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No conversions between effect measures (e.g., OR, RR,
HR) were performed; each meta-analysis included studies
reporting the same measure type. When studies did not
report OR, but provided raw 2x2 data, crude ORs were
calculated using the MedCalc OR calculator*® for inclusion
in relevant meta-analyses.

The LOO sensitivity analyses assessed how each study
influenced the pooled effect and heterogeneity. For each
LOO iteration, one study was removed and a new ran-
dom-effects model was recalculated. Meta-analyses were
considered unstable if removing a study changed the CI
from excluding to including the null value (OR = 1) or
reversed the effect direction. Following methodological
guidance,**%9 studies compromising stability due to high
heterogeneity or low quality were excluded from the fi-
nal model. Forest plots were generated using ggplot25! to
display the individual and pooled estimates with effect
sizes, GRADE ratings, and color-coded diagnostic groups.
Analyses were performed in R, with outputs included in
the manuscript and the supplementary materials.

Effect sizes for ratio measures (OR and RR) were inter-
preted using the guidelines by Chen et al.> The authors

C. Justribd-Manion et al. Are COPCs assaciated with orofacial pain?

related OR to Cohen’s d by comparing standardized
probability differences. Their estimates showed that
OR values of 1.68, 3.47, and 6.71 corresponded to small
(d = 0.2), medium (d = 0.5), and large (d = 0.8) effect
sizes when the baseline outcome rate was 1% in the non-
exposed group.® In this review, OR or RR values <1.68
were considered negligible, 1.68—3.47 small, 3.47—6.71
moderate, and >6.71 large. For hazard ratios, we fol-
lowed Vibha et al.>%: HR < 1 indicated no increased risk;
1.2—1.5 moderate risk; and >1.5 high risk. For unstan-
dardized 3 coefficients from linear regression models,
effect sizes were interpreted relative to the outcome
scale and the established thresholds of clinical impor-
tance. For pain intensity measured with NRS (0-10),
coefficients predicting changes of about 1.90 points were
considered minimally clinically important,> whereas
changes of =2 points were regarded as clinically relevant.
This approach allowed a patient-centered interpreta-
tion of effect sizes. For pain duration in years, changes
exceeding 1 year were substantial when the baseline
duration was approx. 10 years. This approach allowed
a patient-centered interpretation of effect sizes.

Fig. 1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) owchart of the study
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Certainty of evidence

The quality of prognostic evidence was assessed using the
GRADE approach. Following the criteria by Huguet et al.,
the certainty of evidence was rated as high (6@ @ &), mod-
erate @DDO), low (BDOO), or very low (OOQ). For
each analysis, we evaluated the following: (1) the number
of participants; (2) the number of cohorts; (3) study limi-
tations; (4) result inconsistency; (5) indirectness (limited
generalizability); (6) imprecision (insufficient or wide Cls);
(7) publication bias risk; (8) effect magnitude; and (9) the
presence of a dose—response gradient.

Outcomes of interest were grouped by study design
(longitudinal vs. cross-sectional) and based on the analy-
sis performed. The GRADE assessment was conducted for
each of these groups using the approach by Huguet et al.5®
Longitudinal studies provided prognostic evidence, while
cross-sectional studies contributed association evidence.
For each TMD—OFP/COPC pair, certainty ratings were
synthesized considering all domains of GRADE — the
study design, RoB, inconsistency, indirectness, and
imprecision.

Results
Study selection

The PRISMA flowchart in Fig. 1 shows the selection
process. After compiling the data from the search of da-
tabases, 16,438 preliminary studies were found. After
removing duplicates, 8,115 studies remained, and 547
were read fully. After reviewing all manuscripts, 121 were
excluded, but still considered for other analysis related
to the headache and neck pain project. Of the remain-
ing studies, 22 met the inclusion criteria,'316:56-7> and 12
were included in the meta-analysis. Details regarding the
reasons for exclusion are provided in the supplementary
material (S3).

Study characteristics and variables

We divided the studies into 2 groups. The 1%t group in-
cludes studies that enable the investigation of the tem-
porality of conditions and factors (temporality-oriented
studies).66.6870.78 The 2nd group comprises studies adopt-
ing a cross-sectional approach or not accounting for
temporal dimensions (cross-sectional associative stud-
ies),13:16,56-6567.69,71,72.7475 Below, we report variables that
were classified under each group. Detailed results related
to these variables are presented in Table 1.

