, 95% CI) Score 2 (n, %, 95% CI) Score 3 (n, %, 95% CI) p-Value

AMELX Craniopharyngioma 2 (9.1%, 2.3–29.0%) 1 (4.5%, 0.8–20.4%) 17 (77.3%, 58.9–89.6%) 0.32
Ameloblastoma 2 (8.3%, 2.1–27.0%) 5 (20.8%, 9.1–41.7%) 17 (70.8%, 52.8–84.7%)

ODAM Craniopharyngioma 2 (9.1%, 2.3–29.0%) 2 (9.1%, 2.3–29.0%) 16 (72.7%, 54.3–85.4%) 0.209
Ameloblastoma 4 (16.7%, 6.6–36.6%) 7 (29.2%, 15.3–48.7%) 13 (54.2%, 34.2–73.0%)

CK19 Craniopharyngioma 2 (9.1%, 2.3–29.0%) 18 (81.8%, 63.6–92.3%) 0 (0%, 0–15.4%) 0.008
Ameloblastoma 12 (50.0%, 30.7–69.3%) 12 (50.0%, 30.7–69.3%) 0 (0%, 0–15.4%)

Note: Confidence intervals (CI) for percentages are based on the Wilson score method. AMELX—amelogenin;
ODAM—odontogenic ameloblast-associated protein; CK19—cytokeratin19.
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ODAM expression also did not significantly differ between craniopharyngioma and
ameloblastoma (p = 0.209), with the majority of cases showing strong positive expression
(+3) (Figure 3A–C). Notably, ODAM expression was observed in both ameloblast-like
cells and stellate reticulum in 61% of cases. In comparison, it was observed solely in
stellate reticulum in 30% of cases and ameloblast-like cells in four cases. Ghost cells in
adamantinomatous craniopharyngioma cases also exhibited strong ODAM expression.
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tively, visually comparing the two types of tumors. Figure 5 includes bar graphs that rep‐
resent the percentage of cases showing each marker’s expression level, enhancing the in‐
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Figure 3. (A) Adamantinomatous craniopharyngioma with cytoplasmic expression of ODAM an-
tibody in both ameloblast and stellate-like area, with positive expression of ODAM in the ghost
cells (black arrow) (Immunohistochemistry, 400×). (B) Follicular ameloblastoma with cytoplasmic
expression of ODAM antibody in both stellate reticulum and ameloblast (Immunohistochemistry,
400×). (C) Papillary craniopharyngioma with membranous expression of ODAM antibody in the
squamous epithelial cells (Immunohistochemistry, 400×).

The expression of CK19 was significantly higher in craniopharyngioma compared to
ameloblastoma (p = 0.008), with most craniopharyngioma cases showing strong positivity
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(+2) (Figure 4A–C). The effect size calculated (phi coefficient = 0.42) indicates a moderate
association. Notably, strong CK19 expression was observed in the stellate reticulum, with
54.5% of cases showing expression solely in the stellate reticulum and 38.5% showing
expression in both ameloblast-like cells and stellate reticulum. Only 7% of cases exhibited
CK19 expression solely in ameloblast-like cells. Ghost cells also demonstrated strong
CK19 expression.
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Figure 4. (A) Papillary craniopharyngioma with cytoplasmic expression of CK19 antibody in the squa-
mous epithelial cells (Immunohistochemistry, 400×). (B) Adamantinomatous craniopharyngioma
with membranous expression of CK19 antibody in the stellate-like area (Immunohistochemistry,
400×). (C) Follicular ameloblastoma with cytoplasmic expression of CK19 antibody in the stellate
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Figures 2–4 illustrate the expression patterns of AMELX, ODAM, and CK19, respec-
tively, visually comparing the two types of tumors. Figure 5 includes bar graphs that
represent the percentage of cases showing each marker’s expression level, enhancing the
interpretability of the results. These figures visually demonstrate the differences and simi-
larities in marker expression between craniopharyngioma and ameloblastoma, highlighting
the unique immunohistochemical profiles observed.
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epithelium and odontogenic cells [7]. Both Rathke’s pouch and odontogenic epithelium 
are derived from the stomodeal ectoderm, a process involving the thickening and invagi‐
nation  of  the  oral  epithelium  into  ectomesenchyme  [10]. This  common  embryological 
origin may explain the shared ODAM and AMELX expression between these intracranial 
and intraosseous tumors. 

However, despite these shared characteristics, our study revealed a key difference in 
the expression of CK19. The significantly higher expression of CK19 in craniopharyngi‐
oma compared to ameloblastoma suggests a potentially distinct pathway in its odonto‐
genic differentiation. This finding is particularly intriguing considering the role of CK19 
as a marker of odontogenic epithelium, as previously established [24,26]. CK19 is known 
to be upregulated during the conversion of inner enamel epithelium to ameloblasts and is 
considered a stem cell marker for understanding the pathogenesis of odontogenic cysts 
and tumors [26]. The expression of CK19 in craniopharyngioma has also been reported by 
Campanini et al. [9]. Reduced enamel epithelium with overexpressed CK19 indicates the 
immaturity of the tumor cell lineage, may interfere with terminal differentiation, and may 

Figure 5. Comparison of AMELX, ODAM, and CK19 expression levels between craniopharyngioma
and ameloblastoma.

In summary, while amelogenin and ODAM expression did not significantly differ
between craniopharyngioma and ameloblastoma, CK19 expression was significantly higher
in craniopharyngioma. These findings underscore the varied immunohistochemical profiles
between the two tumor types and may provide insights into their underlying molecular
characteristics and developmental pathways.

4. Discussion

This study investigated the immunohistochemical expression of amelogenin (AMELX),
odontogenic ameloblast-associated protein (ODAM), and cytokeratin 19 (CK19) in cranio-
pharyngioma and ameloblastoma, aiming to shed light on their potential shared embryolog-
ical origins and divergent pathological mechanisms. Our findings revealed similarities in
AMELX and ODAM expression between these two tumor types, supporting the hypothesis
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of a shared embryological origin from the oral ectoderm. This aligns with previous research
indicating the role of amelogenin, an enamel protein synthesized by ameloblasts [10], as an
indication of the development of epithelial cells in odontogenic lesions [25] and a predictor
of histological behavior. Amelogenin’s utility as a definitive marker for identifying and
differentiating odontogenic lesions from other epithelial lesions in the oral and maxillofacial
regions has been well-established [15].

Similarly, ODAM, a developmental antigen crucial for tooth maturation, plays a role
in the pathogenesis of various odontogenic and epithelial neoplasms [17]. Its expression in
ameloblast differentiation and enamel mineralization [19] further supports the odontogenic
differentiation of ameloblastoma.

The similarities in AMELX and ODAM expression between these tumors support the
hypothesis of a shared embryological origin. Craniopharyngiomas are thought to arise
from epithelial remnants of Rathke’s pouch [8], while ameloblastomas originate from oral
epithelium and odontogenic cells [7]. Both Rathke’s pouch and odontogenic epithelium are
derived from the stomodeal ectoderm, a process involving the thickening and invagination
of the oral epithelium into ectomesenchyme [10]. This common embryological origin
may explain the shared ODAM and AMELX expression between these intracranial and
intraosseous tumors.

However, despite these shared characteristics, our study revealed a key difference in
the expression of CK19. The significantly higher expression of CK19 in craniopharyngioma
compared to ameloblastoma suggests a potentially distinct pathway in its odontogenic
differentiation. This finding is particularly intriguing considering the role of CK19 as a
marker of odontogenic epithelium, as previously established [24,26]. CK19 is known to
be upregulated during the conversion of inner enamel epithelium to ameloblasts and is
considered a stem cell marker for understanding the pathogenesis of odontogenic cysts
and tumors [26]. The expression of CK19 in craniopharyngioma has also been reported
by Campanini et al. [9]. Reduced enamel epithelium with overexpressed CK19 indicates
the immaturity of the tumor cell lineage, may interfere with terminal differentiation, and
may show the capacity of cells to proliferate [26]. These findings, along with the hypothesis
of the shared embryological origin of these two tumors, further support the odontogenic
differentiation of craniopharyngioma.

Further, the significantly higher CK19 expression in craniopharyngioma holds exciting
implications for the diagnosis and prognosis of these tumors, since CK19 was considered
a strong epithelial tumor marker used to diagnose and evaluate the prognosis of various
tumors of epithelial origin [27]. Additionally, CK19 serves as a useful research tool in the
prognosis, diagnosis, and management of both tumors owing to its overexpression in sev-
eral tumors [28]. In other studies, associations between reduced CK19 expression and some
unfavorable phenotypic tumor features and poor patient prognosis were discovered [29].

The differential expression of CK19 may reflect variations in the underlying signaling
pathways driving tumor development in craniopharyngioma and ameloblastoma. While
both tumors exhibit dysregulation of the Wnt signaling pathway, a key player in tooth
development [30], the specific downstream effectors and their influence on CK19 expression
may differ. This divergence could be attributed to the distinct microenvironments and
cellular contexts in which these tumors arise. Craniopharyngiomas develop in the sel-
lar/suprasellar region, which is surrounded by pituitary tissue and influenced by hormonal
factors. At the same time, ameloblastomas arise within the jawbones, interacting with a dif-
ferent set of surrounding cells and signaling molecules. These distinct environments could
lead to variations in signaling pathways’ activation and downstream effects, ultimately
impacting CK19 expression.

While our study provides valuable insights, it is important to acknowledge its lim-
itations. The retrospective design and relatively small sample size limit the ability to
control for potential confounding factors and generalize the findings to all populations.
The inherent heterogeneity of craniopharyngiomas and ameloblastomas, with their diverse
histological subtypes, might also have influenced the observed marker expression patterns.
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Technical variations inherent to immunohistochemical staining, such as differences in tis-
sue fixation, processing, and antibody incubation times, could also have contributed to
variability in the results.

Future studies with larger, well-characterized cohorts are warranted to validate these
findings. These studies should include detailed analyses of different histological subtypes
and correlate marker expression with clinical outcomes, such as tumor recurrence and
overall survival. Further investigation into the specific molecular mechanisms underlying
the differential expression of CK19 and its role in tumor development is also crucial. This
could involve examining the expression and activity of downstream effectors of the Wnt
signaling pathway and exploring potential interactions with other signaling pathways.

5. Conclusions

In conclusion, our study demonstrates similarities in AMELX and ODAM expression
between craniopharyngioma and ameloblastoma, supporting their shared embryological
origins. However, the significantly higher expression of CK19 in craniopharyngioma sug-
gests a distinct pathway in its odontogenic differentiation. This finding highlights CK19 as
a potential diagnostic marker and therapeutic target for craniopharyngioma. By advancing
our understanding of these tumors’ immunohistochemical profiles, we contribute to the
broader efforts in refining diagnostic accuracy and exploring new treatment options.
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Abstract: Odontogenic tumors (OTs) are distinct conditions that develop in the jawbones, exhibiting
diverse histopathological features and variable clinical behaviors. Unfortunately, the literature on
this subject in Saudi Arabia remains sparse, indicating a pressing need for more comprehensive data
concerning the frequency, demographics, treatment modalities, and outcomes of OTs. Objectives: The
study aims to evaluate the frequency, demographic features, treatment, and outcomes of OTs across
three tertiary medical centers. Methods and Material: OT cases were identified in King Abdulaziz
Medical City (KAMC), King Fahad Medical City (KFMC), and Prince Sultan Military Medical City
(PSMMC) from January 2010 to December 2021. Results: Ninety-two OT cases were identified from
the anatomical pathology laboratories of three tertiary hospitals. KFMC contributed the highest
number of cases (43.5%), followed by KAMC (30.4%) and PSMMC (26.1%). The median age of OT
patients was 29 years (range: 5–83), with males representing more than half of the patients (56.5%).
The mandible was the most frequent site of OT occurrence (72.5%), with ameloblastoma being the
predominant OT (63.0%), followed by odontoma (19.5%). Among the treatment modalities, bone
resection was employed the most (51.0%), followed by enucleation (25.6%). Notably, 11.5% of OT
cases with available follow-up data exhibited recurrence, with ameloblastoma accounting for eight
recurrent cases. Conclusions: Although OTs are relatively common in the jaws, they are rare in
anatomical pathology laboratories and the general population. This study contributes valuable
insights into the epidemiology characteristics, treatment trends, and recurrence rates of OTs in
Saudi Arabia.

Keywords: ameloblastoma; biopsy; odontoma; odontogenic tumors; odontogenic myxoma; tertiary
hospitals

1. Introduction

Odontogenic tumors (OTs) constitute a significant category of lesions primarily oc-
curring in the jawbone, with occasional occurrence in the gingiva. These tumors originate
from abnormal odontogenesis processes or the proliferation of odontogenic epithelial
and odontogenic ectomesenchyme remnants [1,2]. Histologically, OTs display features
reminiscent of various odontogenic tissues and development stages. The World Health
Organization (WHO) categorizes OTs based on tissue type, with the latest 2022 classification
featuring six purely epithelial, four purely mesenchymal, and four mixed tumors. Many
OTs have clinical or histological subtypes reviewed and summarized in Table 1 [2]. While

Diagnostics 2024, 14, 910. https://doi.org/10.3390/diagnostics14090910 https://www.mdpi.com/journal/diagnostics99



Diagnostics 2024, 14, 910

the existing literature and systematic reviews offer insight into the frequency and demo-
graphics of OTs, with reported rates ranging from 1.8% to 9.6% across various geographic
locations [3–7], a notable research gap exists regarding OTs in Saudi Arabia. Only three pub-
lished papers [8–10], including a study from Riyadh, Saudi Arabia, by Alsheddi et al. [10],
reviewed 188 cases in a single oral pathology laboratory over twenty-six years. Among
the commonly reported OTs, ameloblastoma (AM) was the most prevalent, followed by
odontoma (OD), while less common tumors included cementoblastoma (CB) and central
odontogenic fibroma (OF) [11]. A primordial odontogenic tumor (POT), a rare OT, was not
included in most OT series as it was only described in 2014 and subsequently incorporated
by the WHO classification in 2017 [12].

Table 1. The 5th edition of the WHO classification of odontogenic tumors, 2022 [2].

Abbreviation Definition Clinical Presentation Radiographic Presentation

Epithelial Odontogenic Tumors

Ameloblastoma AM

Conventional
ameloblastoma cAM

A locally invasive and
benign odontogenic tumor,

most commonly in the
posterior mandible.

Painless, slowly increasing
swelling in the jaw, seen in
the 4th to 5th decade, often

asymptomatic with
potential facial asymmetry
and noticeable in cases in

larger lesions.

Unilocular or multilocular
radiolucency located in the

posterior mandible. The
multilocular type exhibits a
soap bubble or honeycomb

appearance, and root
resorption of the adjacent

teeth is frequent.

Unicystic
ameloblastoma UniAM

A distinct cystic variant
constituting up to 25% of

intraosseous AM.

Painless swelling is
typically observed in the

2nd to 3rd decade,
associated with the

impacted 3rd molar in the
posterior mandible.

Unilocular radiolucent area
surrounding the crown of an

impacted third molar.

Extraosseous/peripheral
ameloblastoma PeriAM

A rare variant comprising 1%
of Ams; it arises either from

the remnants of dental
lamina within the oral

mucosa or the basal cells of
the surface epithelium.

Painless sessile nodule of
the gingiva, occurring in
the 5th to 6th decade and

located in the
premolar–molar region of

the mandible.

N/A

Adenoid
ameloblastoma AdenoAM

Rare epithelial OT
characterized by cribriform
growth pattern, duct-like

structures, and an occasional
dentinoid, displaying

aggressive behavior with a
70% recurrence rate.

Asymptomatic swelling
with no site predilection; it

may exhibit occasional
pain and paresthesia.

The unilocular or
multilocular with internal

calcifications, cortical
perforations, or
root resorption.

Metastasizing
ameloblastoma MetAM

A histologically benign AM
exhibiting metastasis to

distant organs, commonly in
the lungs.

Variable presentation and
pulmonary metastasis may

include a dry cough,
hemoptysis, or dyspnea.

Similar to cAM in
the jawbone

Adenomatoid
odontogenic tumor AOT Uncommon, encapsulated

OT with indolent behavior.

Known as two-thirds of a
tumor because 2/3 occur in
the 2nd decade, 2/3 occur

in females, and 2/3 are
associated with an

impacted maxillary canine.

Unilocular radiolucency with
variable radiopaque flecks
(resembling snowflakes) is
typically observed around
the crown of an unerupted

tooth, commonly the canine.
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Table 1. Cont.

Abbreviation Definition Clinical Presentation Radiographic Presentation

Squamous
odontogenic tumor SOT Uncommon benign OT with

squamous differentiation.

Painless swelling in the 4th
decade, occasionally seen
lateral to the roots of the

teeth. Multiple or
peripheral SOT has

been reported.

Triangular or semicircular
corticated radiolucency

along the teeth roots. Tooth
displacement

occasionally seen.

Calcifying epithelial
odontogenic tumor
(Pindborg tumor)

CEOT
Uncommon benign epithelial
OT with amyloid deposition

and calcifications.

An asymptomatic, slowly
growing mass occurring in

the 4th decade and
commonly in the

posterior mandible.

Unilocular or multilocular
radiolucency with variable

radiodensity. Half of the
cases were associated with

an impacted tooth.

Epithelial and Mesenchymal Odontogenic Tumors

Odontoma OD

Hamartomatous growth
exhibits different dental hard

and soft tissues in various
development stages.

Asymptomatic, slowly
growing mass typically
observed in the 2nd and

3rd decade, located in the
anterior maxilla

(compound) or posterior
mandible (complex).

Compound: several
tooth-like structures of

varying sizes and shapes
with a radiolucent rim.

Complex: a calcified mass
exhibiting radiodensity akin

to the tooth structure,
surrounded by a
radiolucent rim.

Ameloblastic fibroma AF Benign-mixed OT without
hard tissue deposition.

Asymptomatic, slowly
growing lesion was seen in

the second decade, most
commonly in the mandible.

Unilocular or multilocular
and corticated radiolucent
lesion, 80% associated with

an unerupted tooth.

Dentinogenic ghost
cell tumor DGCT

Rare benign OT displaying
locally aggressive behavior,

characterized by the
abundance of ghost cells and

dentinoid deposition.

Asymptomatic, slowly
increasing swelling

identified in the 3rd to 5th
decade, typically localized
in the posterior region of

either jaw.

Well-defined, unilocular or
multilocular-mixed

radiolucent lesion. Tooth
displacement or resorption is

occasionally seen.

Primordial
odontogenic

tumor
POT

Recently described mixed
POT exhibiting primitive

dental tissue with occasional
hard tissue deposition.

Slowly growing lesion in
the first two decades and
always associated with an

unerupted tooth,
commonly the third molar.

Well-demarcated, unilocular,
bilocular, or multilocular

radiolucency associated with
an unerupted tooth.

Mesenchymal Odontogenic Tumors

Odontogenic fibroma OF

Rare OT consists mainly of
mature fibrous tissue and

inactive odontogenic
epithelium with a peripheral

variant (the most common
peripheral

odontogenic tumor).

Asymptomatic, slowly
growing lesion seen in the
fourth decade occurring

commonly in the anterior
maxilla and posterior
mandible. Anterior

maxillary lesions may
cause soft tissue depression

or dimpling.

Central OF:
Unilocular or multilocular

well-defined radiolucency is
often seen intimately around

the roots of teeth.

Cementoblastoma CB
Benign neoplasm of

cementoblasts, representing
less than 3% of all OTs.

Slowly increasing painful
swelling associated with

teeth roots, most
commonly the mandibular

first molar.

The tumor appears as a
radiopaque mass fused to

one or more tooth roots and
is surrounded by a thin

radiolucent rim and
resorption of the associated

root is common.
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Table 1. Cont.

Abbreviation Definition Clinical Presentation Radiographic Presentation

Cemento-ossifying
fibroma COF

OT is derived from
mesenchymal stem cells with

differentiation towards
periodontal structures, such

as bone and
cementum-like material.

Asymptomatic bony
expansion in the posterior
mandible mostly in the 3rd

and 4th decades.

Well-demarcated
radiolucency with a sclerotic
rim in the tooth-bearing area
of the jaws, accompanied by

variable radiopacities.
Bowing of the inferior border

of the mandible may
be evident.

Odontogenic
myxoma OM

The most common
mesenchymal OT is

composed of mainly myxoid
stroma and occasional

inactive
odontogenic epithelium.

Painless swelling of the
posterior mandible seen in
the 2nd and 3rd decades.

Unilocular multilocular
“honeycomb” or “tennis

racket” radiolucency with
diffuse borders and teeth

displacement or resorption.

N/A: not applicable.

The existing literature primarily focuses on demographics, clinical characteristics, and
histological examination, lacking substantial information on clinical behavior and treatment
options. In response to this gap, our study aims to report OT frequency, demographic data,
treatment modalities, and follow-up information, drawing from three tertiary hospitals in
Riyadh, Saudi Arabia.

2. Methods and Materials

This retrospective study aimed to analyze the frequency, demographic data, and
biological features of patients diagnosed with OTs at three tertiary medical hospitals in
Riyadh, Saudi Arabia, King Abdulaziz Medical City (KAMC), King Fahad Medical City
(KFMC), and Prince Sultan Military Medical City (PSMMC) from January 2010 to December
2021. The study adhered to the principles of the Declaration of Helsinki. The authors
obtained institutional review board approval from the King Abdullah International Medical
Research Center (IRB# NRC21R/222/06) and King Fahad Medical City (IRB# 00010471).

All relevant data, including patient age, sex, tumor site, treatment modalities, and
follow-up information, were extrapolated from medical records. Hematoxylin and eosin-
stained slides from all cases were retrieved and cross-examined by a certified oral patholo-
gist (AA) to confirm the histopathologic diagnosis based on the 2022 WHO classification of
odontogenic and maxillofacial bone tumors. In cases of uncertainty, another oral pathol-
ogist (NM) conducted a secondary review to reach a consensus. Figures 1 and 2 show
representative histopathological photomicrographs of each observed OT in this series.

The inclusion criteria are as follows:

1. Tumors with histopathological features compatible with an OT diagnosis.
2. Patients with available demographic and clinical information, pathological reports,

and histological slides.

The exclusion criteria are as follows:

1. Patients with incomplete demographic and clinical data.
2. Patients with missing histological slides.

Descriptive analysis of patient age, sex, site, OT type, treatment, and follow-up in-
formation was performed using STATA 14.2 software (StataCorp.), College Station, TX,
USA. The correlation between age, gender, location, and OT type among different tertiary
hospitals was assessed using the chi-square test for categorical data and the Kruskal–Wallis
test for continuous data since the data failed the normal distribution test. A p-value less
than 0.05 was considered statistically significant. Graphs were generated using STATA 14.2
software (StataCorp.), College Station, TX, USA.
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Figure 1. Representative histological images of the most common OTs: AM (A), OD (B), and OM 
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basophilic columnar cells with reverse polarity. (B) OD exhibits multiple hard dental structures, 

such as the dentinal tubules and enamel matrix, with a fish-scale appearance. (C) OM shows multi-
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Figure 1. Representative histological images of the most common OTs: AM (A), OD (B), and OM (C).
(A) AM displays multiple follicular islands with central stellate reticulum cells and peripheral
basophilic columnar cells with reverse polarity. (B) OD exhibits multiple hard dental structures, such
as the dentinal tubules and enamel matrix, with a fish-scale appearance. (C) OM shows multiple
odontogenic rests with peripheral hyalinization and a paracellular myoxid background.
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Figure 2. Representative histological images of other OTs seen in the current series: AF (A), OF (B),
CB (C), AOT (D), AM carcinoma (E), and POT (F). (A) AF shows multiple ameloblastic islands within
primitive ectomesenchymal stroma. (B) OF exhibits diffuse fibrotic stroma with scattered odontogenic
epithelial rests. (C) CB shows hard tissue deposits similar to the cementum lined by multiple layers
of cementoblasts and multinucleated giant cells. (D) AOT exhibits a fibrous capsule with nodular
growth of epithelial and spindle cells with a whirling pattern and duct formation. (E) AM carcinoma
displays ameloblastic islands with high cellularity, hyperchromasia, and keratin pearls. (F) POT
consists of primitive ectomesenchymal tissue lined by a single layer of columnar epithelium with
reverse nuclear polarity.

3. Results

In 11 years, ninety-two cases of OTs were identified in the archives of three different
tertiary hospitals in Riyadh, Saudi Arabia. The retrospective analysis revealed that forty
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(43.5%) and twenty-eight (30.4%) tumors originated from KFMC and KAMC, respectively.
Additionally, twenty-four tumors were retrieved from PSMMC (Figure 3A). The distribution
of cases per year in each hospital is illustrated in Figure 3B, highlighting peak occurrence
in 2014, 2016, and 2021. Overall, OTs affected 52 (56.5%) males and 40 (43.5%) females,
resulting in a male-to-female ratio of 1.3:1. Notably, KAMC exhibited a higher ratio of 1.54:1.
At the same time, PSMMC showed an equal distribution between genders (Figure 3C and
Table 2). The median age of the patients was 29 years, with most OT cases diagnosed in the
second-to-fourth decades, constituting 63.0% (Figure 3D). No significant age differences
were observed among the three hospitals, with a p-value of 0.40 (Table 2 and Figure 4A).
Mandible involvement was predominant, accounting for almost two-thirds (72.5%) of
the OT cases, with consistent site distribution across all hospitals (Figures 3E and 4B and
Table 2).
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Table 2. Summary of demographics in the three tertiary centers. 

 All Three Centers KFMC KAMC PSMMC p-Value 
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Age median (range) 29 (5–83) 33 (6–76) 22 (5–83) 26 (7–56) 0.4020 

Gender      

Male 52 23 17 12  

Figure 3. (A) OT distribution in each center. (B) OTs are distributed in each center per year. KFMC
had the highest frequency in 2016 and 2021. (C) Gender distribution of OTs. (D) Age distribution of
OTs. (E) Location distribution of OTs.

Table 2. Summary of demographics in the three tertiary centers.

All Three Centers KFMC KAMC PSMMC p-Value

Cases 92 40 (43.5%) 28 (30.4%) 24 (26.1%)

Age median (range) 29 (5–83) 33 (6–76) 22 (5–83) 26 (7–56) 0.4020

Gender

Male 52 23 17 12

Female 40 17 11 12

Male/female ratio 1.27:1 1.16:1 1.54:1 1:1 0.6031

Mandible/maxilla
ratio 2.64:1 2.25:1 2.8:1 3:1 0.884
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Figure 4. (A) The mean age of OTs is similar in all hospitals, with a p-value of 0.40. (B) Site distribution
of OTs in each hospital, with a p-value of 0.89.

AM represented most cases across all centers, accounting for 63.0% (58 cases), making
it the most prevalent OT. OD was the second most common OT, constituting 19.5% of the
cases (Figure 5). Other OTs included four cases of OM (4.3%) and three cases of AF (3.3%).
Only two COF, two AOT, and two CB cases were identified in the cohort. Additionally,
there was one POT case from KFMC. PSMMC reported the sole case of malignant OT
within the cohort. The distribution of OTs differed significantly among the hospitals, with a
p-value of 0.01. At KFMC and PSMMC, AM predominated, while KAMC exhibited a more
balanced distribution between AM and OD. KFMC also had the most OM and OF cases
(Table 3).
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Table 3. Distribution of OT among three different tertiary hospitals.

All Three Centers KFMC KAMC PSMMC

Epithelial Odontogenic Tumors

Ameloblastoma 58 (63.0%) 27 (46.6%) 12 (20.7%) 19 (32.7%)

Adenoid ameloblastoma 1 (1.1%) 1 (100%) 0 0

Adenomatoid odontogenic tumor 2 (2.2%) 1 (50%) 0 1 (50%)

Ameloblastic carcinoma 1 (1.1%) 0 0 1 (100%)

Mixed Epithelial–Mesenchymal Odontogenic Tumors

Odontoma 18 (19.5%) 3 (16.7%) 12 (66.6%) 3 (16.7%)

Ameloblastic fibroma 3 (3.3%) 3 (100%) 0 0

Primordial odontogenic tumor 1 (1.1%) 1 (100%) 0 0

Mesenchymal Odontogenic Tumors

Odontogenic myxoma 4 (4.3%) 3 (75.0%) 0 1 (25.0%)

Central odontogenic fibroma 2 (2.2%) 1 (50%) 1 (50%) 0

Cementoblastoma 2 (2.2%) 0 2 (100%) 0

Total 92 (100%) 40 (43.5%) 28 (30.4%) 24 (26.1%)

Table 4 provides an overview of the clinicopathological characteristics of OTs. Among
82 patients with available treatment information, resection was the most common treatment
modality (51.0%), followed by enucleation (25.6%), as outlined in Table 5. Additionally,
follow-up data for 73 cases revealed recurrence in 11 (15.1%) cases (Table 6).

Table 4. Summary of the clinicopathological features of odontogenic tumors.

Number of Case
Age

Median (Range)
Gender Location *

M F Mandible Maxilla
Epithelial Odontogenic Tumors

Ameloblastoma 58 (63.0%) 36 (6–83) 34 (58.6%) 24 (41.4%) 47 (81.0%) 11 (19.0%)
Conventional amelobastoma 54 (93.1%) 38 (6–83) 33 (61.1%) 21 (38.9%) 44 (81.5%) 10 (18.5%)

Unicystic ameloblastoma 4 (6.9%) 20 (16–51) 1 (25.0%) 3 (75.0%) 3 (75.0%) 1 (25.0%)
Adenoid ameloblastoma 1 (1.1%) 14 (N/A) 0 1 (100%) 0 1 (100%)
Adenomatoid odontogenic tumor 2 (2.2%) 17 (15–19) 1 (50.0%) 1 (50.0%) 1 (50.0%) 1 (50.0%)
Ameloblastic carcinoma 1 (1.1%) 31 (N/A) 1 (100%) 0 1 (100%) 0

Mixed Epithelial–Mesenchymal Odontogenic Tumors
Odontoma 18 (19.5%) 20 (5–50) 10 (55.6%) 8 (44.4%) 8 (47.1%) 9 (52.9%)
Complex 10 (55.6%) 17 (5–50) 5 (50.0%) 5 (50.0%) 8 (80.0%) 2 (20.0%)
Compound 8 (44.4%) 17 (9–37) 5 (62.5%) 3 (37.5%) 0 7 (100%)
Ameloblastic fibroma 3 (3.3%) 13 (6–26) 1 (25.0%) 2 (27.5%) 2 (75.0%) 1 (25.0%)
Primordial odontogenic tumor 1 (1.1%) 16 (N/A) 1 (100%) 0 1 (100%) 0

Mesenchymal Odontogenic Tumors
Odontogenic myxoma 4 (4.3%) 31 (27–36) 3 (75.0%) 1 (25.0%) 2 (50.0%) 2 (50.0%)
Central odontogenic fibroma 2 (2.2%) 30 (15–45) 1 (50.0%) 1 (50.0%) 2 (100%) 0
Cementoblastoma 2 (2.2%) 32 (17–48) 0 2 (100%) 2 (100%) 0

Total 92 (100%) 52 (56.5%) 40 (43.5%) 66 (72.5%) 25 (27.5%)
* The location of one case of odontoma was not reported.
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Table 5. Summary of the treatment modalities of each odontogenic tumor.

Number of Cases
Treatment

Enucleation Excision Resection
Epithelial Odontogenic Tumors

Ameloblastoma 52 (63.4%) 6 (11.5%) 12 (23.1%) 34 (65.4%)
Conventional ameloblastoma 48 (92.3%) 4 (8.3%) 12 (25.0%) 32 (66.7%)

Unicystic ameloblastoma 4 (7.7%) 2 (50.0%) 0 2 (50%)
Adenoid ameloblastoma 1 (1.2%) 0 0 1 (100%)
Adenomatoid odontogenic tumor 1 (1.2%) 1 (100%) 0 0
Ameloblastic carcinoma 1 (1.2%) 0 0 1 (100%)

Mixed Epithelial–Mesenchymal Odontogenic Tumors
Odontoma 17 (20.8%) 12 (70.6%) 4 (23.5%) 1 (5.9%)
Ameloblastic fibroma 2 (2.4%) 1 (50.0%) 1 (50.0%)
Primordial odontogenic tumor 1 (1.2%) 0 0 1 (100%)

Mesenchymal Odontogenic Tumors
Odontogenic myxoma 4 (5.0%) 0 1 (25.0%) 3 (75.0%)
Central odontogenic fibroma 1 (1.2%) 1 (100%) 0 0
Cementoblastoma 2 (2.4%) 2 (100%) 0 0

Total 82 (100%) 23 (25.6%) 17 (21.0%) 42 (51.0%)

Table 6. Summary of the follow-up information for odontogenic tumors that showed recurrence.

Number of Cases Recurrence No Recurrence Follow-Up Period
Ameloblastoma 50 8 (16.0%) 42 (84.0%) 1 year–6 years
Odontoma 17 1 (5.9%) 16 (94.1%) 1 year–3 years
Odontogenic myxoma 4 1 (25.0%) 3 (75.0%) 7 months–4 years
Ameloblastic fibroma 2 1 (50.0%) * 1 (50.0%) 1 year
Total 73 11 (15.1%) 62 (84.9%) N/A

* Recurrence after one year of ameloblastic fibrosarcoma and succumbing to the disease due to liver and lung
metastasis after six years.

Fifty-eight cases (63.0%) of AMs were identified, with a median age of 36, of which
34 (58.6%) were males. The mandible was the most common location (81.0%). Primary
treatment modalities for AM included resection (66.7%) and excision (25.0%) (Table 5).
Follow-up data for fifty cases revealed that only eight patients showed recurrence (Figure 6).
Recurrence rates did not show any notable variation across the various treatment choices.
Most AMs were of the conventional clinical subtype, with only four unicystic cases. No
peripheral AM cases were reported. The main clinicopathological difference between
conventional and unicystic AM was the median age and gender distribution, with unicystic
AM tending to occur in females in their second decade.

There were 18 (19.5%) cases of OD with a median age of 20, of which 10 (55.6%) were
males. Similar to AM, ODs showed almost equal site predilection with a ratio of 0.88:1 for
the mandible-to-maxilla (Table 4). For OD, the primary treatment modality was enucleation
(70.6%), with only one case treated with resection (Table 5). Seventeen patients with OD
were followed up after treatment, and only one patient showed recurrence (Table 6).

OM ranked as the third most common OT, with only four cases (4.4%) reported in
the cohort. The median age of patients was 31, and 3 (75%) were male. There was an
equal preference for location between the mandible and maxilla (Table 4). Additionally,
two-thirds of the cases were treated with resection. All cases were followed-up, and the
case treated with excision showed recurrence (Tables 5 and 6). The limited number of other
OTs precluded extracting meaningful insight regarding clinicopathological information
and treatment options.

Interestingly, the series had one case of AdenoAM in a 14-year-old female with a
history of familial adenomatoid polyposis who died after six years due to encephalopathy.
It is worth noting that there was only one case of malignant OT, histologically diagnosed
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as ameloblastic carcinoma in a 31-year-old male in the mandible, and it was resected.
However, this patient was lost to follow-up.
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the right posterior mandible post-excision.

4. Discussion

The present study marks a significant advancement in understanding OTs within
Riyadh, Saudi Arabia. This retrospective multicenter series draws data from three leading
tertiary hospitals in Riyadh, Saudi Arabia. It is the second-largest series of OT cases
documented within the Kingdom and the wider Gulf region. Traditionally, studies on
the frequency and prevalence of OTs have been confined to single institutions, potentially
skewing the perception of their actual occurrence within a given geographic area. In
addition, our prior examination of odontogenic cysts from these same hospitals yielded
372 cases, shedding light on their prevalence in this region [13]. Our findings reveal
a notable contrast as follows: odontogenic cysts (OCs) are observed to be four times
more frequent than OTs in Riyadh, Saudi Arabia, which is a significantly higher ratio than
previously reported figures (OCs were reported to be 2.2 times more common than OTs) [11].
One possible explanation for this notable difference is that the previously reported ratio
included the odontogenic keratocyst as an OT, which has since been reclassified as a
cyst. This highlights the importance of comprehensive, multicenter studies in accurately
capturing the epidemiological landscape of OTs within specific regions. Moreover, while
the majority of studies on the frequency of OTs have concentrated on demographic and
clinicopathological data, our current investigation aims to delve deeper. Specifically, we
illuminate the landscape of treatment options and provide insights into the follow-up
information regarding OTs.

Three primary studies investigated the frequency of OTs in the Gulf region, covering
Kuwait, Saudi Arabia, and the United Arab Emirates (Table 7) [8–10]. However, comparing
our series to these studies presents challenges due to variations in time periods and sample
sizes. Another complicating factor is the evolution of OT classification over time and the
identification of new entities, such as POT [2]. Only Alsheddi M et al. provided the mean
age of their cohort (29 years old), which closely aligns with the mean age of our cohort
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(30 years old) [10]. However, the mean age was not mentioned in the other two studies,
making it difficult to extract this information from their data [8,9].

Table 7. Comparison of OT distribution in the current study and other Saudi and Gulf countries.

Current Study
(Three

Centers),
Riyadh, SA

Ali MA et al.,
Kuwait University,
Jabriya, Kuwait [8]

Alsheddi M et al.,
King Saud
University,

Riyadh, KSA [10]

Al-Rawi N et al.,
Tawam Hospital,

Abu Dhabi, UAE [9]

Sample size 92 27 108 * 22
Period 11 years 6 years 26 years 20 years
Mean age 30 N/R 29 N/R
Male/female ratio 1.3:1 1.25:1 1.4:1 1:1
Mandible/maxilla ratio 2.64:1 3.5:1 2.1:1 1.62:1

Epithelial Odontogenic Tumors
Ameloblastoma 58 (63.0%) 17 (63.0%) 47 (43.5%) 4 (18.1%)
Adenoid ameloblastoma 1 (1.1%) N/R N/R N/R
Adenomatoid odontogenic tumor 2 (2.2%) N/R 8 (7.4%) N/R
Calcifying epithelial odontogenic tumor N/R 1 (3.7%) 2 (1.8%) N/R
Ameloblastic carcinoma 1 (1.1%) N/R 1 (0.9%) 0 (0%)
Clear cell odontogenic carcinoma N/R N/R 1 (0.9%) N/R

Mixed Epithelial–Mesenchymal Odontogenic Tumors
Odontoma 18 (19.5%) 9 (33.3%) 28 (26.0%) 17 (77.8%)
Ameloblastic fibroma 3 (3.3%) N/R 4 (3.7%) N/R
Primordial odontogenic tumor 1 (1.1%) N/R N/R N/R
Dentinogenic ghost cell tumor N/R N/R N/R N/R

Mesenchymal Odontogenic Tumors
Odontogenic myxoma 4 (4.3%) N/R 12 (11.1%) N/R
Central odontogenic fibroma 2 (2.2%) N/R 1 (0.9%) N/R
Cementoblastoma 2 (2.2%) N/R 4 (3.7%) N/R
Total 92 (100%) 27 (100%) 108 (100%) 22 (100%)

* The total number of cases reported in this series was 188, but we excluded keratocystic odontogenic tumors and
calcifying cystic odontogenic tumors since they are reclassified as cysts. N/R; not reported.

Nonetheless, OTs were consistently prevalent among males and in the mandibular site
across all studies. Additionally, AM was the most common OT in Kuwait, and a previous
study in Riyadh mirrored our findings [8,10]. Conversely, OD was found to be the most
common OT in the United Arab Emirates [9]. It is worth mentioning that the paper by
Al-Rawi N et al. [9] from the United Arab Emirates reported only AM and OD as OTs
occurring in the maxillofacial regions in their series, raising the possibility that they did
not capture all OTs present in their archive. None of the papers reported POT, which
is a rare entity only described in 2014. Similar to our study, malignant OTs were rare,
with only Alsheddi M et al. [10] reporting two cases (ameloblastic carcinoma and clear
cell odontogenic carcinoma). The other two studies did not report any malignancies of
odontogenic origin [8,9].

The mean age of patients diagnosed with OTs in the present study was 30, aligning
with the mean age of the OT series reported from Tokyo, Japan; Nagpur, India; Cairo,
Egypt; and a multicenter study in Nigeria [3,14–16]. However, certain studies have reported
notably higher mean ages, such as Mascitti M et al. [17] from the Marche region, Italy, and
Chrysomali E et al. [18] from Athens, Greece. OTs in the Riyadh population were more
common in males, like most papers on the frequency of OT [3,14,16–19]. However, two
different papers from Brazil reported a slight female predominance [20,21]. Conversely,
a balanced male-to-female ratio was reported in some regions, such as Cairo, Egypt [15].
Mandible predilection was consistent with all published data [3,14–22].
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In our series, AM accounted for more than half of the cases (63.0%); this observation
was similar in Italy, Brazil, and India [14,17,21]. However, AM is still the most common OT
in other regions with variable frequency (13.5% to 80.1%) [11]. Other studies found OD to
be the most common OT [3,22,23] and the second most common OT in our series. OM was
consistently the third most common OT in most OT series [11]. It is expected to find no POT
records in the OT series published before the description of POT in 2014. Interestingly, POT
has still not been reported in recent papers, emphasizing the rarity and lack of awareness
of such an entity [3,23,24]. We speculate that a few POTs in some of the series are reported
under OM [25,26]. Additionally, odontogenic malignancy appears rare across regions
worldwide, ranging from 0.2% to 4.0% [3,14–18,20–22]. Our data are consistent with the
reported percentage, with only 1.1% of the current series being malignant OT. However,
Kebede et al. [27] reported a higher rate of 19.6%. The variation in frequency may be
attributed to the lack of well-established diagnostic criteria for odontogenic malignancy.
Hence, there is a need for stringent diagnostic protocols to reduce the frequency range and
ensure accurate diagnosis (Table 8).

Table 8. Comparison of OT distribution in the current study and selected international studies.

Current Study
(Three Centers),

Riyadh, SA

Kokubun K et al.
Tokyo, Japan [3]

de Medeiros WK et al.
Natal, Northeastern

Brazil [20]

Mascitti M et al.
Ancona, Italy

[17]
Sample size 92 1089 247 100
Period 11 years 45 years 22 years 25 years
Mean age 30 29 28 49.7
Male/female ratio 1.3:1 1.2:1 1:1.2 1.78:1
Mandible/maxilla ratio 2.64:1 2.1:1 2:1 2.1:1

Epithelial Odontogenic Tumors
Ameloblastoma 58 (63.0%) 456 (41.9%) 112 (45.4%) 56 (56%)
Adenoid ameloblastoma 1 (1.1%) N/R N/R N/R
Adenomatoid odontogenic tumor 2 (2.2%) 17 (1.6%) 10 (4.0%) 2 (2.0%)
Squamous odontogenic tumor N/R 2 (0.2%) N/R 1 (1.0%)
Calcifying epithelial odontogenic tumor N/R 8 (1.6%) 5 (2.0%) 4 (4.0%)
Ameloblastic carcinoma 1 (1.1%) 1 (0.1) 1 (0.4%) 2 (2.0%)
Primary intra-osseous carcinoma N/R 8 (0.7%) N/R N/R
Clear cell odontogenic carcinoma N/R N/R 1 (0.4%) 1 (1.0%)

Mixed Epithelial–Mesenchymal Odontogenic Tumors
Odontoma 18 (19.5%) 463 (42.5%) 89 (36.1%) 17 (17.0%)
Ameloblastic fibroma 3 (3.3%) 17 (1.6%) 4 (1.6%) 3 (3.0%)
Primordial odontogenic tumor 1 (1.1%) N/R N/R N/R
Dentinogenic ghost cell tumor N/R 7 (0.6%) 1 (0.4%) 2 (2.0%)

Mesenchymal Odontogenic Tumors
Odontogenic myxoma 4 (4.3%) 41 (3.8%) 17 (6.9%) 4 (4.0%)
Central odontogenic fibroma 2 (2.2%) 22 (2.0%) 3 (1.2%) 1 (1.0%)
Cementoblastoma 2 (2.2%) 8 (0.7%) 4 (1.6%) 2 (2.0%)
Cemento-ossifying fibroma N/R 38 (3.5%) N/R 4 (4.0%)
Odontogenic sarcoma N/R 1 (0.1%) N/R 1 (1.0%)
Total 92 (100%) 1089 (100%) 247 (100%) 100 (100%)

N/R; not reported.

AM is a benign odontogenic tumor with aggressive behavior and a high recurrence
rate if treated conservatively [28]. In our study, bone resection was the most used treatment
option for AM, accounting for 66.7% of cases. Other treatment modalities included enu-
cleation and excision. The recurrence rate of AM in this study was approximately 16.0%,
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with no significant difference among treatment modalities used. This recurrence rate is
consistent with the rates reported in pooled data from 20 studies, which found a recurrence
rate of 20%. However, radical treatment showed a significantly lower recurrence of 8.0%,
compared to conservative treatment options such as enucleation or curettage, which had a
recurrence rate of 41% [29]. In our case series, we observed recurrences in one case of OM
and one OD. OM has a recurrence rate of 13.0% regardless of treatment, while it increases to
19.0% if treated conservatively [30]. The OM case in our series was treated conservatively
with excision, which confirms the need for a more radical treatment of OM. On the other
hand, OD recurrence is rare and poorly documented in the literature. It is likely due to
incomplete removal or the presence of another OT in the affected area.

Our retrospective study is subject to inherent limitations arising from its dependence
on existing medical records. We faced challenges concerning incomplete data, leading
to data attrition and compromises in data validity. While retrospective studies provide
valuable insights into past events, treatment practices, and outcomes, their findings may
lack generalizability and applicability to broader populations. Therefore, the data presented
require careful interpretation when drawing conclusions.

5. Conclusions

Our research offers valuable information on the epidemiology, demographic features,
treatment trends, and recurrence rates of OTs in Riyadh, Saudi Arabia, supported by data
collected from three prominent tertiary hospitals. Our findings underscore the predomi-
nance of AM as the most common OT and highlight the frequent occurrence of OTs in the
mandible. Moreover, our observations regarding treatment modalities, with bone resection
being the most prevalent approach, contribute to understanding current clinical practices.
The documented recurrence rate, particularly among ameloblastoma cases, emphasizes
the importance of long-term follow-up and underscores the need for further research to
optimize management strategies and improve patient outcomes. Importantly, to the best
of our knowledge, this study represents the only comprehensive investigation on OTs in
Saudi Arabia, highlighting the necessity for similar studies across different regions to gain
a more thorough understanding of these conditions nationwide.
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Abstract: The aim of this review is to assess the utility of circulating HPV tumor DNA (ctHPVDNA)
clearance in the monitoring of molecular residual disease in HPV-related oropharyngeal squamous cell
carcinoma (OPSCC) patients. Recently, ctHPVDNA in patient plasma was found to be a promising
biomarker for HPV OPSCC. Changes in this biomarker appear to be associated with treatment
response and may be useful for identifying molecular residual disease. A review of the literature was
performed using PubMed/MEDLINE, EMBASE, and Cochrane Library databases according to the
PRISMA criteria for scoping reviews (from 2017 to July 2024). A total of 5 articles and 562 patients
have been included. Three studies examine the role of ctHPVDNA clearance in CRT, while the
remaining two studies consider surgery as a treatment option. The results of this scoping review
indicate that ctHPVDNA has a potential role to serve as a valuable biomarker in the assessment of
molecular residual disease. Further studies are required to confirm the efficacy of this marker for
stratifying this group of patients.

Keywords: ctHPVDNA; OPSCC; liquid biopsy

1. Introduction

Human papillomavirus (HPV) infection is a sexually transmitted disease that is a major
cause of numerous cancers, with cervical cancer being the most common. The estimated
prevalence of HPV infection among American citizens in 2018 exceeded 80 million, with
14 million new cases being documented in that year [1]. The oncogenic role of HPV in
cancer pathogenesis is well established based on studies of cervical carcinoma in women.

HPV represents a large family of undeveloped double-stranded DNA viruses. The
virus’s circular genome of approximately 8000 base pairs encodes two structural genes
necessary for the assembly of the viral capsid, as well as six non-structural genes (E1, E2,
and E4) involved in viral replication and regulation. The remaining three genes, E5, E6,
and E7, are associated with HPV-mediated cellular transformation. The E6 and E7 genes
represent the most definitive markers as they are the only viral genes that are consistently
maintained and expressed in HPV-positive tumor cells [2–8].

The precise role of HPV infection in the pathogenesis of head and neck squamous
cell carcinoma is not clearly defined yet [9]. Head and neck cancers represent the sixth
most common form of cancer worldwide. As reported by the Surveillance, Epidemiology,
and End Results (SEER) program, there are more than 430,000 new cases of head and neck
cancer annually [10]. Over 90% of head and neck cancers are squamous cell carcinomas
(HNSCCs) [11]. Patients with HPV-positive oropharyngeal cancers (OPSCCs) exhibit
distinct clinical, demographic, and prognostic characteristics compared with those with
HPV-negative oropharyngeal cancers. This notable distinction has led to the introduction
of a staging differentiation in the eighth edition of the American Joint Committee on Cancer
(AJCC) staging system [12]. HPV OPSCCs predominantly affect non-smoking white males
and have a significantly superior overall prognosis in comparison with their HPV-negative
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counterparts. The discrepancy in risk factors, incidence, and prognosis has led to the
classification of HPV OPSCC as a distinct entity from HPV-negative OPSCCs [1,12].

HPV OPSCC has a significantly superior prognosis in comparison with HPV-negative
OPSCC. The patient population is younger and healthier, which theoretically allows for a
longer survival period. Consequently, the impact of treatment on long-term quality of life
is more pronounced.

In light of these considerations, the scientific community has recently devoted consid-
erable effort to the implementation of deintensification strategies in therapeutic regimens,
with the objective of avoiding overtreatment and enhancing patient quality of life [13,14].
In particular, an increasing number of studies have investigated the potential of liquid
biopsy and circulating HPV tumor DNA biomarker (ctHPVDNA) for the diagnosis and
follow-up of HPV OPSCC [15–17]. The ctHPVDNA is a fragment of the HPV genome
and is specific only for patients with HPV-related cancer [18]. Quantitative real-time PCR
(q-PCR) is the simplest and most widely used technology to detect HPV DNA; however, in
2020, a kit was approved in the United States that allows for the assay of ctHPVDNA in a
standard procedure [19].

The aim of this review is to assess the utility of ctHPVDNA clearance in the monitoring
of molecular residual disease in HPV-related OPSCC. To the best of our knowledge, this is
the first review analyzing ctHPVDNA accuracy in assessing molecular residual disease in
HPV OPSCC patients.

2. Materials and Methods

A detailed review of the English-language literature on ctHPVDNA in HPV-related OP-
SCC was performed using PubMed/MEDLINE, EMBASE, and Cochrane Library databases.
The search period was from 2017 to July 2024, conducted with the aim of selecting the most
recent studies. The terms used were “oropharyngeal cancer”, “HPV related oropharyngeal
cancer” or “HPV-OPSCC” and “ctHPVDNA”, “circulating tumor”, “liquid biopsy” or
“molecular residual disease”. The search yielded 954 candidate articles. The search was
performed according to the “Preferred Reporting Items for Systematic Reviews and Meta-
Analyses” (PRISMA) guidelines for scoping reviews (Figure 1) [20]. The inclusion criteria
applied were: (i) prospective study; (ii) publication date after 2017; (iii) studies that assessed
molecular residual disease by ctHPVDNA in patients with HPV + OPSCC; (iv) clearly
defined methods of detection of viral DNA; and (v) English language. Conference abstracts,
case reports, retrospective studies, and publications written in a language different from
English have been excluded. Two authors (A.M. and M.M.) have independently evaluated
all titles, and relevant articles have been individuated according to inclusion/exclusion
criteria; a senior author (A.C.) resolved any disagreements. At the end of the full-text
review, only 5 articles met the inclusion criteria [21–26].
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3. Results

ctHPVDNA was employed for the assessment of therapeutic efficacy and residual
disease in a total of 562 patients. The results of the review process are summarized in
Table 1.
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(Range)

Chera
(2019)
[21]

103 60

0: 5
1:15
2: 69
3: 7
4: 7

0: 5
1: 16
2: 82
3: 0

CRT HPV:
16, 18, 31, 33, 35 ddPCR 92 (89%)

Before
treatment

Weekly during
treatment

Each
post-treatment
follow-up visit

419 copies/mL
(8–22,579)

Cao (2022)
[22] 34 64

0: 1
3: 3
4: 29

0: 2
1: 28
2: 2
3: 2

CRT HPV: 16, 18 ddPCR 28 (82%)

Before
treatment

At weeks 2, 4,
and 7 of

treatment

At 3–6–12
months after

the end of
treatment

460 copies/mL
(0–34,714)
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Table 1. Cont.

Author
(yrs) Nop Mean

Age T N Treatment Primers/Probes Methods

Positive
Liquid

Biopsy at
Diagnosis

Test Timing

Mean
Copies/mL

Before
Treatment

(Range)

O’Boyle
(2022)
[23]

49 62

0: 1
1: 23
2: 22
3: 2
4: 1

0: 4
1: 38
2: 3
3: 4

S: 34
CRT: 15

E7 from
HPV: 16, 18, 33,

35, 45
ddPCR 48 (98%)

S:
pre-treatment; 1

day, 7 days,
30 days,

3 months, and
12 months

post-treatment

CRT:
pre-treatment;
weekly during,

3-, and
12-months

post-treatment

2076 copies/mL
(0–37,350)

Adrian
(2023)
[24]

136 60

1: 22
2: 60
3: 17
4:37

0: 5
1:10
2:114
3: 7

CRT

Hpv: 6, 11, 16,
18, 11, 16, 18, 26,
30, 31, 33, 35, 39,
40, 42, 43, 45, 51,
52, 53, 54, 56, 58,
59, 61, 62, 66, 67,
68 (a e b), 69, 70,
73, 74, 81, 82, 83,
85, 86, 87, 89, 90,

91, 114

qPCR
+

Luminex
test

124 (91%) Before and after
treatment 67.5 copies/mL

Souza
(2024)
[25]

240 62.5
0: 44

1/2: 155
3/4: 41

0: 25
1: 171
2: 27
3: 17

S + adjuvant
CRT: 60

S: 61
CRT: 100

C: 1
RT: 17

HPV: 16, 18, 31,
33, 35 ddPCR N/A Before and after

treatment N/A

Rosenberg
(2024)
[26]

31 N/A N/A N/A
CI

Neoadjuvant
+ S/CT/RT

HPV: 16, 18 HPV-SEQ 31 (100%)

Before and
6–9 weeks after

neoadjuvant
treatment

N/A

Abbreviation: C: chemotherapy; CI: chemoimmunotherapy; CRT: chemoradiotherapy; ddPCR: digital drop PCR;
N: nodes; N/A: not available; Nop: Number of patients; qPCR: quantified by real-time PCR; RT: radiotherapy; S:
surgery; SEQ: next-generation sequencing-based safe-sequencing system; T: primary tumor; Yrs: years.

The earliest study emerging from the review is that of Chera et al. (2019) [21], in which
the authors attempted to perform a risk stratification by studying baseline ctHPVDNA
levels and clearance kinetics. The study demonstrated that ctHPVDNA levels at baseline
exceeding 200 copies/mL are indicative of genomic tumor biomarkers and, consequently, a
more favorable prognosis. Furthermore, patients with a favorable clearance profile, defined
as the clearance of more than 95% of the baseline ctHPVDNA values at week four of
chemoradiotherapy (CRT), have a more favorable prognosis. In contrast, patients with
unfavorable clearance exhibited a higher frequency of disease persistence at the conclusion
of therapy.

Subsequently, Cao and colleagues [22] examined ctHPVDNA values in patients with
OPSCC p16+ stage III AJCC 8 who had undergone radiochemotherapy. The findings
indicate that the alteration in values during the initial two weeks of therapy is a predictor of
subsequent therapeutic outcomes. Following a two-week period, the patients were divided
into two groups based on whether their ctHPVDNA values had increased or decreased
compared with their baseline levels. In particular, a reduction in ctHPVDNA at the two-
week mark of CRT in comparison with pre-treatment levels was linked to an increased
likelihood of treatment failure or tumor progression within the 12-month period following
TR. Furthermore, clearance of ctHPVDNA at weeks 4 or 7 of therapy was not predictive
of progression.

In the same year, O’Boyle et al. [23] investigated whether the kinetics of ctHPVDNA
clearance following surgical treatment of HPV OPSCC may be associated with the risk of
residual disease. The findings were that ctHPVDNA levels below 1 copy/mL on the first
postoperative day correlated with no residual disease, patients with levels between 1 and
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100 copies/mL with possible microscopic residual disease, and those with levels above
100 copies/mL with macroscopic residual disease.

In 2023, the role of ctHPVDNA at baseline and at the end of treatment was evaluated
in patients enrolled in the ARTSCAN III study [24]. The authors discovered that low
ctHPVDNA values at the outset of treatment are indicative of a favorable prognostic index
for disease-free survival and overall survival. However, no correlation was observed
between these values and locoregional control.

In 2024, Souza et al. [25] conducted an evaluation of ctHPVDNA as a tool for the
surveillance and assessment of treatment response in patients with HPV OPSCC. The high
negative predictive value (98.9% for patients undergoing surgery + adjuvant treatment and
100% for patients undergoing surgery alone) is therefore of importance in the evaluation of
definitive treatment. In the event of a positive post-treatment test, further investigation
with imaging and closer follow-up is recommended.

Recently, the phase 2 OPTIMAII study, which was conducted in advance-stage patients
to evaluate the role of neoadjuvant chemoimmunotherapy, used ctHPV DNA analysis in a
subgroup to assess response to neoadjuvant therapy.

Samples were collected from 31 patients before therapy and 6–9 weeks after the start
of adjuvant therapy. All patients had detectable levels of HPV DNA at baseline. The
26 patients with complete clearance had a significantly better two-year progression-free
survival than those with detectable ctHPV DNA [26].

In summary, all authors have studied the kinetics of ctHPVDNA following treatment.
Threshold values are scarcely comparable because of the use of non-standardized mea-
surement methods; at present, it is still not possible to establish an unambiguous cut-off
level. However, these studies demonstrate the importance of investigating the kinetics of
ctHPVDNA following treatment.

4. Discussion

At present, the follow-up protocol for patients with OPSCC is based on imaging and
clinical examination. However, the low accuracy and poor diagnostic value of follow-up
methods can result in the patient undergoing unnecessary imaging and surgery, leading to
overtreatments with a significant negative impact on the patient’s quality of life [27–29].
A multitude of deintensification strategies have been the subject of recent studies [30–35].
In particular, researchers have investigated the clinical applications of ctHPVDNA in bi-
ological fluids for the monitoring of HPV OPSCC patients [15–17,36]. The progression
of tumors is associated with the expression of oncogenic viral DNA and proteins. It is
noteworthy that the circulating EBV DNA load is currently regarded as a novel biomarker
that reflects prognosis and changes in response to treatment in nasopharyngeal cancer [37].
Similarly, ctHPVDNA may have a comparable impact and diagnostic efficacy for HPV
OPSCC cancers, as proposed by several authors. In fact, a 2023 meta-analysis has demon-
strated that droplet digital polymerase chain reaction (ddPCR) for ctDNA has favorable
accuracy, sensitivity, and specificity in the diagnosis of HPV-related OPSCC. These authors
conducted an analysis of 729 patients with HPV-related OPSCC and ctHPVDNA emerges
as a crucial biomarker for diagnosing these patients [16]. Also, another meta-analysis
conducted by Campo et al. [15] demonstrated that ctHPVDNA may also be a valuable tool
for monitoring patient outcomes; a sensitivity of 86% (95% CI: 78–91%) and a specificity of
96% (95% CI: 91–99%) has been observed in the analysis of 1311 patients with HPV OPSCC.

The present review examines a further feature: the application of ctHPVDNA in the
detection of molecular residual disease, thus anticipating findings that can be detected
by imaging. To date, there only are a few studies in the literature regarding the use of
ctHPVDNA as a biomarker to monitor molecular residual disease, and to the best of our
knowledge, this is the first review analyzing the accuracy of ctHPVDNA in assessing
molecular residual disease for HPV OPSCC patients. In particular, this scoping review
examined the treatment results of 562 patients with HPV-related OPSCC. The mean age of
the patients included in the study is consistent, ranging from 60 to 64 years. Three studies
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have examined the role of ctHPVDNA clearance in CRT, two studies have investigated
its role in surgery as a treatment option, and a recent study has considered its role in
neoadjuvant chemoimmunotherapy. According to the data of the present review, the
positivity rate for liquid biopsy in patients with a confirmed diagnosis of HPV OPSCC via
biopsy exhibits considerable variability, with reported rates ranging from 100 to 82%. This
can be attributed to the utilization of disparate primers; an increased number of HPV types
tested is associated with a heightened probability of obtaining a positive liquid biopsy
result, as previously discussed, given that not all HPV-related cancers are determined by
the presence of types 16 or 18.

Furthermore, the present review indicates that the timing of sampling for liquid biopsy
varies considerably between studies, emphasizing the necessity of a standard protocol.
Moreover, the included studies employed disparate kits and primers. The initial studies
were conducted to analyze alterations in ctHPVDNA clearance in patients undergoing CRT.
The results on the effectiveness of ctHPVDNA clearance in monitoring CRT efficacy and
molecular residual disease can be difficult to evaluate. The results of the studies reviewed
indicate that the biomarker has significant potential and may become a crucial tool for risk
stratification in the future. However, further studies are necessary to establish standardized
protocols for its use in clinical practice.

Interestingly, the analysis of ctHPVDNA clearance for monitoring residual disease in
patients undergoing surgical treatment could offer significant findings. O’Boyle et al. [23]
developed a risk stratification system for macroscopic, microscopic, and nonmolecular
residual disease based on the number of copies/mL of ctHPVDNA present as early as the
first postoperative day. Consequently, ctHPVDNA levels on the first postoperative day
have been correlated with the risk of residual disease. These findings have illustrated the
potential utility of ctHPVDNA as a biomarker for personalized treatment in patients with
HPV-positive squamous cell carcinoma undergoing surgery.

It is likely that the role of ctHPVDNA in stratifying the risk of molecular residual
disease in surgically treated patients is of great importance. At present, the standard post-
treatment evaluation is performed with PET at three months; however, this procedure can
still retain a high number of false positives and a relatively low positive predictive value of
30% in 12-week surveillance for HPV OPSCC [38–40]. Thus, ctHPVDNA could represent
a sensitive and effective method for the detection of residual disease. In the near future,
it may be used as a complementary technique alongside PET in order to enhance patient
follow-up.

Recently, other molecular techniques have been proposed in the literature, aiming to
perform targeted follow-up and early detection of residual disease, with a view of enabling
personalized and tailored treatments. (i) Some studies have evaluated the presence of
HPVDNA in saliva, but these findings, although promising, are still at an early stage, and
for the present time, saliva sampling with HPVDNA assay is proposed as a complement to
ctHPVDNA and not as its replacement [41–43]. Furthermore, recent evidence suggests that
it has good potential for assessing treatment response [44]. (ii) MicroRNAs could have the
potential to serve as biomarkers for the early detection of patients with residual disease
following treatment for HPV OPSCC. Currently, the literature has primarily focused on
their use for early detection; however, they may also have a role in the early assessment of
treatment response in the future [44]. (iii) Tumor-derived extracellular vesicles (exosomes)
are nanometric particles with DNA, RNA, proteins and lipids inside, which are derived
from both normal and cancer cells [45]. They have recently been proposed as biomarkers
for the evaluation of patients with HPV OPSCC.

In summary, PET is currently the gold standard for assessing response to treatment,
but it has many limitations and a high false-positive rate. For the assessment of molecu-
lar residual disease, ctHPVDNA represents the most studied and established technique
available to date, with promising results. However, micro-RNA and exosome analysis
are emerging as possible complementary methods that may improve the results of liquid
biopsy by allowing for more personalized treatment of these patients.
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ctHPVDNA has demonstrated high specificity and sensitivity in the diagnosis and
identification of HPV OPSCC recurrence. The present review has illustrated that ctH-
PVDNA may be of pivotal importance in surgically treated patients and also following
neoadjuvant chemoimmunotherapy. This illustrates the potential role of ctHPVDNA when
considering a de-escalation treatment [24]. In our opinion, perioperative ctHPVDNA
monitoring will provide useful information for identifying residual disease and for person-
alizing treatments.

The major drawbacks of this study are (i) the small number of studies available in the
literature so far, and therefore those included within this review; (ii) the heterogeneity of
the timing of sampling to assess ctHPVDNA clearance; and (iii) the use of different assay
kits and primers within the selected studies.

5. Conclusions

In conclusion, the results of this scoping review indicate that ctHPVDNA has a poten-
tial role to serve as a valuable biomarker in the assessment of molecular residual disease,
but the results, although encouraging, are still preliminary.

Data from the literature are poorly comparable due to the different methods and
timings of measuring ctHPVDNA, so at present, it is not possible to describe a practical
universal procedure (i.e., standard cut-off levels or time of sampling). This technique
could eventually be incorporated within the management protocols for patients with HPV
OPSCC in the future, aiming (i) to stratify the risk of molecular residual disease and thus
(ii) evaluate the most appropriate therapeutic strategy for the treatment of these patients.
The objective of this methodology is to minimize overtreatment and improve the quality of
life of the patients.

Further prospective, multicenter studies are required to (i) standardize the proce-
dure, (ii) determine the optimal timing for samplings, and (iii) confirm the efficacy of
this technique.
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Abstract: Background: This study investigated in vivo regulation and levels of active matrix metallop
roteinase-8 (aMMP-8), a major collagenolytic protease, in periodontitis. Methods: Twenty-seven
adults with chronic periodontitis (CP) and 30 periodontally healthy controls (HC) were enrolled
in immunohistochemistry and transcriptomics analytics in order to assess Treponema denticola (Td)
dentilisin and MMP-8 immunoexpression, mRNA expression of MMP-8 and its regulators (IL-1β,
MMP-2, MMP-7, TIMP-1). Furthermore, the periodontal anti-infective treatment effect was monitored
by four different MMP-8 assays (aMMP-8-IFMA, aMMP-8-Oralyzer, MMP-8-activity [RFU/minute],
and total MMP-8 by ELISA) among 12 CP (compared to 25 HC). Results: Immunohistochemistry re-
vealed significantly more Td-dentilisin and MMP-8 immunoreactivities in CP vs. HC. Transcriptomics
revealed significantly elevated IL-1β and MMP-7 RNA expressions, and MMP-2 RNA was slightly
reduced. No significant differences were recorded in the relatively low or barely detectable levels of
MMP-8 mRNAs. Periodontal treatment significantly decreased all MMP-8 assay levels accompanied
by the assessed clinical indices (periodontal probing depths, bleeding-on-probing, and visual plaque
levels). However, active but not total MMP-8 levels persisted higher in CP than in periodontally
healthy controls. Conclusion: In periodontal health, there are low aMMP-8 levels. The presence of
Td-dentilisin in CP gingivae is associated with elevated aMMP-8 levels, potentially contributing to a
higher risk of active periodontal tissue collagenolysis and progression of periodontitis. This can be
detected by aMMP-8-specific assays and online/real-time aMMP-8 chair-side testing.

Keywords: active matrix metalloproteinase-8; aMMP-8; Td-dentilisin; periodontitis; transcriptomic;
proteomic

1. Introduction

Periodontitis is a host-mediated, chronic inflammatory disease induced by dysbi-
otic bacterial biofilms and is characterized by progressive collagenolytic destruction and
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loss of the periodontal attachment and alveolar bone [1]. Within the bacterial biofilm,
Treponema denticola (Td), an obligate anaerobe, is among the most well-characterized and
frequently isolated spirochaetes associated with periodontitis [2]. One of its key virulence
factors responsible for its high invasiveness is its cell surface-bound chymotrypsin-like
proteinase (CTLP), also known as dentilisin [2]. Td-dentilisin can modulate host immu-
nity and facilitate apoptosis in various cell types [2]. Td-dentilisin also degrades multiple
host extracellular matrix and basement membrane (BM) proteins, hydrolyses non-matrix
bioactive peptides and mediators, enhances Td penetration into the epithelium, activates
pro-matrix metalloproteinases, and promotes its integration into biofilm communities [2].
Virulence factors of Td can trigger inflammatory and adaptive immune responses and
increase the release and activation of MMP-8 [2–4]. This is mediated by the binding of
pathogen-associated molecular patterns to pattern recognition receptors (toll-like receptors)
of host inflammatory and resident cells [3]. The inflammatory cells (mainly neutrophils),
resident fibroblasts, and epithelial cells in the periodontal tissues release proinflamma-
tory mediators (interleukin-1β, tumor necrosis factor-alpha, prostaglandin E2, RANKL,
etc.) and proteolytic enzymes, including MMPs, which can initiate the periodontal tissue
destruction [3,5,6].

MMPs regulate the cell-matrix composition and hydrolyze the components of the
ECM and BM, which are also potentially degraded to a lesser extent by microbial pro-
teases [2–4]. MMPs also modify immune responses [4,7,8]. MMPs’ activities are mainly
regulated by endogenous tissue inhibitors of matrix metalloproteinases (TIMPs), and the
MMP/TIMP ratio frequently determines the extent of ECM protein degradation and tis-
sue remodeling [3,4,7,8]. An imbalance in the MMPs/TIMP ratio is considered to tilt the
balance toward pathological tissue destruction in periodontitis [3,4,7,8].

MMP-8 is the major collagenolytic protease present in both gingival crevicular fluid
(GCF) and gingival tissue and is implicated in the inflammatory and immunological
cascades in periodontitis [4,9–14]. MMP-8 can additionally process various non-matrix
bioactive proteins such as cytokines, complement components, and insulin receptors [4,7].
The active form of MMP-8 (aMMP-8) is elevated in a diseased mouth rinse, gingival crevic-
ular fluid, and peri-implant sulcular fluid samples and is potentially useful to diagnose,
predict the stage and grade periodontitis/periimplantitis. Furthermore, it can act as a
biomarker to differentiate periodontitis from gingivitis and a healthy state [9,14–16].

MMP-8 gene expression is regulated primarily at the transcriptional level during
neutrophil development and maturation in the bone marrow [17–21], and the de novo
up-regulation of its and other MMP’s mRNAs, in response to growth factors and cytokines
in periodontitis and arthritis, has often been demonstrated [8,19,22]. Overexpression of
MMPs necessitates the tight regulation of the collagenolytic and tissue-destructive MMP
genes and proteins in periodontitis [4,8].

Recently, the activation of the host proMMP-8 by Td-dentilisin in patients with peri-
odontitis and periimpantitis was reported [2,20]. Therefore, we hypothesized that increased
Td-dentilisin could eventually invade and up-regulate aMMP-8 levels in periodontitis-
affected tissues and oral fluids.

In this study, we aimed to (i) detect Td-dentilisin and MMP-8 immunoexpression
levels in gingival tissue samples of patients with periodontitis compared with periodontally
healthy gingivae to (ii) assess the MMP-8, MMP-2, MMP-7, TIMP-1, and IL-1β mRNA
expressions in the diseased vs. healthy gingiva. In addition, (iii) determine aMMP-8
and total MMP-8 levels before and after non-antibiotic anti-infective scaling and root
planing treatment in chronic periodontitis (CP) in relation to healthy controls (HC), using
independent aMMP-8 immuno—and catalytic activity assays.

2. Materials and Methods
2.1. Patients and Tissue Samples

The gingival tissue specimens were collected from stage III/IV grade B/C periodon-
titis (CP) patients (n = 27) and from periodontally healthy control (HC) patients (n = 30).
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The clinical dental examination and gingival tissue sample collection were approved by the
Regional Ethics Board in Stockholm (number 2008/1935-31/3) and the local ethical commit-
tee of the Helsinki University Hospital, Finland (106§/26.06.2019; dnro HUS/1271/2019)
and Regionala etikprövingsnämnden i Stockholm, (EPN) (2016-08-24/2016/1:8 and 2016-
1-24; Dnr 2016/1410-31/1) in accordance with the Helsinki Declaration. All participants
provided signed informed consent before enrolling in this study. The periodontitis tissue
specimens were obtained from patients with generalized stage III/IV adult CP as diagnosed
by a clinical assessment of pocket depths, loss of attachment, bone loss, and bleeding on
probing [10]. The patients had radiographic alveolar bone loss in 30%-50% of teeth, loss of
attachments between 5 and 7 mm, and elevated aMMP-8 (22–38 ng/mL) levels [10]. The
patients had not received any antimicrobial or MMP-8 inhibitory low-dose doxycycline, bis-
phosphonate, chlorhexidine medication [3,4,7,8,19], or professional periodontal treatment
of the sampling area prior to the participation of this study. Gingivitis or initial/early de-
veloping stage I periodontitis was defined clinically as the occurrence of redness, swelling
of the gingiva, bleeding on probing, and aMMP-8 test positivity [1,9,10,15,16,23]. Gingivitis
samples for this study were obtained from patients with gingival index < 2 and probing
depth ≤ 3 mm without supporting soft and bone tissue destruction and recovered dur-
ing gingivectomy in the case of gingival enlargement in the incisor, canine, or premolar
sites [9,10,15,16,23].

Periodontitis-affected gingival tissue samples were collected during periodontal flap
surgery and of gingivitis during gingivectomy. Healthy control tissue specimens from clini-
cally non-inflamed gingiva were taken during the odontectomy of a fully embedded third
molar. Although there were no clinically apparent signs of inflammation or pericoronitis,
we cannot fully exclude the possibility that some control tissues might have been histologi-
cally slightly inflamed, as shown by the presence of some inflammatory cell infiltrates in
the lamina propria [24]. The tissue sections were evaluated by an oral pathologist. The peri-
odontitis tissue samples contained the oral, sulcular, and junctional epithelium and lamina
propria beneath the epithelium, while healthy control tissues only contained oral epithe-
lium and the lamina propria (since it was impossible to have the sulcular epithelium in this
healthy tissue). Thus, we used sulcular epithelium and its lamina propria for periodontitis,
while for the healthy tissues, we used its oral epithelium and lamina propria. Additionally,
5 periodontitis-affected gingival tissue samples contained dental plaque biofilm adjacent
to the tissue, and the immunoexpression of Td-dentilisin in this plaque was evaluated in
addition to the gingival tissue. The biopsy samples were carefully selected according to
specific criteria, followed by an evaluation based on histological findings.

2.2. Immunohistochemical Analysis

From the collected gingival tissue samples, periodontitis-affected (n = 9) and healthy
(n = 10) tissue specimens were formaldehyde-fixed, processed, and paraffin-embedded for
immunohistochemistry. Histological staining was performed on the paraffin-embedded
gingival tissue biopsies. Serial sections (4 µm) were deparaffinized using xylene and re-
hydrated through ethanol series. Sections of each biopsy were histologically stained with
hematoxylin and eosin in order to assess the orientation of the tissue structures. Immu-
noexpression of Td-dentilisin and MMP-8 in the gingival tissue sections was determined
by immunohistochemical staining with Td-dentilisin (1:1500 rabbit polyclonal IgG, as
described by Al-Samadi et al. [24] and 6 µg/mL MMP-8 rabbit polyclonal antibody [25],
respectively. Sections for MMP-8 and Td-dentilisin immunostainings were subject to anti-
gen retrieval using the same following procedure. After deparaffinization, the antigens
were retrieved in a citrate buffer using microwaves (MicroMED T⁄T Mega Histoprocessing
Labstation; Milestone Srl, Sorisole, Italy). Endogenous peroxidase activity was inhibited
with 3% H2O2 in PBS for 15 min. To inhibit non-specific staining, slides were incubated
for 1 h at room temperature in normal goat serum from the Vectastain® kit 1:10 in 0.1%
BSA-PBS. Slides were then incubated with primary Ab (anti-MMP-8 and Td-dentilisin
[1:3000] antibodies) overnight at +4 ◦C. Biotinylated anti-rabbit IgG from Vectastain® kit
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(Vector Laboratories, Burlingame, CA, USA) was used as a secondary antibody (1:200
dilutions in 0.1% BSA-PBS. Slides were then incubated in avidin–biotin–peroxidase com-
plexes. The color was developed in 0.006% H2O2 containing 0.023% 3,3′-diaminobenzidine
tetrahy-drochloride (DAB) chromogen for 10 min. Slides were washed in PBS three times,
with 5 min between each step [24]. The staining of Td-dentilisin was graded as 0 (nega-
tive, [9,10,15,16,23]), 0,5 (very low, [+/−]), 1 (low, [+]), 2 (moderate, [++]), and 3 (strong,
[+++]). MMP-8 was scored as 0 (negative, [9,10,15,16,23]), 1 (low, [+]), 2 (moderate, [++]),
and 3 (strong, [+++]).

2.3. RNA Sequencing and Transcriptomics of Gingival Tissue Biopsies

The gingival tissue samples collected from patients with adult chronic stage III/IV
grade B/C CP (n = 18) and the healthy controls (HC, n = 20) were processed for transcrip-
tomic analysis (TRNSCRMS). For periodontitis, the classification and inclusion criteria were
radiographic bone resorption, clinical attachment level 5–7 mm, tooth sites with probing
depth (PPD) ≥6 mm, and enhanced bleeding on probing representing stage III/IV-grade
B/C-periodontitis [1,10,11]. For healthy control subjects, the inclusion criteria were no sign
of periodontal disease, no gingival/periodontal inflammation, probing depth ≤ 3.0 mm,
clinical attachment level ≤ 3.0 mm, and no bleeding on probing [1,10]. This study was
approved by the Regional Ethics Board in Stockholm (number 2008/1935-31/3).

Total RNA was isolated using the Qiagen RNeasy kit (VWR, Stockholm, Sweden). The
quality of RNA was assessed using the RNA 6000 NanoLabChip kit of the Bioanalyzer
system from Agilent Technologies (Santa Clara, CA, USA). The RNA libraries were prepared
and sequenced using the Illumina stranded TruSeq protocol. This involved capturing
polyA-RNA with polyT-coated magnetic beads, RNA fragmentation, reverse transcription,
second strand synthesis with dUTP incorporation, ligation of sequencing adapters, and
PCR amplification of adapter-ligated fragments, following Illumina’s provided instructions.
The sequence alignment and analysis were performed, as previously described [26].

The RNA-seq data for the selected genes, including MMP-8, MMP-7, MMP-2, TIMP-1,
and IL-1β, were further analyzed for differential expressions in CP and HC samples. Addi-
tionally, the housekeeping genes glyceraldehyde 3-phosphate-dehydrogenase (GAPDH)
was included in the analysis [26]. A flow chart of transcriptomic and immunohistochemical
analysis is provided in Figure 1.Diagnostics 2024, 14, x FOR PEER REVIEW 5 of 15 
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2.4. Periodontal Anti-Infective Scaling and Root Planing Treatment

Comprehensive periodontal examination, non-antibiotic anti-infective scaling, and
root planing periodontal treatment were carried out by a single periodontist. After aMMP-8
POCT test and clinical full mouth recordings at baseline (t0), anti-infective full-mouth
scaling and root planing treatment procedures were performed along with oral hygiene
instructions for 12 CP patients stage III/IV-grade B/C, a separate set of CP patients [1,9,10].
At 5 (t1) and 10 (t2) weeks after the aMMP-8 POCT testing and the full-mouth clinical
examination, anti-infective periodontal treatment was carried out again. The 23–25-year-
old systemically and periodontally healthy dental students, who were enrolled as healthy
controls (HC, had an aMMP-8 POCT test and full-mouth clinical examination.

1. Chairside PoC and quantitative aMMP-8 analyses;
2. aMMP-8 levels were measured online and in real time quantitatively by a rapid PoC

chairside aMMP-8 kits (Periosafe®, Dentognostics GmbH, Solingen, Germany) and
a quantitative reader (Oralyzer®, Dentognostics GmbH, Solingen, Germany) from
the collected mouth rinse samples from both the periodontitis patient group (n = 12)
and the healthy control group of 25 systemically and periodontally healthy dental
students. Any remaining oral mouth rinse fluid was transferred to Eppendorf tubes
and stored at −70 ◦C for further laboratory analysis [9,10];

3. Measurement of the aMMP-8 Levels by Immunofluorometric Assay (IFMA)

The aMMP-8 levels from mouth rinse samples were also determined by a time-resolved
immunofluorescence assay (IFMA), as described previously [9]. Briefly, aMMP-8-specific
monoclonal antibodies 8708 and 8706 (Actim Oy, Espoo, Finland) were used in the analysis
as capture and tracer antibodies, respectively. In this protocol, the diluted samples were
allowed to incubate for 1 h with the Europium-labeled tracer antibody. The fluorescence was
measured using an EnVision 2015 multimode reader (PerkinElmer, Turku, Finland) [10].

2.5. MMP-8 Activity Assay Using Relative Fluorescence Units/Min (RFU)

An MMP-8 activity assay was adapted from the protocol of McCrudden et al. (2017)
with slight modifications [27]. The wells of Greiner® 96-well black high binding plates
(Merck, Darmstadt, Germany) were coated with 100 µL/well MMP-8 capture antibody
(Merck Millipore, Watford, UK), at a concentration of 2 µg/mL in 0.05 M carbonate buffer,
pH 9.6. The plate was covered and incubated at 4 ◦C overnight. The contents of the wells
were discarded the following day, and plates were washed three times with phosphate-
buffered saline (PBS, pH 7.4) containing 0.05% (v/v) Tween-20 (PBST). A blocking step was
then carried out with 200 µL of PBST containing 1% (w/v) bovine serum albumin (BSA)
at room temperature for 1 h. Wells were washed three times with PBST and incubated at
room temperature for 2 h with 100 µL/well GCF samples or recombinant MMP-8 standard
(Bio-Techne, Abingdon, UK). Recombinant MMP-8, supplied in its proform, was activated
(as directed by manufacturers) by pre-treatment with 1 mM 4-aminophenylmercuric acetate
(APMA) for 1 h at 37 ◦C prior to use in the MMP-8 activity assay. All GCF samples
(prepared at a dilution factor of 1:4), as well as the APMA-activated MMP-8 standards
(3.125–100 ng/mL), were diluted in AnaSpec MMP assay buffer (AnaSpec, Fremont, CA,
USA) prior to analysis in the MMP-8 activity assay. Duplicate preparations of all samples
and standards were carried out in the assay. Following this incubation step, plates were
washed three times with PBST. To each well, 45 µL AnaSpec MMP assay buffer was added,
followed by 45 µL of 10 µM AnaSpec 520 MMP fluorescence resonance energy transfer
(FRET) substrate SB-XIV (AnaSpec, Fremont, CA, USA). Prior to use, the FRET substrate
was reconstituted to 1 mM in dimethyl sulfoxide (DMSO) and diluted to 100 µM in MMP
Assay Buffer (AnaSpec, Fremont, CA, USA). The substrate was then stored in aliquots at
−20 ◦C. Following the addition of the MMP Assay Buffer and FRET substrate to the wells of
the plate, fluorescence measurements were recorded immediately at excitation and emission
wavelengths of 485 nm and 525 nm, respectively. Measurements were recorded over a
70 min period, at 5 min intervals, on a microtitre plate reader (Genios, Tecan, Reading, UK)
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using Magellan software Version 7.2 (Tecan, Reading, UK), and the results were displayed
as relative fluorescence units (RFU) per minute (RFU/min) [27].

2.6. Statistical Analysis

MMP-8 and Td-dentilisin immunoexpressions (IHC) and transcriptomic (TRNSCRMS)
analysis of MMP-8, MMP-7, MMP-2, TIMP-1, IL-1β parameters were calculated by an
independent samples t-test was performed to assess the significance of differences between
CP and HC group in all recorded parameters. The periodontal anti-infective treatment
effect, i.e., differences in the levels of the four different MMP-8 assays (aMMP-8 IFMA,
aMMP-8 Oralyzer, MMP-8 activity [RFU/minute], and total MMP-8 by ELISA) and the
clinical parameters between t0, t1, and t2 were tested with Friedman’s test (asymptotic,
2-sided), followed by pairwise post hoc comparisons by Dunn–Bonferroni test. A two-tailed
p-value < 0.05 was considered statistically significant. Data management and statistical
analysis were performed by utilizing spreadsheet software (Microsoft Excel for Mac 16.78)
and the SPSS version 29.0 (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA).