The general characteristics of the studies are summa-
rized in Table 2. Most studies presented a high RoB,
6 studies were rated as having a moderate RoB, and only
2 could be classified as having a low RoB. For a summary
of the RoB of these studies, refer to Fig. 2.
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Domain 1: Study participation (risk of selection bias)

Domain 2: Study attrition (risk of attrition bias)

Domain 3: Prognostic factor measurement (risk of measurement bias)

Domain 4: Outcome assessment (risk of measurement bias)

Domain 5: Study confounding (risk of confounding bias)

Domain 6: Statistical analysis (risk of bias related to the statistical analysis
and the presentation of results)
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Fig. 2. Risk of bias (RoB) assessment using the Quality in Prognosis Studies
(QUIPS) tool

The left panel displays individual study ratings across each evaluated
domain, classified as high (red, —), moderate (yellow, ?) or low (green, +)
RoB. The right panel summarizes the proportion of studies in each
category per domain. Colors and symbols follow a traffic-light format
to facilitate rapid visual interpretation.
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Table 1. Summary of the results

Factor

Studies (Study population/ Method/ RoB)

Condition definition / Exposure level

Predictor / prognosis variables (First-onset TMD or Chronic TMD
vs. Controls without pain). Primary disorders

Association variables (subjects with specific diagnosis vs. Controls without pain). Exposure to primary disorders

Sanders 201370 (N total: 2706) (N total: 2706) Prospective cohort (IBS before First-onset TMD).
Community or population-based In total sample (N total:2706), IBS was identified first (74
subjects with IBS; 194 without IBS) and then those were followed and first onset TMD identified
(N:268). Low risk of bias

1Likelihood of first-onset
TMD among subjects
with IBS

2. Likelihood of first-onset
TMD among subjects with
dysmenorrhea

Lim 201066 (N total: 266) Prospective cohort (Menstrual pain before chronic TMD). Community
or population-based In total sample (N:266), dysmenorrhea was identified first and then those
were followed and first onset TMD identified (16 subjects developed TMD). High risk of bias

R.Ohrbach 201168 (N total: 1802) Nested case-control study within a prospective cohort (IBS
before chronic TMD). Community or population-based In total sample (N total:1802), A total of 185
developed chronic TMD and 1601 not developed chronic TMD. IBS was identified first (16 subjects
with IBS; 168 without IBS). Prevalence of IBS was evaluated in subjects with chronic TMD compared to
healthy controls. Low risk of bias
3. Likelihood of chronic OFP

among subjects with IBS . X . .
Aggarwal 201073 (N total: 1206) Prospective cohort (IBS before chronic Orofacial pain).

Community or population-based In total sample (N:1206), IBS was identified first (N with
IBS:106, without IBS: 1100). 10 Subjects with IBS developed chronic OFP and 46 without IBS
developed chronic OFP. Moderate risk of bias

Mobilio 202067 (N total: 82) Cross-sectional (no temporal analysis) Clinical sample In total
sample with TMD (N: 82), IBS was identified at the present time (N with IBS: 26, without IBS: 56).
Prevalence of IBS was evaluated in subjects with TMD compared to healthy controls. High risk
4 Bidirectional association of bias

between TMD and IBS Gallotta 201762 (N total: 148) Cross-sectional (no temporal analysis) Clinical sample In total

sample with IBS (N:148), TMD was identified at the present time (N with TMD:65, without
TMD: 83). Prevalence of TMD was evaluated in subjects with IBS compared to healthy controls.
Moderate risk of bias

Fenton 201861 (N total: 4.238.788 total) Retrospective cohort (no temporal analysis)
Nationwide clinical registry In total sample with chronic TMD recruited retrospectively from
a dataset (N: 4.238.788 total) chronic IBS was identified to be also present (N with IBS:20168,
without IBS: 4106820). Prevalence of IBS was evaluated in subjects with chronic TMD compared
to healthy controls. Moderate risk of bias