3. Results
Ex Vivo Immunoexpression of Td-Dentilisin and MMP-8 in Human Periodontitis-Affected vs.
Healthy Gingival Tissues

Gingival tissue specimens were stained with antibodies to Td-dentilisin and MMP-8 to
visualize immunoexpressions in CP gingiva compared with HC gingiva. The immunostain-
ings of the Td-dentilisin and MMP-8 are shown in Figures 2 and 3, respectively. Td-dentilisin
could be detected most clearly and intracellularly intensively in the gingival epithelium
relative to lamina propria. Td-dentilisin immunoexpressions increased according to the
severity of periodontitis (stages and grades), indicating the evident invasion route of Td and
its dentilisin–protease from the superficial dental plaque biofilm into deeper periodontal
tissues in vivo. The immunoexpressions of Td-dentilisin were significantly stronger in
CP-affected tissues than in HC-gingivae (p < 0.05) (Figure 2, Table 1). The majority of
CP-affected tissues expressed low to moderate Td-dentilisin immunopositivity along with
the increase in clinical disease severity, while HC-gingivae were negative or had hardly
detectable Td-dentilisin immunoexpression (score 0–0.5) (Figure 3, Table 1).
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Td-dentilisin was detected in all red-stained regions on each tissue segment. Magnification 200×.
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and fibroblasts (blank arrow) of periodontitis gingival tissues. DAB is used as a chromogen (brown) 
and hematoxyline as a counterstain. All brown-stained areas on each tissue section indicate specific 
detection of MMP-8. Magnification 200×. 
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regulators MMP-7, MMP-2, TIMP-1, and IL-1β in CP-stages III/IV grades B/C gingivae vs. HC 
gingivae. In IHC, n = 10 for HC, and n = 9 for CP, and in RNA sequencing/transcriptomics, n = 20 for 
HC, and n = 18 for CP. 
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RNA sequencing/transcriptomics 
MMP-8  0.35 ± 0.62 0.46 ± 0.84 - 
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IL-1β 14.73 ± 16.78 71.47 ± 61.32 *, p = 0.0001 

GAPDH 2491.42 ± 630.29 2596.36 ± 840.13  
* = significantly different, p < 0.05, t-test. Abbreviations: MMP-8 = matrix metalloproteinase 8; MMP-
7 = matrix metalloproteinase 7; MMP-2 = matrix metalloproteinase 2; TIMP-1 = tissue inhibitor 
matrix metalloproteinase 1; IL-1β = interleukin 1 beta; GAPDH = glyceraldehyde 3-phosphate-
dehydrogenase; HC = healthy control; CP = chronic periodontitis. 

The normalized counts for the genes MMP-8, MMP-7, MMP-2, TIMP-1, and IL-1β in 
CP and HC are demonstrated in Table 1. In CP-gingivae (stages III/IV, grades B/C), the 
translations of IL-1β and MMP-7 were significantly increased. The elevation of TIMP-1 
transcription was noticed without reaching statistical significance (Table 1). MMP-2 
translation was reduced in CP-gingivae vs. HC-gingivae without statistical significance. 
MMP-8 translation was low and similar, barely detectable in either CP-gingivae or HC-

Figure 3. Immunoexpression of MMP-8. (A) Hematoxyline eosin staining of the periodontitis
gingival tissue. (B) Immunohistochemical staining of the gingival tissues is scored as negative
(0). (C) Low-positive (scored 1). (D) Moderate-positive (scored 2). (E) Strong-positive (scored
3). The gingival tissue specimen (C) represents periodontitis classification stages O–I/grade A;
specimen (D) represents stages II–III grade B; specimen (E) represents stages III–IV grade C. The cells
show MMP-8 expression, including epithelial cells (star), neutrophils (black arrow), lymphocytes
(arrowhead), macrophage (black arrow with dash), endothelial cells (blank arrowhead/triangle),
and fibroblasts (blank arrow) of periodontitis gingival tissues. DAB is used as a chromogen (brown)
and hematoxyline as a counterstain. All brown-stained areas on each tissue section indicate specific
detection of MMP-8. Magnification 200×.

Table 1. Immunoexpression of Td-dentilisin, MMP-8, and RNA expressions of MMP-8 and its
regulators MMP-7, MMP-2, TIMP-1, and IL-1β in CP-stages III/IV grades B/C gingivae vs. HC
gingivae. In IHC, n = 10 for HC, and n = 9 for CP, and in RNA sequencing/transcriptomics, n = 20 for
HC, and n = 18 for CP.

Parameters Healthy (HC) Periodontitis (CP) Significance (p-Value)

Immunohistochemical staining of gingival tissue

Td-dentilisin 1.00 ± 0.21 2.44 ± 0.06 *, p = 0.0038
MMP-8 1.00 ± 0.20 4.33 ± 0.41 *, p = 0.0001

RNA sequencing/transcriptomics

MMP-8 0.35 ± 0.62 0.46 ± 0.84 -
MMP-7 1.78 ± 4.17 49.92 ± 106.16 *, p = 0.0280
MMP-2 191.27 ± 138.23 147.05 ± 138.66 -
TIMP-1 47.28 ± 16.62 66.01 ± 49.47 -
IL-1β 14.73 ± 16.78 71.47 ± 61.32 *, p = 0.0001

GAPDH 2491.42 ± 630.29 2596.36 ± 840.13
* = significantly different, p < 0.05, t-test. Abbreviations: MMP-8 = matrix metalloproteinase 8; MMP-7 = matrix
metalloproteinase 7; MMP-2 = matrix metalloproteinase 2; TIMP-1 = tissue inhibitor matrix metalloproteinase
1; IL-1β = interleukin 1 beta; GAPDH = glyceraldehyde 3-phosphate-dehydrogenase; HC = healthy control;
CP = chronic periodontitis.

In CP, MMP-8 immunoexpression was significantly higher in lamina propria compared
to epithelium (p < 0.05). Lamina propria expression of MMP-8 was higher in CP compared
with HC-gingivae (p < 0.05). Immunoexpression of MMP-8 in CP-gingivae increased
according to the increase in periodontal disease severity (stages and grades). There are
no detectable differences in MMP-8 expressions observed between epithelium and lamina
propria in HC-gingivae.
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The normalized counts for the genes MMP-8, MMP-7, MMP-2, TIMP-1, and IL-1β
in CP and HC are demonstrated in Table 1. In CP-gingivae (stages III/IV, grades B/C),
the translations of IL-1β and MMP-7 were significantly increased. The elevation of TIMP-
1 transcription was noticed without reaching statistical significance (Table 1). MMP-2
translation was reduced in CP-gingivae vs. HC-gingivae without statistical significance.
MMP-8 translation was low and similar, barely detectable in either CP-gingivae or HC-
gingivae (Table 1). The expression of the housekeeping gene GAPDH was similar in CP-
and HC-gingivae (Table 1).

The treatment effects of anti-infective treatment (scaling and root planing) in 12 pa-
tients with stages III/IV grades B/C CP-patients were monitored by four different MMP-8
assays (aMMP-8 IFMA, aMMP-8 Oralyzer, rate of MMP-8 activity [RFU per minute] and
total MMP-8 ELISA) (Figure 4). Clinical periodontal parameters were also measured
(Figure 5). Furthermore, these two figures present the successful treatment’s effect assessed
by both clinical parameters and by MMP-8 assays’ levels of CP-patients vs. HCs. aMMP-8
assays (IFMA, Oralyzer, aMMP-8 activity/RFU assay) more precisely than total MMP-8 as-
say demonstrated and reflected the clinically beneficial reducing effects of the anti-infective
treatment. Furthermore, when comparing MMP-8 assay levels of 12 CP-patients to 25 HCs
revealed that only total MMP-8 levels could reach healthy control levels, while aMMP-
8 IFMA, aMMP-8 Oralyzer, and aMMP-8 activity (RFU per minute) assays all decrease
significantly but did not reach those observed in healthy subjects (Figures 4 and 5).
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Figure 4. The treatment effects of anti-infective treatment in 12 CP-patients to the aMMP-8 and total
MMP-8 levels assessed by four different a/tMMP-8 assays. (A) Active matrix metalloproteinase-8
(aMMP-8) (ng/mL) IFMA; (B) aMMP-8 (ng/mL) Oralyzer; (C) MMP-8 activity assay (RFU per
minute); and (D) total MMP-8 (ng/mL) ELISA vs. levels in HC. Patients were examined based on
baseline level at t0, 1st recall visit t1 (5 weeks), and 2nd recall visit t2 (10 weeks). The differences in
a/t MMP-8 assay levels between t0, t1, and t2 were tested with Friedman’s test (asymptotic, 2-sided)
(A) p = 0.005, (B) p = 0.005, (C) p = 0.017, and (D) p = 0.009; and pairwise post hoc comparisons
by Dunn–Bonferroni test are marked in the plots. The differences between 25 HCs (healthy con-
trols) and 12 CP-patients in t0, t1, and t2 in the four different MMP-8 assay levels calculated by
Bonferroni-corrected Kruskal–Wallis test are marked in the plots. Asterisk (*) and circle (o) represent
outliers of more than 3 times the interquartile range and between 1.5 and 3 times the interquartile
range, respectively.
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probing (%), and (C) visual plaque index (%) in relation to HCs. Patients were examined at base
level t0, 1st recall visit t1 (5 weeks), and 2nd recall visit t2 (10 weeks). The differences in the clinical
parameters between t0, t1, and t2 were tested with Friedman’s test (asymptotic, 2-sided) (A) p < 0.001,
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marked in the plots. Asterisk (*) and circle (o) represent outliers of more than 3 times the interquartile
range and between 1.5 and 3 times the interquartile range, respectively.

4. Discussion

In the present study, we addressed the regulation of MMP-8 expression in vivo in
chronic adult periodontitis gingiva vs. healthy gingiva by immunohistochemical and
transcriptomic (TRNSCRMS) analysis. In addition, we compared various aMMP-8 and
total MMP-8 assays as adjunctive diagnostic tools to monitor their levels in mouth rinse in
periodontal treatment vs. systemically and periodontally healthy controls. MMP-8, also
known as neutrophil collagenase (collagenase-2), has been regarded to be solely released by
human neutrophilic leukocytes [19–21], but the protease and its RNA have also been iden-
tified in the non-neutrophil-lineage cells, such as human articular chondrocytes, synovial
and gingival fibroblasts, endothelial cells, odontoblasts and T-cell line as well as malignant
cells [8,19,22]. Differing from MMP-1 and -2, which are constitutively de novo-transcribed
and expressed by various non-malignant and malignant mesenchymal-type cells, MMP-8,
after maturation in the bone marrow in latent proform, is prepacked and stored in sub-
cellular specific granules in mature circulating neutrophils (PMNs) [4,7,8,19–21]. MMP-8
regulation at the sites of inflammation is thus regarded to occur mainly through the selec-
tive PMN degranulation and activation of the released latent proMMP-8 to active MMP-8
(aMMP-8) [18–21]. In periodontitis, periodontal pathobionts and their proteolytic virulence
factors can effectively induce the selective PMN-degranulation and related proteolytic
activation of latent proMMP-8 to aMMP-8 in vitro [19–21].

Immunohistochemical results of the present study revealed that the presence of Td-
dentilisin in CP-gingival tissues was increasingly associated with the increase in MMP-8
immunoexpression along with an increase in clinical stage and grade disease severity of
periodontitis. Our present results, thus, further support and extend the concept that the Td-
dentilisin can eventually invade from the dysbiotic dental plaque biofilm into the diseased
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periodontitis-affected gingival tissue and up-regulate the degranulation of neutrophils
and related activation of the released latent proMMP-8 to aMMP-8 [2,20]. The increased
MMP-8 immunoexpression was found not only in epithelium but also in lamina propria.
This showed that the inflammation occurred both in epithelium and lamina propria. The
inflammatory immune response is triggered by the interaction of resident cells with the
bacterial biofilm attached to the tooth surface, including Td. The epithelium, especially
junctional epithelium, is the first periodontal structure to face the Td invasion. Dentilisin
produced by Td facilitates this spirochaeta to invade and penetrate the deeper epithelium
layer [28], stimulating the gingival epithelial cells and the underlying cell in lamina propria
to trigger the initial inflammatory responses. The inflammatory response will activate host
cells to produce MMP-8 as one of the inflammatory mediators. The MMP-8 secretory cells,
being mainly infiltrating neutrophils and also other reported potential non-PMN-lineage
cellular sources of MMP-8 in the diseased human inflamed gingiva, including epithelial
cells, resident fibroblasts, endothelial cells, and mononuclear inflammatory cells, as shown
in this study.

In degranulating mature circulating neutrophils, the de novo expression of MMP-8
cannot be induced as the gene expression is carried out during the neutrophil’s maturation
in the bone marrow and the latent/inactive MMP-8 is stored in its granules [17–19,21], but
in non-PMN-lineage cells, such fibroblasts, endothelial cells, chondrocytes and epithelial
cells, de novo expression of MMP-8 and its mRNA is inducible at the sites of inflammations.
Our present transcriptomic data of MMP-8 mRNA and its potential regulators (IL-1β,
MMP-7, and TIMP-1) mRNAs revealed that MMP-8 RNA was not transcriptionally up-
regulated in CP-gingivae vs. HC-gingivae. On the other hand, it is known that the MMP-
8′s up-regulator’s IL-1β mRNA [19,22] and activator MMP-7 mRNA [29] and potential
endogenous inhibitor TIMP-1 mRNA can be de novo transcriptionally up-regulated in
the diseased periodontitis gingivae [4,7,8,30,31]. Enhanced transcriptional and inductive
IL-1β and MMP-7 expressions [4,7,8,30,31] in periodontitis-affected gingiva can eventually
potentiate and complement the Td-dentilisin-mediated microbial-dependent activation of
the degranulated latent proMMP-8 to aMMP-8 [20]. TIMP-1 mRNA up-regulation in the
diseased gingiva eventually reflects the host’s endogenous defense, attempting to inhibit
the elevated MMP-8 and -7 [31].

Previous in vitro studies have shown that IL-1β and other proinflammatory cytokines
can up-regulate MMP-8 and its RNA [19,22]. The de novo transcriptomic in vitro expres-
sion of MMP-8 and its RNA in articular chondrocytes, gingival, and synovial fibroblast,
as well as endothelial cells, has been demonstrated [19,22]. MMP-7 and its RNA can
transcriptionally be up-regulated by proinflammatory mediators, including IL-1β and
TNF-α previously detected in increasing amounts in diseased and inflamed tissues, in-
cluding gingiva and synovium [30,31]. Nonetheless, previous in vivo studies have also
revealed rather low or barely detectable de novo transcriptional expression of MMP-8
RNA in the diseased periodontitis-affected gingiva and peri-apical periodontitis-affected
lesions [31–33]. Our present ex vivo MMP-8 mRNA transcriptomic findings support and
further extend those previous in vivo [32–34] rather than the in vitro studies [17,19,22]
revealing rather low de novo transcriptional expression of MMP-8 RNA in the periodontitis-
affected gingiva vs. healthy gingiva [32–34]. Our present data support the conjuncture that
cytokine (IL-1β) induced neutrophil extravasation and selective degranulation together
with periodontopathogenic-dependent (Td-dentilisin) activation of the released proMMP-8
to aMMP-8 contributes to periodontal tissue destruction [19,20].

The potential benefit and usefulness of utilizing aMMP-8 POCT as the biomarker
in the new periodontitis staging and grading categorization have been demonstrated by
Sorsa et al. [9], Keskin et al. [10], Deng et al. [15,16], and Sahni [35], as well independently
confirmed by Deng et al. [31,32]. The implementation of aMMP-8 as the selected biomarker
in the new periodontitis classification was successfully confirmed and further extended
in the current study [7,9,10,15,16]. Furthermore, we showed that aMMP-8 levels in HC
mouth rinses were significantly lower (i.e., below 20 ng/mL) than aMMP-8 levels in CP
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patients. These systemically and periodontally healthy adults (HCs) were 23–25-year-old
dental students with very good oral health habits who had never experienced periodontal
disease [10], and their low aMMP-8 levels indicated no/low risk of collagenolytic disease
activity in the near future. Noteworthy, in HCs, the low MMP-8 levels do not represent
active MMP-8 but instead represent mainly total latent proMMP-8. In that regard, Ganghar
et al. [36], Overall et al. [37], Lee et al. [38], Mancini et al. [39], and Romanelli et al. [40] have
shown that in oral fluid of periodontally healthy patients, the MMP-8 is latent proMMP-8
rather than aMMP-8.

In the present study, it was observed that only total MMP-8 decreased back to a healthy
control level due to the treatment effect. However, aMMP-8 levels, despite being reduced
significantly due to the non-antibiotic anti-infective scaling and root planing treatment
affecting and reflecting clinical indices, were not reduced back to healthy control levels
(Figure 4). It is possible that when periodontitis develops to stages III/IV grade B/C peri-
odontitis, it is difficult, or almost impossible thereafter, for active collagenolytic activity to
reduce back to healthy levels again. Doxycycline, an aMMP-8 inhibitor, can aid in reducing
MMP-8 activation but not completely [41]. Furthermore, Romanelli et al. [40], Mancini
et al. [39], Gellibolian [42], and Overall et al. [37] have demonstrated by using different and
independent collagenase activity assay and immunoassays that the major type of MMP-8
in progressive periodontitis lesions is aMMP-8 and not latent total proMMP-8. MMP-8 is
not activated and fragmented in gingivitis, but it is activated and fragmented in periodon-
titis [40]. In this regard, many studies using total MMP-8 as the oral fluid periodontitis
and periimplantitis biomarker have failed. Noteworthy, aMMP-8 is collagenolytic and
proteolytic, whereas total latent proMMP-8 is neither collagenolytic nor proteolytic [19,21].
Therefore, it is an aMMP-8 and not a total MMP-8 [43–45], which reflects clinically active
and progressive periodontitis in oral fluids [9,10,38–40]. And hence, moving ahead, aMMP-
8 should not be regarded as synonymous with total MMP-8 in periodontitis diagnosis [35].

These findings strongly suggest that low aMMP-8 levels (<20 ng/mL), as detected
by aMMP-8 POCT, may be regarded as a biomarker of periodontal health [9,10], as de-
termined by independent aMMP-8 catalytic activity assay [27], as well as by aMMP-8
IFMA immunoassay utilizing the same aMMP-8 selective monoclonal antibody [10], as
in the aMMP-8 POC test [9,10,35]. All three independent aMMP-8 assays were found to
correlate with each other well, and all also reflect clinical indices of periodontal disease
before, during, and after successful anti-infective periodontal treatment.

5. Conclusions

Consistent with similar independent tests for aMMP-8, such as the catalytic aMMP-8-
RFU activity assay [27] and aMMP-8 IFMA [10], the use of aMMP-8 POCT in chair-side
applications lasting only 5 min has been shown to be convenient [9,15,16]. It serves as
a reliable method for real-time quantitative diagnostics and ongoing monitoring during
periodontal treatment with scaling and root planing, supplementing its effectiveness.
Analysis of aMMP-8 levels following successful scaling and root planing treatment indicates
a significant reduction, approaching levels observed in healthy individuals. This contrasts
with total MMP-8, which lacks precision as a biomarker for periodontitis. Levels of aMMP-8
can be influenced by microbial proteases, such as those released by Td, which trigger specific
release of neutrophils in the gingiva affected by chronic periodontitis (CP), as well as by the
direct action of Td-dentilisin, activating MMP-8 to aMMP-8. This mechanism, rather than de
novo expression of neutrophil MMP-8 in the gingiva, is a key contributor to tissue damage
in CP. The use of aMMP-8 POCT is, thus, advantageous as a supplementary diagnostic,
point-of-care, treatment-monitoring, and preventive tool in adult chronic periodontitis.
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Abstract: Background: Dental care has been transformed by neural networks, introducing advanced
methods for improving patient outcomes. By leveraging technological innovation, dental informatics
aims to enhance treatment and diagnostic processes. Early diagnosis of dental problems is crucial, as
it can substantially reduce dental disease incidence by ensuring timely and appropriate treatment.
The use of artificial intelligence (AI) within dental informatics is a pivotal tool that has applications
across all dental specialties. This systematic literature review aims to comprehensively summarize
existing research on AI implementation in dentistry. It explores various techniques used for detecting
oral features such as teeth, fillings, caries, prostheses, crowns, implants, and endodontic treatments.
AI plays a vital role in the diagnosis of dental diseases by enabling precise and quick identification of
issues that may be difficult to detect through traditional methods. Its ability to analyze large volumes
of data enhances diagnostic accuracy and efficiency, leading to better patient outcomes. Methods: An
extensive search was conducted across a number of databases, including Science Direct, PubMed
(MEDLINE), arXiv.org, MDPI, Nature, Web of Science, Google Scholar, Scopus, and Wiley Online
Library. Results: The studies included in this review employed a wide range of neural networks,
showcasing their versatility in detecting the dental categories mentioned above. Additionally, the use
of diverse datasets underscores the adaptability of these AI models to different clinical scenarios. This
study highlights the compatibility, robustness, and heterogeneity among the reviewed studies. This
indicates that AI technologies can be effectively integrated into current dental practices. The review
also discusses potential challenges and future directions for AI in dentistry. It emphasizes the need
for further research to optimize these technologies for broader clinical applications. Conclusions: By
providing a detailed overview of AI’s role in dentistry, this review aims to inform practitioners and
researchers about the current capabilities and future potential of AI-driven dental care, ultimately
contributing to improved patient outcomes and more efficient dental practices.

Keywords: artificial intelligent; diagnostic imaging; diagnosis; deep learning; deep neural networks;
machine learning; medical image processing; systematic review

1. Introduction

Over the last few decades, medical imaging methods such as Computerized Tomogra-
phy (CT) and X-rays have been used to identify, detect, and treat many illnesses. Moreover,
there are various methods for developing rapid diagnosis equipment for dental caries,
such as assessing commonly used machine learning approaches on the impacts of annual
parenteral examinations, and the use of classification techniques employing two distinct
phases: digital image processing and characterization.

From the 1970s to the 1990s, clinical image recognition was initially performed by
sequential-based low-level raster production (edge and line spectrometer filters, morpho-
logical operation) and numerical methods (appropriate lines, groups, and elliptical) to
begin building rule-based mechanisms that solved specific tasks [1,2]. Dental informatics is
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a new and developing topic in dentistry with the potential to enhance treatment and diag-
nostics, save time, and lessen stress and exhaustion in daily practice [3,4]. In general, and
in dentistry in particular, a variety of types of data are generated, including high-resolution
radiography, continuously monitoring biosensors, and electronic records [5]. Computer
applications can assist dental professionals in making decisions regarding, among other
things, protection, diagnostics, and treatment planning [6].

In a prior Korean survey, only 21% of individuals visited dental centers and hospi-
tals for dental care and examinations [7]. Therefore, the frequency may be much lower
in low- and intermediate-income societies where dental inspections are costly and not
reimbursed by insurance. Therefore, advanced screening systems that most of the public
can conveniently use will help boost the number of dental caries assessments.

Artificial Intelligence (AI) has profoundly advanced the field of dentistry, integrating
seamlessly into clinical workflows. It has transformed dentistry by enhancing diagnos-
tic imaging, treatment planning, patient management, and workflow optimization. It
improves image analysis, automates charting, and predicts treatment outcomes. It en-
hances diagnostic imaging through sophisticated algorithms that improve the accuracy
of radiographic and CT scan analysis, identifying pathologies such as caries and bone
resorption with precision. In treatment planning, AI employs predictive analytics for
personalized therapeutic strategies and optimizes orthodontic device fabrication, such as
aligners. Furthermore, AI provides real-time clinical decision support and comprehensive
risk assessments, improving patient outcomes. It also contributes to professional education
through advanced simulation training. Also robotic surgery could used to assist in precise
surgical procedures, enhancing accuracy and reducing recovery time. Despite challenges
like integration and data privacy, AI significantly boosts efficiency and accuracy in den-
tal practices. Deep learning (DL) has been demonstrated to work well in image-based
diagnostics across various disciplines [8]. Convolutional neural networks (CNNs) are a
popular option for interpreting medical images in DL applications, which have progressed
incredibly quickly over the past decade [9]. In medicine, CNNs have been successfully used
to detect skin cancer during skin screenings, diabetic retinopathy during eye examinations,
and breast cancer during mammograms [10].

CNNs have lately been used in dentistry to identify apical lesions, caries on bitewing
radiographs, and periodontal bone loss, as well as to classify medical images [11,12]. These
types of Artificial Neural Networks (ANNs) can be used to segment and classify structures,
such as teeth or cavities, as well as to detect them [13]. An image database is required for
the training and optimization of ANNs.

This study rationally focused on reviewing the current state of Artificial Intelligence
(AI) in dentistry and state-of-the-art applications, including the recognition of teeth cavities,
filled teeth, crown predictions, oral surgery, and endodontic therapy.

The purpose of this systematic review is to understand and compare the current
applications of machine learning in the care of dental patients. This will enable us to
assess their diagnostic and prognostic accuracy. As part of the study, we will identify
areas of development for ML applications in the dental care field. In addition, we will
suggest improvements to research methodology that will facilitate the implementation of
ML technologies in services and improve clinical treatment guidelines based on the results
of future studies.

2. Materials and Methods

This review was conducted in accordance with PRISMA guidelines [14] for preferred
reporting items for systematic reviews and meta-analyses of diagnostic test accuracy studies.

2.1. Research Questions

1. How\Which the ML\DL Technique can be used to built an efficient dentistry diag-
nostic support system?
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2. What are the possible optimizition techniques used by different methods to improve
their performance?

3. What are each optimal methods for each teeth target?
4. What is the future of clinical applications in dentistry filed?

2.2. Data Source

To ensure a comprehensive and relevant collection of data for this systematic review,
an extensive search of electronic databases was performed. The selection criteria were
carefully designed to capture the forefront of research in artificial intelligence applications
within dentistry. This search targeted major databases recognized for their rich accumula-
tion of peer-reviewed articles, including Science Direct, PubMed (MEDLINE), arXiv.org,
MDPI, Nature, Google Scholar, Scopus, and Wiley Online Library. The period from January
2013 to February 2024 was covered to include the most recent advances. Keywords were
meticulously chosen to reflect critical areas in dental AI research, such as ‘teeth segmen-
tation’, ‘detection of dental caries’, and ‘computer-aided diagnosis’, among others. This
strategy was aimed not only at harnessing the most pertinent studies but also at ensuring
that the scope of findings remained tightly aligned with the evolving landscape of AI in
dental practice. Table 1 below summarizes the databases, time range, and specific keywords
that framed our research strategy.

Table 1. Overview of Databases and Keywords Used in Systematic Review of Diagnostic AI Applica-
tions in Dentistry (2013–2024).

Database Search Strategy Search Data # of Identify Records

IEEE Xplore
“Dental OR Oral OR Dental Diseases OR Periodontal
Disease OR Tooth Decay & Cavities OR Oral Cancer
OR Gums Disease OR Age Estimation OR Bone
Loos” AND “Machine learning OR Deep Learning
OR Artificial intelligence” OR “Full Text OR Paper
Title” OR “Survey” OR “Overview”

2 August 2024

195
Science Direct 608

PubMed (MIDLINE) 3000
arXiv.org 17

MDPI 70
Nature 251
Scopus 1002

Wiley Online Library 85

2.3. Resources Selection

Full-length articles were retrieved from the journals. As part of the screening process,
the two authors organize a focus group in order to ensure that the eligibility criteria
and inclusion criteria are met. A list of the titles, authors, dates of publication, places
of publication, and full abstracts of the literature obtained through the above-mentioned
search protocol was imported into Microsoft Excel 2023. Using the software, duplicates
were removed from the list of literature and the remaining article abstracts were screened
using eligibility criteria. The required articles for this review study were selected in two
stages. The first stage was the selection of articles based on the title and abstracts related
to our research topic. The preliminary search yielded 5228 articles that were appropriate
to address the study’s aim, then due to duplication, 4012 articles were removed. Hence,
the two authors retrieved 1216 articles at the second stage of selection. In the next stage,
they followed a criterion to include research papers. For the purposes of the review, all
authors were satisfied with the exclusion and inclusion of papers. In order to avoid missing
relevant literature, criteria were devised after a focus group consisting of the two authors
above reviewed preliminary papers. Figure 1 shows the detailed flowchart of our study
selection based on PRISMA-DTA methodology.
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Figure 1. Detailed flowchart of study selection.

2.4. Inclusion and Exclusion Criteria

• The article must be focused on AI, and its application should be one of the related
assigned dentistry applications and including the statistical analysis for the results.

• The article must include reference to or creation of datasets that are used to assess
a model.

This criterion reduced the number of articles to (121). All the articles were read completely.

2.5. Performance and Accuracy Measures

Our study of the evolution of AI trends in dentistry over the years was based on the
developments contained in these articles. As a general rule, the following performance
evaluation metrics are most frequently used in the classification, segmentation, and detec-
tion of teeth problems: Accuracy, Precision, Sensitivity, Specificity, F1-score, Jaccard index,
MAE, RMSE, R2, MRE and SDR. Table 2 summarize the statistical performance indicators
used in the analyzed papers.

Table 2. Summary of statistical performance indicators used in the analyzed papers. See notes a–f for
detailed definitions and additional information.

Metrics Formula Definition

Accuracy
TPa + TNb

TP + TN + FPc + FNd
The accuracy of a measurement is the

degree to which it is close to the true value.

Precision
TP

TP + FP
Precision refers to how closely the

measurements are related.
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Table 2. Cont.

Metrics Formula Definition

Recall (Sensitivity)
TP

TP + FN
The recall indicates whether the model is

capable of detecting positive samples.

Specificity
TN

TN + FP
It is defined as the proportion of true

negatives that the model correctly predicts.

F1 score (Dice Coefficient)
2 · TP

2 · TP + FP + FN
In the F1 score, the precision and recall are

calculated as a harmonic mean.

Jaccard index (Intersection
over Union (IoU))

TP
TP + FN + FP

A Jaccard similarity coefficient, also known
as the Jaccard index, measures the

similarity and diversity of sample sets.

Mean Absolute Error (MAE)
1
n

n

∑
i=1

|(ŷi − yi)|e
It is a measure of the difference in error

between pairs of observations expressing
the same phenomenon.

Root Mean Square Error
(RMSE)

1
n

n

∑
i=1

(ŷi − yi)
2

Typically refers to the difference between
the values predicted by a model or an

estimator and the values observed.

Correlation Coefficient (R2)
1
n ∑n

i=1(ŷi − y)2 − 1
n ∑n

i=1(ŷi − yi)
2

1
n ∑n

i=1(yi − y)2

An estimation method based on statistics
used to evaluate the performance of a

regression model.

Mean Radial Errors (MRE)
∑n

i=1 Ri
n

f It is the mean Euclidian distance between
the reference turning point and the

predicted point.

Successful Detection Rate
(SDR)

number of accurate samples
number of samples

× 100%

When the error between the estimated
coordinates and the correct position is less

than a precision range, the estimated
coordinates are considered correct.

a—TP is true positive. b—TN is true negative. c—FP is false positive. d—FN is false negative. e—The n indicates
the total number of samples. yi refers to the estimated value, while ŷi stands for actual value and y demonstrate
the true mean value. f—n represents the size of the set, where radial error R is defined as the distance between the
predicted coordinates and the actual coordinates based on the Euclidean distance.

Due to the inclusion of accuracy terms in the search criteria, no papers were excluded
for containing accuracy measurements not specified in the search criteria.

2.6. Data Synthesis and Analysis

Main characteristics of included caries and teeth targeted studies were used to group
the extracted data according to its depth. They were also grouped based on their validation
metrics used and their values that allowed direct comparison of data between studies.
As part of the study, all outcome measures were extracted and analyzed in a standard
format, including a complete definition of accuracy regardless of the measure used by the
included papers to document this. In addition, each study included was evaluated based
on QUADAS-2 quality assessment [15]. More details can be found later in Section 3.1.

3. Results

In total, 5228 papers were identified in this review paper. After eliminating duplicate
titles, we were left with 1216, which were then evaluated for abstracts and excluded
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based on exclusion criteria (i.e., ref. [16] is excluded because no DL or ML model applied).
The remaining articles (n = 228) were reviewed in their full-text forms. Based on the
eligibility criteria displayed in Table 1, 121 studies were selected with multiple forms of
machine learning. The included papers have been conducted over the past decade (between
2013–2024) as illustrated in Figure 2.
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Figure 2. Artificial intelligence in dentistry research trends.

As the study contains many studies with a variety of characteristics and demographics.
Tables 3 and 4 provide a comprehensive comparison of study characteristics, Section 4
provide a details description of the included studies. All the papers included in this review
were published between 2013 and 2022 and used a different set of data radiography listed
before in Table 5. There was a wide variation in the Machine Learning algorithms have
been applied across studies. The majority of studies used convolutional neural networks
(CNN), U-nets, or R-CNNs. As display in Figure 3, around 60% of the studies used CNNs,
including their two extensions, U-net (n = 12) or 3D U-net (n = 3) and faster R-CNN (n = 13)
or mask R-CNN (n = 9).

3.1. Risks of Bias Assessment

Throughout all of the studies, AI has been assessed for its diagnostic accuracy in a
variety of specific areas of dentistry. QUADAS-2, a commonly used tool in the literature for
risk of bias assessment, was used to assess the risk of bias [15]. There was a high level of
risk associated with the studies conducted on humans in order to establish the reference
standard. There were 7% of studies in the present analysis that reported a high risk of
bias for the reference standard. Approximately 7% of the studies in the present analysis
reported a high risk of bias regarding the reference standard. As AI technology relies on
standardized data feeds, AI had little impact on final output flow or timeframe and was
thus classified as a low-risk technology. The current systematic review reported a low risk
of bias in the index test and in flow and timing (50%). However, the applicability arm of
QUADAS-2 provided comparable results, as shown in Figure 4.
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Region-based CNN (RCNN), Stacked Sparse Autoencoder Encoders (SSAE), Fully Con-
nected Neural Networks (FCNN), Region-based Fully CNN (RFCN), Residual Networks
(v2,18,34,50,101, 152), Single Shot MultiBox Detector (SSMD), Radial Basis Functions NN
(RBNN), Group of Adaptive Models Evolution (GAME), Highly-Scalable Deep CNN (SCD-
CNN), Multi Channel-Deep CNN (MCDCNN), Generative Adversarial Network (GAN),
Deep Convolutional GAN (DCGANs), Conditional GAN (CGAN), Dental Caries Detection
Network (DCDNet), Fully Convolutional One-Stage (FCOS), You Only Look Once V4
(YOLO-V4),You Only Look Once V7 (YOLO-V7), Deep Q-Networks (DQN) and Double
Deep Q-Networks (DDQN). The bar chart depicts the number of publications included in
this review (n=116), in which each type of machine or deep learning was referenced by an
outcome measure.
Figure 4. Graphical display of machine and deep learning models in included studies.

Figure 3. Graphical display of machine and deep learning models in included studies, where (*)
indicates the full name of the model.
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Figure 4. QUADAS-2 quality assessment graphs depict individual bias risk and concerns regard-
ing applicability.

There is a great deal of interest in the topic of teeth caries as shown in Table 3. In some
approaches, caries were detected in a large or small dataset, while in others, caries depth
was used to determine treatment protocols.

The most notable growth in dental segmentation and classification, as shown in Table 4
can be summarized in two points:

1. In the segmentation domain, graph-based CNN overcomes many other segmentation
methods due to the graph’s ability to avoid ambiguous labeling of other teeth [17].
Some approaches yielded good accuracy in detecting the 3D dental model using the
3D CNN model based on hierarchical voxel OCTREE and conditional random field
CRF model [18].

2. In the classification domain, several studies focused on classifying the teeth, such
as [19–21]. Some studies used the same models to detect the problems that affect the
teeth [22] or their condition [23].

The most widely used network to enhance outcomes of teeth detection and teeth
numbering is faster R-CNN because of its algorithm for selectively generating search
region proposals.

Assessment measurement are varieties among included studies. Summarize of these
assessment measurement describe in Table 2. According to Tables 3 and 4, there were 11
out of 29 using Accuracy as assessment measurement. To this end, it is important to note
that [24] and have unclear information about the value of accuracy test for their approach.

A shown in Figure 5b, panoramic X-ray images are the most popular radiographic
method used in the literature [13,25]. In panoramic dental X-rays, a relatively modest
dosage of ionizing radiation is used to produce an image that includes the whole mouth.
Therefore, this type of image is more suitable in diagnoses of teeth diseases, in order to plan
root treatment [26,27], in diagnosis of gum [28,29] and jaw bone [30] diseases. In addition,
it is frequently used by dentists and oral surgeons in routine practice or for non-medical
purposes such as age estimation [24] or for preprocessing tasks such as teeth numbering [4],
classification [31] and segmentation [32]. The techniques of NN and AI can be applied to a
variety of radiological studies, such as the periapical X-ray and the CBCT. However, there
is a shortage of data availability for both periapical X-rays and CBCT. It is worth to mention
missing information regarding the dataset. Some methods [33,34] have missing data such
as radiography type and number of images. Others such as [21] has missing number of
images used in there method.
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Teeth Segmentation
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Teeth Classification
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Teeth Caries
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Prostheses & Restoration
3.26%
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Bone Loss & Age Measurement

13.04%

Periodontal Diseases
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4.35% Root Treatment
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Cephalometric Landmark
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(a) Teeth Diseases

Bitewing X-ray
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Periapical X-ray
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Panoramic X-ray

44.34%

Cephalometric Projections

3.77%

Cone-beam Computed Tomography
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1.89% Radiovisiography(RVG)
1.89% Near-Infrared Transillumination
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(b) Radiography Images

Figure 5. The focus distribution of dental detection: (a) Percentage of research published based on the
types of teeth diseases, (b) Percentage of research published based on the types of radiography images.

4. Machine Learning/Deep Learning for Dental Disease Detection

Currently, there is a growing interest in applying Artificial Intelligent (AI) strate-
gies and image processing for medical image classification, detection, segmentation, and
analysis. Generally, many dental applications and different modalities are used in dental
imaging [13]. Some researchers design applications for specific types of dental diseases,
while others focus on distinguishing and recognizing different variables, such as distin-
guishing the teeth from other tissues.

4.1. Caries Targeted Studies

Early detection of dental caries (a.k.a cavity) can prevent tooth damage and save
expensive healthcare costs. Thus, an effective modality for the early detection of dental
caries is a crucial subject in dental research [35]. From 2015 to 2024, twenty four studies were
conducted on dental caries. The details of these studies can be found in Supplementary
File Section (S1.1).

Table 3 summarizes the main characteristics and outcomes that were measured of
included (caries) targeted studies.
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4.2. Teeth Targeted Studies
4.2.1. Teeth Segmentation

Teeth detection has been a research subject for at least the last two decades, mainly
relying on threshold and region-based, and machine learning methods [55]. This paper
explores the progress made through machine/deep learning methods in segmenting teeth.
The segmentation of teeth from different radiography images has been investigated in
sixteen studies. Supplementary File Section (S1.2.1) contains details of these studies.

4.2.2. Tooth Classification

This section contains the tooth classification methods that classify the type of teeth,
the problem affecting the teeth, or the condition. Other classification studies focusing on
solving other dental fields are distributed in other sections. The classification of tooth types
was carried out in seven studies between 2012 and 2024. Where tow study proposed to
classified different teeth problems. In addition, there are two other studies that aimed
to classified the conditions of teeth. These studies are described in Section (S1.2.2) of the
Supplemental File.

4.2.3. Detection of Prostheses and Restorations

Dental Prostheses are dental appliances that a dentist can use to replace or restore a
missing tooth or missing parts of tooth structure, or structures that need to be removed to
prevent decay. These various prostheses include fillings, crowns and bridges, all of which
may cause pain in the future. There have been four studies conducted to detect different
types of crowns and dental materials. The Supplemental File contains an overview of these
studies in Section (S1.2.3).

4.2.4. Teeth Numbering and Missing Teeth

An important part of a dentist’s diagnostic process is the evaluation of dental radio-
graphs. The detection and numbering of teeth is part of the interpretation process carried
out by a dental expert. Dental implant placement requires the detection of missing teeth
regions. There have been nine studies conducted for teeth numbering and detecting missing
teeth. There is a brief overview of these studies in Section (S1.2.4) of the Supplemental File.

4.2.5. Detection of Dental Implants

The application of deep learning offers promising performance in computer vision
tasks, and is especially suitable for the analysis and recognition of dental images in dental
implants [56]. The detection of dental implants has been the subject of eight papers in this
systematic review. In the supplemental file, Section (S1.2.5) provides a brief overview of
these studies.

4.2.6. Detection of Bone Loss (Osteoporosis) and Bone Age Measurement (BAM)

In clinical practice, peri-implant bone level detection relies on imaging findings. Com-
monly used imaging modalities include CBCT (2 studies), panoramic radiography (2 stud-
ies), and periapical radiography (6 studies). Furthermore, there are four studies available to
estimate the age based on different dental images. These studies is summarized in Section
(S1.2.6) of the Supplemental File.

4.2.7. Detection of Periodontal Diseases

A periodontal disease is an oral inflammation that affects the gingival tissues as well
as the tissues supporting the teeth. Aside from the fact that they cause tooth loss, they are
also linked to cardiovascular diseases, diabetes, and rheumatoid arthritis. There are six
papers for detection of periodontal diseases included in this review. The Supplemental File
contains a summary of this study in Section (S1.2.7).
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4.2.8. Detection of Cysts and Tumors

There are six papers for detection of cysts and tumors are included in this review. An
overview of this study can be found in Section (S1.2.8) of the Supplemental File.

4.2.9. Supernumerary and Impacted Wisdom Teeth Detection

“Supernumerary teeth” refer to teeth that are not part of the deciduous or permanent
teeth series. Five papers are available for the detection of supernumerary and impacted wis-
dom teeth. Section (S1.2.9) of the Supplemental File provides an overview of these studies.

4.2.10. Detection of Root (Endodontic) Treatment

There are four papers available regarding the detection of root treatment. Endodontic
treatment can be adversely affected by an extra root on the distal root of the mandibular
(lower jaw) first molar [57]. An overview of these studies is provided in Section (S1.2.10) of
the Supplemental File.

4.2.11. Detection of Cephalometric Landmark

A growing role has been played by quantitative cephalometry in clinical diagnosis,
treatment, and surgery. It is essential to develop fully automated methods for these
procedures in order to ensure that computerized analyses are accurate. In this systematic
review, five papers discuss the detection of cephalometric landmarks. The Supplemental
File provides a brief overview of these studies in Section (S1.2.11). Table 4 summarizes the
main characteristics of the teeth-targeted studies and all outcomes measured in the study.

4.3. Different Dental X-Ray Images

Many types of images, especially the X-ray, have been used in the literature [25]. In the
dentistry field, there are different types of X-ray detectors: Orthopantomogram (OPG) and
Radiovisiography (RVG). The X-ray image produced using the OPG detector shows both
the upper and lower teeth in one image. While RVG takes intraoral radiographs which
are useful for diagnosing an individual tooth [36]. In general, there are different types of
dental X-rays that dentist uses to evaluate the oral health of teeth:

4.3.1. Intraoral X-Rays Images

The most widely used form of dental X-ray in dental clinics. These X-rays give great
information about individual teeth, allowing the dentist to track overall dental and jawbone
health. In this type of X-ray image, the film is placed inside the mouth of the patient. There
are several types of intraoral X-rays, each showing different aspects of teeth: Bitewing
X-rays, Periapical X-rays, and Occlusal X-rays.
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4.3.2. Extraoral X-Rays Images

Extraoral X-ray images are diagnostic tools used to capture detailed views of the teeth,
jaw, and facial structures from outside the mouth, aiding in comprehensive dental assess-
ment and treatment planning. Dentists use various extraoral X-rays, such as Panoramic
X-rays, Cephalometric Projections (CP), and Cone-beam Computed Tomography (CBCT).
These imaging techniques provide comprehensive views of dental structures, aiding in
accurate diagnosis and effective treatment planning. Panoramic X-rays offer a wide view
of the jaw and teeth, while CP focuses on the skull and jaw relationships offer insights into
the relationships between the jaw and skull, crucial for orthodontic planning. In addition,
AI in 3D dental imaging enhances diagnostics and treatment planning by analyzing CBCT
scans to accurately identify issues like cavities and fractures. CBCT stands out by providing
high-resolution 3D images, allowing for precise diagnosis and treatment planning, particu-
larly in complex cases like implants and orthodontics. These 3D images provide a detailed
view of dental structures, aiding in the creation of precise treatment plans for implants and
orthodontics by simulating scenarios and predicting outcomes. These advancements in 3D
imaging enhance the dentist’s ability to accurately identify and address dental issues, ulti-
mately improving patient outcomes. Automated measurements and AI-generated models
improve efficiency and patient communication, while predictive analytics aid in informed
decision-making. CBCT provides detailed 3D images, crucial for complex procedures like
implants and orthodontics, ensuring precise assessments and interventions.

4.3.3. Oral Photographs

Oral images can be captured with the help of a consumer camera in a cost-effective
and simple manner. It has become increasingly common for consumers to carry cameras,
including smartphones, which are easy to use and have enhanced functionality [50,80].

4.3.4. Near-Infrared Transillumination

Near-infrared transillumination (TI) is a promising and effective imaging technique
for the detection of early teeth lesions (i.e., caries) in real-time without film [41,81]. In-
creased mineral loss (caries lesion) leads to an increase in scattering and absorption of light.
Therefore, caries appears as dark regions because less light reaches the detector [81].

4.3.5. Fluorescent Imaging

Fluorescence occurs when a substance absorbs higher-energy light and then emits
light (photons). It is more intense in the dentine than in the enamel in natural teeth, and it
has a bluish-white color [82].

4.3.6. 3D Digital Dental Model

In addition to intraoral scanning technology, digital dental models can be obtained
through advancements in digital technology. A resinic dental model can then be created
using the stereolithographic data collected from the scanner [83]. Table 5 summarizes the
different characteristics and usage of X-ray images.

Table 5. Main characteristics and usage of dental X-ray images in literature.

Type Publication Used Variable Measured Sample Image Features

Bitewing X-rays [37,49,54,77,84–86]
Caries detection
(posterior initial
proximal caries)

Accuracy
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Table 5. Cont.

Type Publication Used Variable Measured Sample Image Features

Occlusal X-ray N.A

Detecting abnormal,
extra teeth, jaw

fractures, a cleft palate,
cysts and abscesses

Displaying a section or
entire arch of teeth in

the upper or lower jaw

Periapical X-rays [12,39,40,59,86–93] Diagnosing invisible
proximal dental caries

Display the entire tooth,
from the crown to the
root, where it connects

to the jaw.

Radiovisiography
(RVG) [36,42]

Diagnosis of an
individual tooth and

classification of
dental diseases.

No films placed inside
the patient mouth.

Cephalometric
projections [65,94–96]

Orthodontic treatment
planning. It captures a
single film’s anterior,
posterior, and lateral

image of the skull
bones and soft tissues.

Typically collected
from individuals who
need orthodontic or

orthognathic surgery.

Cone-beam Computed
Tomography (CBCT)

[19,38,53,64,67,93,97–
104]

Endodontics,
orthodontics, implant,

oral surgery, and
oral medicine

High resolution 3D
volumetric data.

Panoramic X-rays

[4,11,20,22–
24,26,27,30,30–

32,43,44,57,58,60–
63,66,68,69,89,105–127]

Full visualization of
jaw, such as tumors,

teeth included,
infections,

post-accident fractures,
temporomandibular

joint disorders

Captured outside the
mouth which makes

them more acceptable
for the patient, they

cause a lower infection
rate, and lower

radiation exposure,
they are simple to

apply and require less
time but they are the

most challenging type
due to uneven lighting,

the presence of noise
and low resolution.

Ora Photographs [50,51,58,89,128–131] Gathered by
consumer cameras

They are easier and
more cost-effective

to capture.

Near-Infrared
Transillumination [10,41] Early teeth lesions (i.e.,

caries) in real time

The near-infrared light
shows as a dark region

in a caries lesion
because of light

scattering
and absorption.
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Table 5. Cont.

Type Publication Used Variable Measured Sample Image Features

Fluorescent imaging [132,133]
Identification and
analysis of dental

plaque to detect disease
Accuracy

3D digital dental model [17,18,21,34,106,134] Planning of treatment
in surgery

View the dental
occlusion in 3D

spatial perspective

To conclude, radiographic images are very challenging for the following reasons:

• There are different levels of noise in radiographic images due to the moving imaging
device that captures the patient’s teeth.

• The segmentation of objects in panoramic radiographic images can be made difficult
by problems such as light imbalances caused by superimposition and other positioning
errors [135].

The resolution of panoramic radiographic images is usually low, which contributes
to the presence of noise in the image. It is therefore necessary to distinguish between the
area of interest (ROI) and the background when processing dental X-ray images [115]. It
is important to note that, when compared to other radiographic images, such as intraoral
images (bitewing and periapical), these images offer greater patient comfort and provide
less radiation exposure to the patient. Additionally, it has ability to examine a larger area of
the jaw and maxilla [108].

5. Discussion

This study aims to summarize the current state of artificial intelligence’s ability to
detect various dental conditions, including dental caries, fillings, endodontic treatment,
dental implants, and endodontic treatments. The NN structures vary from single layer
to multiple layers with a different number of interconnected nodes, showing different
modes of traveling through the network. An increasing interest is being shown in the use of
different NN structures, especially for the analysis of medical images. This is because these
models are capable of processing large amounts of relevant data for analysis, diagnosis,
and surveillance of disease [136].

There has been a general growth in the research that applies AI (specially deep learn-
ing) to dentistry fields. Figure 2 shows that the year 2020 followed by year 2021 had the
most articles published in this field. This literature review includes studies utilizing a
variety of NN architectures, see Figure 3. CNNs are designed to process data that consists
of multiple arrays and different backbones. As the detection of dental images has emerged
over time, more dense CNNs have been used for this purpose, such as Faster RCNN [137],
that utilizes a faster region proposal network (RPN) and a detection network that share
convolutional features based on the full-image convolutions. UNet [138] architecture is
used to segment images in a fast and precise manner. So far, it has outperformed a sliding-
window convolutional network among the most effective methods. Moreover, Compared
to the traditional CNN, FCNN [139] improves the computational efficiency and detection
accuracy. Some of the convolution layers are weighted directly by Gabor filters [37,40].
The YOLO family [140] architecture is one of the most popular model architectures for
detecting objects in real time. The main reason for its popularity is that it utilizes one of
the most effective neural network architectures to produce high reliability and efficient
processing performance. DetectNet [28] is a deep neural network for detecting objects that
provides the XY coordinates of an object detected [27,99,118]. More recent modification of
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Faster R-CNN is Mask R-CNN [141], which predict segmentation masks for each region
of interest (ROI) [126]. Recently, Mask R-CNN and U-net have outperformed other teeth
detection and segmentation structures for further teeth diagnosis tasks.

Generally, NNs require large amounts of different types of dental images in order
to ensure high levels of targeted accuracy. Overfitting occurs when neural networks
learn too well from their training data. So far, NNs cannot be applied to another group
of images beyond those trained. This emphasizes the importance of using a variety of
data that is matched to a given population. Training on a large amount of data has
resulted in very efficient deep CNN algorithms [37,39,50]. Srivastava et al. [37] collect the
dataset from approximately 100 clinics across the United States provided them with over
3000 bitewing radiographs, which allowed them to achieve optimal results in finding dental
professionals. Lee et al. [39] in their study utilized a total of approximately 3000 periapical
radiographs, divided into training and validation sets, where [50] during the development
and evaluation of the model, 3932 oral photographs were collected from 625 volunteers
with consumer cameras.

In theory, performance of networks with deeper layers is expected to be better than
the performance of networks with shallower layers. It appears, however, deep networks
perform less well in practice than shallow networks. This is because there was an optimiza-
tion problem rather than an overfitting problem. To put it simply, the deeper a network is,
the more challenging it is to optimize. Therefore, Transfer Learning (TL) is another way to
provide a rapid straight-forward progress or improved performance for certain problem
such as oral field. Pre-trained Models (AlexNet, GoogLeNet, ResNet, VGG, Inception
Networks etc. and more) are an examples of TL that enrich the dentistry diagnostic support
system. AlexNet [142] is composed of eight layers, in which five convolutional layers
are employed, two hidden layers are fully connected, and a single output layer is fully
connected. GoogLeNet [143] has 20 layers and VGG-16 [144] has 16 layers, both trained on
ImageNet [142] classifies images into 1000 object categories. Inception [143] is concerned
with computation costs, whereas ResNet family [145] is concerned with computation ac-
curacy. As an example of TL, Prajapati et al. [36] and Haghanifar et al. [43] experimented
with the performance of CNN for diagnosis by employing transfer learning to classify
dental caries.

Alternatively, combining different CNN architectures in one model (hybrid model)
shows significant results [38,127]. Using U-net combined with subpixel CNN models
resulted in improved quality metrics as well as image segmentation-based analysis com-
pared with techniques for super-resolution reconstruction based on the state-of-the-art [38].
Where [127] utilizes three different U-Net networks with Faster R-CNN and VGG-16 for
tooth detection and tooth numbering.

There have been numerous target applications employing NN in the dental field. In
our study, we focus on explore the maximum number of teeth target that can be in one
research (12 targets). Figure 5a,b demonstrate the emphasis of dental detection in terms
of disease or type of radiography, respectively. As can be seen in Figure 5a, teeth caries
is the most searched topic [146]. Some approaches focused on the detection of caries in a
large [37] or small dataset [36], whereas other suggested a treatment plan based on caries
depth [147]. Moreover, teeth segmentation seems to be an effective preprocessing step for
further dental disease diagnosis in 2D images [32] or/and 3D teeth models [18,134]. The
teeth segmentation aids in distinguishing the teeth from other tissues (i.e., gums and jaw
bones). Due to the public availability of datasets, studies have been increasingly focused
on measuring the bone level as preprocessing for other treatments (i.e., implant) [30,113] or
in measuring the age of bone [24].

There have been variety of data types have been used in the computerized dental
targets. In our study, we focus on explore the maximum number of data types that can
be used in research (11 types). As can be seen in Figure 5b, Panoramic X-Rays is the most
popular data type in literature (with 44.34%) as it provide full visualization of jaw, such
as tumors, teeth included, infections, post-accident fractures, temporomandibular joint
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disorders. This is because it captures outside the mouth which makes them more acceptable
for the patient with a lower infection rate, and lower radiation exposure. Also, they are
simple to apply and require less time but they are the most challenging type due to uneven
lighting, the presence of noise and low resolution (such as [68,69]). CBCT comes in second
place (with 12.26%), where it used in endodontics, orthodontics, implant, oral surgery,
and oral medicine due to the high resolution 3D volumetric data (such as [64,67]). Then,
Periapical X-rays in third place (with 11.32%) for diagnosing invisible proximal dental
caries because it displays the entire tooth, from the crown to the root, where it connects to
the jaw (such as [40,59]). Recently, the use of Oral Photographs (such as [50,51]) rapidly
evolved in recent research from (2019–2022) enabling end-users cameras to capture using
mobile applications because it is easier and more cost-effective to capture. A further barrier
to setting up training data is the requirement for annotation by medical experts.

Many researcher optimized the performance of their architecture by different tech-
niques such as: augmentation. For example, Miki et al. [19] augmented the data by image
rotation and intensity transformation, and Sivasundaram et al. [61] enhanced the number of
input samples and performed a threefold cross-validation in order to evaluate the accuracy
of the results by using data augmentation and threefold cross-validation. Also, Almalki
et al. [70] used it to increase the dataset size, several augmentation functions were used
to increase the number of images, including rotation, shear, zooming, and horizontal and
vertical flipping. In the other hand, Other diagnoses focus on integrating image analysis
tools with dental radiography as pre-processing or post-processing such as [88,148]. Sab-
harwal et al. [148] reviewed different methods that combine DL with image analysis for
implant and periodontal diseases to understand their impact and how this can lead to
improved treatment results. Also, Choi et al. in [88] used a preprocessing step (i.e., hori-
zontal alignment of pictured teeth) followed by a fully convolutional network model with
Naïve classifier [149]. For post-processsing, Chen et al. [59] proposed three post-processing
techniques to improve detection precision of faster R-CNN.

To this end, there are a variety of alternatives available to researchers in dental-care
problems. According to our study, we found that there is little guidance in the literature
on selecting appropriate methods for each target. Therefore, there is a need to collaborate
between dentists and DL developers to clarify the optimal model for each teeth target.

In future clinical applications, hybrid models will be taken into account in order
to increase accuracy for each target. It is likely that more TL-based techniques will be
applied in the future, especially for more successful techniques (U-net [38,49,101], Mask
R-CNN [23,125] and Faster R-CNN [23,125]). Additionally, prediction target networks will
probably be seen more in the future, such as [12,147].

6. Conclusions

The recognition of dental images has progressively advanced with the introduction of
more complex convolutional neural networks (CNNs), achieving significant enhancements
in accuracy. As the acquisition of big data grows, the demand for the efficient processing
capabilities of deep CNN technologies becomes increasingly critical. Given the substantial
diversity in image databases, as well as the variability in types, outcomes, and frameworks
of neural networks (NNs), a standardized approach is essential to enhance comparability
and robustness across studies. To further advance standardization, generalizability, and
reproducibility in dental imaging, future research should focus on identifying the most
effective imaging modality for each specific dental application. Additionally, the potential of
transfer learning and hybrid models has shown promising results in terms of performance
improvement. However, more experimental studies are required to verify their effectiveness
across various dental target studies. Future research in dental imaging should focus
on developing standardized protocols for image acquisition and processing to enhance
comparability across studies. Identifying the most effective imaging modalities for specific
dental applications is crucial to improve diagnostic accuracy. Additionally, exploring
the potential of transfer learning and hybrid models through experimental studies can
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ensure their applicability across diverse datasets. Efficient management of big data is
essential, emphasizing advanced storage, retrieval, and processing techniques. Robust
frameworks that accommodate variability in neural network architectures are needed to
ensure consistent performance. Enhancing the generalizability and reproducibility of CNN
models should be prioritized, possibly through cross-validation with diverse datasets.
Interdisciplinary collaboration between dental researchers, data scientists, and software
developers is vital for innovating and refining AI applications in dentistry. AI in dentistry
faces challenges such as insufficient data quality and quantity, lack of standardization,
and difficulties in model interpretability. Models often struggle with generalizability
across diverse datasets and integrating into clinical workflows. There are also ethical and
legal concerns, including patient privacy and liability issues. Additionally, high costs
and the need for specialized expertise can limit accessibility, while resistance from dental
professionals may hinder adoption. Addressing these issues is essential for effective AI
integration in dental practices.

Limitation of Included Research

In systematic review methodology, the use of filters is generally discouraged due to
the potential risk of omitting relevant studies. However, in this review, the filters applied
did not significantly impact the retrieval of pertinent articles. The limitations were carefully
chosen to minimize the inclusion of irrelevant articles without compromising the scope of
relevant findings. Specifically, the review was restricted to human studies, and only papers
published between 2013 and 2022 were considered. These criteria were deemed appropriate
given the focus of the review and are unlikely to have biased the results significantly.

The temporal restriction was particularly considered to reflect recent advancements
and current practices, thereby enhancing the review’s relevance to contemporary research
and practice in the field. This approach ensured that the most up-to-date and applicable
findings were included, providing a modern perspective on the use of neural networks
in dental imaging. However, it is acknowledged that this may also limit the historical
perspective and exclude seminal works published prior to 2013 that could still be relevant
to understanding the full landscape of the field.
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Abstract: Automatic age estimation has garnered significant interest among researchers because
of its potential practical uses. The current systematic review was undertaken to critically appraise
developments and performance of AI models designed for automated estimation using dento-
maxillofacial radiographic images. In order to ensure consistency in their approach, the researchers
followed the diagnostic test accuracy guidelines outlined in PRISMA-DTA for this systematic review.
They conducted an electronic search across various databases such as PubMed, Scopus, Embase,
Cochrane, Web of Science, Google Scholar, and the Saudi Digital Library to identify relevant articles
published between the years 2000 and 2024. A total of 26 articles that satisfied the inclusion criteria
were subjected to a risk of bias assessment using QUADAS-2, which revealed a flawless risk of bias
in both arms for the patient-selection domain. Additionally, the certainty of evidence was evaluated
using the GRADE approach. AI technology has primarily been utilized for automated age estimation
through tooth development stages, tooth and bone parameters, bone age measurements, and pulp–
tooth ratio. The AI models employed in the studies achieved a remarkably high precision of 99.05%
and accuracy of 99.98% in the age estimation for models using tooth development stages and bone
age measurements, respectively. The application of AI as an additional diagnostic tool within the
realm of age estimation demonstrates significant promise.

Keywords: artificial intelligence; age estimation; deep learning; forensics; machine learning;
panoramic radiographs

1. Introduction

Age plays a crucial role in defining a person’s identity [1]. The pursuit of accurate
age estimation methods has persisted throughout time. Whether for living or deceased
individuals, the need for reliable age estimation remains significant in various scenarios.
There are different approaches to determining someone’s age, which include considering
their chronological age, skeletal age, and dental age [2]. Chronological age refers to the
length of time that has passed since birth and is the primary way of defining age [3].

Chronological age, alongside biological sex and ethnicity, is a crucial factor in an-
thropological and forensic studies [4]. Estimating chronological age has been successfully
performed by assessing the development of bones. Various skeletal parts, such as the pubic
symphysis, auricular surface, and sternal ribs, have been utilized for this purpose. It should
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be noted that there is not one specific method based on bone development that consistently
outperforms others, as the effectiveness of each method depends on numerous factors [5].

Dental maturity is a highly dependable approach for estimating chronological age in
criminal, forensic, and anthropological contexts and has the ability to serve as a reliable
indicator of age [6–8]. Teeth are frequently utilized in age estimation due to their less
susceptible nature to external influences, such as genetics or environment [9]. Due to
their highly mineralized structure, teeth are resistant to decomposition after death and can
withstand flames, alkalis, and acids [10]. While bones may degrade over time, teeth can be
preserved for extended periods and are therefore a dependable method of identification in
emergency scenarios [11,12].

A blend of techniques—visual, radiographic, chemical, and histological—are utilized
for determining dental age. Visual assessment relies on tracking the succession of tooth
emergence and functional transitions that accompany aging, like wear and alterations in
tooth hue. Radiographic scans offer insight into the developmental stage of teeth, from
the inception of mineralization to crown shaping and root tip maturation. Biochemical
techniques help to identify changes in ion levels as an individual ages. Histological methods
involve preparing tissues for thorough microscopic analysis [8,13,14]. Morphological and
radiographic techniques such as Schour and Massler’s method, Demirjian’s method, and
Kvaal’s method prove to be effective in determining age in living individuals who are in
their teenage and adult years. When it comes to deceased individuals, histological and
biochemical techniques like Gustafson’s and Johanson’s method, the Bang and Ramm
method, aspartic acid racemization, and the cemental annulation technique come into play
for accurately determining age [1,15].

Dental age estimation relies on two distinct methods: assessing the timing of tooth
eruption and analyzing the progression of dental maturity stages. The latter, dental ma-
turity, is deemed more dependable due to its high heritability, low coefficient variation,
and autonomy from external factors such as nutrition, hormones, and environmental influ-
ences [7,16]. Dental radiographic records can help determine a person’s age by assessing
different characteristics. These include jaw bone development, tooth germ appearance,
stage of tooth crown completion and eruption, extent of deciduous teeth resorption, mea-
surement of open apices in teeth, size of pulp chamber and root canals, formation of
secondary dentin, tooth-to-pulp ratio, and development and structure of the third mo-
lar [17,18].

Estimating dental age is a complicated task, as teeth come in all shapes and sizes, mak-
ing it a unique challenge. The complexities and variations within and among individuals
further complicate the process [19]. As people become older, they experience changes like
reduced alveolar bone levels and altered pulp-to-tooth ratios. However, using only direct
measurements of the first molar may result in a significant margin of error of 8.84 years [19].
Moreover, previous methods of age estimation in dentistry have been limited, focusing only
on specific aspects of teeth and often resulting in large error margins. Since existing age
estimation methods are prone to errors and bias, we hypothesized that an improvement in
accuracy could be achieved by removing subjective elements and automating the process.
There have been continuous efforts to enhance the precision of AI-powered age estimations,
such as utilizing deep learning algorithms, over the past ten years [5].

Dental radiographs have been utilized to demonstrate the dependability of convo-
lutional neural networks (CNNs) for a range of dental ailments like dental caries [20],
periodontal disease [21], odontogenic cysts and tumors [22], and conditions affecting the
maxillary sinus and temporomandibular joints [23,24]. CNNs have an advantage over
traditional individual feature-based techniques as they can conduct end-to-end learning
and automatically extract relevant features from raw data without human intervention.
They do not need human-engineered techniques, so an AI system could greatly reduce
the work of human interpreters or observers in predicting dental age [25]. Additionally,
since CNNs generate a comprehensive feature set from data on their own, they perform
well with large datasets. Therefore, this systematic review was carried out to assess and
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report on the performance of AI models developed for automated age estimation from
dento-maxillofacial radiographs.

2. Materials and Methods

To ensure the quality of the methodology, the authors adhered to the diagnostic test
accuracy criteria specified in the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Extension (PRISMA-DTA) [26]. This systematic review protocol is registered
in PROSPERO with registration number CRD42024528182. The search for literature was
guided by the PICO (Problem/Patient, Intervention/Indicator, Comparison, and Outcome)
criteria detailed in Table 1.

Table 1. Description of the PICO (P = Population, I = Intervention, C = Comparison, O = Outcome) elements.

Research question What are the developments and performance of the artificial intelligence models that have been used
in age estimation using dento-maxillofacial radiographs?

Population Patients who underwent dento-maxillofacial radiographs

Intervention AI-based models developed for age estimation

Comparison Traditional methods of age estimation, expert opinion, other AI models

Outcome
Accuracy, sensitivity, specificity, precision, recall, receiver, area under the curve (AUC), F measure,
mean absolute error (MAE), root mean squared error (RMSE), R squared (R2), root mean squared

percentage error (RMSPE).

2.1. Search Strategy

We utilized an array of reputable databases, such as PubMed, Scopus, Embase,
Cochrane, Web of Science, Google Scholar, and the Saudi Digital Library, to conduct
a digital search for data. Our comprehensive search encompassed the years 2000 to 2024.
To search for articles in electronic databases several key terms were used: artificial intelli-
gence, age, age estimation, chronological age, precise age, age prediction, age detection, age
evaluation, age assessment, dental age, age classification, tooth staging, tooth parameter,
bone parameters, tooth development, convolutional neural network, automated, machine
learning, deep learning, X-rays, dental radiographs, panoramic radiographs, and forensics.
Further to that, we used Boolean operators (AND, OR) and applied English language filters.
To supplement our electronic search, we also manually scrutinized applicable research
publications and their citations. This process included inspecting the reference lists of
previously gathered articles in the college library. The search was carried out by two
separate authors who were specifically trained to carry out the same task.

2.2. Study Selection

Article selection was based on how relevant articles were to the field of study, alongside
the allure of their titles and abstracts. Two researchers (S.B.K. and F.B.) conducted the
search process independently, resulting in a bounty of 580 articles initially considered, with
578 discovered through the electronic search and 2 found through manual exploration. To
safeguard against duplicity, two additional team members conducted a thorough inspection,
purging 387 replicates. The remaining trove of 193 manuscripts underwent a meticulous
assessment to ascertain their eligibility.

2.3. Eligibility Criteria

The papers selected for this comprehensive review had to adhere to specific guidelines:
(a) original works exploring AI; (b) inclusion of quantitative data for examination and
analysis; and (c) clear references to the data enabling evaluation of AI-based models. For
the study design to be included in this review, no limitations were imposed. Articles not
delving into AI innovation, conference papers never published or that were only available
online, unpublished works, articles lacking full-text availability, pilot studies, and those
not in English were excluded.
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2.4. Data Extraction

After evaluating the selected papers based on their titles and abstracts and removing
duplicates, the authors thoroughly examined the full texts. Following this evaluation, the
count of articles meeting the criteria for inclusion in the systematic review dwindled to 28.
To uphold impartiality, the publications’ journal names and author details were expunged,
allowing two impartial reviewers (M.A. and A.S.), unconnected to the initial search, to
appraise them. Pertinent data from the chosen papers were meticulously extracted and
inputted into a Microsoft Excel document, encapsulating particulars on writers, publication
dates, research goals, AI algorithm varieties employed, and the data for model training,
validation, and testing. Results, findings, and recommendations from the research were also
recorded. Disagreements regarding the inclusion of four articles arose due to insufficient
evidence supporting their results and conclusions. After consultation with another qualified
author (A.F.), these four articles were excluded. As a result, a total of 26 articles were
carefully curated and meticulously examined in this systematic review, as shown in Figure 1.
These 26 articles were deemed worthy of consideration for inclusion and were subjected to
a rigorous evaluation.

The papers were scrutinized for quality using QUADAS-2 [27], which delved into
various aspects of research design and reporting, including patient selection, index test,
reference standard, flow, and timing. This evaluation sought to gauge the applicability of
the data across diverse clinical settings and patient cohorts, while pinpointing possible
sources of bias. Two reviewers showed substantial agreement, with an 82% level of
agreement measured by Cohen’s kappa.
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3. Results

After an in-depth analysis of 26 articles, qualitative data were extracted. Most of the
articles were published in the last four years, indicating a rising trend in articles focusing
on the implementation of AI models for tooth numbering and detection.

3.1. Qualitative Data of the Studies

AI has primarily been used for automated age estimation by analyzing tooth devel-
opment stages [28–47], tooth and bone parameters [48–50], bone age measurements [51],
and pulp–tooth ratio [52,53]. We gathered data from the studies included, but due to the
varied data samples used to assess AI model performance, a meta-analysis could not be
conducted. The heterogeneity in the extracted data stemmed from the diverse types of
data samples utilized in evaluating the AI models’ performance. Therefore, this systematic
review only provides descriptive data from the studies included, as shown in Table 2.

3.2. Study Characteristics

The study characteristics decoded comprised details regarding the authors; year
of publication; research goals; AI model development algorithms employed; training,
validation, and testing data sources; model accuracy assessment; research findings; and
any guidance offered by the authors.

3.3. Outcome Measures

Efficiency in task execution was evaluated by employing different metrics, such as
measurable or predictive outcomes including receiver operating characteristic (ROC), area
under the curve (AUC), accuracy, sensitivity, specificity, precision, recall, F-measure, mean
absolute error (MAE), root mean squared error (RMSE), R squared (R2), and root mean
squared percentage error (RMSPE).

3.4. Risk of Bias Assessment and Applicability Concern

The evaluation of study quality and risk of bias was conducted using the QUADAS-2
assessment tool (Table S1). All studies employed patient-derived secondary information
in the form of dento-maxillofacial radiographs as the input for the CNNs, presuming
randomization and non-randomization to be equally dispersed in primary studies. The
patient-selection domain was considered to have no risk of bias. The standardized methods
for entering data into AI technology helped mitigate bias in the flow and timing domain.
Nevertheless, two of the studies (15.38%) [37,46] failed to clearly delineate the reference
standard employed, giving rise to inherent bias concerns in the index test, reference stan-
dard, flow, and timing domains. Another (7.69%) study [46] relied on notations from
solitary observations as a gold standard, culminating in a high risk of bias with respect to
index tests. Despite the above-mentioned issues, both research arms exhibited minimal risk
of bias in all the studies considered. The risk of bias evaluation and applicability concerns
in the studies analyzed are presented in Table S1 and Figure 2.
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Figure 2. QUADAS-2 assessment of the individual risk of bias domains and applicability concerns. 
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3.5. Assessment of Strength of Evidence

The certainty of evidence was evaluated using the Grading of Recommendations
Assessment Development and Evaluation (GRADE) technique [54]. There are four levels of
certainty: very low, low, moderate, and high. This is determined by assessing five factors:
risk of bias, inconsistency, indirectness, imprecision, and publication bias. According to
the assessment, the included papers demonstrated a high level of certainty of evidence, as
shown in Table 3.

Table 3. Assessment of strength of evidence.

Outcome Inconsistency Indirectness Imprecision Risk of Bias Publication Bias Strength of
Evidence

Application of AI in automated age estimation using
tooth development stages [28–47] Not Present Not Present Not Present Present Not Present ⊕⊕⊕#

Application of AI in automated age estimation using
tooth and bone parameters [48–50] Not Present Not Present Not Present Not Present Not Present ⊕⊕⊕⊕

Application of AI in automated age estimation using
bone age measurements [51] Not Present Not Present Not Present Not Present Not Present ⊕⊕⊕⊕

Application of AI in automated age estimation using
pulp–tooth ratio [52,53] Not Present Not Present Not Present Not Present Not Present ⊕⊕⊕⊕

⊕⊕⊕⊕—high evidence; ⊕⊕⊕#—moderate evidence.

The certainty of the studies included in this systematic review was evaluated using
the Grading of Recommendations Assessment Development and Evaluation (GRADE)
approach. Inconsistency, indirectness, imprecision, risk of bias, and publication bias were
the five domains that determine the certainty of evidence and can be categorized as very
low, low, moderate, or high evidence. The overall certainty of evidence from the included
studies in this review was found to be high.

4. Discussion

Determining age is crucial in various areas, like in forensic science for identifying
individuals in various situations like mass casualties and criminal cases [55]. It also helps
to verify the ages of athletes and immigrants to uphold equal rights and fairness [56].
Additionally, it aids in planning orthodontic and pediatric treatments by predicting jaw
growth spurts [57]. To accurately estimate age, it is essential to assess sexual characteristics,
bone development, and tooth development [12].

Chronological age can be estimated using three main categories: laboratory-guided
molecular biology studies, dental indicators, and bone markers [50]. Dental age assessment
involves comparing the developmental stages of both temporary and permanent teeth
with dental development charts created by various researchers [50]. Researchers have
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established different scales based on the developmental stages of both permanent and
temporary teeth observed in radiographs. The age of 14, when the permanent second
molars erupt, marks the conclusion of the childhood and mixed dentition phase and serves
as a reliable method in age estimation [37]. Two conventional methods that are commonly
used for age determination are the ‘Atlas method’ and ‘Demirjian’s method’. The former
compares radiographic dental development (mineralization) with published standards,
and the latter is a scoring method that involves scoring the development of seven left lower
mandibular teeth in eight categories (A–H) [58].

Even though these manual methods have been correctly utilized in various groups,
there are still specific drawbacks in clinical settings, such as the subjectivity of the technique
and potential bias in measurement. Additionally, these procedures can be tedious and
time-consuming [31]. The conventional approach to dental age estimation using image pro-
cessing involves a series of manual procedures, including segmentation, feature extraction,
image pre-processing, classification, and regression. Each of these steps carries a risk of
errors and can introduce variability in the final result. For instance, bone images obtained
from radiography scans may differ between dry and wet conditions, even within the same
age group [51].

Deep learning methods are known as end-to-end learning-based approaches, where
deep neural networks like convolutional neural networks can directly process input images
and generate the desired output without the need for intermediate steps like segmentation
and feature extraction [29]. Thus, automated dental age estimation is very much essential
in order to improve the accuracy and repeatability of age estimation [7]. Hence, this
systematic review was undertaken to assess the development and performance of AI
models in automated age estimation.

4.1. Effectiveness of AI in Automated Age Estimation Using Tooth Development Stages

Dental radiological techniques for age assessment typically involve parameters like
tooth development stages, tooth eruption, open apices of teeth, development of jaw bones,
and pulp–tooth ratio. Tooth development is more commonly used than eruption in age
assessment as the latter can be affected by external factors, whereas formation is a con-
tinuous, cumulative, and advancing process [59]. Out of the studies reviewed, a total of
20 have delved into the application of AI for estimating age based on tooth development
stages. The study conducted by Mulla et al. [29] achieved the highest accuracy of 98.8%
and precision of 99.05% out of all other AI models in age estimation. Their approach was
assessed using various performance metrics on a dataset containing 1429 dental X-ray
images and indicated that features based on AlexNet outperformed those based on ResNet.
Furthermore, the k-NN classifier demonstrated superior performance across different
metrics when compared to other classifiers [29].

It was observed in our review that the major drawbacks associated with traditional
age estimation methods were underestimation and overestimation of age. It was found that
the Chaillet and Demirjian method underestimated the dental age of Malaysian Chinese in-
dividuals in the study conducted by Bunyarit SS et al. [28]. Therefore, a population-specific
predictive model was created using an artificial neural network–multilayer perceptron
(ANN-MLP) to improve the accuracy of age estimation. The discrepancy between chrono-
logical age (CA) and dental age (DA) was much lesser (−0.05 ± 0.92 years for boys and
−0.06 ± 1.11 years for girls) when utilizing the ANN-MLP networking model. In contrast
to this, Galibourg et al. [30] reported that Demirjian’s and Willems’ methods, both overesti-
mated the age, Demirjian’s by a mean of 257 days and Willems’ by 80 days, and affirmed
that machine learning methods outperformed traditional approaches for age estimation
using radiographic dental staging from childhood to early adulthood. These findings
align with a meta-analysis which indicated that Demirjian’s method tends to overestimate
females’ ages by 0.65 years and males’ ages by 0.60 years on average [60].

A dental age estimation model that is fully automated, with no human involvement,
outperformed one that depended on manually defining features. The automated model
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achieved a mean absolute error (MAE) of 0.83 years, which was half of that of the manual
model. This autonomous method might reveal previously unrecognized age-related fea-
tures, thereby improving the model’s overall performance as reported by Han M et al. [36].

In another study conducted by Kumagai et al. [42], it was found that the accuracy of
the conventional method using the internal test set was slightly better compared to the
AI models. The difference in mean absolute error was less than 0.21 years, and the root
mean square error was less than 0.24 years. The discrepancies between the conventional
methods and AI models were around 44 to 77 days with mean absolute error and 62 to 88
days with root mean square error. While the conventional methods showed a slight edge in
accuracy in this research, it is uncertain whether this small difference has significant clinical
or practical relevance. These findings suggest that dental age estimation using AI models
can be done with nearly the same precision as the conventional method.

Shen et al. [34] conducted a study on estimating the dental age of seven permanent
teeth in the left mandible in Eastern Chinese individuals aged 5 to 13 years. They used
the Cameriere method for age estimation and compared it with linear regression, support
vector machine (SVM), and random forest (RF) models. Their results showed that all three
AI models had higher accuracy than the conventional method. The improved accuracy
could be due to including younger participants in the study sample. As age estimation
becomes more precise with the increasing number of developing teeth, the presence of
younger subjects in the study could lead to higher accuracy in the derived age estimation
method [61].

4.2. Effectiveness of AI in Automated Age Estimation Using Tooth and Bone Parameters

The neural model created in the research conducted by Zaborowicz M et al. [48]
demonstrated the lowest prediction errors of 2.34 months in determining the metric age of
boys. Specific sets of 21 tooth and bone parameters that were developed as mathematical
proportions by the same author were utilized here [62]. The study used panoramic radio-
graphs of people with normal dental development and no systemic illnesses. Cases with
root canal treatment or extensive fillings were excluded to improve network construction.

In a different study [49], using the optimal EfficientNet-B5 model, the group of females
aged 22 to 31 had the smallest prediction error (MAE 0.96, RMSE 1.52), whereas the group of
males aged 52 to 61 had the highest error (MAE 5.12, RMSE 7.03). The discrepancy between
estimated and real age increased with age. The dentition, maxillary sinus, mandibular
body, and mandibular angle all contributed to age estimation. The class activation map-
ping results indicated that different anatomical structures were relevant in age groups.
Characteristics were predominantly in the teeth in younger age groups (12 to 21 and
22 to 31 years), which is in line with conventional techniques. The emphasis turned to the
maxillary sinus upon movement into the middle age groups (ages 32 to 41 and 42 to 51).
Mandibular body and mandibular angle were emphasized for older age groups (52–61 and
62–71 years) [49].

In comparison to the ResNet101 network, VGG16 demonstrated superior performance
in estimating DA using OPGs on a large scale using teeth and bone parameters according
to the study conducted by Wang J et al. [51]. The VGG16 model yielded satisfactory
predictions for younger age groups, with an accuracy of up to 93.63% in the 6- to 8-year-old
category [50].

4.3. Effectiveness of AI in Automated Age Estimation Using Bone Parameters

A novel automated machine learning model for bone age estimation was proposed
by Sharifonnasabi F et al. [51]. The current bone age estimation models are mainly in the
research phase and have not been widely adopted in the industry. The proposed model
achieved high accuracy (99.98%) levels for different age ranges and outperformed existing
models. Testing on diverse datasets and races confirmed the superior performance of the
HCNN-KNN model, making it a promising tool for bone age measurement [51].

181



Diagnostics 2024, 14, 1079

4.4. Effectiveness of AI in Pulp–Tooth Ratio

Dental age estimation in adults is based on quantifying age-related morphological
changes of teeth, such as the deposition of secondary dentin. Even after the completion of
root formation, the odontoblasts remain functional, continuing the production of secondary
dentin throughout life. As a result of this physiological process, the dimensions of the pulp
chamber gradually change [63]. Various age estimation methods have been developed
based on this decrease. This assessment can be definitively performed through non-
radiological methods like histological and biochemical approaches. Due to the need for
tooth extraction in these methods, they are not suitable for living individuals or situations
where tissue collection from human remains is not feasible. Therefore, radiological methods
are more easily applicable for dental age estimation. Radiological methods have progressed
significantly, enabling the three-dimensional imaging of hard tissues in the jaws [64].

Pulp chamber volumes are utilized in estimating dental age, and these ratios can be
analyzed through deep learning. Despite the low performance of the models as reported
in a study conducted by Dogan B et al. [53], they represent a different approach. The
algorithms performed most accurately for the 18–25 age group compared to other age
groups. Exploring different parameters derived from various measuring techniques in
CBCT data could aid in developing machine learning algorithms for age classification in
forensic scenarios. The measurements should be always taken from the cementum–enamel
junction level on the axial section to obtain accurate three-dimensional secondary dentine
deposition [53].

A study evaluated the effectiveness of Kvaal’s age estimation method using various
ML attribute extraction approaches and algorithms on a population from northeastern
Brazil, based on pulp–tooth ratios. The findings suggested a positive outcome for the
semantic–radiomic association attribute. Kvaal’s method and ML yielded better results for
the male dataset, with ML outperforming the Kvaal method by around 1 year across all
analyzed scenarios [52].

5. Challenges and Future Considerations in AI

AI models developed for age estimation using dento-maxillofacial radiographs can be
applied for various tasks like determining identities of dead people in explosions and bomb
blasts, evaluating athletes in competitive sports, judging juvenile delinquencies, clinical
and forensic purposes, adopting undocumented children of uncertain ages, handling
international refugees, and planning treatment for patients. Despite promising results
from studies evaluating the performance of AI models for automated age estimation from
dento-maxillofacial radiographs, various factors need to be considered before a definitive
conclusion can be reached. The limitations and challenges reported in most of the studies
are mainly related to the limited number of datasets and the lack of a good number of
previously reported studies for a comparison of the results. Hence, it is necessary to
conduct more studies with abundant sample sizes and in diverse populations in order to
improve the applicability of this approach. The requirement for abundant data can also
be addressed through the application of data augmentation methods. Furthermore, the
training datasets need to be precise, reliable, and free from significant errors to ensure
optimal performance [65]. Some studies reviewed had used a limited number of dental
radiograph datasets compared to the wealth of data utilized in medical AI research. This
may lead to the development of AI models that are excessively specialized, potentially
skewing results towards overly optimistic outcomes. The essence of this issue lies in
the fact that AI algorithms typically require a substantial amount of data for effective
generalization to diverse scenarios. Consequently, it is crucial to validate the sample
size and possibly conduct statistical analyses to ensure that the findings have broader
applicability. The overall findings of the studies included in the paper suggest that AI-
based models which include ML and DL display high accuracy and minimal average error
and outperform the classical methods applied for age estimation [34,39]. However, the
mean error of deep learning techniques is claimed to be somewhat greater than that of
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machine learning regression approaches, despite the fact that they can save more time in
object detection [34]. When applying ML models for age estimation, we should consider
individual variability and use additional predictors in order to reduce the variability [66].
Deep learning techniques can perform a more detailed analysis process, where they can
work directly on input images and provide the desired output without requiring the
completion of intermediate processes like feature extraction and segmentation. However,
designing and training a deep neural network is an expensive, time-consuming, and
difficult process. Therefore, new approaches are developed that can utilize pre-trained
deep neural networks and perform the necessary tasks, and these approaches are termed
transfer learning methods [31]. These transformers have made a breakthrough in computer
vision. Age estimation models that were developed using transfer learning were more
feasible in terms of cost, time spent in developing the model, and performing the task more
precisely [31,49].