5. Association between IBS

and Chronic TMD Dahan 201658 (N total: 180) Cross-sectional (no temporal analysis) Clinical sample In total sample

with TMD (N chronic: 180), IBS was identified at the present time (N with myofascial pain TMD: 51,
N with non-myofascial pain TMD: 14). Prevalence of IBS was evaluated in subjects with chronic
myofascial pain TMD compared to no miofascial pain TMD controls. High risk of bias

Aaron 200056 (N total: 47) Cross-sectional (no temporal analysis) Clinical sample In total sample
(N: 47), IBS was identified at the present time (N with IBS: 20, N without IBS: 27). Prevalence of
IBS was evaluated in subjects with chronic TMD compared to healthy controls. High risk of bias

Dahan 201658 (N total: 180) Cross-sectional (no temporal analysis) Clinical sample In total
sample with chronic TMD (N: 180), IC was identified at the present time (N with myofascial
TMD: 17, N with non-myofascial TMD: 5). Prevalence of IC was evaluated in subjects with
chronic myofascial pain TMD compared to no miofascial pain TMD controls. High risk of bias

Aaron 200056 (N total: 47) Cross-sectional (no temporal analysis) Clinical sample In total sample
(N: 47), IC was identified at the present time (N with IC: 20, N without IC: 27). Prevalence of IBS
was evaluated in subjects with chronic TMD compared to healthy controls. High risk of bias

6. Association between IC
and chronic TMD

Fan 201460 (N total: 244) Cross-sectional (no temporal analysis) Clinical sample In total sample
with (N:244), IC was identified at the present time (N with IC:15, without IC: 229). Prevalence of
IC was evaluated in subjects with chronic TMD compared to healthy controls. High risk of bias

Puerta 202069 (N: 306) Clinical sample Cross-sectional (no temporal analysis) In total sample
with (N:306), Gastritis was identified at the present time (N with Gastritis:58, without Gastritis:
148). High risk of bias

Contreras 201857 (N: 352) Cross-sectional (no temporal analysis) Clinical sample In total sample
with (N:352), chronic Gastritis was identified at the present time (N with Gastritis:102, without
Gastritis: 69). Prevalence of Gastritis was evaluated in subjects with chronic TMD compared to

healthy controls Moderate risk of bias

7. Association between
Gastritis and chronic
Orofacial Pain
De Siqueira 202159 (N total: 306) Retrospective Case-Control (no temporal analysis) Clinical
sample In total sample with (N:306), chronic gastric complaints were identified at the present
time (N: 98). Prevalence of gastritis was evaluated in subjects with chronic orofacial pain
compared to healthy controls Moderate risk of bias

Brailo 200675 (N total: 156) Case-Control (no temporal analysis) Clinical sample In total the
total sample some had true BMS (N:76), previous diagnose of Gastritis was identified at the
present time (N with Gastritis: 61, without Gastritis: 95). Prevalence of Gastritis was evaluated in
subjects with BMS compared to non BMS controls High risk of bias

IBS defined by self-reported questionnaire including Rome Il
criteria. Prevalence and likelihood of general IBS among first-
onset TMD subjects. 74 subjects with IBS; 194 without IBS

All participants complete the Symptom Report Questionnaire
(SRQ), assessing menstrual pain symptoms over a 3-year
observation period prior to TMD onset. SRQ categories: “Not at
all™A little bit"“Moderate amount,“Quite a bit"and “An extreme
amount”

IBS diagnosed with validated self-reported questionnaire (Rome

11l). Subjects with chronic TMD: 16 subjects with IBS, 168 subjects

without IBS. Controls: 43 subjects with IBS, 1558 subjects without
IBS

IBS diagnosed with validated self-reported questionnaire (Rome
l). Subjects with Chronic Orofacial Pain: 10 YES, 46 NO Controls:
96 YES, 1054 NO

IBS diagnosed via self-reported questionnaire (Rome Ill). IBS
prevalence in TMD vs. healthy controls. Subjects with TMD: 22
YES, 25 NO. Controls: 4 YES, 31 NO.

TMD diagnosis via clinical exam (RDC/TMD). Prevalence among
IBS vs. healthy controls. Subjects IBS: 50 YES, 41 NO. Controls: 15
YES, 42 NO.