6. Conclusions

This systematic review found that AI models demonstrated superior performance in
automatic age estimation utilizing dento-maxillofacial radiographic images with increased
accuracy and precision and decreased mean absolute errors. Given this specific situation, AI
has the potential to act as a valuable partner in supporting the efforts of dental and forensic
professionals by allowing them to handle numerous images simultaneously. However, it is
crucial to recognize that the results of AI radiographic analyses are not inherently flawless,
as their precision depends on the quality of the training data and the effectiveness of their
model’s selection and training procedures. Thus, it remains essential for experts to provide
their ultimate interpretation as the final assessment.
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Abstract: Background: The aim of this narrative review was to provide insights into the influence
of the morphological characteristics of the anatomical structures of the upper jaw based on cone
beam computed tomography (CBCT) analysis on the immediate implant placement in this region.
Material and Methods:To conduct this research, we used many electronic databases, and the resulting
papers were chosen and analyzed. From the clinical point of view, the region of the anterior maxilla
is specific and can be difficult for immediate implant placement. Findings: Anatomical structures in
the anterior maxilla, such as the nasopalatine canal and accessory canals, may limit and influence the
implant therapy outcome. In addition to the aforementioned region, immediate implant placement in
the posterior maxilla may be challenging for clinicians, especially in prosthetic-driven immediate
implant placement procedures. Data presented within the recently published materials summarize
the investigations performed in order to achieve more reliable indicators that may make more
accurate decisions for clinicians. Conclusion: The possibility for immediate implant placement may
be affected by the NPC shape in the anterior maxilla, while the presence of ACs may increase the
incidence of immediate implant placement complications. The variations in IRS characteristics may be
considered important criteria for choosing the implant properties required for successful immediate
implant placement.

Keywords: morphometric analysis; anterior maxilla; posterior maxilla; immediate implant placement;
cone beam computed tomography (CBCT)

1. Introduction

The anatomical border between the anterior and posterior maxilla represents a bony
ridge named the zygomaticoalveolar crest. The anterior maxilla is the region that extends
from the first premolar on one side to the first premolar on the other side, the cranial border
is represented by the anterior nasal opening (the piriform aperture), and the caudal border
is the crestal bone [1]. The benefits of cone beam computed tomography (CBCT) usage
in planning interventions in the anterior maxilla region have been confirmed in planning
implant placement, especially regarding the existence and type of nasopalatine (NPC) and
accessory canals (ACs). Also, the importance of CBCT image analyses has been reported in
planning interventions in the maxillary molar region. The advantages of such a diagnostic
procedure were highlighted in the sense of interradicular septum (IRS) morphological
characteristics analysis, which allows for reliable planning of implant therapy.

The use of CBCT imaging in medicine evolved in the 1980s, which was followed
by its introduction in dentistry during the 1990s [1]. CBCT is an extraoral radiographic
technique that provides a precise 3D image of hard-tissue structures. CBCT imaging is
based on the use of a rotating gantry carrying a source of X-ray radiation and a detector.
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A divergent cone-shaped source of radiation passes directly across the field of interest,
and the remaining attenuated radiation is beamed onto the X-ray detector surface on the
other side [2,3]. In order to make full volume of the image, only one rotation around the
patient is necessary [4]. It is well-known that a significant improvement in the analysis of
this maxillary region was achieved by using CBCT. The use of CBCT has overcome the
deficiencies of other radiological methods, such as the distortions and superimpositions
of 2D radiography, poor resolution, the limited access of computed tomography, the high
cost, difficulties in interpretation in dentistry, the longer scanning time, disturbances of
metal artifacts, and the high radiation exposure of computed tomography and multi-sliced
computed tomography [3]. The use of the CBCT methodology has already been proven to
have remarkable characteristics for the subtle morphometric analysis of structures that may
be of potential interest in planning the procedures accompanied by immediate implant
placement [3,4].

The work’s methodology results in multiplanar views of the dento-maxillofacial
region [5]. Also, CBCT provides primary image reconstruction in three fundamental
orthogonal planes (Figure 1), such as axial, sagittal, and coronal [6]. Furthermore, the
advantages of CBCT analysis provide across-sectional (individual plane) evaluation. It has
an importance in the estimation of non-symmetrical structures, such as maxillary sinus
septa and alveolar ridge dimensions [7,8]. As the radiation dose in conventional CT and
MSCT imaging is up to 10 times higher than in CBCT, CBCT has primacy in the examination
of anatomical structures [9]. In addition to the mentioned preference, there are many other
advantages, such as the sub-millimeter resolution (2 line pair/mm), images of higher
diagnostic quality, shorter scanning times (~60 s), minimal distortion and reduced radiation
dosage [2], as well as lower cost than the CT/MSCT [10].

Figure 1. CBCT images with the orthogonal planes: (A) coronal, (B) sagittal, (C) axial, and (D) indi-
vidual plane.

From the clinical point of view, knowledge of anatomical structures and their spatial re-
lationships is crucial in medicine and dentistry for diagnosis and treatment planning [11,12].
Oral and maxillofacial surgery, implantology, orthodontic, ophthalmology, and otorhino-
laryngology are fields with increased usage of CBCT [13–17]. The indications for using
CBCT have been established by numerous international associations (the Swiss Association
of Dentomaxillofacial Radiology and the American Academy of Oral and Maxillofacial
Radiology [18,19]). The evaluation of nasopalatine canal (NPC) morphometric characteris-
tics is highly recommended in immediate implant placement planning [20]. Furthermore,
CBCT is a reliable radiographic tool used to simulate clinical situations (implant placement)
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using virtual implants so as to prevent complications [21,22]. Also, virtual planning in
maxillofacial surgery is impossible without 3D imaging, and it has been confirmed that
CBCT has become a pillar in the design of therapy and in the navigation-based guidance of
surgeons during procedures [23–26]. Furthermore, CBCT scans could allow for navigation
implantology, so it is currently considered the gold standard for implant site estimation
and treatment planning [27]. The study by Nickenig and collaborators [28] has confirmed
that navigation implant placement using CBCT and surgical guides may provide successful
implant therapy. It leads to the following advantages: a more precise implantation site,
the protection of anatomical structures, high geometrical accuracy, being less invasive,
shorter treatment and surgery periods, flapless surgery, and, consequently, less possibility
of swelling [29]. Furthermore, 3D bone estimation is recommended for numerous proce-
dures, such as preoperative surgical planning for computed assisted surgeries of tumors
and traumas, ridge preservation [30], sinus floor elevation [31,32], and implant placement
with bone augmentation [33,34] or phased procedures following block grafts [35–38].

Therefore, the aim of this narrative review was to highlight recent findings regarding
the advantages of using the CBCT methodology in the evaluation of the maxillary region
and its specific morphometric characteristics with clinical importance.

2. Materials and Methods

Our investigation used the electronic scientific resources PubMed, Scopus, and addi-
tional sources, such as Google Scholar and major journals. The search was supplemented
with a manual search based on the reference lists of the selected papers and other previous
reviews including related journals. Inclusion criteria were studies discussing morpholog-
ical and morphometric characteristics of NPC, ACs, and IRS using CBCT. Only English-
language articles were reviewed. Exclusion criteria included studies with patients under
the age of 18. Scientific data were searched during the period between 1 January 2008
and 1 July 2024 to identify primary articles utilizing keywords: “cone beam computed
tomography” OR “cone beam CT” OR “CBCT” AND nasopalatine canal OR NPC, acces-
sory canals OR ACs, interradicular septum OR interradicular septal bone OR IRS OR ISB,
anterior maxilla OR premaxilla OR alveolar ridge OR posterior maxilla, maxillary central
incisors OR MCIs. Those studies that fulfilled the selection criteria were processed for data
extraction. After extensive searching, a total of 115 studies were identified and underwent
title and abstract screening, and then 61 studies were selected for full-text screening. After
full-text screening, 24 studies were excluded. Hence, a total of 37 studies that met our
inclusion criteria were processed for data extraction (Figure 2).

Figure 2. The scheme of the analyzed anatomical structures of the anterior and posterior maxilla
through CBCT.
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3. Benefits of CBCT Usage in Planning the Interventions in the Anterior Maxilla
Region

Recent studies [13,14] performed using morphometric analyses of CBCT images in the
anterior maxilla region performed in order to improve the planning of surgical interventions
in that region identified NPC and ACs as potential morphological key structures for the
final outcome.

It is well-known that the most prominent anatomical structure in the anterior maxilla is
the NPC, the content of which is already described [21,39–42]. In addition, Mardinger and
coworkers [43] classified NPC shapes in four categories, as follows: cylindrical-, funnel-,
banana-, and hourglass-shaped.

Distribution of NPC shapes in the study by Mardingler and collaborators [43] was
cylindrical, funnel, hourglass, and banana (Figure 3) (50.7, 30.9, 14.5, and 3.9%, respec-
tively). However, Fukuda and coworkers [44] reported the following distribution: funnel,
cylindrical, hourglass, and banana (50, 45, 5, and 0%, respectively). Gil-Markques and
colleagues [45] noticed that 32.5% of NPCs were banana-shaped, while cylindrical and
funnel shapes appeared in 23.5%, while hourglass was the least represented with 20%.
In addition, de Lima and coworkers [46] found that the funnel NPC shape was the most
frequent, followed by cylindrical, hourglass, and banana NPC shapes (34.1, 27.5, 25.1, and
13.3%, respectively). Recent studies by Milanovic [14] and Arnaut [13] described similar
NPC shape distribution. Namely, Milanovic and colleagues [14] noticed that funnel was
35.4%, cylindrical 31%, hourglass 24.8%, and banana 8.8%. Furthermore, Arnaut and
coworkers [13] reported that funnel was the dominant NPC shape (34.59%), followed by
cylindrical, hourglass, and banana (28.57%, 24.89%, and 12.03%, respectively).

Figure 3. The different NPC types: (A) hourglass; (B) banana; (C) funnel; (D) cylindrical.

In addition, numerous studies [43–47] examined dimensions of NPC (NPC length,
the diameter of incisive foramen, and the nasal foramen diameter). Thus, Mardinger
and coworkers [43] noticed that the mean NPC length was 10.7 mm, while the diameters
of the incisive foramen and the nasal foramen were 2.94 mm and 2.55 mm, respectively.
Etoz and colleagues [47] reported that the mean NPC length and the incisive and the nasal
foramen diameter were found at average levels of 12.59 mm, 5.06, and 3.09 mm, respectively.
In addition, Fukuda and collaborators [44] quantified the NPC length and the incisive and
the nasal diameters as 11.75 mm, 4.28 mm, and 2.84 mm, respectively. Similarly, de Lima
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and coworkers [46] presented an NPC length of 12.67 mm, while the incisive foramen and
the nasal foramen diameters were 3.49 mm and 2.89 mm, respectively.

Furthermore, we analyzed studies that examined the horizontal dimension of the
anterior maxilla at different levels that corresponded to postponed NPC [14,39,45]. Thus,
Bornstein and colleagues [39] evaluated the horizontal dimension of the anterior maxilla
at three consecutive levels. At the lowest level, they observed the minimal dimension
of buccal bone wall (6.5 mm) that was followed by the dimension at the middle level
(6.59 mm), while the highest thickness (7.6 mm) was observed at the highest level. Gil-
Markques and coworkers [45] also measured the horizontal dimension of the anterior
maxilla (central incisors region) at three levels and confirmed the same algorithm: the
thickness of the buccal bone increased stepwise according to the level of elevation (6.8,
7.2, and 9.9 mm, respectively). On the other hand, Milanovic and collaborators [14]
analyzed the horizontal dimension of the anterior maxilla at four consecutive levels (A, B,
C, and D) and reported the nonlinear dimensions’ increase (7.11, 7.03, 7.52, and 9.22 mm,
respectively). However, only the study by Milanovic and coworkers [14] statistically
evaluated the relationship between NPC shape and the horizontal dimension of the anterior
maxilla. That methodological approach was used for defining the potential criteria for
immediate implant placement in the region of the maxillary central incisors. Severe criteria
for expected success are demanded in implant therapy, so it seems necessary to evaluate the
morphometric characteristics of the implant site prior to intervention. Hence, Botermans
and colleagues [48] recommended the criteria for immediate implant placement in the
maxillary esthetic zone. Namely, they proposed that the minimum distances from the labial
and palatal bone plates should be 2 mm each. Also, Milanovic and colleagues analyzed
the anterior maxilla in the region of the central incisors and gave potential checkpoints
in the immediate implant placement planning [14]. Furthermore, the most critical point
(insufficient alveolar bone dimension) for the fulfillment of requirements for successful
implant therapy was observed in the banana NPC shape. Following the minimal implant
diameter (3 mm, [48]) for central incisors immediate implant placement, we present the
available bone according to the NPC shape in Table 1.

Table 1. Available bone dimension for the implant placement in the anterior maxilla according to the
NPC shape (in mm). Insufficient space (marked in red); minimal required dimensions (marked in
yellow); sufficient space (marked in green).

NPC Shape
The Horizontal Dimensions of the Anterior Maxilla at

Different Levels Banana Hourglass Cylindrical Funnel

Level A 2.3 3.2 2.9 3.5
Level B 1.4 3.4 3.2 3
Level C 1.6 4 3.6 3.7
Level D 2 5.9 5.7 5.8

Other neurovascular structures in the anterior maxilla analyzed for their potential
importance in this narrative review were ACs. Numerous studies estimated morphological
and morphometric characteristics of ACs [49–57]. However, the reported data for the
presence of ACs were variable. Thus, Machado [51] reported an incidence of 52.1% and
Vasiljevic [49] reported 49.23%, while Baena-Caldas [50] reported that ACs were present in
all patients. On the other hand, de Oliveira-Santos [57] observed the presence of ACs in
only 15.7%.

In addition, according to ACs’ direction, von Arx and coworkers [52] described three
AC shapes (Figure 4) and noticed that the incidence of the curved AC shape was 56.7%,
while vertical and Y AC shapes were present in 41.79% and 1.51%, respectively. Tomrukcu
and colleagues [53] reported that the curved shape was even more frequent (69.15%) when
compared to vertical and Y AC shapes (26.16 and 4.67%). In a study by Vasiljevic and
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collaborators [49], the prevalence of AC shapes was 48.96%, 36.45%, and 14.58% (curved,
vertical, and Y-shaped, respectively).

Figure 4. Accessory canal shapes: (A) curved; (B) vertical; (C) Y-shape.

Numerous studies estimated AC diameters [49,51,53,57] and confirmed that the mean
diameter of ACs was approximately 1–1.5 mm. However, the evaluation of the distance
between maxillary central incisors and ACs was performed only in the study by Vasiljevic
and coworkers [49]. That analysis also provided insight into the relationship between NPC
shape and the distance between ACs and maxillary central incisors.

As mentioned above, although not evaluated to the extent of NPC, another anatomical
structure that could have an impact on immediate implant placement in the maxillary
central incisors region is the AC. The recommended ideal implant position in the anterior
maxillary extraction socket is the apico-palatal guiding slot technique (2 mm below the
apex of the extraction socket [58]). At the same time, a proposed safety zone of 2 mm from
the implant position to the bundle was recommended by Greenstein and colleagues [59].
According to the literature data, it is obvious that ACs’ presence may be considered
as a limiting factor for immediate implant placement in the region of maxillary central
incisors [59–61]. In order to reacha compromise in the recommended data, it is clear that
in Table 2 it is quantitatively confirmed that the existence of ACs should be considered as
excluding criteria for the implant placement.

Table 2. Average palatal distance between accessory canals (ACs) and maxillary central incisors
(MCIs) for implant placement according to NPC shape (in mm). Insufficient distance marked in red.

NPC Shape
ACs–MCIs Distance at the

Different Levels Banana Hourglass Cylindrical Funnel

Level A 1.18 0.9 0.8 1.05
Level B 1.19 1.1 1.08 1.17
Level C 0.8 1.25 1.7 1.3

Finally, based on all morphometric measurements obtained from CBCT images in
numerous studies [13,14,49], provisional guidelines were proposed for the immediate
implant placement according to the NPC shape and ACs’ presence (Figure 5).
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Figure 5. Proposed recommendations for implant placement according to the NPC shape and ACs
present. Recommendations for implant placement are based only on the morphometric characteristics
without additional interventions (ossedensificaton, bone grafting, and NPC exploration).

4. Benefits of CBCT Usage in Planning the Interventions in the Maxillary Molar
Region

From the aspect of the posterior maxilla, IRS presents the ideal place for implant
placement, and it is not surprising that numerous studies estimated morphological IRS
characteristics [62–66].

A recent study considering IRS [62] presented morphological and morphometric IRS
maxillary molar characteristics at the predefined levels using sagittal and axial CBCT slices.
There were no significant differences (sagittal slices) reported between IRS characteristics
of the maxillary molars (both) in bilateral comparison. The same confirmation was noticed
using axial CBCT slices. In addition, differences between IRS characteristics of the first
and second maxillary molars were evaluated. Namely, using sagittal CBCT slices, we
concluded that the interradicular septum width of the first molars was significantly higher
when compared to the second maxillary molars at all evaluated IRS height levels. The same
results were reported for the interradicular furcation angle. On the other hand, the IRS
height of the second molars was significantly higher than the IRS of the first molars (7 mm
and 6.5 mm). Agostinelli and coworkers [66] reported a higher value for the IRS height of
the first maxillary molars compared to the second (4.51 vs. 3.24 mm). Finally, no significant
difference was shown in the distance between the IRS base and the sinus floor of the first
and second molars.

Furthermore, using axial CBCT slices, the perimeter and IRS surface area of the first
and second molars were estimated [63]. The average first maxillary molars’ perimeter
and surface area values were app. 11 mm and 5.5 mm2 at the lowest level, with stepwise
increases in perimeter (12.5, 14, and 16 mm) and surface area (8, 9, and 12.5 mm2) in the
higher sectors. The IRS perimeter and surface area of the second maxillary molars were
significantly lower when compared to the first molars. Again, from the bottom to the top,
a stepwise increase was observed both for the perimeter (7.5, 10, 11, and 13 mm) and the
surface area (3, 4.5, 5.5. and 6.5 mm2) of the second maxillary molars. A similar observation
was reported by Agostinelli and colleagues [66].

Because a possible relationship between different anatomical structures was noticed
in previous studies [13,14], the interconnection between the IR furcation angle and the
IRS surface area/height at level A for both maxillary molars was estimated. Namely,
the correlation between the IR furcation angle and the IRS surface area at level A was
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significantly positive, while it revealed a significant negative correlation between the IR
furcation angle and the IRS height for both groups of molars [63].

This was soon followed by a recent study [63], which proposed the classification of
the IRS structure into five different shapes (arrow-, boat-, drop-, palatal-convergence-, and
buccal-convergence-shaped) based on coronal CBCT slice analysis (Figure 6). This classifi-
cation resulted in predefined quantitative criteria for maxillary molars’ IRS. The maxillary
molars’ IRS widths at the base level for the arrow, boat, palatal, and buccal convergence
were ≥4 mm. In contrast, for the drop IRS shape, the IRS width was ≤4 mm, which was
also the case for both maxillary molars. The second (and final) principal criterion for IRS
shape classification was the IR furcation angle. The first molars’ IR furcation angles for
the arrow and palatal convergence shapes were ≤60◦ and ≤70◦, respectively. On the other
hand, the IR furcation angle of buccal convergence, drop, and boat IRS shapes were ≥60◦,
≥70◦, and ≥90◦, respectively. Less variability in the IR furcation angle was shown in the
second molars. Hence, the arrow, drop, palatal, and buccal convergence shapes presented
IR furcation angles ≤70◦, while in the boat IRS shape the angle was ≥70◦. It was also
noticed that the most frequent IRS shape was arrow (app. 45%), while the lowest frequency
was observed for the drop-shaped IRS (app. 11.5%). Similar variability in IRS shapes’
appearance was present in both the first and the second maxillary molars.

Figure 6. Maxillary molars’ IRS shapes:(A) arrow; (B) boat; (C) drop; (D) palatal convergence;
(E) buccal convergence.

In the same study [63], the IRS shape significantly affected all examined parameters
(IRS width at the different levels, IR furcation angle, IRS height, distance between IRS base
and sinus floor, distance between IR furcation and sinus floor, as well as IRS surface area at
all estimated IRS levels). For the first maxillary molars, at all evaluated IRS levels obtained
on the coronal view, palatal convergence showed the highest value for the IRS width, as
well as height. Afterwards, the IR furcation angle expressed the highest values in the boat
shape. This shape also expressed the smallest distance between the IR furcation and the
sinus floor. For the second molars, the drop-shaped IRS presented the narrowest IRS at all
estimated levels, but with the highest septum. The same was true for the first molars;the
largest angle and the smallest distance between the IR furcation and the sinus floor were in
the boatshape for the second molars.

Finally, the results obtained on axial slices [63] confirmed that the largest IRS surface
area (at all estimated levels) was in the palatal convergence IRS shape for the first upper
molars group. Interestingly, the results of the same study showed that the variations in the
IRS surface area for the second molars were more prominent, as the highest values for the
IRS surface area were observed at the different IRS heights for various IRS shapes.

Also, several authors gave recommendations for IRS dimensions (minimum width of
3 mm and height of 10 mm) for successful immediate implant placement [67,68]. According
to this recommendation, we give a suggestion for immediate implant placement based
on IRS shape morphometric characteristics [63] in Figure 7. On the other hand, some
interventions, such as ossedensification and crestal sinus lift, can overcome this limitation.
Namely, both IRS ossedensification and crestal sinus lift elevation can be performed in one-
stage surgery. Numerous studies confirmed high rates of success of this intervention [69,70].
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Figure 7. Proposed implant placement recommendations according to the morphometric characteris-
tics depending on IRS shape (without additional surgical treatment).

In addition, following the even more rigorous criterion, based on the fact that the most
commonly used implant diameter in the posterior maxilla is 4 mm [69,70], in Figure 8, an
overview is presented confirming that none of IRS shapes provides sufficient space for
reliable implant placement stability. The proposed analysis is in line with the previous
report that described difficulties with immediate implant placement into IRS [71].

Figure 8. The analysis of IRS morphometric potentials required for reliable implant placement
stability according to the IRS shape. (Proposed recommendations for the implant placement are based
only on the IRS morphometric characteristics without additional surgical treatment).

5. Discussion

As it is already known, CBCT provides precise bone measurements in order to prevent
complications during interventions in the anterior maxilla [13,14]. One of the main criteria
for successful immediate implant placement in the region of maxillary central incisors is
sufficient thickness of the labial alveolar bone [72]. Thus, some authors [73,74] reported that
labial alveolar bone thickness should be at least 2 mm to avoid labial gingival recession and
so that biological and esthetic outcomes are achieved. In addition, CBCT examination of
the alveolar ridge inclination during implant planning therapy is highly recommended [20].
Namely, immediate implant placement in the region of the anterior maxilla, especially in
the lateral incisors area, could be compromised by facial bone concavity [75–77].

On the other hand, it has been confirmed in recent studies that anatomical structures
in the anterior maxilla, such as the NPC and accessory canals (ACs), could also compromise
interventions in that region [21,49]. It is not surprising that numerous studies performed
using CBCT images’ morphometric analyses in the anterior maxilla region with the aim to
improve the planning of surgical interventions in that region pointed to the NPC and ACs
as potential morphological key structures for the final outcome [13,14].
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Several NPC morphological classifications have been proposed in the current literature
data [43,47,78,79].Milanovic and collaborators evaluated the dimensions of the alveolar
bone (as the common place for NPC and AC appearance) andthe thickness at the four
consecutive height levels and concluded that the inferior parts of the anterior maxilla
presented a lesser dimension than the superior parts [14]. Their findings were in line
with the previous observations by Güncü [80] and Lopez and collaborators [81]. A recent
study [14] estimated the impact of NPC shape on the anterior maxilla dimensions and
confirmed that the impact existed. Namely, except at the lowest level, patients with the
banana NPC shape had the smallest horizontal dimension of the anterior maxilla [14].

In order to achieve adequate morphometric conditions for immediate implant place-
ment, especially in patients with a banana NPC shape, several additional surgical interven-
tions (such as bone augmentation and NPC exploration) have been proposed [82,83]. Also,
using the NPC as an implant place can be considered [84]. Furthermore, it was suggested
by Singhal and coworkers [85] to use surgical guides for precise implant placement into
nasopalatine foramen. In patients with funnel NPC shapes, simultaneous use of surgical
guides during implant insertion has been recommended [86].

In contrast to the commonly accepted opinion that the NPC is the only neurovascu-
lar structure in the anterior maxilla with clinical importance [87], the importance of the
estimation of the additional existing channels was highlighted in recent studies [49,50].
A recent study [49] confirmed that the ACs were present in the region of the maxillary
central incisors in 49.23% of patients, which is in line with von Arx and colleagues [52],
while Wanzeler and collaborators found ACs in almost 90% [54]. Bilateral localization was
reported as the most frequent in estimation of ACs’ localization by Anatoly and cowork-
ers [55], which is in accordance with our previous study [49]. On the other hand, Manhães
and collaborators showed that the variations in AC distribution were side-dependent [56].
Machado [51] and Vasiljevic and coworkers [49] also evaluated ACs’ diameter and showed
that it was approximately 1 mm, while Oliveira Santos and colleagues [57] reported a
slightly larger AC diameter.

Furthermore, there are numerous studies that assessed the interconnection between
NPCs and ACs and related anatomical structures [14,49,88]. In addition, the specific
relationship between those two vulnerable anatomical structures (NPCs and ACs) in
anterior maxilla was estimated by Vasiljevic and coworkers [49], confirming that the
described relationship significantly depends on the NPC shape.

It has been confirmed that the NPC’s and ACs’ localization could be a limiting factor
for dental implant placement [14,89]. The orthognathic surgical interventions, such as Le
Fort 1, require examination of anatomical structures and careful treatment planning to avoid
neurovascular complications [90]. From the point of view of implantology, Botermans and
coworkers reported that a secure zone between the NPC and the implant is required [48].
However, several virtual implant placement studies showed that it was difficult to achieve
those recommendations [21,91]. Furthermore, Botermans and collaborators [48] noticed
NPC perforation during virtual immediate implant placement in about 53% of cases, while
Jia and colleagues [91] showed slightly above 16%. Also, the damage toACs during implant
placement is described in the literature [89]. It is confirmed that the damage to anatomical
structures in the anterior maxilla could be followed by several complications, such as
non-integration of a dental implant, mucosa necrosis, pain, paresthesia, hemorrhage, the
sensation of the burning head in the occipital region, and neuropathy [89,92].

Summarizing the algorithm presented in Figure 5, it is obvious that the patients with a
banana NPC shape represent the most vulnerable group for immediate implant placement.
On the other hand, the morphometric characteristics of the anterior maxilla in subjects
with a cylindrical NPC shape are considered to require additional interventions (such as
bone grafting) in order to qualify for immediate implant placement. Hourglass and funnel
shapes of the NPC, according to our previous results, allow sufficient operating space
for surgical interventions. In order to achieve adequate morphometric conditions for the
immediate implant placement, especially in patients with a banana NPC shape, several
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additional surgical interventions (such as bone augmentation and NPC exploration) have
been proposed [82,83]. Also, it could be considered to use NPC as an implant place [83,84].
Furthermore, it was suggested by Singhal and coworkers [85] to use surgical guides for
precise implant placement into nasopalatine foramen. In patients with a funnel NPC shape,
simultaneous use of surgical guides during implant insertion has been recommended [86].

As seen in Figure 5, the presence of ACs should be considered as an absolute contraindi-
cation for immediate implant placement. So, the clinicians should follow Shelley’s [93]
recommendation that in those cases there is a need for other therapeutic options, such
as a realistic fixed alternative (adhesive cantilever bridge), in order to avoid potentially
damaging implant therapy

Because the posterior maxillary parts are often exposed to several [94–99] surgical
interventions (such as implant placement therapy, Le Fort I osteotomy, sinus surgery and
sinus lift elevation, cyst enucleation, tumor extirpation, surgical tooth extraction, and
present donor site area), the accurate morphometric analysis of CBCT images is required
for reliable planning.

The anatomical structures in posterior maxillary parts show high variability [100–102].
From the clinical point of view, IRS has been frequently evaluated as the ideal place for
implants [63,103]. Numerous advantages of implant placement in maxillary molars IRS
are described, such as the possibility of achieving primary implant stability, adequate
force distribution, and plaque control [104,105]. On the other hand, anatomical challenges,
as well as the differences between implant diameter and post-extractive alveoli, quality
and quantity of bone, root length and configuration, the root trunk height, and roots’
divergence, could make surgical interventions more difficult [67,106–109]. Several IRS
classifications according to the different criteria have been offered in the literature [63,64].
Namely, Bleyan and collaborators [64] described four categories based on the IRS width
(after tooth extraction), as follows: S-I—septum initial width above 4 mm; S-II—septum
initial width 3–4 mm; S-III—septum initial width 2–3 mm; and S-IV—septum initial width
below 2 mm or no septal bone present. On the other hand, Milenkovic and coworkers [63]
defined five IRS shapes based on linear measurements and visual impressions (arrow-, boat-
, drop-, palatal-convergence-, and buccal-convergence-shaped) by analyzing CBCT images.
However, Smith and colleagues [65] estimated the relationship between the implant and
the IRS and noticed three categories: type A sockets (alveoli have sufficient septal bone,
which circumferentially surrounds the coronal implant part), type B sockets (the septal
bone does not cover the total implant surface, but it is enough to achieve primary implant
stability), and the least, type C (has an insufficient septal bone to stabilize the implant
without engaging the socket wall).

In post-extractive alveoli, clinicians could also use one of the root cavities to insert the
implant in order to achieve primary implant fixation, but it does not meet the requirements
for the correct prosthetic implant position [110]. However, previous studies reported that
IRS presents the ideal implant site from a prosthetic view [111]. It is not surprising that
Rajkovic Pavlovic and coworkers [112] emphasized the importance of radiological IRS
evaluation in implant placement planning due to the fact that primary implant stability
is determined by the alveoli architecture [113]. In order to obtain better insights into IRS
morphological characteristics, Milenkovic and coworkers [63] presented criteria for the
classification of five IRS shapes. As presented in Figure 7, the minimal clinical margin for
achieving the primary implant stability could not be established only for the drop-shaped
IRS, according to the criterion of IRS width. In contrast, this indicator for the primary
implant stability in the second molars was achieved only in the boat IRS shape. According
to the implant height, as the criterion necessary to achieve implant stability, none of the IRS
shapes allows for successful implant placement.

Although previous analyses do not look optimistic from the point of implant placement
success, it should be noted that clinicians have a plethora of possibilities to achieve the
final success of implant stability by applying additional interventions. Those interventions
may be performed prior to implant placement, simultaneously, and/or following the
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standard implant placement procedure. Some of them are aimed at increasing the IRS width,
while the others are recommended for the enlargement of the IRS height. As previously
commented, both goals have to be achieved. However, the final success of those procedures
accompanied with the implant placement is still under evaluation.

Considering the procedures for the enhancement of IRS width, it should be noticed that
osseodensification is a novel method of biomechanical bone preparation in order to achieve
improvement in better implant stability when compared to the standard drill [69]. Hence, in
the clinical study conducted by Bleyan and coworkers [64], theosseodensification method to
improve IRS dimensions was used. They reported the success of implant therapy by means
of a 93.1% survival rate at the 12-month follow-up (135/145 implants). Another surgical
technique that improves the post-extractive alveoli volume is socket grafting [114–117].
There are numerous materials for filling the gap between implants and alveoli described in
the literature [118–120]. The clinical studies confirmed the success of implant therapy by
substituting the insufficient implant sites [65,121].

In cases with insufficient bone height, the sinus lift procedure aims to improve vertical
bone dimensions below the maxillary sinus in order to provide the possibility of implant
placement [122]. Also, the sinus membrane perforation risk could be reduced through
this procedure while simultaneously achieving primary implant stability [123]. On the
other hand, the dimensions of membrane perforation play an important role in implant
placement success [124,125] Thus, Lombardo and coworkers concluded that internal sinus
lift presented a small risk of membrane perforation and stable bone around implants with
a high rate of success at mid-term follow-up for atrophic maxilla [126].

The mentioned procedures aimed to enhance IRS width and IRS height, and in relation
to the analysis presented in the study that analyzed IRS shapes, it is worth noting that
CBCT images’ morphometric analysis allows for the achievement of exact morphometric
parameters that can lead to better planning of interventions in the maxillary molar region.

On the other hand, modern implant therapy includesshort implants with wide threads,
such as AnyRidge implants (Anyridge®, Megagen, South Korea) [127]. Numerous studies
concluded that using this implant type may achieve high primary stability in immediate
implant placement for the maxillary posterior region [128,129].

6. Conclusions

Taken altogether, the impact of the methodological approach based on CBCT image
analysis of maxilla, as presented in this summary of our recent studies, is manifested
by achieving more reliable recommendations for performing certain interventions in the
maxillary region. Summarizing the proposed operating procedures, according to our recent
investigations based on the potential usefulness of CBCT-based diagnostic procedures in
planning some specific interventions in the described regions of interest, it seems that the
following can be stated:

• The possibility for immediate implant placement may be affected by the NPC shape in
the anterior maxilla, while the presence of ACs, in general, may increase the incidence
of immediate implant placement complications;

• The variations in IRS characteristics may be considered important criteria for choosing
the implant properties required for successful immediate implant placement.

The presented relationships of potential clinical importance may be considered as
tentative factors for exclusion criteria under the described circumstances. Furthermore, in
the case that there are no absolute contraindications for the interventions in this region,
the use of the proposed methodology allows for better intervention planning by means of
predefining optimal procedures and quantification of the extent of accompanied treatments.

7. Future Directions

The recent literature provides exact data on the anatomical configuration of the upper
jaw that may affect implant placement. However, subsequent studies could be directed
towards virtual implant placement in order to obtain more precise insight into the relation-
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ship between the implant and vulnerable anatomical structures, such as the NPC, ACs,
and maxillary sinus membrane. Beside gold standards for implant macrodesign, using
virtual planning software for implant surgery with a different macrodesign should also
be examined, as well as the relationship between such a design and the aforementioned
anatomical structure.
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Abstract: There is no validated method of assessing masseter muscle thickness (MMT) by ultrasound
imaging (US). However, this is important to ensure study and measurement quality of MMT by US in
future studies, as MMT differs depending on the examined area. Thus, this study’s aim was to present
a new standardized method for assessing the MMT by US and to evaluate the reliability, consistency,
and accuracy of its measurements. We also compared the results of MMT measurements obtained by
US and computer tomography (CT). The study included nine healthy adults. The US and CT scans
were collected in a supine rest position with the mandible in relaxed position. US measurements
were determined according to a new standardized protocol (with precise probe location). The MMT
measured by CT and US over a seven-day interval showed excellent intra-rater reliability. The mean
MMT measured by CT was 12.1 mm (1.74) on the right side and 11.9 mm (1.61) on the left side. The
mean MMT measured by US was 12.7 mm (2.00) on the right side and 11.5 mm (1.37) on the left
side. The mean percent error in MMT measurement between CT and US was below 6%. A strong
linear relationship was found between the CT and US measurements of the MMT on both body sides
(p < 0.001, r ≥ 0.93). The proposed method of MMT measurement using US demonstrated excellent
reliability, yielding results similar to those obtained from CT images. We recommend the use of this
standardization protocol in further studies where precise assessment of MMT by US is expected.

Keywords: masseter muscle; ultrasound imaging; reliability; computed tomography

1. Introduction

The masseter muscle is one of the muscles of mastication, playing a crucial role in the
physiological movements and positioning of the mandible. It has also been associated with
temporomandibular joint (TMJ) disorders, craniomandibular dysfunctions, bruxism, and
orofacial pain [1–3]. Masseter muscle thickness is a parameter commonly analyzed in such
studies, and is linked to certain features of the dental arches [4,5], anthropometry [6], and
dental disorders [7]. The thickness of the masseter muscle has also been considered in the
context of systemic diseases such as sarcopenia and osteoporosis [8–18].

Masseter muscle thickness is generally assessed using ultrasound imaging (US), a non-
invasive, cost-effective procedure widely available for use in both children and adults [19].
More complex diagnostic tools such as computed tomography (CT) and magnetic resonance
imaging (MRI) are also employed to assess the thickness of the masseter muscle. Although
CT and MRI scans provide accurate and reliable cross-sectional images of muscles, includ-
ing the masseter, they are not routinely used due to their variable availability and relatively
high costs [20].

Recently, Gawriołek et al. [21] confirmed that masseter muscle thickness significantly
differs depending on the area examined, and strongly suggested the necessity of examining
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the masseter muscle in specified areas with both coronal and axial projections to achieve
objective and repeatable results. To the best of our knowledge, no standardized and
precisely validated method for assessing masseter muscle thickness using US currently
exists in the literature [7,20,22–25]. Blicharz et al. [26] reviewed various methods for
measuring and assessing masseter muscle thickness using US, highlighting that none
of these procedures have been fully verified in terms of reliability and accuracy. Given
the important role of the masseter muscle in clinical and research settings, there is a
clear need for standardization in US measurement of its thickness. The absence of such
standardization, alongside a lack of information on measurement reliability, agreement,
and accuracy, could significantly undermine the quality of future studies involving US
measurements of masseter muscle thickness. Therefore, the aim of this study is to present
a new standardized method for assessing the masseter muscle thickness and to evaluate
the reliability, consistency, and accuracy of its US measurements in adults. We also aim to
cross-reference the results of masseter muscle thickness measurements obtained via US and
CT. We believe this could contribute to the introduction of a unified method for assessing
masseter muscle thickness in both scientific research and clinical practice.

2. Materials and Methods
2.1. Setting and Study Design

US measurements were performed in the Musculoskeletal Elastography and Ultra-
sonography Laboratory at the Jerzy Kukuczka Academy of Physical Education. CT scans
were collected from the Radiology Department at an outpatient clinic. US measurements
(thickness) were recorded by two experienced physiotherapists. CT scan measurements
were performed by two medical doctors (a radiologist and a dentist) separately. Initially,
the CT scan was taken, and then the US was performed within a period of 7 days. The
study was authorized by the Bioethics Committee for Scientific Studies at the Academy of
Physical Education in Katowice on 21 April 2022 (Decision No. 2a/2022). Procedures and
methods were performed in accordance with the relevant guidelines and regulations. All
participants gave their signed and informed consent to participate.

2.2. Participants

Participants were recruited at the dental clinic from June to September 2022 from
among patients referred for CT to exclude dentogenic infection foci. Participants were
eligible for inclusion if they (1) had not received any dental treatment during the study
period (between CT and US); (2) had no history of craniofacial trauma, orthodontic treat-
ment, genetic diseases, craniofacial tumors, masticatory organ dysfunction; (3) had full
dental arches (excluding teeth 8); (4) had no abnormalities on CT scans; (5) did not exhibit
dysfunctions and parafunctions of a craniofacial nature or of the TMJ.

2.3. Ultrasound Measurements

An Aixplorer ultrasound scanner (Product Version 12.2.0, Sofware Version 12.2.0.808,
Supersonic Imagine, Aix-en-Provence, France) coupled with a linear transducer array
(2–10 MHz; SuperLinear 10-2, Vermon, Tours, France) was used to assess masseter muscle
thickness. The US scans were collected in supine rest position with the mandible in a
relaxed position.

Prior to the US measurements, for each participant, the precise location of the probe
was determined by a dentist and a trained assistant (a physiotherapy student). The pre-
cise location of the US probe was based on previous analysis of anatomical preparations
and the authors’ own experience. The proposed procedure was as follows (Figure 1A).
(a) The distance on the subject’s skin between the lateral edge of the orbit in the pupil
line and the point where the mandibular angle transitions into the mandibular body was
determined and drawn, called the mandible–eyelid (M-E) distance; (b) the determined M-E
distance was measured with a digital caliper in millimeters; (c) the value of 40% of the M-E
distance was calculated, and this value was then measured from the transition point of the
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mandibular angle into the mandibular body; (d) the obtained point indicates the position
of the center of the US probe; (e) this center of the US probe was marked. This procedure
allows precise and reproducible positioning of the US probe in the frontal and sagittal
plane while considering probe rotation (Figure 1B). The center of the probe is placed at the
40% point (the center of probe position) while the entire probe was placed parallel to the
M-E distance (Figure 1B). A US image was taken 3 times by each physiotherapist, on both
sides of the face, respectively.
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Figure 1. Determination of probe placement (A). Final probe position and orientation (B).

2.4. Computed Tomography

CT (Device Observer Manufacturer: PNMS, Device Observer Model Name: NeuViz 16,
Device Observer Serial Number: N16E100009; Shenyang, China) was performed in the
supine position. All subjects were instructed by the dentist to maintain a resting mandibular
position during the CT scan procedure. The CT scan was performed with an accuracy of
N*T [mm] 0.75 mm.

2.5. Data Analysis
2.5.1. Ultrasound Parameters

The US images were saved on an external drive in DICOM format and transferred to a
computer where they were further processed using RadiAnt DICOM Viewer (Medixant,
Poznań, Poland) to assess masseter muscle thickness. Thickness measurements were taken
at 3 locations: (A) in the middle of the picture (this refers to the center of the probe position
point); (B) an additional 2 locations 0.5 cm to the left and 0.5 cm to the right from point A,
respectively (Figure 2). In further analyses, the average thickness value from these three
locations indicated the mean masseter muscle thickness for a given image.
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2.5.2. Computed Tomography

CT scans were saved on an external drive in DICOM format and transferred to a
computer where they were further processed using RadiAnt DICOM Viewer (Medixant,
Poznań, Poland) to assess masseter muscle thickness and M-E distance. First of all, length
measurement of the M-E distance was performed on a 3D Virtual Reality (VR) scan between
two referential points (mandible, eyelid) using the first Bone and Skin mode. This procedure
involved viewing the patient from a profile perspective. Secondly, the M-E distance
was determined by connecting the following points: the lateral edge of the orbit at the
pupil line and the point where the mandibular angle transitions into the mandibular
body. Furthermore, a point was marked 40% of the distance from the lower end of the
segment defining the center of the masseter muscle and the area of the maxillary tubercle
(Figure 3a). Afterwards, a soft tissue window was selected and a multiplanar reformated
reconstruction (MPR) mode was activated. On the MPR, the image was adjusted according
to the anatomical planes as follows: horizontal plane—the point passing between the
anterior and posterior nasal spines; (Figure 3b) sagittal plane—the line between the anterior
and posterior nasal spike; (Figure 3c) frontal plane—the thickness of the masseter muscle
measured at the level of the maxillary cusp (this position was equivalent to 40% of the M-E
distance). Finally, two thickness measurements were taken 0.5 cm up and 0.5 cm down
from a predetermined point on the external surface of the masseter muscle (Figure 3d) In
further analyses, the mean thickness value from these three locations indicated the mean
masseter muscle thickness for a given body side. All measurements were taken on the right
and left sides of the face.
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2.6. Statistical Analyses

For the calculation of intra- and inter-rater reliability, Intraclass Correlation Coefficient
(ICC) type 3,1 and type 2,2 were used, respectively. The ICC was interpreted as follows:
1.00–0.75 (excellent), 0.74–0.60 (moderate), 0.59–0.40 (fair), and below 0.40 (poor reliabil-
ity) [27]. The agreement was calculated by assessing (1) the standard error of measurement
(SEM = SD × √(1 − ICC), with SD representing the standard deviation of the measure; and
(2) the results of the Bland and Altman test (BA). The BA test was performed by plotting
the difference between the two measurement techniques against their average in order to
identify potential systematic errors. The accuracy was calculated as a percent error using
the following formula: [(CT measurement − US measurement)/CT measurement] × 100.
Additionally, correlation between the two measurement techniques was evaluated using
the Pearson correlation coefficient. The Pearson correlation coefficient was graded as r < 0.2
for very weak, 0.20–0.39 for weak, 0.40–0.59 for moderate, 0.60–0.79 for strong, and ≥0.8
for very strong correlation [14].

3. Results
3.1. Participants

Finally, the study included nine participants (three men and six women; mean age:
25.4 years; mean body mass: 63.5 kg; mean body height: 172.8; BMI: 21.4 kg/m2) who met
the inclusion criteria.

3.2. Masseter Muscle Thickness (Reliability and Agreement)

The masseter muscle thickness measured by CT over a seven-day interval received
excellent intra-rater reliability with a coefficient of variation (CV) below 1.5%. The BA
test revealed systematic error in the masseter muscle measured on the right side by a
radiologist, meaning that during the second measurement, this muscle was slightly thinner
(bias 0.21 mm) compared to the first measurement. The inter-rater reliability for the first CT
measurement of the masseter muscle was excellent, with a CV below 1.5%. The BA test
showed no systematic error (Table 1).
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Table 1. Reliability and validity of masseter muscle thickness measurement by computer tomography
and ultrasonography.

Masseter Muscle Thickness

Right Side Left Side

Computer Tomography

Intra-rater
reliability

Radiologist
(seven-day interval)

ICC3.1 (95% CI) 1 0.99 (0.97–0.99) 0.98 (0.93–0.99)

SEM (mm) 0.17 0.22

CV (%) 1.22 0.81

Bias 3 (mm) −0.21 2 −0.14

Intra-rater
reliability

Dentist
(seven-day interval)

ICC3.1 (95% CI) 1 0.98 (0.91–0.99) 0.97 (0.89–0.99)

SEM (mm) 0.27 0.26

CV (%) 0.28 0.40

Bias 3 (mm) 0.05 0.07

Inter-rater
reliability

ICC2.1 (95% CI) 1 0.88 (0.60–0.97) 0.98 (0.92–0.99)

SEM (mm) 0.63 0.22

CV (%) 1.33 0.89

Bias 3 (mm) −0.23 −0.22

Ultrasonography

Intra-session
reliability

First physiotherapist

ICC3.1 (95% CI) 1 0.85 (0.47–0.96) 0.87 (0.53–0.97)

SEM (mm) 0.68 0.56

CV (%) 1.97 3.59

Bias 3 (mm) −0.36 −0.60

Intra-session
reliability

Second physiotherapist

ICC3.1 (95% CI) 1 0.98 (0.93–0.97) 0.94 (0.76–0.99)

SEM (mm) 0.25 0.41

CV (%) 0.30 0.55

Bias 3 (mm) 0.05 0.09

Inter-rater
reliability

ICC2.1 (95% CI) 1 0.92 (0.71–0.98) 0.87 (0.44–0.97)

SEM (mm) 0.54 0.53

CV (%) 1.48 2.93

Bias 3 (mm) 0.26 −0.48

CV—coefficient of variation; ICC—intraclass correlation coefficient; SEM—standard error of the mean;
1 the 95% confidence interval; 2 systematic error as the line of equality is not in the 95% confidence interval;
3 Bland–Altman Test.

The masseter muscle thickness measured by US received excellent intra-session re-
liability (with a 15 min interval between measurements). The corresponding CV values
varied from 2 to 4% for the first assessor, whereas the CV value for the second assessor
was below 1%. The inter-rater reliability for the first US measurements performed over a
seven-day interval were also excellent, with corresponding CV below 3%. The BA test form
US measurements showed no systematic error (Table 1).

3.3. Mandible–Eyelid Distance

The mean M-E distance measured by CT was 87.6 mm (4.34) and 87.7 mm (3.80) on the
right and left sides, respectively. The mean M-E distance measured by digital caliper was
88.3 mm (4.00) and 87.5 mm (3.41) on the right and left sides, respectively. Mean percent
error in the M-E distance measurement between CT and the digital caliper was below
1.4% regardless of body side. The exact percent error varied from 0.05% to 3% within the
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examined population. The Bland–Altman analysis has shown that the bias for the M-E
distance measurement by CT and digital caliper was close to zero with no systematic error
(Figure 4A). A significant linear relationship was shown between the CT and digital caliper
measurements on both body sides (p < 0.001, r ≥ 0.93, Figure 4B).
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3.4. Masseter Muscle Thickness (CT versus US)

The mean masseter muscle thickness measured by CT was 12.1 mm (1.74) and 11.9 mm
(1.61) on the right and left sides, respectively. In turn, the mean masseter muscle thick-
ness measured by US was 12.7 mm (2.00) and 11.5 mm (1.37) on the right and left sides,
respectively. Mean percent error in masseter muscle thickness measurement between CT
and US was below 6% regardless of body side. The exact percent error varied from 0% to
12.7% within the examined population. The Bland–Altman analysis has shown that the
mean bias for the masseter muscle thickness measurement by CT and US was 0.4–0.6 mm,
with systematic error detected on the right side (Figure 5A). A strong linear relationship
was found between the CT and US measurements on both body sides (p < 0.001, r ≥ 0.93,
Figure 5B).
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4. Discussion

The purpose of this study was to evaluate the reliability, agreement, and accuracy
of masseter muscle thickness measurements. This study was undertaken due to the lack
of a detailed and validated method for assessing masseter muscle thickness using US.
Such validation is necessary to ensure the quality of studies and measurements in future
research involving US measurement of masseter muscle thickness, as the masseter muscle
is linked to various craniomandibular dysfunctions [1–3] and systemic diseases [8–18].
Taking this into account, we have demonstrated in the present study that the proposed
method for measuring masseter muscle thickness using US achieved excellent reliability,
yielding results similar to those obtained from CT images in healthy adults. Thus, the
results obtained allow us to claim that the developed method of assessing the thickness
of the masseter muscle using US can be implemented and verified on patients with some
craniofacial conditions.

The systematic review by Blicharz et al. [26] presented various scientific reports that
describe different methods for measuring and assessing masseter muscle thickness using US.
However, as the authors concluded, none of these procedures have been fully verified for relia-
bility and accuracy. To the best of our knowledge, we have found only a few different methods
in the literature for examining the masseter muscle with US [7,18,21,23–26,28]. Volk et al. [25]
positioned the US transducer perpendicular to the skin surface and transverse to the seg-
ment of the zygomatic bone arch and mandibular angle. Satiroglu et al. [24] positioned
the US transducer on the skin surface in the middle of the mandibular branch, without
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taking into consideration the actual middle (center) position. Strini et al. [7] positioned the
US transducer perpendicular to the course of the muscle fibers of the masseter muscle in
the midsection between the zygomatic arch and the angle of the mandible based solely
on palpation. Park et al. [23], in contrast to the mentioned works, has possibly presented
the most reproducible methodology for examining the masseter muscle thickness by US.
Park et al. [23] positioned the ultrasound probe perpendicular to the course of the masseter
muscle at a level that coincided with the occlusal plane of the studied subjects. However,
it seems that the intraoral line (occlusal plane) and the extraoral line (probe position) will
not match in each subject. Ispir et al. [28] positioned the ultrasound probe perpendicular
to the masseter muscle in the anteroposterior direction, and the measurement was taken
at the widest point in the transverse section. In turn, González-Fernández M. et al. [18]
positioned the transducer perpendicular to the external edge of the muscle (between the
intertragic fissure and the oral commissure, parallel to the Frankfort plane).

Thus, taking all mentioned studies into consideration [7,18,23–26,28], it should be
pointed out that the location of the US probe placement was not precise, and the examiners
had some freedom in probe position. Therefore, in the present study, it was decided to
determine the position of the US transducer with the greatest possible precision by drawing
lines on the subject’s skin. Certainly, this method extends the duration of the examination,
but enables highly reproducible US probe placement (imposes a precise probe alignment
in all directions). This approach has not been used in other scientific studies on the US
measurement of the masseter muscle. Our novel method of examining the masseter muscle
with US could be highly relevant, especially for repeated measurements of muscle thickness
at intervals in clinical trials. In addition, in the proposed method, the probe is positioned
along the muscle fibers, which may be particularly useful in shear wave elastography of
the masseter muscle.

In scientific research, an important aspect is the reliability of the methods used to
evaluate tissues (US of masseter muscle thickness in this study). In this regard, the methods
proposed by Strini et al. [7] and Volk et al. [25] were not validated. Park et al. [23] only
presented reliability results for one and two repeated measurements, where ICC results
of 0.7–0.9 were obtained. In none of the mentioned works were accuracy and agreement
assessed. In our study, we presented an assessment of the reliability, agreement, and
accuracy of US measurements of the masseter muscle and compared the US results with CT
results. The results have shown that in the US evaluation of the masseter muscle, the ICC
value exceeds 0.8, there were no systematic errors, and the results were highly correlated
with CT.

Implications and Limitations

In this present study, we demonstrated that the emerging new method of masseter
muscle US assessment can be validated on clinical material and then used in clinical studies
to evaluate changes in masseter muscle thickness, or in observational studies of masseter
muscle thickness variability in different populations. It might also be possible to study the
effect of additional factors, i.e., pharmacotherapy, physiotherapy, and surgical treatment,
on the thickness of the masseter muscle by using such a method.

The present study has several limitations. First of all, the study included only nine
healthy adults. Thus, the results should be considered as preliminary and cannot be extrap-
olated to children, adolescents, or patients with specific conditions. Second, measurements
were collected in the supine rest position, whereas body position can affect the masseter
muscle measurements. Furthermore, we do not know if this proposed method will be
suitable for assessing the masseter muscle in contraction. Lastly, reliability of the pro-
posed method is still affected by the palpation needed while determining the proper probe
positioning. Hence, the person drawing lines on the face in our study received 10 h of
hands-on training.
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5. Conclusions

The proposed method of masseter muscle thickness measurement using US has demon-
strated excellent reliability with similar results to those obtained from CT images in a
healthy adult population. The results allow us to conclude that the developed method of
assessing the thickness of the masseter muscle using US can be implemented and verified
on patients with some craniofacial conditions. Therefore, we recommend investigating
this method in further studies, where precise assessment of the masseter muscle by US
is expected.
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Abstract: Background/Objectives: To assess the incidence of and risk factors for black triangles
between the central incisors after orthodontic treatment; Methods: Ninety-seven post-treatment
patients (29 men and 68 women; mean age, 22.7 years) were retrospectively divided into two groups
based on the presence or absence of black triangles, using intraoral photographs. Based on the
Jemt Index, the black triangle occurrence group was further classified into mild, moderate, and
severe groups. Parameters from periapical radio graphs, lateral cephalograms, and study models
were compared between the occurrence and the non-occurrence groups by using independent t-
tests. Logistic regression analysis was performed to identify the risk factors for black triangles;
Results: The incidence of black triangles between the central incisors was 51% and 64% in the
maxilla and in the mandible, respectively. The factors significantly associated with the occurrence
of black triangles were age, treatment duration, the lingual inclination of the maxillary incisors
in the maxilla, and age in the mandible (p < 0.05); Conclusions: This study showed the diverse
risk factors associated with black triangles between central incisors after orthodontic treatment
and revealed that the formation of black triangles is relatively common. Considering these risk
factors during orthodontic diagnosis and treatment planning can help minimize the occurrence of
black triangles.

Keywords: black triangle; open gingival embrasure; orthodontic treatment

1. Introduction

Over the past few decades, the goals of patients seeking orthodontic treatment have
continuously evolved. In the 1980s and 1990s, patients primarily aimed to resolve mal-
occlusion or restore normal occlusal function through orthodontic treatment. However,
recent patients place a significant emphasis not only on functional occlusal recovery but
also on aesthetic improvement [1–3].

Orthodontic treatment can induce unwanted side effects on periodontal tissues, such
as root resorption, bone dehiscence, gingival recession, and the formation of black triangles,
which may reduce patient satisfaction with the treatment [2,4,5]. A black triangle is an
empty space beneath the contact area between teeth due to the loss of the interdental
papilla [6]. This issue not only affects aesthetics but can also lead to periodontal problems
by chronically trapping food debris and making plaque control more difficult. Therefore,
a thorough understanding of the etiology and pathogenesis of black triangles, as well as
appropriate orthodontic diagnosis and treatment, is required [7].

Previous studies have identified various factors contributing to the development of
black triangles, including patient age, history of periodontitis, the distance between the
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interproximal contact and the alveolar crest, gingival biotype, and morphological charac-
teristics of teeth [8]. However, there is still a lack of consensus regarding the relationship
between orthodontic treatment and black triangles. Some studies have reported a high
incidence of black triangles in patients who have undergone orthodontic treatment [9–16],
while others have suggested that orthodontic treatment can stimulate the formation of
interdental papillae, thus reducing the incidence of black triangles [17–19]. Consequently,
a definitive conclusion about the relationship between orthodontic treatment and black
triangles has yet to be reached. In addition, it should be distinguished from the case where
black triangles occur when orthodontic treatment is performed on normal periodontal
tissue with reduced periodontal support.

Risk factors associated with black triangle formation after orthodontic treatment in-
clude age, treatment duration, tooth shape, the amount of tooth movement, root angulation
after treatment, the degree of crowding, the distance between the alveolar crest and the
interproximal contact after treatment, traumatic brushing, the occurrence of periodontitis,
and gingival biotype [20–26]. However, most previous studies have evaluated the impact
of risk factors on black triangle formation in a unidimensional manner, which limits the
understanding of how these factors might interact during orthodontic treatment. Therefore,
comprehensive investigation of associations among various risk factors is necessary.

The purpose of this study was to examine the association between the occurrence
of black triangles during orthodontic treatment and factors such as age, gender, bracket
type, and extraction status. The null hypothesis of this study is that there is no correlation
between the occurrence of black triangles during orthodontic treatment and factors such as
age, gender, bracket type, and extraction status.

2. Materials and Methods
2.1. Subjects

Patients who completed orthodontic treatment at the Department of Orthodontics,
Korea University Guro Hospital were selected for this study. Among them, patients without
a black triangle between the maxillary and mandibular central incisors, as assessed by a
Jemt Index score of 3 from intraoral photographs taken before orthodontic treatment, were
included. Patients with periodontitis, anterior tooth loss, a history of previous orthodontic
treatment, prosthetic restorations of the maxillary or mandibular central incisors, or those
who underwent interproximal reduction (stripping) during orthodontic treatment were
excluded from the study. A total of 300 patients who underwent orthodontic treatment
between January 2020 and March 2022 were evaluated, and after applying the exclusion
criteria, 97 patients (58 adults and 39 adolescents, 47 extraction and 50 non-extraction)
who had pre- and post-treatment intraoral photographs, lateral cephalograms, periapical
radiographs, and study models were selected for this retrospective study.

For age classification, adolescents were defined as patients aged 9 to under 20 years,
and adults were defined as those aged 20 to under 55 years based on pre-treatment age. The
extraction group consisted of patients who underwent the extraction of the first premolars
in both the maxilla and mandible. The orthodontic appliances used for treatment were
the 0.022-inch slot metal ligating brackets (Formula-R, Tomy Inc, Fukushima, Japan), self-
ligating brackets (Clippy-C, Tomy Inc, Fukushima, Japan), and lingual brackets (Fujita,
Succeeding Co, Morioka, Japan).

2.2. Measurement Methods
2.2.1. Classification of Black Triangles According to Severity

Intraoral frontal photographs of the maxillary and mandibular central incisors were
taken within one week after the completion of orthodontic treatment. Intraoral photographs
were taken from the front using standardized camera settings (shutter speed 1/125, ISO
200, F22) after drying the area with air. A parallel line was drawn from the gingival zenith
(the most cervical point of the crown) and the most cervical point of the interproximal
contact area, followed by a bisecting line through the midpoint of these two parallel lines,
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dividing the interdental papilla area into four sections. Based on the Jemt Index, patients
were classified into two groups: the non-occurrence group (Score 3, the papilla fills up
the entire proximal space) and the occurrence group, which was further subdivided into
Score 2 (mild, half or more of the height of the papilla is present), Score 1 (moderate, less
than half of the height of the papilla is present), and Score 0 (severe, no papilla is present)
(Figure 1).
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Figure 1. Classification of black triangles according to Jemt Index.

2.2.2. Measurements of Tooth Movement on Lateral Cephalograms

The angular and anteroposterior, as well as vertical, changes in the maxillary and
mandibular central incisors before and after orthodontic treatment were measured us-
ing lateral cephalometric radiographs. Each radiograph was taken in a natural head
position. Additionally, all subjects were instructed to stand still, hold their breath, swal-
low briefly before imaging, and refrain from swallowing while the radiographs were
being taken. For the maxillary central incisors, the angular change was assessed by mea-
suring the difference in the angle between the upper incisor and the SN plane (∆U1 to
SN), and for the mandibular central incisors, the difference in the incisor mandibular
plane angle (∆IMPA) was measured relative to the mandibular plane before and after
orthodontic treatment.

The horizontal movement of the maxillary central incisors was measured as calculating
the change in the distance between the perpendicular line drawn from the tip of the
maxillary central incisor crown to the SN plane and the distance from this point to the
Sella (S) (∆TH = TH2 − TH1). The vertical movement of the maxillary central incisors
was calculated by measuring the change in the perpendicular distance from the tip of the
maxillary central incisor crown to the SN plane (∆TV = TV2 − TV1) (Figure 2a).

For the mandibular central incisors, the horizontal movement was assessed by mea-
suring the change in the straight-line distance between the tip of the mandibular central
incisor crown and the perpendicular line drawn from the mandibular plane to the Pogonion
(∆TH = TH2 − TH1). The vertical movement was calculated by measuring the change
in the perpendicular distance from the tip of the mandibular central incisor crown to the
mandibular plane (∆TV = TV2 − TV1) (Figure 2b).
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Figure 2. Lateral cephalograms show measurements of tooth movement. (a) SN, Sella–Nasion; U1,
the maxillary central incisor; ∆ U1 to SN refer to the changes in measurements between before
(T1) and after (T2) treatment (∆ = T2 − T1). (b) L1, the mandibular central incisor; IMPA, incisor
mandibular plane angle. ∆ IMPA refers to the changes in measurements between before (T1) and
after (T2) treatment (∆ = T2 − T1).

2.2.3. The Tooth Shape and the Height of Alveolar Bone

In periapical radiographs taken before orthodontic treatment, the long axis of the
maxillary and mandibular central incisors was established. The ratio of the perpendicular
distance from the long axis to the mesial contact point of the crown (1) to the perpendicular
distance from the long axis to the mesial CEJ (cemento–enamel junction) (2) was calculated
(crown ratio = (1)/(2)) [27].

To minimize errors due to magnification or distortion in periapical radiographs, the
clinical average crown lengths of the central incisors were used as reference values, and
the amount of alveolar bone height change (∆TA = TA2 − TA1) was measured [28]. The
distance from the contact point (or the most cervical point of the contact surface) of the
maxillary and mandibular central incisors to the alveolar crest was measured, keeping
the measurement parallel to the long axis of the left central incisor, and the difference
in distance before and after orthodontic treatment was compared. If there was a space
between the teeth without a contact point, the distance from the narrowest point between
the mesial surfaces of both crowns and the alveolar crest was measured. The angle between
the roots of the left and right maxillary and mandibular central incisors was measured in
patients after completing orthodontic treatment (Figure 3).
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imal contact to the tooth long axis; 2, perpendicular distance from the mesial CEJ to the tooth long axis;
3, distance of alveolar bone–interproximal contact; 4, post-treatment root angulation classification of
black triangle according to Jemt Index.

2.2.4. Measurements of Crowding on Study Models

In pre-treatment study model photographs, the anteroposterior and mesiodistal crowd-
ing of the maxillary and mandibular central incisors was measured. The plane connecting
the central incisors and the first molars was set as the occlusal plane, and the photographs
were taken perpendicular to this occlusal plane. The midpalatal raphe in the maxilla and a
perpendicular line bisecting the line connecting the mesial surfaces of the first molars in
the mandible were used as the reference lines. Anteroposterior overlap was measured by
the length of the line connecting the most mesial points of the left and right central incisors,
drawn parallel to the reference line. Mesiodistal overlap was measured by the length of the
perpendicular line drawn from the most mesial points of the left and right central incisors
to the reference line. The angle change between the crowns of the left and right central
incisors (∆TR = TR2 − TR1) was measured using occlusal surface photographs of the study
models before and after orthodontic treatment. (Figure 4).
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2.3. Statistical Analysis

Statistical analysis was performed using PASW Statistics version 18.0.0 (SPSS Inc.,
Chicago, IL, USA). The target sample size was determined based on a review of existing
literature and calculations using the G Power program version 3.1.9.7. To confirm the
association between the incidence rates and contributing factors in the two groups, the
statistically significant minimum sample size was calculated to be 40 participants per
group based on age, requiring a total of at least 80 participants. All measurements were
conducted by a single examiner, who randomly selected and reanalyzed 25 patients at
one-week intervals. The degree of black triangle occurrence after orthodontic treatment
was assessed, and the association between black triangle occurrence and variables such
as age, gender, bracket type, and extraction versus non-extraction groups was examined
using the Chi-square test and Fisher’s exact test.

For the occurrence and non-occurrence groups of black triangles, mean values and
standard deviations were analyzed and compared using the independent t-test for variables
such as treatment duration, age, tooth shape, pre- and post-treatment angle differences
of the maxillary and mandibular incisors, horizontal and vertical movement changes of
the maxillary and mandibular incisors, pre- and post-treatment differences in alveolar
bone height, post-treatment angle between the roots of the left and right central incisors,
anteroposterior and mesiodistal crowding of the maxillary and mandibular central incisors
before treatment, and crown rotation changes before and after treatment.

Additionally, the independent t-test was performed to compare mean values for age
(pediatric/adolescent versus adult) and extraction status (extraction versus non-extraction),
which were identified as risk factors associated with black triangle occurrence in the Chi-
square test. Simple logistic regression analysis was conducted to assess the association
between risk factors and the occurrence of black triangles in the maxillary and mandibular
central incisors during orthodontic treatment, followed by multiple logistic regression
analysis to further analyze the combined risk factors and calculate the odds ratios. Statistical
significance was set at a p-value of less than 0.05.

3. Results
3.1. Association Between Black Triangle Occurrence and Each Group

The number distribution of subjects in each group is presented in Table 1. The intra-
class correlation coefficient (ICC) was used to determine the intra-examiner reliability of the
measurements, which were scored as follows: ICC < 0.4, poor reliability; 0.4 < ICC < 0.75,
moderate reliability; ICC > 0.75, excellent reliability. The ICC values in this study ranged
from 0.93 to 0.99, demonstrating excellent reliability. Among the 97 patients, black trian-
gles occurred in 51% of the maxillary incisors and 64% of the mandibular incisors after
orthodontic treatment (Table 2). When comparing the occurrence of black triangles between
adolescents and adults, adolescents showed a black triangle occurrence rate of 17.9% in
the maxilla and 38% in the mandible, while adults had rates of 74% in the maxilla and
82% in the mandible, indicating a significant association between age and black triangle
occurrence (Table 3). Among the extraction and non-extraction groups, only the maxilla in
the extraction group showed a significant association with black triangle occurrence, while
the type of bracket used did not show a significant difference in black triangle formation
(Tables 4 and 5).

Table 1. Number distribution of subjects with each group.

Group Subjects, n (%)

Gender Male 29 (30%)
Female 68 (70%)

Age Young 39 (40%)
Adult 58 (60%)
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Table 1. Cont.

Group Subjects, n (%)

Extraction Extraction 47 (48%)
Non-Extraction 50 (52%)

Brackets Ligating 51 (53%)
Self-ligating 36 (37%)
Lingual 10 (10%)

Table 2. Incidence of black triangle (n = 97).

Non-Occurrence
Occurrence

Mild Moderate Severe

Maxilla 47 (48%) 49 (51%) 1 (1%) 0 (0%)
Mandible 34 (35%) 59 (61%) 4 (4%) 0 (0%)

Table 3. Comparison of black triangle incidence between young and adult in the occurrence group †.

Young Adult Significance

Maxilla 7 (14%) 43 (86%) ***
Mandible 15 (24%) 48 (76%) ***

† Chi-square test was used to compare the incidence between young and adult. * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 4. Comparison of black triangle incidence between extraction and non-extraction in the
occurrence group †.

Extraction Non-extraction Significance

Maxilla 32 (64%) 18 (36%) **
Mandible 32 (51%) 31 (49%) NS

† Chi-square test was used to compare the incidence between extraction and non-extraction. NS, not significant;
* p < 0.05; ** p < 0.01; *** p < 0.001.

Table 5. Comparison of black triangle incidence between bracket types in the occurrence group †.

Ligating Self-Ligating Lingual Significance

Maxilla 24 (48%) 18 (36%) 8 (16%) NS
Mandible 29 (46%) 26 (41%) 8 (13%) NS

† Chi-square test was used to compare the incidence between bracket types. NS, not significant; * p < 0.05;
** p < 0.01; *** p < 0.001.

3.2. Comparison of Mean Values Between the Black Triangle Occurrence and Non-Occurrence Groups

When comparing the mean values between the black triangle occurrence and non-
occurrence groups using the independent t-test, significant differences were observed in
the maxilla for treatment duration, age, and the angle change of the central incisors before
and after orthodontic treatment, and in the mandible for age. In the maxilla, the treatment
duration was significantly longer in the occurrence group (40.00 ± 19.21 months) than in the
non-occurrence group (29.96 ± 11.48 months). Additionally, the mean age in the occurrence
group (28.14 ± 10.88 years) was significantly higher than that in the non-occurrence group
(16.94 ± 5.92 years). In terms of the angle change of the maxillary central incisors relative
to the SN plane, the occurrence group showed more lingual inclination (9.18 ± 1.10◦)
compared to the non-occurrence group (2.12 ± 1.29◦) (Table 6).

When comparing the mean values between adolescents and adults in the maxilla using
the independent t-test, adults showed a relatively longer treatment duration and greater
lingual inclination of the maxillary central incisors (Table 7). Additionally, when comparing
the extraction and non-extraction groups, the extraction group exhibited greater lingual
inclination of the maxillary central incisors (Table 8).
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Table 6. Comparison of black triangle incidence between the occurrence and non-occurrence groups
in the maxilla and mandible (means ± SD) †.

Maxilla Mandible

Occurrence Non-
Occurrence Significance Occurrence Non-

Occurrence Significance

Treatment period, month 40.00 ± 19.21 9.96 ± 11.48 * 37.29 ± 17.42 31.15 ± 14.39 NS
Age, y 28.14 ± 10.88 16.94 ± 5.92 *** 26.21 ± 10.65 16.24 ± 6.10 ***

Tooth shape 1.24 ± 0.12 1.48 ± 1.90 NS 1.27 ± 0.14 1.27 ± 0.11 NS
∆U1 to SN /∆IMPA, ◦ −9.18 ± 1.10 −2.12 ± 1.29 *** 2.19 ± 1.17 3.96 ± 2.86 NS

Horizontal movement of U1/L1, mm −0.45 ± 0.66 −0.33 ± 1.05 NS −0.11 ± 2.02 −0.37 ± 1.40 NS
Vertical movement of U1/L1, mm 1.64 ± 12.87 1.62 ± 13.33 NS 1.82 ± 13.08 −0.06 ± 1.00 NS
∆ Distance from ICP to ABC, mm −0.64 ± 0.76 −0.50 ± 0.30 NS −0.86 ± 1.28 0.46 ± 0.24 NS

Root angulation at T2, ◦ 4.03 ± 1.69 4.04 ± 2.03 NS 3.81 ± 2.44 5.04 ± 1.72 NS
A-P overlapped distance, mm 0.10 ± 0.20 0.04 ± 0.01 NS 0.09 ± 0.28 0.61 ± 0.17 NS

Transverse overlapped distance, mm −0.51 ± 0.23 −0.02 ± 0.17 NS 0.01 ± 0.04 −0.00 ± 0.04 NS
Rotation, ◦ 11.49 ± 9.60 13.57 ± 6.10 NS 13.08 ± 9.84 11.93 ± 3.55 NS

† B Independent t-tests were used to compare between the occurrence and non-occurrence groups, and Bonferroni
correction was performed. U1, maxillary incisor; L1, mandibular incisor; SN, Sella–Nasion; IMPA, incisor
mandibular plane angle; T1, before treatment; T2, after treatment; ∆, T2-T1; ICP, interproximal contact point; ABC,
alveolar bone crest; A-P, anteroposterior; NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 7. Comparison of black triangle incidence between the young and adult groups in the maxilla
and mandible (means ± SD) †.

Maxilla Mandible

Young Adult Significance Young Adult Significance

Treatment period, month 30.23 ± 12.30 38.43 ± 18.39 * 30.23 ± 12.30 38.43 ± 18.39 *
Tooth shape 1.54 ± 2.08 1.23 ± 0.11 NS 1.28 ± 0.15 1.28 ± 0.19 NS

∆U1 to SN /∆IMPA, ◦ −2.88 ± 10.49 −7.69 ± 10.37 * −0.21 ± 20.15 −4.30 ± 10.50 NS
Horizontal movement of U1/L1, mm −0.37 ± 1.15 −0.41 ± 0.62 NS 0.30 ± 1.32 0.14 ± 2.10 NS

Vertical movement of U1/L1, mm 4.38 ± 20.32 −0.21 ± 1.43 NS −0.08 ± 0.93 −1.97 ± 13.63 NS
∆ Distance from ICP to ABC, mm −0.60 ± 0.57 −0.56 ± 1.24 NS 0.68 ± 0.52 0.76 ± 1.19 NS

Root angulation at T2, ◦ 5.03 ± 3.37 5.26 ± 2.75 NS 5.47 ± 3.73 5.29 ± 3.41 NS
A-P overlapped distance, mm 0.02 ± 0.06 0.11 ± 0.42 NS 0.09 ± 0.23 0.08 ± 0.27 NS

Transverse overlapped distance, mm −0.03 ± 10.19 −0.38 ± −0.22 NS 0.00 ± 0.04 0.01 ± 0.048 NS
Rotation, ◦ −12.78 ± 24.30 −12.31 ± 30.48 NS −14.33 ± 19.16 −11.58 ± 32.08 NS

† B Independent t-tests were used to compare between the young and adult groups, and Bonferroni correction
was performed. U1, maxillary incisor; L1, mandibular incisor; SN, Sella–Nasion; IMPA, incisor mandibular plane
angle; T1, before treatment; T2, after treatment; ∆, T2-T1; ICP, interproximal contact point; ABC, alveolar bone
crest; A-P, anteroposterior; NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 8. Comparison of means (±SD) between the extraction and non-extraction groups in the maxilla
and mandible †.

Maxilla Mandible

Extraction Non-Extraction Significance Extraction Non-Extraction Significance

Treatment period, month 35.98 ± 15.80 34.34 ± 17.51 NS 36.98 ± 18.26 33.40 ± 17.80 NS
Age, y 1.51 ± 1.90 1.22 ± 0.08 NS 1.28 ± 1.15 1.27 ± 0.10 NS

Tooth shape −9.77 ± 11.13 −1.99 ± 8.67 *** −5.35 ± 18.53 −0.99 ± 11.04 NS
∆U1 to SN /∆IMPA, ◦ −0.51 ± 0.59 −0.28 ± 1.62 NS 0.12 ± 1.37 0.27 ± 2.18 NS

Horizontal movement of U1/L1, mm 1.85 ± 13.20 1.42 ± 13.00 NS −0.13 ± 0.58 −2.21 ± 14.70 NS
Vertical movement of U1/L1, mm −0.38 ± 0.87 −0.76 ± 1.13 NS −0.90 ± 1.08 −0.55 ± 0.83 NS
∆ Distance from ICP to ABC, mm 5.39 ± 3.17 4.95 ± 2.85 NS 5.43 ± 3.13 5.28 ± 3.90 NS

Root angulation at T2, ◦ 0.09 ± 0.44 0.05 ± 0.17 NS 0.10 ± 0.32 0.06 ± 0.15 NS
A-P overlapped distance, mm −0.04 ± 0.24 −0.03 ± −0.17 NS 0.008 ± 0.04 0.006 ± −0.04 NS

Transverse overlapped distance, mm −16.14 ± 34.13 −9.051 ± 20.51 NS −18.13 ± 29.18 −7.56 ± 25.12 NS
Rotation, ◦ 35.98 ± 15.80 34.34 ± 17.51 NS 36.98 ± 18.26 33.40 ± 17.80 NS

† B Independent t-tests were used to compare between the extraction and non-extraction groups, and Bonferroni
correction was performed. U1, maxillary incisor; L1, mandibular incisor; SN, Sella–Nasion; IMPA, incisor
mandibular plane angle; T1, before treatment; T2, after treatment; ∆, T2-T1; ICP, interproximal contact point; ABC,
alveolar bone crest; A-P, anteroposterior; NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3. Association Between Black Triangles and Risk Factors

The association between expected risk factors and the occurrence of black triangles
was examined using simple regression analysis. In the maxilla, treatment duration, age, and
the angle change of the maxillary central incisors before and after orthodontic treatment
were identified as significant risk factors, while in the mandible, age was found to be a
significant risk factor. Multiple regression analysis was then conducted to reanalyze these
risk factors collectively. The results indicated that age and the angle change of the central
incisors before and after orthodontic treatment were significant contributing factors in the
maxilla, while age remained a significant factor in the mandible. In the maxilla, age showed
an odds ratio of 1.087, and the angle change of the central incisors showed an odds ratio of
0.940. In the mandible, age had an odds ratio of 1.197 (Tables 9 and 10).

Table 9. Relationship between severity of black triangle and parameters related to treatment by
simple logistic regression analysis †.

Maxilla Mandible

B SE Significance B SE Significance

Treatment period, month 0.045 0.016 ** 0.026 0.015 NS
Age, y 0.189 0.044 *** 0.180 0.045 ***

Tooth shape −0.200 −0.289 NS 0.052 1.602 NS
∆U1 to SN /∆IMPA, ◦ −0.070 0.022 ** 0.006 0.014 NS

Horizontal movement of U1/L1, mm −0.166 0.243 NS −0.079 0.124 NS
Vertical movement of U1/L1, mm 0.062 0.203 NS −0.235 0.316 NS
∆ Distance from ICP to ABC, mm −0.138 0.208 NS 0.049 0.260 NS

Root angulation at T2, ◦ 0.027 0.048 NS −0.058 0.047 NS
A-P overlapped distance, mm 0.697 0.891 NS 0.725 1.125 NS

Transverse overlapped distance, mm −0.698 1.083 NS 6.914 5.014 NS
Rotation, ◦ 0.003 0.007 NS −0.002 0.008 NS

† B Independent t-tests were used to compare between the extraction and non-extraction groups, and Bonferroni
correction was performed. U1, maxillary incisor; L1, mandibular incisor; SN, Sella–Nasion; IMPA, incisor
mandibular plane angle; T1, before treatment; T2, after treatment; ∆, T2-T1; ICP, interproximal contact point; ABC,
alveolar bone crest; A-P, anteroposterior; NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 10. Main contributing factors to black triangle in the maxilla by multiple logistic regression
analysis †.

B SE Significance OR

Treatment period, month 0.030 0.018 NS 1.030
Age, y 0.172 0.044 *** 1.087

∆ U1 to SN −0.062 0.027 * 0.940
† Multiple logistic regression analysis was used. B indicates beta coefficient; SE, standard error; OR, odds ratio;
U1, maxillary incisor; SN, Sella–Nasion; ∆, T2-T1; L1, mandibular incisor; NS, not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001.

4. Discussion

In this study, the incidence of black triangles after orthodontic treatment was found to
be between 51% and 64%. This is higher than the previously reported rates of 38% to 58%,
which can be attributed to differences in study design, sample size, age distribution, and
methods for assessing black triangles [7,9,29]. The study confirmed a significant association
between the occurrence of black triangles during orthodontic treatment and factors such
as age and extraction status. Previous studies that highlighted the advantages of non-
extraction treatment have reported that post-extraction orthodontic treatment leads to a
significant reduction in the width of keratinized gingiva in the anterior region compared to
non-extraction patients [2]. This suggests that extraction treatment may have a negative
impact on periodontal tissues. However, as with other studies analyzing the effects of
bracket type and bonding location on microbial distribution and periodontal health [30–32],
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this study found no significant association between the type of brackets or their bonding
location and the occurrence of black triangles.

When comparing the mean values of various risk factors between patients with and
without black triangles, the study found significant differences in the maxilla regarding
treatment duration, age, and pre- and post-treatment incisor angulation changes. In the
mandible, only age showed a significant difference. Previous studies have reported a
significant increase in periodontal disease risk, such as inflammatory gingival hyperplasia,
with longer orthodontic treatment durations due to increased plaque accumulation on
appliances like brackets and power chains, as well as poor oral hygiene habits [33,34].
However, Ko-Kimura et al. [22] reported no significant statistical correlation between the
duration of orthodontic treatment and the occurrence of black triangles. In this study, the
occurrence of black triangles in the maxillary anterior region was significantly higher in
patients with longer treatment durations than those without black triangles.

The direction of tooth movement has also been identified in previous studies as a
risk factor for the formation of black triangles during orthodontic treatment. Specifically,
numerous studies have reported that labial horizontal or labial angular movements of
the maxillary anterior teeth increase the likelihood of gingival recession or black triangle
formation due to thin labial alveolar bone [35,36]. In this study, of the 97 patients, only
27 exhibited labial angular movement during orthodontic treatment, and only 8 of these
patients developed mild black triangles, scoring 2 on the Jemt Index. The remaining
19 patients did not develop black triangles. Therefore, no significant association was
found between labial angular movement and black triangle formation, contrary to previous
studies. However, the results of the multiple regression analysis showed that the likelihood
of black triangle formation increased as the maxillary incisors underwent lingual angulation
relative to the SN plane. The odds ratio for changes in maxillary incisor angulation was
0.940, indicating that for each degree of lingual angulation, the risk of black triangle
formation increased by a factor of 1.06. This finding aligns with An et al. [7], who reported
a significant association between black triangle formation and lingual horizontal movement
of the maxillary incisors during orthodontic treatment.

The multiple regression analysis also revealed a significant association between age
and the occurrence of black triangles during orthodontic treatment in both the maxilla and
mandible. The odds ratios were 1.087 for the maxilla and 1.197 for the mandible, indicating
that for each year of age, the risk of black triangle formation increased by 1.087 times in
the maxilla and 1.197 times in the mandible. While age is commonly associated with an
increased risk of periodontal disease, the occurrence of black triangles in older patients is
not solely due to poor oral hygiene over time. As aging progresses, the reduction in oral
epithelial keratinization, decreased interdental papilla height, and increased interdental space
contribute to gingival recession and a higher likelihood of black triangles in adults [22,24].
These effects are particularly pronounced in adults over the age of 20 who undergo or-
thodontic treatment, as the ability of the papilla to regenerate and fill interdental spaces
appears to diminish with age, exacerbating the condition during orthodontic interventions.

Tarnow et al. [21] reported a correlation between the distance from the contact point to
the alveolar crest and the occurrence of black triangles. When the distance exceeds 5 mm,
the interdental papilla cannot fill the black triangle, but when the distance is less than 5 mm,
the papilla can re-fill the space. This study measured only the relative distance changes
between the contact point and the alveolar crest before and after orthodontic treatment,
and no significant association with black triangle formation was found. However, it was
observed that alveolar bone height generally decreased in patients, regardless of whether
black triangles developed. This suggests that age-related changes, typically associated with
aging, were evident during the course of orthodontic treatment.

Future studies should classify patients according to the type and severity of maloc-
clusion and their ability to maintain oral hygiene to investigate black triangle occurrence
rates. Additionally, selecting a control group of patients who did not undergo orthodontic
treatment for comparative analysis would be beneficial. The relationship between black
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triangle formation and gingival biotype should also be examined, as gingival phenotype
plays a crucial role in determining susceptibility to black triangles. Thin gingival pheno-
types are particularly prone to gingival recession and papilla loss, which can exacerbate
black triangle formation. Evaluating these factors in future studies could enhance clinical
decision-making. Furthermore, while this study did not directly compare fixed and re-
movable appliances, future investigations should explore their respective impacts on black
triangle formation to develop clearer guidelines for appliance selection. The risk factors
associated with black triangles after orthodontic treatment are diverse. Being aware of
these factors and predicting potential risks during diagnosis and treatment planning can
help prevent or minimize the occurrence of black triangles.

Once black triangles form, various approaches can be considered for correction de-
pending on the severity and underlying cause. Orthodontic techniques, such as controlled
tipping or closing interdental spaces, can help reduce black triangle visibility, while inter-
proximal stripping can minimize interdental spacing by reducing tooth size. Restorative
approaches, including composite resins or veneers, may also be employed to address
aesthetic concerns. Interdisciplinary collaboration between orthodontics, periodontics,
and prosthodontics is necessary to reduce or eliminate black triangles that develop after
orthodontic treatment.

5. Conclusions

This study showed that the occurrence of black triangles was significantly associated
with age and extraction status, with a higher incidence observed in adults compared to
adolescents and in extraction cases compared to non-extraction cases. In the maxilla, age,
changes in incisor angulation relative to the SN plane, and treatment duration showed
significant associations with the occurrence of black triangles after orthodontic treatment.
In the mandible, only age was significantly associated.
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Abstract: Background: Cleft lip and palate is an anomaly that affects both women and men. It is
considered to be among the most frequent congenital abnormalities and is related to modifications in
chromosomal DNA and multiple genetic alterations. This anomaly can also be associated with various
environmental factors, such as tobacco and alcohol consumption, medication use, and exposure to
different environmental and industrial toxic substances. The objective of this study was to document
the frequency of risk factors related to cleft lip and palate through a systematic review of Mexican
studies. Methods: In this systematic review, a bibliographic search was conducted following PRISMA
guidelines in the databases Scielo, ScienceDirect, PubMed, and EBSCO. Keywords related to cleft
lip and palate, epidemiology, and risk factors were used. In all, 3 independent reviewers (J.A.S.L.,
S.L.V., and N.M.F.) selected and evaluated a total of 17 articles included in this analysis, achieving
a coefficient of κ = 0.84. Results: The analysis revealed that the highest frequency of conducted
studies was in the State of Mexico. The most common risk factors identified were environmental,
pharmacological, consumption habits, and gynecological factors. Conclusions: Identifying the main
risk factors for cleft lip and palate in the Mexican population will enable the implementation of
preventive measures aimed at reducing exposure to these factors. Additionally, early intervention
can improve the quality of life for individuals affected by this condition.

Keywords: cleft lip and palate; risk factors; Mexican population; toxic substances

1. Introduction

Cleft lip and palate is the most frequent congenital malformation worldwide. This
anomaly is produced by partial or complete fusion in the facial process during embryonic
development. Both genetic variants and environmental etiologies may be involved in this
failure, and it occurs with a prevalence of 1 per 1000 or 1500 births [1–3]. This congenital
malformation was identified in the 4th century B.C [1]. The multifactorial nature of this
condition makes prevention difficult and makes it challenging to determine a therapeutic
target [4].

These clefts, along with other defects and syndromes that involve cleft lip and palate
as one of their symptoms, amount to more than 400 different syndromes [5,6]. This is
because of the chromosomal aberrations or monogenic diseases that can occur in 30% of
cases [7].
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Unlike non-syndromic cleft lip and palate, which is derived from the interaction be-
tween genetic and environmental factors, representing around 70% of cases, non-modifiable
factors (sex, race, family history, etc.) and modifiable factors (diet, health status, medication,
etc.) can exert an effect for a period of up to two months after conception [8].

Various studies carried out in recent years have identified several risk factors related to
cleft lip and palate, including socio-economic factors, tobacco consumption, alcohol, drugs,
maternal factors, infections by viruses and bacteria, genetic alterations and mutations, as
well as occupational exposure [1,9–11].

However, the study of cleft lip and palate in the Mexican population is not applicable
or insufficient to adequately characterize it. This is due to the frequency of risk factors, as
well as their geographical distribution, which have been studied little.

Although the Ministry of Health in Mexico estimates a rate of 1 per 750 births, the
prevalence of cleft lip and palate in this country is more complex and depends on the state
in which the study was conducted [12,13].

Therefore, the purpose of this study was to carry out a systematic review to determine
the frequency of risk factors associated with cleft lip and palate.

2. Material and Methods
2.1. Research Design

A descriptive and retrospective review of science articles published for the elaboration
of this systematic review was carried out to resolve the question “What are the common
risk factors associated with the development of cleft lip and palate in Mexican states?”.

2.2. Search Strategy

A search was conducted in the Scielo, Science Direct, PubMed, and EBSCO databases
without restrictions based on the year of publication and applying language filters to
English and Spanish. Key search terms included “cleft lip and palate” AND “risk factors”
AND “epidemiology OR epidemiological”. The studies were screened for inclusion using
predefined criteria. The selected items were organized into eight regions: northwest,
northeast, west, east, northcentral, southcentral, southwest, and southeast. To enhance
understanding of the factors, they were grouped into five categories: (1) socio-economic;
(2) hereditary family history; (3) gynecological and perinatal; (4) habits and medicines; and
(5) environmental factors.

2.3. Eligibility Criteria

The population, intervention, comparison, and outcome (PICO) synthesis tool was
utilized to evaluate the eligibility criteria, which were defined as the following:

patient = patient diagnosed with cleft lip and palate in Mexico; intervention/exposure
= systematic review and analysis of existing research to evaluate the cleft lip and palate
associated with risk factors in Mexico; comparison = evaluate and compare risk factors and
epidemiological characteristics across different regions in Mexico; outcome = identification
of risk factors and epidemiological characteristics associated with cleft lip and palate in
different regions of Mexico.

Inclusion criteria: Studies with patients diagnosed with left clip and palate, without
restriction with gender and age; studies that evaluated human participants; and studies
conducted only in Mexican states. The studies evaluated included the following: (i) studies
reporting patients diagnosed with cleft lip and palate; (ii) studies including maternal,
paternal, and neonatal epidemiological characteristics associated with cleft lip and palate;
(iii) prospective or retrospective studies; (iv) studies specifying the state or city within
Mexico where they were conducted; and (v) studies reporting frequencies of risk factors
associated with cleft lip and palate.

Exclusion criteria: Studies were excluded if they met the following criteria: (i) had
inadequate information; (ii) included other countries or if they were studies which included
Mexico and other countries; (iii) were studies which did not include risk factors included
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in the search strategy; (iv) studied cleft lip and palate associated with other syndromes;
(v) were review articles, meta-analyses, letters to the editor, or original research articles that
did not report on cleft lip and palate or were not directly related to the review’s purposes.

2.4. Data Extraction and Evaluation

Three independent authors (J.A.S.L., S.L.V., and N.M.F.) selected and evaluated studies
that were deemed relevant for the complete text evaluation. After discussion and consensus
among the three authors, the articles with pertinent content were chosen. A total of
20 articles were included in this analysis, achieving a coefficient of κ = 0.84. After selection
of the articles, two authors (O.T.M and VH.T.R) individually extracted the quantitative and
qualitative data from the selected articles. Standardized forms were used to facilitate the
analysis of the information. The extracted information included the following data items:
title, authors, year of publication, Mexican states in which data were collected, type of cleft
present, number of participants including controls, as well as participants’ age range.

A third reviewer (R.G.G.) was consulted in cases of disagreement between the two
authors. The PRISMA guide was used for item selection according to inclusion and
eligibility criteria. The term “Mexico” was used to exclude items pertaining to other
countries. The review followed the PRISMA chart (Figure 1), with peer review of abstracts
and full texts to verify compliance with the pre-established inclusion criteria.
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Risk of bias was reviewed according to the Methodological Index for Non-Randomized
Studies (MINORS), in which the global ideal score is 16 for non-comparative studies and
24 for comparative studies [14]. The data analyzed from each article were collected in Excel
(Microsoft Excel 365, version 16.87, Microsoft 2024. Ciudad Santa Fe, MX) in the following
order: study authors, year, place, presence or absence of cleft lip and palate, and risk factors
associated with cleft lip and palate.

3. Results

Out of the total of 1141 (100%) results in the databases, only 20 (1.75%) articles that
studied risk factors associated with cleft lip and palate, published between the years 2003
and 2023, were included. According to the MINORS instrument (Figure 2), all studies
had a clear aim (I1), the majority included consecutive patients (I2), had unambiguous
explanation of the criteria used to evaluate the main outcome (I4), and included all patients
in the study without a loss less than 5% (I7). The principal weaknesses (yellow) were
prospective collection data (I3), the fact that blinding evaluation was absent in all, and the
prospective calculation of the study. Because of the lack of case–control studies, I9, I10, and
I11 showed more yellow spaces. The mean global score for non-comparative studies was
12, and it was 21 for comparative studies (Figure 2, references in blue).
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Figure 2. MINORS heat map. Items (I): I1—a clearly stated aim; I2—inclusion of consecutive
patients; I3—prospective collection of data; I4—endpoints appropriate to the aim of the study;
I5—unbiased assessment of the study endpoint; I6—follow-up period appropriate to the aim of
the study; I7—loss to follow-up less than 5%; I8—prospective calculation; I9—an adequate control
group; I10—contemporary groups; I11—baseline equivalence of groups; I12—adequate statistical
analyses [9,13,15–32].
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The states in which these studies were conducted were Baja California [15], Sinaloa [16],
Nuevo León [17], Jalisco [18,19], Querétaro [20], Guerrero [21], Campeche [9,22], Puebla [23],
Mexico State [24–26], and Mexico City [27–30]. Three of the studies were conducted through-
out the entire republic [13,31,32]. The state of Mexico stands out among the 36,493 samples
of cleft lip and palate patients with a total of 3174 cases, followed by the state of Jalisco,
with 2008 cases, and Mexico City (CDMX), with 1244 cases accumulated over a period
of 20 years (2003–2023). Similarly, the state of Colima has the lowest incidence of cases,
accumulating only 21 cases in the same period.

Furthermore, the categories of factors were charted according to the region of Mexico
in which they were examined (Figure 3). We note that the most analyzed factors in the
northwest region, as well as in the northcentral, southwest, and southeast regions, were
those in the habits and medicines category. The northeast region has a higher frequency
of environmental factors, as it was the region that assessed all of these factors. Studies
conducted in the western and eastern regions found that socio-economic factors had a
high frequency; the same was observed in the southcentral region with gynecological
and perinatal factors. On the contrary, hereditary–family background factors showed low
frequencies in all regions of the country. It is important to note that not all studies assessed
all categories.
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Figure 3. Map of the most common risk factor categories by region. (a) Lower California, Baja
California, Sonora, Durango, Sinaloa; (b) Coahuila, Nuevo León, Tamaulipas; (c) Nayarit, Jalisco,
Colima, Michoacán; (d) Hidalgo, Tlaxcala, Puebla, Veracruz; (e) Zacatecas, Aguascalientes, San
Luis Potosí, Guanajuato, Querétaro; (f) State of Mexico, Mexico City, Morelos; (g) Guerrero, Oaxaca,
Chiapas; (h) Tabasco, Campeche, Yucatán, Quintana Roo.

Next, in the category of socio-economic factors, risk factors were subsequently gath-
ered that were studied in 14 of the 15 articles; among them, the following are highlighted:
“mother’s age” in 9 articles, “father’s level of education” in 5 articles, and “fathers’ age”
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in 4 articles. The highest incidence of cleft lip and palate cases was found in mothers
under the age of 30 (84.5%). The predominant age of mothers was in the range of 24–26
(26.1, SD ± 1.39, min 24.5, max 28) years, while the father’s age was 25–29 years (27.4,
SD ± 2.7, min 23, max 30.3). The studies by Perez-González A [29,30] and Pons-Bonals
A [20] divided mothers into age groups, with ages 20 to 29, 21 to 25, and 26 to 30 years
showing the highest frequency. Pons-Bonals divided the father’s age into groups, and the
21- to 25-year-old group showed the highest frequency of cases [20] (Figure 4a). Parents
who only completed primary school were classified as possessing a low level of education
(45.18%). The percentage of mothers and fathers who completed senior high school was
4.19% and 2.48%, respectively. The percentage of parents who completed senior high school
and university studies was low (1.29% and 1.14% for mothers and fathers, respectively). A
total of 10.34% did not have any academic background (Figure 4b).
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Figure 4. Socio-economic risk factors related to cleft lip and palate: (a) risk factors associated with
parents’ age; (b) risk factors related to education level.

In the category of gynecological and perinatal factors, 12 articles analyzed showed a
total of 16 factors, with the “sex” factor being the most studied due to its presence in all
of them. Meanwhile, six articles focused on the “prenatal care” factor, and seven articles
discussed “folic acid consumption”. Folic acid use and prenatal care were prevalent in
most cases. These factors were followed in terms of frequency by being overweight and
having previously undergone an abortion (Figure 5a).
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From the perinatal factors present in cases of cleft lip and palate, it was observed that,
regarding the order of birth, it is highlighted that, in most cases, the patient is the firstborn
of the family (Figure 5b). Regarding the sex factor, 34,092 cases were evaluated, of which
58% of the cases were male and 42% were female, a ratio of 1.4:1.
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Similarly, the category of habits and drug factors gathers 8 risk factors, analyzed
in 12 articles, highlighting the medicine intake factor with/without prescription as the
most analyzed, as it was present in 9 articles, a frequency of 24.4%. However, regarding
frequencies, the highest percentage was the alcohol factor in the father, present in 24.7% of
cases, followed by 20.6% of cases that identified the tobacco factor in the father (Figure 6).
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Figure 6. Frequencies of risky habits and medicine intake: fathers consumed alcohol and tobacco
more frequently than mothers, and only a small percentage of both mothers and fathers used these
substances simultaneously.

Industrial pollutants were observed in 333 cases (7 articles) that were presented within
the areas of low, medium, and high concentrations of industrial pollutants, of which 63.9%
of the cases were exposed to high concentrations of cyanides. For polluting metals, 69%
of cases occurred in areas with low concentrations of metals. As for halogenated organic
pollutants, a higher prevalence of cases was found in areas of high (49.8%) and medium
(49.2%) concentrations, with a difference of only two cases between the two. A total of
60.9% of patients were exposed to medium concentrations of aromatic compounds, and
78% of cases were identified in areas with medium concentrations of greenhouse gases
(Figure 7).
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Finally, two works, in addition to reporting the frequency of some risk factors, evalu-
ated the interaction of folic acid intake with polymorphisms in the methylenetetrahydro-
folate (MTHFR) gene in the mestizo Mexican population. Ibarra-López et al., 2013 [21],
found that mothers with 677CT or 677TT genotypes had a higher risk of having a child
with cleft lip and palate, and in the case of the latter genotype, the risk increased with a
lack of folate supplementation during the first trimester of pregnancy. Estandia-Ortega
et al., 2014 [28], concluded that intake of folic acid and the TT genotype with the MTHFR
C677T polymorphism in children independently reduced the risk of cleft lip and palate.

4. Discussion

On several occasions, the risk factors associated with lip and palate fissure and their
inter-relationship with the socio-demographic, socio-economic, and pollution character-
istics of different areas around the world have been studied in detail; however, most use
information of Anglo-Saxon (European or North American) or Asian origin, which, due
to racial and environmental differences, cannot be applicable or accurate for the Mexican
population. In addition, the associated risk factors depend on the methodological design of
the research.

Epidemiological studies suggest that maternal risk factors play an important role in
the development of different birth defects where the parent’s conditions are not the same,
according to data that are little studied and often unknown. It is noteworthy that most
of the frequencies in this paper indicate only maternal characteristics, because studies are
generally oriented to identify exposure to risk factors during pregnancy [9,15,16,20,25,26].
However, some authors consider that paternal influence can be exerted before conception
through toxicant transmission in semen or even genetic mutations; e.g., paternal smoking
could interfere with the genesis of the male gamete [10] or other epigenetic changes in
the nucleic acids of spermatozoa could be produced by the influence of environmental
factors [33]. For this reason, Nguyen et al., 2007, evaluated the occupation of parents of
children with isolated oral clefts in Norway, a variable missing in the studies included [34].

In this review, throughout the investigations, it was found that within the category of
socio-economic factors, the age of the mother exerted the strongest influence. Nevertheless,
at present, its place in terms of association has been diminished, and it is increasingly
less frequently analyzed. Surprisingly, a higher proportion of parents (father and mother)
under the age of 30 was found in several manuscripts [9,15,18,20,24,26], as opposed to
the findings of previous research, where the influence of age on the risk of cleft lip and
palate increases with the aging of one of the parents and decreases if one of the parents is
young [30,35]. Similar results were obtained in a Nigerian population [36].

As a result of our findings, we concur with the assertions of Corona R. et al. regarding
the parents’ educational attainment: primary school education serves as the highest level of
education in the majority of cases and consistently reflects a low socio-economic status [18].

Hereditary family history was recorded for most of the articles; however, it was
not specified whether it was maternal or paternal history, leaving aside the branch of
genealogy affected by this malformation. For this reason, little can be achieved in terms of
prevention and genetic counseling. The data from the articles were collected from the areas
of gynecology and obstetrics, which is why the focus granted to the paternal genealogy
branch is minimal. Thus, in these cases, it is unknown whether the father had a child(s)
with cleft lip and palate prior to the one identified in the current study [16,18,20,24,25,30].
A study by Muñoz et al. reported in 2001 that cases of cleft lip and palate are twice as
common in families with a hereditary family history of malformations [6].

Undoubtedly, the consumption of folic acid is internationally recognized as a preven-
tive measure for birth defects. In our results, we can observe that most of the mothers
consumed folic acid and attended their prenatal care appointments; despite this, their son
presented with cleft lip and palate. As set out in NOM-034-SSA2-201325, a daily intake of
4 mg of folic acid is recommended for pregnant women and their partners with a family
or personal history of malformations or living in the geographical areas with the highest
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incidence of cases (Secretaria de Salud, 2023) [12]. Similarly, it is important to emphasize
that this measure should be applied during the preconception period, which is three months
before pregnancy and lasts until the 12th week of gestation. Thus, regularly, the mother
starts consuming folic acid at the time when she is diagnosed with pregnancy; that is, when
the pregnancy is advanced by a month or more and when the folic acid may no longer be
as effective [9,26]. Interestingly, Ibarra et al., 2013, found an association between a lack of
folic acid supplementation and the combination of the genotype variants 677TT and 677CT
in the maternal MTHFR gene. Opposite results have been found in Norwegian [37] and
French [38] populations. We did not find other genes evaluated in conjunction with risk
factors in the Mexican population.

Body mass index (BMI) was only studied in mothers, and we can observe a clear
association with cleft lip and palate and BMI, as most mothers were overweight or obese
before, during, and after the pregnancy in question [16,18,26].

On the other hand, in our study, a higher frequency of cases was found for the firstborn
child [20,24], contrary to what was stated by other authors, who found that the risk of cleft
lip and palate increases when the number of offspring increases [9,16,19,26].

Tobacco and alcohol consumption are the factors that have the highest association
with cleft lip and palate; however, these previous studies focused mainly on the mother,
with few studies reporting this habit in both parents [9,20,27]. Nevertheless, these factors
appeared with higher frequency in parents of children with cleft lip and palate, according
to a study by Martinelli et al. in 2020 [11]. They claimed that the use of tobacco in men
prior to insemination increases the risk of non-syndromic orofacial fissures [11].

In the same context, several authors pointed out that the pattern and severity of
malformations caused by the use of medication depend on the dose, time, and duration of
exposure, with the first trimester of pregnancy being the stage of highest risk. The risk of
having a child with cleft lip and palate is five times higher when medications are consumed
during pregnancy; our results were in agreement with this observation: this factor was
found in more than half of the mothers [1,10,35,39].

Environmental risk factors were the least analyzed throughout the country; however,
parents exposed to pollution were predisposed to having children with this malformation.
Several authors found that increased exposure to solid urban waste raised the rate of cleft
lip and palate, as did exposure to toxic substances in the environment and at work, such as
wood smoke, chlorinated solvents, fertilizers, and pesticides [15,26,30,31]. While there was
not a direct link between the two, Gasca et al. showed that there was a geographical proxim-
ity between cases of cleft lip and palate and exposure to environmental pollutants such as
carbon dioxide, arsenic, mercury, nickel, lead, cadmium, and cyanide [17]. These pollutants
are linked to birth defects and are found in moderate-to-high amounts in urban areas.

Importantly, this birth defect has a great deal of different causes; thus, it is difficult to
determine a foolproof way to prevent it. This problem is related to a fusion of the palatine
and labial processes that happen at a time during pregnancy when the mother usually does
not know she is pregnant [11].

Regarding limitations, the differences in methods used to evaluate each variable
studied complicate the homogeneity of results presented in this study. Another important
limitation is related to the fact that the majority of the studies in this systematic review
met the inclusion criteria but lacked evaluations of paternal risk factors. These risk factors,
which include age, educational level, substance use, and exposure to industrial pollutants,
could potentially be linked to the father’s occupational characteristics. However, the
reviewed articles do not fully document this connection.

5. Conclusions

It is important to highlight that the parental influence is related to exposure to toxic
agents associated with consumption and/or a polluted environment, including alcohol
and tobacco consumption, in which the influence of the father stands out more. This
influence may be linked to a higher risk of cleft lip and palate in newborns. This review
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of risk factors for cleft lip and palate in Mexico not only helps with early diagnosis but
also enables preventive measures and improved prenatal care. Early intervention and
timely treatment can significantly improve the quality of life for children born with cleft
lip and palate, emphasizing the importance of ongoing research and increased efforts to
reduce the impact of these risk factors and, ultimately, to improve the well-being of affected
individuals and their families. In addition, it is crucial to emphasize that more research is
needed in Mexico to evaluate contaminating risk factors. Finally, additional genetic studies
of parents of children with cleft lip and palate must be carried out in order to gain a deeper
understanding of the factors that influence this condition.
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Abstract: (1) Background: Temporomandibular disorders (TMD) signs and symptoms affect the
quality of life of patients because they impose an incapacity to participate in daily life activities,
causing both physical and psychological discomfort. This review aims to provide the most accu-
rate, comprehensive, and up-to-date description of all information available regarding OHRQoL
in TMD. (2) Methods: A systematic search of articles from January 2013 till August 2023 was per-
formed on five databases to identify articles, including TMD and oral health-related quality of life.
Two calibrated reviewers performed the search following inclusion and exclusion criteria. A manual
search of reference articles was also performed. The data were analyzed qualitatively by combining
a meta-analysis and GRADE evidence. The Newcastle–Ottawa scale for cross-sectional and case-
control studies was utilized to assess the quality of the included studies. (3) Results: The initial search
consisted of 738 articles without the removal of duplicates. Fifteen articles were included in this
systematic review, and ten were included in the meta-analysis. Almost all the included observational
studies reported poor OHRQoL among patients with different types of TMD. The results of the
meta-analysis with a standard mean difference (SMD) and that included seven studies suggest high
heterogeneity with I2 = 99%, SMD (95% CI) = 3.18 (1.90, 4.46), p-value < 0.01. The odds ratio analyzed
for three included articles in the meta-analysis reported statistical significance (p-value < 0.01) with
OR = 8.21 (2.39, 28.25) and a heterogeneity of 86%. The certainty of evidence by GRADE resulted in
a downgraded level of evidence, indicating that the OHRQoL of TMD patients may differ slightly
from the healthy controls. (4) Conclusions: The impact of OHRQoL on the TMD was deemed to be
significant. Overall, the OHRQoL is low for any type and intensity of pain among TMD patients
and controls.

Keywords: oral health-related quality of life; temporomandibular disorders; meta-analysis; GRADE
analysis

1. Introduction

Temporomandibular disorders (TMD) is a group of musculoskeletal disorders that af-
fect the masticatory muscles, the temporomandibular joint (TMJ), and the related structure
according to the American academy of orofacial pain [1]. The common signs and symptoms
of TMD include muscular and/or articular pain, joint stiffness, clicking, asymmetric joint
movements, and limited mouth opening. Additionally, patients with sleep disorders are
more predisposed to TMD signs and symptoms, increasing the psychological issues of the
patients [2,3]. Due to physical and psychological discomfort, patients with TMDs show
poor oral health-related quality of life [4]. The World Health Organization (WHO) defined
oral health-related quality of life (OHRQoL) as an individual’s perception of oral health and
how it impacts their overall well-being, daily functioning, and quality of life [5]. Measuring
OHRQoL is not limited to diagnosing oral diseases and considers the perspective of a
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person on their subjective experience, including their ability to eat, speak, and socialize
without discomfort or embarrassment [6]. Previous models on oral health-related quality
of life were directly associated with oral conditions and quality of life [7]. While the present
models are designed to connect a person’s mind and overall health as a single unit and con-
centrate on socioenvironmental factors along with oral diseases. OHRQoL questionnaires
consider how oral health conditions can affect a person’s physical, psychological, and
social well-being [8]. This concept recognizes that oral health is an integral part of general
health and that improving oral health can positively impact a person’s overall quality of
life. This approach ultimately helps policymakers and investors plan strategies in favor of
oral health and improving the well-being of an individual. In an observational study by
Almoznino et al., reduced OHRQoL was reported in patients with TMD compared to
healthy adults [9]. Similarly, in a systematic review of clinical studies by Dahlstrom and
Carlsson (2010), all included studies measured reduced general quality of life in patients
with TMD than the controls [10]. The advancement of research that focuses on the relation-
ship between oral health-related quality of life and various prevalent oral diseases is crucial
for effectively allocating public and private financial companies to address urgent and im-
pactful healthcare needs guided by the principle of equitable care [11]. Recent studies have
explored the association between temporomandibular disorders (TMD) and quality of life,
but these studies exhibit varying methodologies and reported diverse outcomes concerning
both quality of life and a TMD diagnosis [10,12–14]. A systematic review indicated that
TMD patients experience a lower quality of life than non-TMD individuals [15]. However,
this review did not provide specific data for TMD diagnostic groups categorized under
the Research Diagnostic Criteria for Temporomandibular Disorders (RDC/TMD) axis I,
such as muscle disorders (group I), disc displacements (group II), and joint dysfunction
(group III). Introduced in 1992, the RDC/TMD became a standard tool in TMD research un-
til the development of the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD),
which, as an enhanced version, has since become the more reliable tool. The DC/TMD
provides clinicians with evidence-based criteria for assessing patients and improving com-
munication about consultations, referrals, and prognoses. The importance of these criteria
relay on providing a comprehensive framework for assessing TMD, and both clinicians
and researchers can identify and classify the type and severity of TMD accurately [16].

Moreover, none of these reviews also conduct a meta-analysis and GRADE evi-
dence [15]. Moreover, all the reviews examined the overall quality of life and its association
with TMD [10,15]. Therefore, this systematic review and meta-analysis with GRADE evi-
dence focuses on the observational studies on TMD and oral health-related quality of life
utilizing validated diagnostic tools. Hence, the aim of this prospective systematic review
and meta-analysis is to compare the oral health-related quality of life between the patients
with TMDs and healthy controls in observational settings that have utilized one of the
diagnostic criteria (RDC/TMD and\or DC/TMD) and a valid questionnaire to measure
OHRQoL. Moreover, the aim is to present the most up-to-date and comprehensive overview
of all the data on TMD and oral health-related quality of life.

2. Materials and Methods

The present systematic review and meta-analysis followed the PRISMA guidelines
(preferred systematic review and meta-analysis guideline) [17]. The research protocol was
designed prior to the commencement of the study, and the protocol was registered in the
PROSPERO database under registration number CRD42023417542.

2.1. Research Question

This review aimed to answer the research question: “Is there a difference in oral
health-related quality of life in individuals with (Group 1 DC/TMD) compared to healthy
adults?” The PECOT strategy followed was (P) 18–60-year-old patients with TMD; (E) diag-
nosis of TMD evaluated by RDC/TMD or DC/TMD; (C) individuals without any TMDs;
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(O) outcome measured with OHRQoL; and (T) observational studies (cross-sectional and
case-control).

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were as follows: (a) the study had to be observational (cross-sectional
and case-control studies) and involve subjects aged 18 to 60 years, (b) the diagnostic criteria
for temporomandibular disorders had to be the RDC/TMD or the DC/TMD (both axis
I and axis II), and (c) standard questionnaires measuring the quality of life (OHIP-14 or
OHIP-49) had to be used. The studies must have been published in peer-reviewed journals
since January 2013 and be in English.

The exclusion criteria were as follows: (a) studies that did not focus on TMD and my-
ofascial pain as the primary disease or outcome (b) studies involving patients who had un-
dergone previous TMD treatments (such as oral splints, medication, joint replacement, etc.),
(c) studies involving patients with a history of facial trauma or rheumatic diseases, and
(d) studies that did not use standard research diagnostic questionnaires for TMD and/or
quality of life assessments. Review articles, letters to editors, and interventional studies
like RCTs were excluded.

2.3. Search Strategy

A systematic search was conducted on five databases, PubMed/MEDLINE, Cochrane,
Embase, Scopus, and Web of Science, from January 2013 to August 2023. The database
searches commenced on 5 October 2023. The title and abstract searches used general
search terms with Medical Subject Headings (MeSH) from PubMed and MEDLINE. These
terms and descriptors are listed in Table 1 alongside the articles extracted from various
databases. Boolean operators ‘AND’ and ‘OR’ were employed to refine and broaden the
search scope.

Additionally, two investigators conducted reference chasing and manual searches of
articles. The reference lists in the bibliographies of the identified articles were also reviewed.
Two investigators independently screened the titles and abstracts of all the papers from the
initial search. Any disagreements between these two authors were resolved through the
consensus of a third reviewer.

2.4. Data Extraction and Study Selection

The articles from the databases were organized using EndNote 21 (Thomson Reuters®,
New York, NY, USA), and duplicates were removed. The article screening and selection
process consisted of two stages, each conducted by two independent investigators: (a) the
first stage involved reading and evaluating the titles and abstracts, and (b) the second stage
involved reading the full-text articles and reaching a consensus. A third investigator was
consulted in any disagreement, and their decision was considered final. The articles that
were excluded during the full-text reading stage and the reasons for exclusion are listed in
Table S1. For articles without the full text or that were missing information, attempts were
made to contact the authors. In cases where no reply was obtained from the authors, the
articles were purchased.

For data extraction, a customized Excel (Microsoft Office 365, Redmond, WA, USA)
worksheet was created based on the “Cochrane Handbook for Systematic Review and
Meta-analysis” following STROBE guidelines for cross-sectional and case-control studies
by two investigators [18,19].

Based on recommendations following the guidelines, the information extracted from
the articles were as follows: (1) Authors/Country/Year; (2) study design; (3) age range
of participants and gender; (4) the number of patients and controls; (5) diagnostic criteria
for TMD; (6) instrument utilized for measuring oral health-related quality of life; (7) data
collection method; and (8) outcome of the study (comparison with control and effect
on OHRQoL).
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2.5. Risk of Bias and Data Analysis

The quality of articles included in this review was measured by the New Castle Ottawa
(NOS) scale. This scale is based on the star system used to classify observational studies. A
single star is assigned to measure the quality of specific items, providing a maximum score
of seven. The NOS system for case-control study has three main domains: (a) selection
of cases and control; (b) compatibility between the group; and (c) exposure and outcome
variables of the study [20]. For cross-sectional studies, the major domains are (a) case
selection (representativeness of cases, sample size, and surveillance tools), (b) compatibility,
and (c) outcome (assessment of the outcome and statistical tests) [21]. Concerning data
analysis, results were combined in a meta-analysis by graphical presentation with the
forest plot. Only studies presenting sufficient data (sample of cases and control; mean
and standard deviations for TMD patients and controls) were included. Articles without a
control group that was not divided by the group of TMD were excluded from the meta-
analysis. Ten articles were included for meta-analysis and I2 measured heterogeneity.

2.6. Certainty of Evidence (GRADE Analysis)

The evidence for comparison of included studies was evaluated with the grading of
recommendation, assessment, development, and evaluation tool (GRADE tool, available
online at gradepro.org). The GRADE evidence was assessed using each effect generated by
comparison of all included studies. For all included studies, the certainty of the evidence
was rated down if there was a problem due to the risk of bias, indirectness, inconsistency,
imprecision, and publication bias. Also, evidence was rated if the study design was proper
and the outcome measured was consistent [22].

3. Results

A total of 738 studies were initially retrieved from various databases and synchronized
in Endnote 21 (Clarivate, NY, USA). Among these, 378 studies were removed due to
duplication and 228 due to other reasons (irrelevant study, letter to editors, etc.). The
remaining 132 records underwent screening based on title and abstract, resulting in the
removal of 74 studies (Figure 1). Subsequently, 58 articles were selected for full-text retrieval,
but 2 could not be retrieved. Finally, 56 articles were considered for full-text reading, and
41 were excluded for various reasons (Table S1). Ultimately, 15 articles were included in
this systematic review, with 10 were eligible for the meta-analysis.

3.1. Characteristics of Included Studies

Table 2 illustrates the summary and characteristics of the included 15 studies. Of all
studies, eight were case-control [9,23–29], and seven were cross-sectional studies [2,30–35]
reporting the OHRQoL of TMD patients; the oldest study was from 2013 [26,34]. A total of
4821 participants (cases 3945; control 1943) were included in this systematic review. All
the included studies evaluated patients with TMD in hospital settings, and none were
population based. The RDC/TMD axis I was applied in 11 studies [2,23,25,26,29–35], while
DC/TMD with axes I and II were applied in 4 studies [9,24,28,36]. Four case-control studies
utilized RDC/TMD analysis for all the cases [23,25,26,29], while three studies utilized
DC/TMD [24,28,36], and one study utilized both RDC/TMD and DC/TMD for a diag-
nosis of TMD in the cases and controls [9]. Regarding the questionnaire measuring oral
health-related quality of life, 13 studies utilized the oral health impact profile (OHIP)-14,
and one study utilized OHIP-49 and the World Health Organization Quality of Life
(WHOQOL) [34].
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Figure 1. PRISMA flow chart for included studies.

Based on Table 2, the included participants were in the age group of 18–60 years,
confirming that the data from all the included studies were from young and middle-aged
individuals from both genders.

3.2. Oral Health-Related Quality of Life

All the included studies showed that TMD patients had worse oral health-related qual-
ity of life than healthy controls. Some studies have reported a direct relationship between
the intensity of pain related to TMD and a worsened OHRQoL [28,34–36]. Coherently,
two included articles on myofascial pain and TMD reported a worse OHRQoL of patients
with severe pain compared to controls [34,35]. Additionally, two included cross-sectional
studies have indicated that group I (with myofascial pain) and group III (with osteoarthri-
tis) analyzed by RDC/TMD axis I had a worse OHRQoL compared to group II (with disc
displacement) [33,34].
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3.3. Result from Meta-Analysis

Ten studies of fifteen were included in the meta-analysis due to high variability among
the studies (Figures 2 and 3). The included studies in the meta-analysis were the ones
with an explicit inclusion of participants, standard deviation, and mean per group and
compared OHRQoL between TMD and control groups. Studies included in this systematic
review without proper comparison between TMD and controls were excluded from the
meta-analysis. Two articles with the subgroups were not included as it was impossible to
have accurate data for various groups.
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Figure 2 included seven articles that reported oral health-related quality of life in
global TMD patients and controls. All the included studies utilized RDC/TMD (with axis I
or II) for diagnosis and OHIP-14 for evaluating OHRQoL.

The meta-analysis result reported high significance among the OHRQoL of TMD pa-
tients compared to the controls. The results are as follows: total participants: 2031 subjects;
the standard mean difference (95% CI): 3.18 (1.90, 4.46); heterogeneity I2 99% and Z test:
4.87, with the p < 0.01.

In Figure 3, the results of three studies have been pooled to calculate the odds ratio
for measuring the difference in the OHRQoL of TMD patients and controls. The results
indicated I2 = 86% and odds ratio = 8.21 (2.39, 28.25), which was found to be statistically
significant (p < 0.05 and Z test = 3.34, respectively). Therefore, the findings of the meta-
analysis indicate that patients with intense TMD pain had a worse OHRQoL compared to
healthy adults.

3.4. Quality of Included Studies

Of the eight included case-control studies, four were of good quality, three were of
moderate quality, and one was of poor quality on the NOS scale (Table 3). The studies lacked
a proper diagnosis of TMD by utilizing RDC/TMD for controls, which caused hindrances in
accurate diagnosis. Of the seven included in the cross-sectional study (Table 4), three were
of good quality, two were of moderate and two poor quality on the NOS scale. The poor
and moderate quality of the cross-sectional study was due to a comparison between the
TMD group and control (most studies did not have controls) and an improper assessment
of the findings.

3.5. GRADE Certainty of Evidence

The certainty of evidence among the included studies was low and downgraded,
indicating imprecision, indirectness, inconsistency, and a high risk of bias (Table 5). The
low level of the certainty of the evidence in this review indicates that the confidence in
the effect estimate is limited, and the true effect may be substantially different from the
estimate of the effect.
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4. Discussion

This systematic review and meta-analysis aimed to compare the perception of oral
health-related quality of life in patients with and without TMD. The included studies used
RCD/TMD and/or DC/TMD and validated questionnaires for diagnosing the condition.
Based on the analysis of this systematic review and meta-analysis with GRADE evidence, it
was observed that oral health-related quality of life is worse for the patients suffering from
TMD compared to the control group. Moreover, the patients diagnosed on RDC/TMD axis
I with myofascial pain and osteoarthritis had a worse oral health-related quality of life than
patients with disc displacement. Additionally, there was a direct relationship between the
intensity of pain and a worse oral health-related quality of life.

Most articles included in this systematic review utilized RDC/TMD axis I for diagnos-
ing TMD. However, RDC/TMD axis II has not been applied in several studies [24,27,36].
This is paramount when the study evaluates the OHRQoL, as axis II is used to diagnose
the psychological factors associated with TMD (stress, anxiety, depression, and soma-
tization). In the literature, it is mentioned that TMD pain not only worsens OHRQoL
but also affects the psychological well-being of an individual [38]. Published system-
atic reviews and meta-analyses measured high depressive symptoms in patients with
chronic TMD pain [10,39]. Oral health-related quality of life variables were evaluated by
OHIP 14 and 49. These questionnaires are reliable and identify major aspects associated
with OHRQoL [2,3,40]. One study has used the World Health Organization Quality of Life
questionnaire, which mainly involves the general quality of life; however, one section of
this questionnaire is mainly for evaluating OHRQoL [34]. Additionally, the WHOQOL also
has a section involving the environment and the individual [34]. All the studies included
in this analysis evaluated patients’ OHRQoL subscales, revealing that individuals with
temporomandibular disorder (TMD) experience a compromised quality of life across all
the subscales. Notably, pain emerged as the predominant factor affecting the quality of
life in all subsets. Furthermore, the origin and etiology of TMD-related pain vary among
individuals. Particularly, myofascial pain, associated with TMD, exhibits an intense pain of
muscular origin [41]. Psychological complaints like depression and anxiety are common
among patients suffering from TMD with muscular pain [14]. This is supported by the
findings of an interventional study where patients receiving injections for TMD pain had a
better quality of life compared to the placebo [42]. Additionally, the subscale of oral pain in
patients with intervention was improved. Nowadays, researchers use a four-dimensional
approach to evaluate the OHIP scale [43]. This approach includes oral pain, appearance,
function, and psychological factors combined. Moreover, this approach provides a compre-
hensive result on oral health and its association with the intensity of pain [43]. Therefore,
studies should report all seven subscales in OHIP to maintain the compatibility of the
data provided.

In relation to meta-analyses, only ten studies were included due to high heterogeneity
related to the methodological analysis, a lack of exposure, and the absence of the necessary
data required for an analysis. However, it was observed that TMD negatively affects
individual’s OHRQoL when compared to the non-TMD subjects. Additionally, OHRQoL
was worsen in TMD patients in group I (myofascial pain) and group III (arthritis) compared
to group II (disc displacement), with a statistically significant difference. These factors can
be explained mainly by the worst pain levels in group I and III patients compared to group
II, as reported in a systematic review on TMD pain and chronic pain analysis. Additionally,
the presence of anxiety, depression, and somatization was reported worse in group I TMD
patients compared to group II and III, also negatively impacting OHRQoL [44]. A systematic
review on the therapeutic intervention of TMD reported improvement in pain intensity if
the psychological factors along with pain medication are controlled in the patients with
severe pain [45]. Most of the included studies measured that females with chronic TMD
have two times worse OHRQoL than males. This difference could be attributed to the role
of gender, considering that females are more likely to develop TMD-related pain and seek
treatment faster compared to males. However, the literature suggests contradictory results
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when comparing the severity of pain and quality of life among genders, and only one study
found functional limitations in females suffering from TMD-related pain [37]. Due to the
heterogeneity among the included studies, a random effect model was used, and the study
reported that the observed effect is an estimate of the real effect and follows the general
distribution of the studies with smaller sample sizes gaining the weight compared to larger
sample sizes. To improve future systematic reviews with a meta-analysis and to reduce
the heterogeneity, it is suggested that the future systematic reviews should either apply
the RDC/TMD or DC/TMD with axis I and II and comparing the overall quality of life
measures in observational studies with larger sample size. Additionally, studies should
clearly report the sample size, the mean, median, and standard deviation for the RDC/TMD
diagnosis with axis I, II, and III groups. The use of RDC/TMD axis II is important, as it
demonstrates the psychological aspects of the patients suffering from TMD-related pain.
These findings are important when considering a person’s OHRQoL. Finally, studies should
also report the sample source, method of randomization, qualification of examiner, and
inclusion and exclusion criteria for both cases, and controls should be provided to avoid
the bias related to the selection of participants.

Based on this systematic review and meta-analysis, several recommendations could
be made for future studies. Firstly, studies should include both axis I and II for TMD
patients, as this could not only focus on the intensity of pain but also the psychological
variables associated with the severity of pain. Future studies should also focus more on
the general quality of life because of the various etiological factors associated with TMD.
It is paramount that future studies be more focused on investigating cases and controls
with either RDC/TMD or DC/TMD to avoid bias related to case selection. In addition, the
role of gender should also be assessed to evaluate the difference in OHRQoL among the
genders. Finally, more clinical studies are required that focus on the data collection process
of TMD and quality of life among various subgroups of TMD.

In summary, this systematic review with a meta-analysis and GRADE evidence shows
that the OHRQoL is directly related to chronic TMD. The disability associated with TMD
pain is also mentioned in this review. Therefore, TMD with (disc displacement) have an
acceptable OHRQoL compared to myofascial pain and arthritis patients.

Strengths and Limitations

Three qualified researchers conducted the evaluation, and the present systematic
review adhered to PRISMA guidelines. Despite adhering to PRISMA guidelines and
conducting a thorough quality appraisal of all included studies to comprehensively assess
the oral health-related quality of life (OHRQoL) in patients with temporomandibular
disorders (TMD), there are certain limitations that need consideration.

First, many included studies lacked important information, and some studies only
provided details on TMD patients without a specific comparison to healthy subjects.

This systematic review and meta-analysis may be influenced by selection and mea-
surement biases. All the included studies were of an observational nature, which limits
the ability to establish causal relationships between TMD and OHRQoL. The inclusion
criteria that required studies to be published in English since January 2013 and to use
particular diagnostic criteria and questionnaires might have led to the exclusion of relevant
research, such as studies in other languages or those using different diagnostic approaches.
Additionally, the variability in diagnostic criteria (RDC/TMD or DC/TMD) and OHRQoL
measurement tools (e.g., OHIP-14, OHIP-49) across studies could affect the comparability
of results and the consistency of findings.

Second, all the included studies were of an observational nature, which limits their
ability to establish causal relationships between TMD and OHRQoL. Additionally, the het-
erogeneity in study designs and measurement tools used to assess OHRQoL may introduce
variability in the results. Most of the studies did not present the results in the function
of RDC or DC subgroups. Therefore, in future research, standardizing diagnostic criteria
using DC/TMD would ensure consistency in the definition and classification of TMD across
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studies. Uniform study designs to minimize variability in research methodologies will
allow for straightforward comparisons between studies and contribute to a more coherent
body of evidence, thereby enhancing the generalizability of findings.

5. Conclusions

Based on the results of this systematic review and meta-analysis with GRADE evidence,
it can be concluded that patients with temporomandibular disorders (TMD) experience a
lower oral health-related quality of life (OHRQoL) compared to healthy adults. This decline
in OHRQoL is directly associated with the intensity of pain and disability as reported in
individuals diagnosed with RDC/TMD and DC/TMD with axis I and II. Furthermore, the
analysis revealed that pain intensity was higher among groups with arthritis and myofascial
pain in comparison to those with disc displacement and healthy individuals. To gain a more
comprehensive understanding of the impact of TMD on patients’ quality of life, further
investigations are required. These should include the assessments of general quality of life,
OHRQoL questionnaires, population-based data, and the diagnosis of TMD patients and
controls using validated recent methods, such as DC/TMD, for a more accurate analysis of
the effects on the quality of life of TMD patients.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/diagnostics14192183/s1, Table S1: Excluded studies for
TMD-OHRQoL.

Author Contributions: Conceptualization, L.A. and H.A.; methodology, L.A.; software, R.A.; valida-
tion, L.A., H.A. and R.A.; formal analysis, L.A.; investigation, L.A.; resources, L.A. and R.A.; data
curation, L.A. and R.A.; writing—original draft preparation, L.A. and R.A.; writing—review and
editing, L.A. and R.A.; supervision, H.A.; project administration, L.A.;All authors have read and
agreed to the published version of the manuscript.

Funding: This study received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. De Leeuw, R.; Klasser, G. Orofacial pain: Guidelines for assessment, diagnosis, and management. Am. J. Orthod. Dentofac. Orthop.

2008, 134, 171. [CrossRef]
2. Blanco-Aguilera, A.; Blanco-Hungría, A.; Biedma-Velázquez, L.; Serrano-Del-Rosal, R.; González-López, L.; Blanco-Aguilera, E.;

Segura-Saint-Gerons, R. Application of an oral health-related quality of life questionnaire in primary care patients with orofacial
pain and temporomandibular disorders. Med. Oral Patol. Oral Cir. Bucal 2014, 19, e127–e135. [CrossRef] [PubMed]

3. Cao, Y.; Yap, A.U.; Lei, J.; Zhang, M.J.; Fu, K.Y. Oral health-related quality of life of patients with acute and chronic temporo-
mandibular disorder diagnostic subtypes. J. Am. Dent. Assoc. 2022, 153, 50–58. [CrossRef] [PubMed]

4. Hanna, K.; Nair, R.; Amarasena, N.; Armfield, J.M.; Brennan, D.S. Temporomandibular dysfunction experience is associated with
oral health-related quality of life: An Australian national study. BMC Oral Health 2021, 21, 432. [CrossRef]

5. World Health Organization. The World Health Organization Quality of Life assessment (WHOQOL): Position paper from the
World Health Organization. Soc. Sci. Med. 1995, 41, 1403–1409. [CrossRef] [PubMed]

6. Shearer, D.M.; MacLeod, R.J.; Thomson, W.M. Oral-health-related quality of life: An overview for the general dental practitioner.
N. Z. Dent. J. 2007, 103, 82–87. [PubMed]

7. McGrath, C.; Bedi, R. An evaluation of a new measure of oral health related quality of life--OHQoL-UK(W). Community Dent.
Health 2001, 18, 138–143. [PubMed]

8. Namvar, M.A.; Moslemkhani, C.; Mansoori, K.; Dadashi, M. The Relationship between Depression and Anxiety with Temporo-
mandibular Disorder Symptoms in Dental Students. Maedica J. Clin. Med. 2021, 16, 590. [CrossRef]

9. Almoznino, G.; Zini, A.; Zakuto, A.; Sharav, Y.; Haviv, Y.; Avraham, H.; Chweidan, H.; Noam, Y.; Benoliel, R. Oral Health-Related
Quality of Life in Patients with Temporomandibular Disorders. J. Oral Facial Pain. Headache 2015, 29, 231–241. [CrossRef]

257



Diagnostics 2024, 14, 2183

10. Dahlström, L.; Carlsson, G.E. Temporomandibular disorders and oral health-related quality of life. A systematic review. Acta
Odontol. Scand. 2010, 68, 80–85. [CrossRef]

11. Karaman, A.; Sapan, Z. Evaluation of temporomandibular disorders, quality of life, and oral habits among dentistry students.
Cranio 2023, 41, 316–322. [CrossRef]

12. Oberoi, S.S.; Hiremath, S.S.; Yashoda, R.; Marya, C.; Rekhi, A. Prevalence of Various Orofacial Pain Symptoms and Their Overall
Impact on Quality of Life in a Tertiary Care Hospital in India. J. Maxillofac. Oral Surg. 2014, 13, 533–538. [CrossRef]

13. Potewiratnanond, P.; Limpuangthip, N.; Karunanon, V.; Buritep, A.; Thawai, A. Factors associated with the oral health-related
quality of life of patients with temporomandibular disorder at the final follow-up visit: A cross-sectional study. BDJ Open 2022,
8, 30. [CrossRef]

14. Turcio, K.H.; Neto, C.M.; Pirovani, B.O.; Dos Santos, D.M.; Guiotti, A.M.; Bertoz, A.M.; Brandini, D.A. Relationship of bruxism
with oral health-related quality of life and facial muscle pain in dentate individuals. J. Clin. Exp. Dent. 2022, 14, e385–e389.
[CrossRef]

15. Qamar, Z.; Alghamdi, A.M.S.; Haydarah, N.K.B.; Balateef, A.A.; Alamoudi, A.A.; Abumismar, M.A.; Shivakumar, S.; Cicciu,
M.; Minervini, G. Impact of temporomandibular disorders on oral health-related quality of life: A systematic review and
meta-analysis. J. Oral Rehabil. 2023, 50, 706–714. [CrossRef]

16. Schiffman, E.; Ohrbach, R.; Truelove, E.; Look, J.; Anderson, G.; Goulet, J.P.; List, T.; Svensson, P.; Gonzalez, Y.; Lobbezoo, F.; et al.
Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) for Clinical and Research Applications: Recommendations of
the International RDC/TMD Consortium Network* and Orofacial Pain Special Interest Groupdagger. J. Oral Facial Pain. Headache
2014, 28, 6–27. [CrossRef] [PubMed]

17. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The
PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

18. Cumpston, M.; Li, T.; Page, M.J.; Chandler, J.; Welch, V.A.; Higgins, J.P.; Thomas, J. Updated guidance for trusted systematic
reviews: A new edition of the Cochrane Handbook for Systematic Reviews of Interventions. Cochrane Database Syst. Rev. 2019,
2019, ED000142. [CrossRef] [PubMed]

19. Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet 2007, 370,
1453–1457. [CrossRef]

20. Margulis, A.V.; Pladevall, M.; Riera-Guardia, N.; Varas-Lorenzo, C.; Hazell, L.; Berkman, N.D.; Viswanathan, M.; Perez-Gutthann,
S. Quality assessment of observational studies in a drug-safety systematic review, comparison of two tools: The Newcastle–Ottawa
scale and the RTI item bank. Clin. Epidemiol. 2014, 6, 359–368. [CrossRef]

21. Cook, D.A.; Reed, D.A. Appraising the quality of medical education research methods: The medical education research study
quality instrument and the Newcastle–Ottawa scale-education. Acad. Med. 2015, 90, 1067–1076. [CrossRef] [PubMed]

22. Huguet, A.; Hayden, J.A.; Stinson, J.; McGrath, P.J.; Chambers, C.T.; Tougas, M.E.; Wozney, L. Judging the quality of evidence in
reviews of prognostic factor research: Adapting the GRADE framework. Syst. Rev. 2013, 2, 71. [CrossRef]

23. Bayat, M.; Abbasi, A.J.; Noorbala, A.A.; Mohebbi, S.Z.; Moharrami, M.; Yekaninejad, M.S. Oral health-related quality of life in
patients with temporomandibular disorders: A case-control study considering psychological aspects. Int. J. Dent. Hyg. 2018, 16,
165–170. [CrossRef]

24. Celik, O.; Secgin, C.K.; Gulashi, A.; Yuzugullu, B. Oral Health-Related Quality of Life in Patients with Temporomandibular
Disorders and Effect of Anxiety: A Retrospective Case-Control Study. Int. J. Prosthodont. 2023, 36, 148–154. [CrossRef]

25. Filho, J.C.; Vedovello, S.A.S.; Venezian, G.C.; Vedovello Filho, M.; Degan, V.V. Women’s oral health-related quality of life as a risk
factor for TMD symptoms. A case-control study. Cranio 2023, 41, 139–143. [CrossRef]

26. Rener-Sitar, K.; Celebic, A.; Mehulic, K.; Petricevic, N. Factors Related to Oral Health Related Quality of Life in TMD Patients.
Coll. Antropol. 2013, 37, 407–413.

27. Yap, A.U.; Cao, Y.; Zhang, M.J.; Lei, J.; Fu, K.Y. Comparison of emotional disturbance, sleep, and life quality in adult patients with
painful temporomandibular disorders of different origins. Clin. Oral Investig. 2021, 25, 4097–4105. [CrossRef]

28. Yap, A.U.; Tan, S.H.X.; Marpaung, C. Temporomandibular disorder symptoms in young adults: Three-dimensional impact on
oral health-related quality of life. J. Oral Rehabil. 2022, 49, 769–777. [CrossRef]

29. Yildirim, G.; Erol, F.; Guven, M.C.; Sakar, O. Evaluation of the effects of bruxism on oral health-related quality of life in adults.
Cranio 2023, 41, 230–237. [CrossRef] [PubMed]

30. Balik, A.; Peker, K.; Ozdemir-Karatas, M. Comparisons of measures that evaluate oral and general health quality of life in patients
with temporomandibular disorder and chronic pain. Cranio 2021, 39, 310–320. [CrossRef]

31. Gui, M.S.; Pimentel, M.J.; Gama, M.C.d.S.; Ambrosano, G.M.B.; Barbosa, C.M.R. Quality of life in temporomandibular disorder
patients with localized and widespread pain. Braz. J. Oral Sci. 2014, 13, 193–197. [CrossRef]

32. Lemos, G.A.; Paulino, M.R.; Forte, F.D.S.; Beltrão, R.T.S.; Batista, A.U.D. Influence of temporomandibular disorder presence and
severity on oral health-related quality of life. Rev. D’or 2015, 16, 10–14. [CrossRef]

33. Pawar, P.; Puranik, M.; Shanbhag, N. Relationship between Oral Health Status and Oral Health-Related Quality of Life among
Patients with Temporomandibular Disorders in Bengaluru City: A Cross-Sectional Comparative Study. J. Indian Assoc. Public
Health Dent. 2022, 20, 287–292. [CrossRef]

258



Diagnostics 2024, 14, 2183

34. Resende CMBMd Alves, A.C.d.M.; Coelho, L.T.; Alchieri, J.C.; Roncalli, Â.G.; Barbosa, G.A.S. Quality of life and general health in
patients with temporomandibular disorders. Braz. Oral Res. 2013, 27, 116–121. [CrossRef] [PubMed]

35. Su, N.; Liu, Y.; Yang, X.; Shen, J.; Wang, H. Correlation between oral health-related quality of life and clinical dysfunction index in
patients with temporomandibular joint osteoarthritis. J. Oral Sci. 2016, 58, 483–490. [CrossRef] [PubMed]

36. Yap, A.U.; Cao, Y.; Zhang, M.J.; Lei, J.; Fu, K.Y. Number and type of temporomandibular disorder symptoms: Their associations
with psychological distress and oral health-related quality of life. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2021, 132, 288–296.
[CrossRef]

37. Yap, A.U.; Cao, Y.; Zhang, M.J.; Lei, J.; Fu, K.Y. Age-related differences in diagnostic categories, psychological states and oral
health-related quality of life of adult temporomandibular disorder patients. J. Oral Rehabil. 2021, 48, 361–368.

38. Kroese, J.M.; Volgenant, C.M.C.; van Schaardenburg, D.; van Boheemen, L.; van Selms, M.K.A.; Visscher, C.M.; Crielaard, W.; Loos,
B.G.; Lobbezoo, F. Oral health-related quality of life in patients with early rheumatoid arthritis is associated with periodontal
inflammation and painful temporomandibular disorders: A cross-sectional study. Clin. Oral Investig. 2022, 26, 555–563. [CrossRef]

39. Aranha, R.L.d.B.; Martins, R.d.C.; de Aguilar, D.R.; Moreno-Drada, J.A.; Sohn, W.; Martins, C.d.C.; de Abreu, M.H.N.G.
Association between Stress at Work and Temporomandibular Disorders: A Systematic Review. BioMed Res. Int. 2021,
2021, 2055513. [CrossRef] [PubMed]

40. Bieganska-Banas, J.M.; Gierowski, J.K.; Pihut, M.; Ferendiuk, E. Oral health-related quality of life and cognitive functioning in
myofascial temporomandibular disorders pain. Arch. Psychiatry Psychother. 2019, 21, 45–58. [CrossRef]

41. Rahimi, H.; Twilt, M.; Herlin, T.; Spiegel, L.; Pedersen, T.K.; Küseler, A.; Stoustrup, P. Orofacial symptoms and oral health-related
quality of life in juvenile idiopathic arthritis: A two-year prospective observational study. Pediatr. Rheumatol. Online J. 2018, 16, 47.
[CrossRef] [PubMed]

42. Su, N.; Wang, H.; van Wijk, A.J.; Visscher, C.M.; Lobbezoo, F.; Shi, Z.; van der Heijden, G. Prediction Models for Oral Health-
Related Quality of Life in Patients with Temporomandibular Joint Osteoarthritis 1 and 6 Months After Arthrocentesis with
Hyaluronic Acid Injections. J. Oral Facial Pain. Headache 2019, 33, 54–66. [CrossRef] [PubMed]

43. Oghli, I.; List, T.; Su, N.; Häggman-Henrikson, B. The impact of oro-facial pain conditions on oral health-related quality of life: A
systematic review. J. Oral Rehabil. 2020, 47, 1052–1064. [CrossRef]

44. Tanner, J.; Teerijoki-Oksa, T.; Kautiainen, H.; Vartiainen, P.; Kalso, E.; Forssell, H. Health-related quality of life in patients with
chronic orofacial pain compared with other chronic pain patients. Clin. Exp. Dent. Res. 2022, 8, 742–749. [CrossRef] [PubMed]

45. Song, Y.L.; Yap, A.U. Outcomes of therapeutic TMD interventions on oral health related quality of life: A qualitative systematic
review. Quintessence Int. 2018, 49, 487–496.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

259



Citation: AlSahman, L.; AlBagieh, H.;

AlSahman, R. Is There a Relationship

between Salivary Cortisol and

Temporomandibular Disorder: A

Systematic Review. Diagnostics 2024,

14, 1435. https://doi.org/10.3390/

diagnostics14131435

Academic Editor: Luis Eduardo

Almeida

Received: 28 May 2024

Revised: 29 June 2024

Accepted: 30 June 2024

Published: 5 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Systematic Review

Is There a Relationship between Salivary Cortisol and
Temporomandibular Disorder: A Systematic Review
Lujain AlSahman 1,*, Hamad AlBagieh 1 and Roba AlSahman 2

1 Oral Medicine and Diagnostic Sciences Department, College of Dentistry, King Saud University Riyadh,
Riyadh 57448, Saudi Arabia; hamadnb@hotmail.com

2 Faculty of Dentistry, Royal College of Surgeons, D02YN77 Dublin, Ireland; robaalsahman@gmail.com
* Correspondence: alsahmanlujain@gmail.com

Abstract: Background: This systematic review examines and evaluates the relationship between
salivary cortisol levels and temporomandibular disorder (TMD) in young adult patients. Method: Six
databases—PubMed, Scopus, Web of Science, Google Scholar, ProQuest, and Cochrane Library—were
utilized to screen eligible studies. A systematic search was performed based on PECO questions and
eligibility criteria. The research question for this review was “Do salivary cortisol levels correlate
with TMD in individuals aged 18–40?” The risk of bias for quality assessment was determined by
the Cochrane tool. PRISMA guidelines were followed while performing this review. Result: A total
of fourteen studies were included in this review. Of these, eleven were observational studies (four
cross-sectional and seven case–control), and three were randomized control trials. Eleven of the
included studies presented a low to moderate risk in the qualitative synthesis. The total sample size
of the included studies was 751 participants. The included studies suggest higher salivary cortisol
levels in TMD patients than in healthy individuals. Conclusions: The findings of this review indicate
higher salivary cortisol levels in adult patients with TMD than in healthy controls. Thus, supportive
psychological treatment and clinical modalities should be provided to patients with TMD. Moreover,
higher-quality studies with low heterogeneity are required to support this finding.

Keywords: salivary cortisol; temporomandibular disorders (TMD); diagnostic tool; biomarkers

1. Introduction

The temporomandibular joint (TMJ) and its associated structures are pivotal in guiding
mandibular movement and distributing stresses produced by everyday tasks like speak-
ing, chewing, and swallowing [1]. Temporomandibular disorders (TMDs) are pathologic
conditions affecting the TMJ, masticatory muscles, and surrounding tissues [2]. TMDs
include abnormalities of the intra-articular disc’s position and/or structure and dysfunction
of the associated musculature [3]. The symptoms of TMDs include a reduced range of
movement of the mandible, painful joint sounds, masticatory muscle pain, TMJ pain, and
restriction/deviation in mouth opening [4]. TMD is the most common cause of chronic
orofacial pain due to non-dental origin [5], with the prevalence of TMDs being about 31%
in adults and about 11% in children and adolescents [6]. The aetiology of TMD is consid-
ered to be multifactorial, including biomechanical (occlusal overload and parafunction),
neuromuscular, biological (e.g., elevated levels of oestrogen hormones), and psychosocial
(e.g., stress, anxiety, depression) factors [7]. Psychological factors, especially stress, are
considered one of the main areas of TMD aetiology, but their role in the occurrence of TMD
is inconclusive [8]. Stress is a normal physiological response in humans. However, it leads
to pathological conditions when it exceeds the body’s adaptive capacity. It has also been
found to strongly contribute to the formation and persistence of pain [9]. Additionally, pain
and stress lead to parafunctional habits [9], like bruxism linked with signs and symptoms of
TMD [8]. Mental stress is believed to stimulate the hypothalamic–pituitary–adrenal (HPA)
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axis, which triggers a series of reactions leading to increased cortisol secretion from the
adrenal cortex [10]. As a product of the HPA axis, cortisol participates in anti-inflammatory
and anti-stress activities and is considered a marker of stress and anxiety. Several studies
have shown a correlation between HPA axis dysregulation and TMD [11,12]. Consequently,
cortisol levels can be utilised to assess HPA axis activity [13] and evaluate TMD. Further-
more, cortisol level assessment can be developed as a diagnostic tool for TMD and to meet
the specific treatment needs of TMD patients.

Cortisol levels can be measured using plasma, serum, urine, hair, and saliva spec-
imens [14]. Considering its non-invasive mode of collection, saliva has become a good
candidate for cortisol assessment. Moreover, salivary cortisol measurement indicates un-
bound active cortisol levels in contrast to bound plasma cortisol levels [15]. Previous studies
have assessed salivary cortisol levels in TMD patients, with contradictory reports [16–18].
According to Kobayashi et al., no difference in salivary biomarkers was observed between
children with and without TMD, although anxiety symptom scores were higher in children
with TMD [18]. Contrary reports were provided by D’Avilla et al., who found significantly
higher salivary cortisol values in their adult TMD group [17]. A recent study by Suprajith
et al. concluded a significant impact of psychosocial stress on the etiopathogenesis of
TMD [19]. Collaborating on these findings, Fritzen et al. stressed that the relationship
between salivary cortisol and bruxism in adults and children could not be neglected [20].
Despite some existing studies, there is no conclusive evidence regarding the association of
salivary cortisol levels in adult patients with TMD. Moreover, a significant increase in stress
levels has been found in young adults compared to children and the elderly population. A
literature search shows a systematic review by Lu et al. [21], but this review includes only
case–control studies and a limited search period, from 2008 to 2020. Moreover, none of the
existing studies focus on adult patients’ salivary cortisol concentrations. So, we aimed to
search all the available data regarding salivary cortisol levels in adult TMD patients be-
tween 18–40 years old. Hence, this systematic review was conducted in order to determine
whether a correlation exists between salivary cortisol levels and TMD in adult patients.

2. Materials and Methods

This systematic review evaluates the relationship between salivary cortisol levels and
temporomandibular disorders (TMDs) in individuals aged 18–40.

2.1. Protocol and Registration

A preliminary literature search was run to identify the research problem, focus ques-
tion, and eligibility criteria in January 2023. Following this, a protocol was prepared and
registered with PROSPERO before the systematic review began (CRD42022378756).

2.2. Eligibility Criteria

The focus question was formulated using the PECO (population, exposure, compari-
son, and outcome) framework. Population (P) was young adults aged 18–40 with TMD
and without any other oral pathology or disorder; exposure (E) was salivary cortisol levels
measured in observational and randomized control trials; comparison (C) was healthy
participants without TMD; and outcome (O) was changes in salivary cortisol levels in
patients diagnosed with TMD. Consequently, the focus question was, “Do salivary cortisol
levels correlate with temporomandibular disorders (TMDs) in individuals aged 18–40?”

The inclusion criteria for the studies were as follows: (1) studies including patients
between 18–40 years of age, (2) studies including patients diagnosed with TMDs according
to RDC/TMD or DC/TMD, (3) clinical studies (mainly case–control studies, random-
ized control trials, and observational studies), and (4) studies evaluating salivary corti-
sol/biomarkers for stress.

Studies were excluded using the following criteria: (1) case report/series, (2) con-
ference papers, (3) in vitro studies, (4) editorials, (5) commentaries, (6) literature reviews,
(7) animal studies, and (8) studies not in the English language.
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2.3. Information Sources and Search Strategies

The PRISMA 2020 statement [22] was followed to report this systematic review. Two
researchers performed the literature search on all major databases, such as PubMed, Scopus,
Web of Science, Google Scholar, ProQuest, and Cochrane Library, to include all relevant
studies related to TMDs and salivary cortisol levels. An experienced librarian was always
available to assist with the literature search.

After developing the protocol, the initial search began in March 2023. The PECO
criteria were utilized to run the search using keywords and MeSH terms related to tem-
poromandibular disorders (“temporomandibular joint disorders” OR “temporomandibular
joint dysfunction” OR “craniomandibular disorders” OR “TMJ osteoarthritis”) and salivary
cortisol levels (Table 1), until December 2023 A manual search was also performed in the
reference sections of already identified articles.

Table 1. Search string for various databases.

PubMed (hydrocortisone) “[MeSH Terms] OR “hydrocortisone”[All Fields] OR
“cortisol”[All Fields]) AND (“Temporomandibular disorder”[MeSH Terms] OR
“TMD”[All Fields]) OR (“temporomandibular disfunction”[MeSH Terms] OR
(“Facial muscle pain”[All Fields] AND young Adults [All Fields].

Scopus (TITLE-ABS-KEY (“craniomandibular disorder*” OR “temporomandibular
joint disorder*” OR “temporomandibular disorder*” OR tmjd OR tmd OR “tmj
disorder*” OR ((facial OR jaw OR orofacial OR craniofacial OR trigem*) AND
pain))) AND (TITLE-ABS-KEY (pcs OR “Salivary cortisol” OR Hydrocortisone*
OR cortisol AND (Young adults))))

Web of science cortisol* OR hydrocortisone* AND Temporomandibular disorder* OR TMD*
AND Young adults.

Google scholar (cortisol OR Salivary cortisol AND Temporomandibular disorder OR TMD
AND Young Adults).

2.4. Study Selection

After identifying the articles from various databases, the titles and abstracts were
screened independently by two reviewers to include all studies that satisfied the inclusion
and exclusion criteria for this systematic review. This step removed duplicates using citation
or reference manager (Endnote 21). Finally, two researchers retrieved and scrutinized full
texts, and any disagreements were resolved by discussion.

2.5. Data Extraction and Data Items

Two reviewers extracted the following data from the full-text articles: author, year,
country, study population, study design, sample size, test/control group size, age range,
salivary cortisol levels in tests and controls, saliva collection techniques, the statistical
significance of the results, and conclusion. The data retrieved were tabulated in Excel
sheets. Both the reviewers confirmed the data obtained, and any disagreements were
resolved by a third reviewer. The inter-examiner kappa coefficient between the examiners
was measured and was above 0.9 for all the questions during data extraction.

2.6. Data Synthesis (Meta-Analysis)

The studies included in this systematic review are heterogenous in nature. Hence, no
meta-analysis was planned. Overall, analysis of the studies included in this review was
done by narrative summary of the included studies. The quality of the included studies
was evaluated by deducing the risk of bias for randomized control trials, cross sectional
studies, and case–control studies. Due to high heterogeneity among the included studies,
the authors performed GRADE analysis to evaluate the certainty of the evidence of the
studies included in this systematic review. The Grading of Recommendations Assessment,
Development and Evaluation (GRADE) methodology for grading the certainty of evidence
was utilized for the observational studies and RCTs [23].
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2.7. Risk of Bias in Individual Studies

A panel comprising two researchers assessed the risk of bias among the included
studies. The Cochrane Risk of Bias Tool II [24] was utilised for the risk of bias assessment
of randomized control trials, and the Newcastle–Ottawa quality assessment scale was used
for case–control studies [25]. The Newcastle–Ottawa quality assessment scale (adapted
for cross-sectional studies) was applied for the risk of bias assessment of cross-sectional
studies [26]. Scoring for the Newcastle–Ottawa scale (for cross-sectional and case–control
studies) ranges from 0 to 10, with 0 meaning a high risk, 4 to 6 a medium risk, and 7 and
above a low risk of bias. Scores for the Cochrane Risk of Bias Tool are measured as “low”,
“high”, and “some concern”.

3. Results

The survey identified 18,070 studies on different databases, out of which 666 studies
were duplicates. A total of 17,404 studies were directed to the reading of the title and
abstract, out of which 17,375 were removed. A final 29 studies were selected for full-text
reading, and 15 were removed for various reasons; the study selection process is explained
in Figure 1.

Diagnostics 2024, 14, x FOR PEER REVIEW 5 of 20 
 

 

 
Figure 1. PRISMA flowchart. 

Fourteen primary studies involving 751 participants (tests = 424 and controls = 327) 
met the criteria included in Table 2. The studies included in this review were published 
between 1997 and 2022. 

3.1. Characteristics of Included Studies (Table 2) 
Among the fourteen studies selected for data extraction were three randomized con-

trol trials [27–29], four cross-sectional studies [17,30–32], and seven case–control studies 
[16,33–38]. The included studies were from Brazil, Bosnia and Herzegovina, Thailand, 
Sweden, India, Canada, Iran, the USA, and China. 

The study population in the test group consisted of young adult patients with TMD. 
All included studies—except one by Tosato et al.—had male and female participants, 
mostly university students. In the included studies, mainly female participants were af-
fected by TMD, with higher stress and anxiety levels and elevated salivary cortisol [31]. 
As well as salivary cortisol levels, two studies by Rosar et al. studied bruxism and TMD 
[27,30]. Moreover, all three RCTs evaluated the effect of the treatment of TMD on salivary 
cortisol levels, and all of them reported a significant decrease in salivary cortisol levels 
after the treatment. The results of almost all included studies show that increasing salivary 
cortisol levels are seen in TMD patients with higher stress and anxiety levels. Goyal et al. 
[28] further verified that a significantly higher value of salivary cortisol was detected in 
TMD patients with depression than in TMD patients without depression, and treatment 
of TMD resulted in decreasing salivary cortisol levels. The Research Diagnostic Criteria 
for Temporomandibular Disorders (RDC/TMD) and clinical diagnosis were used to diag-

Figure 1. PRISMA flowchart.

Fourteen primary studies involving 751 participants (tests = 424 and controls = 327)
met the criteria included in Table 2. The studies included in this review were published
between 1997 and 2022.
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3.1. Characteristics of Included Studies (Table 2)

Among the fourteen studies selected for data extraction were three randomized control
trials [27–29], four cross-sectional studies [17,30–32], and seven case–control studies [16,33–38].
The included studies were from Brazil, Bosnia and Herzegovina, Thailand, Sweden, India,
Canada, Iran, the USA, and China.

The study population in the test group consisted of young adult patients with TMD.
All included studies—except one by Tosato et al.—had male and female participants, mostly
university students. In the included studies, mainly female participants were affected by
TMD, with higher stress and anxiety levels and elevated salivary cortisol [31]. As well
as salivary cortisol levels, two studies by Rosar et al. studied bruxism and TMD [27,30].
Moreover, all three RCTs evaluated the effect of the treatment of TMD on salivary cortisol
levels, and all of them reported a significant decrease in salivary cortisol levels after the
treatment. The results of almost all included studies show that increasing salivary cortisol
levels are seen in TMD patients with higher stress and anxiety levels. Goyal et al. [28]
further verified that a significantly higher value of salivary cortisol was detected in TMD
patients with depression than in TMD patients without depression, and treatment of
TMD resulted in decreasing salivary cortisol levels. The Research Diagnostic Criteria for
Temporomandibular Disorders (RDC/TMD) and clinical diagnosis were used to diagnose
TMDs in almost all studies. The comparator group was mainly healthy controls without
TMD. However, one study evaluated the salivary cortisol levels of TMD patients with
normal occlusion and those with malocclusion [17]. A study by Magri et al. measured
salivary cortisol levels with low-level laser therapy [29]. Goyal et al. measured salivary
cortisol levels in cohorts of depressed and non-depressed TMD patients, as well as in a
group of healthy controls [28]. Although the included studies were heterogenous, eleven
of the included studies reported a higher salivary cortisol level in TMD patients than
in controls.

3.2. Salivary Parameters of the Participants of the Included Studies (Table 3)

Seven primary studies used unstimulated saliva to assess cortisol (n = 381) [16,28,29,31,34,35,37],
and the remaining five studies used stimulated saliva (n = 267) [17,27,30,36,38]. In seven studies,
salivary samples were collected in the morning [27,29–32,34,37], while one study performed
sampling both in the morning and evening [28]. However, in three studies, the timings of saliva
sampling were not mentioned [17,33,36]. Six studies [16,28,33,34,36,37] collected saliva without
extra stimulation, while five studies [17,27,29,30,35] collected saliva that was stimulated by chewing
the swab and cotton roll. All the studies evaluated elevated cortisol levels with an ELISA kit, except
for one study.

All the included studies utilized different measures for saliva collection. Quartana
and colleagues collected salivary samples before and after 20 min of treatment [38]. While
a stress test was performed by Jones et al., salivary samples were collected at three different
intervals—at baseline, peak secretion (30 min), and 20 min after the rest [35].

Nine studies assessed salivary cortisol levels in adults with TMD compared to healthy
controls. Seven of these were case–control study designs [16,33–38], and two were cross-
sectional [31,32]. However, four of the included studies (three randomized control trials,
and one cross-sectional study) evaluated salivary cortisol levels before and after treatment
of TMD and controls. Ten of the included studies noted statistically significant differences
between the salivary cortisol levels of both the groups. The statistical analyses reported
in the included studies were in favour of the control group [17,27–34,37], showing higher
cortisol levels in TMD patients. In contrast, four studies showed no statistical correlation
between cortisol levels and TMD [16,35,36,38].

3.3. Risk of Bias Assessment (Tables 4–6)

The risk of bias assessment for the randomized controlled trials was performed by
utilising the Cochrane Risk of Bias Tool-II [24]. One study was found to have a high risk [27],
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and two had a low risk of bias [28,29]. The high risk was due to inconsistency in measuring
the exposure and differences in the sample allocation.

The Newcastle–Ottawa quality assessment scales for cross-sectional [26] and case–control
studies [25] measured the risk of bias for corresponding studies. Among the seven case–
control studies in the review, two had low risk [33,38], four had medium [16,34–36], and one
had a high risk of bias [37]. The high- and medium-risk studies had higher heterogeneity in
sample representativeness and exposure. Outcome measures were inconsistently reported
among those studies.

Out of the four cross-sectional studies included, three had a low risk of bias [17,27,31],
while one study had a medium risk of bias [32]. The observational studies, especially the
case–control and cross-sectional studies, had a higher risk of publication bias due to a lack
of proper registration procedures. Hence, the overall bias measured in these study designs
is higher compared to clinical trials.

3.4. Certainty of Evidence (GRADE Analysis) (Table 7)

The certainty of the evidence from randomized control trials for the effect of salivary
cortisol on the development of TMD was low (Table 7). The certainty was downgraded
because of indirectness and imprecision, as according to the RCTs included, the level of
salivary cortisol has minimal or no effect on the development of TMD. Evidence of the
effect of salivary cortisol on the development of TMD in the observational studies was
also downgraded due to indirectness, impression, and risk of bias. Moreover, for the
observational studies all the four criteria for certainty of evidence were downgraded.

Because the certainty of their evidence for the effect of salivary cortisol on TMD
development was high quality, randomized control trails and observational studies were
included. Therefore, the certainty of evidence for all the included studies was low and
IMPORTANT. This result is of IMPORTANCE because salivary cortisol levels are considered
as a critical outcome measure in the development of TMDs.
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4. Discussion

This systematic review evaluated the relationship between salivary cortisol levels
and temporomandibular disorder in young adult patients. The included studies suggest
higher salivary cortisol levels in TMD patients than in healthy individuals. Cortisol is a
hormone released by the adrenal glands in response to stress. Elevated cortisol levels over
an extended period can have negative effects on the musculoskeletal system, including
the muscles and joints around the temporomandibular joint (TMJ). Salivary cortisol levels
can also serve as a diagnostic marker for evaluating the severity of stress experienced by
an individual. Additionally, monitoring cortisol levels over time can provide valuable
information about the effectiveness of stress management techniques in reducing TMD
symptoms.

Higher cortisol levels were found in TMD patients compared to healthy participants in
ten studies included in this systematic review (case–control and cross-sectional) [17,27–34,37].
In contrast, four studies demonstrated no significant association. Two randomized control
trials showed reductions in salivary cortisol levels after treatment in patients with TMD
compared to those treated with a placebo [28,29]. The possible correlation between TMD and
higher salivary cortisol levels could be due to the etiological factors—mainly stress, anxiety,
and depression. Recent studies have shown a positive association between stress, anxiety, and
depression and the occurrence of TMD [6,39]. These psychological factors were eventually
found to be associated with increased salivary cortisol levels.

4.1. Association of Cortisol and TMD

For decades, the measure of acute and chronic pain has been demonstrated by patients’
responses to stress meters. Cortisol levels have a vital role in evaluating the level of stress.
Cortisol is a glucocorticoid hormone secreted by the adrenal cortex. The activation of
gluconeogenesis, the amplification of hepatic protein synthesis, and an increase in the
utilization of fat for energy production are among the physiological effects of cortisol [40].
The hypothalamus increases the release of this hormone, known as the stress hormone,
when a stressful condition occurs [6]. Stress is believed to not just function as an etiological
factor, but also to exacerbate the symptoms of TMD, including pain in the TMJ area [39].
Stress affects the release of cortisol, an anti-inflammatory agent helping to mobilize glu-
cose reserve and modulate inflammation. However, in prolonged or exacerbated stress
responses, altered cortisol release leads to inflammation and pain [41]. Stress also activates
the HPA axis, resulting in a cascade of responses leading to increased cortisol release from
the adrenal cortex. Concerning TMD, patients frequently exhibit hyperactivity of the HPA
axis [12]. The hyper-response of the HPA axis has been observed in anxiety disorders and
depression. It is also important to note that the mediators for stress response also regulate
pain modulation, which is why stress contributes to pain transmission and perception [12].

Various explanations for the association between painful TMD and depression or
anxiety are given in the literature. Firstly, these symptoms may trigger muscle hyper-
activity, followed by muscle abnormality and pain [42]. They may also induce a joint
inflammatory process followed by biomechanical changes, leading to joint pain. Secondly,
TMD may be associated with an abnormal trigeminal system process due to imbalances in
neurotransmitters like serotonin and catecholamines [40].

4.2. Evidence from Randomized Controlled Trials

Three randomized control trials were included in this systematic review. All included
studies have reported a positive association between higher cortisol levels and TMD [27–29].
Goyal et al. demonstrated a positive association between salivary cortisol levels and TMD in
conjunction with depression compared to controls. The authors measured salivary cortisol
levels in the morning and evening. In their findings, TMD patients with depression had higher
cortisol levels than TMD patients without depression and healthy controls [28]. Student’s
t-test was performed to measure the difference in cortisol levels between males and females,
and it was reported that females with TMD and depression had higher cortisol levels than
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their male counterparts. The study’s design was a double-blinded control trial where the
patients and investigators were unaware of the groups. Hence, the methodological quality of
this study is high, and the results are conclusive.

Rosar and colleagues, in their parallel arm randomized trial, concluded that patients
with sleep appliances had self-reported TMD with higher cortisol levels in the morning
compared to the control. Researchers have also reported that females with TMD and
occlusal appliances had higher cortisol levels than males. The authors of this study were
unable to calculate awake bruxism. However, the findings of this study suggest higher
cortisol levels in self-reported TMD patients compared to controls [27].

Magri et al., in their double-blinded randomized trial, assessed the effect of laser
treatment on TMD patients and evaluated the salivary cortisol levels of affected females.
The laser treatment was performed over two sittings across eight weeks, and the placebo
patients received a light treatment at similar intervals. The salivary cortisol levels were
reduced in females receiving laser treatment for TMD compared to controls. The salivary
cortisol levels for controls were measured above 10 ng/mL compared to female receiving
laser treatment. Findings of all the included RCTs in this review concluded that females
with TMD had higher levels of salivary cortisol in the morning compared to controls [29].

4.3. Evidence from Case–Control Studies

The six case–control studies included in this review showed mixed results of salivary
cortisol and TMD levels [33–38]. Four studies measured a positive association [33,34,37],
while three studies indicated no significant correlation between the salivary marker and
TMD [16,36,38]. Jasim et al. compared females with chronic and acute TMD and suggested
no statistical significance in the levels of salivary cortisol among the group, even though
perceived stress and depression were marked in both groups [43]. Similar findings were
reported in the study by Almeida and colleagues, which compared individuals with and
without TMD, with 64% of patients with TMD reporting having depression. Saliva cortisol
levels were 0.272 g/dL in the group with TMD and 0.395 g/dL in the group without it, with
no statistical significance [16]. In line with these results, studies by Nilsoson and Dahlstrom
and Quartana reported no significant difference in salivary cortisol levels in patients with
and without TMD. However, both studies showed a higher level of salivary cortisol in
female TMD patients than their male counterparts [36,38].

On the other hand, Chinthakanan et al. reported a significant increase in cortisol levels
in TMD patients compared to a control group; they concluded that TMD patients demon-
strated an autonomic nervous system (ANS) imbalance and elevated stress levels [34].
Similarly, the study by Bozovic et al. on students with and without TMD reported a signif-
icantly higher level of salivary cortisol in TMD students with depression and stress [33].
The overall results of all the included studies report that females with TMD, depression,
and stress have higher levels of salivary cortisol.

4.4. Evidence from Cross-Sectional Studies

Among the included cross-sectional studies (n = 43) [30] in this review, one half found
no association between TMD and salivary cortisol, while the other showed a positive
correlation [17,31,32]. The research by Tosato et al. correlated the cortisol concentration
in saliva with the bioelectric activity of masticatory muscles [31]. They showed elevated
levels of glucocorticosteroids with increased muscle tone and pronounced severity of
TMD symptoms. Their work agrees with the hypothesis that increased muscle activity
corresponds with hyperactivity of the HPA axis [7].

D’Avilla et al. indicated in their study that the concurrence of malocclusion and
TMD has a significant negative influence on masticatory capacity, while salivary cortisol
levels are higher in TMD patients regardless of the presence or absence of malocclusion.
In contrast, the study by Rosar et al. reported no statistical significance of the level of
salivary cortisol between the groups; moreover, the cortisol level was not increased in
patients with psychological impairments. In conjunction with the findings of the case–
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control studies and RCTs included in this review, the cross-sectional studies also reported
higher salivary cortisol in young females with TMD, stress, and depression than their male
counterparts [17].

4.5. Evidence from Systematic Reviews

Two systematic reviews on a similar topic were found in the literature. Lu et al.
performed a meta-analysis of thirteen studies, including case–control studies, and stated
the occurrence of increased cortisol levels in TMD patients. However, these results were
inconclusive due to high heterogeneity among the included studies [21]. Their review
included studies involving children and adult patients, while this review focused mainly
on adults. Studies have suggested that adults aged 18–40 have higher stress levels than
children and the elderly. Treatment of TMD and its associated psychological factors should
be prioritized in this age group more than children and the elderly. Fritzen and colleagues
performed the other systematic review; they checked salivary cortisol concentration in
adults and children with bruxism and incorporated six studies into their data [20]. They
concluded a positive correlation between bruxism and higher cortisol levels in saliva in
patients with higher stress levels. Similar findings are reported in this review, but to
strengthen our results, we incorporated all the clinical study designs and restricted the age
group from 18–40 years.

To the best of our knowledge, this is the first review that focuses on the relationship
between salivary cortisol levels and TMD in young adult patients, along with the patients’
salivary cortisol concentrations. In this review, the authors have included every study’s
design to strengthen the findings. However, there are a few limitations to this systematic
review. Firstly, heterogeneity was observed in the included studies; hence, a meta-analysis
could not be performed. Secondly, gender dimorphism was not evaluated in the studies, as
a few included only female patients [29], while in other studies, the female–male ratio was
unequal [16]. Even though Quartana et al. stated in their results that there is a significant
correlation between cortisol levels and TMD, the data they provided regarding salivary
cortisol levels were unclear [38].

Furthermore, there were disparities in the timing of saliva collection among the studies;
seven studies collected salivary samples in the morning [27,29–32,34,37,38,44], while one
study collected it both in the morning and evening [28]. One study sampled saliva before
and after the stress test [38]. Finally, due to the small sample size of the included studies, a
conclusion cannot be drawn. Hence, more longitudinal studies with robust methodological
approaches should be designed to support the findings of this review.

5. Conclusions

This systematic review demonstrates a relationship between salivary cortisol levels
and TMD. The salivary cortisol levels were higher in TMD adults than healthy controls,
which could be linked to probable exposure to stress, depression, and anxiety. Moreover,
females suffering from TMD in conjunction with depression and stress had higher salivary
cortisol levels. This is suggestive of the need for psychological and clinical treatment in
patients with TMD. Considering the high heterogeneity and inconsistency of results in
the included studies, higher-quality studies, with bigger sample sizes and follow-ups, are
required.
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