IBS defined by ICD codes (=2 outpatient or =1 inpatient visit)
Subjects with chronic TMD: 200 YES, 12426 NO Controls: 19968
YES, 4.094.394 NO

IBS diagnosed via validated self-reported questionnaire (Rome IIf)
Subjects with TMD: 51 YES, 129 NO Subjects with m-TMD: 37 YES,
84 NO Subjects with n-TMD: 14 YES, 45 NO

IBS diagnosed by questionnaire + clinical assessment (Manning
criteria) Subjects with chronic TMD: 16 YES, 9 NO Controls: 4 YES,
18 NO

IC diagnosed via self-reported Pain, Urgency, and Frequency
Symptom Scale IC prevalence: Subjects with All TMD: 22 YES, 158
NO Subjects with m-TMD: 17 YES, 104 NO Subjects with n-TMD:
5YES, 54 NO

Chronic IC diagnosed by 138-item self-reported questionnaire
Subjects with chronic TMD: 4 YES, 21 NO Controls; 0 YES, 22 NO

IC diagnosed using 2009 IC/HBS clinical guidelines Subjects with
chronic TMD: 9 YES, 113 NO Controls: 6 YES, 116 NO

Gastritis diagnosed by physicians from hospital clinics using
appropriate diagnostic protocols (clinical examination and other
assessments as necessary). Subjects with chronic Orofacial pain:

38YES, 136 NO Controls: 20 YES, 112 NO

Chronic gastritis/peptic ulcer (=6 months), self-reported
questionnaire Subjects with chronic TMD: 96 YES, 209 NO
Controls: 6 YES, 41 NO Comp. 1: 13 YES, 28 NO Comp. 2: 81 YES,
181 NO

Systematized clinical evaluation of the Subjects. In addition,
chronic Gastric complaints (=6 months), and sensation of dry
mucosa and xerostomia, assessed by the Xerostomia Inventory,
validated to the Portuguese language. Subjects with chronic OFP:
65 YES 109 NO Controls: 33 YES 99 NO

Self-reported previous diagnose by a specialist of gastritis
Subjects with Burning Mouth: 39 Yes 37 No Control 22 Yes 58 No
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Subjects’ diagnosis definition / Exposure level

Statistical analysis

Individual results 95% CI

757

Results in meta-
analysis / Certainty

First-onset TMD diagnosed using RDC/TMD criteria. =5 days/
month of TMD-related pain confirmed by examiner findings
(arthralgia/myalgia).Both sexes included. N: 268 Control group:
healthy participants who did not develop TMD. N: 2438

First-onset TMD diagnosed using RDC/TMD criteria. Female
individuals. N: 16 Control group: healthy participants who did
not develop TMD. N: 250

TMD chronic (=6 months), RDC/TMD criteria, =5 days/month
of pain + examiner-confirmed arthralgia or myalgia. Both sexes
included. N: 185 Healthy controls. N: 1601

Chronic Orofacial pain (for one day or longer in the past month
and =3 months), subjects through validated self-reported
questionnaire (Classification Questionnaire for Orofacial Pain).
Orofacial pain was defined as pain in the face, mouth or jaws.
This definition is likely to have included TMD, facial neuropathies,
BMS, atypical odontalgia. Both sexes included. N: 56 Control are
subjects that does not develop chronic orofacial pain. N: 1150

TMD based on RDC/TMD criteria. Both sexes included. N: 47
Healthy subjects as controls. N: 35

IBS diagnosed using Rome Ill + physical exam, blood tests,
sigmoidoscopy, and other diagnostics. Both sexes included. N:
91 (IBS), Healthy controls N: 57

Chronic TMD identified using ICD codes (=2 visits in 18
months). Both sexes included. Comp. 1: TMD Female. N: 2844
Comp. 22.TMD Male. N: 9782 Healthy subjects as controls.

Chronic TMD with mean duration 6.3 + 0.6 years (RDC/TMD).
Both sexes included. Comp. 1: m-TMD (myofascial pain only)
Comp. 2: n-TMD (non-myofascial pain)

Chronic TMD (=3 months), diagnosed using RDC/TMD criteria.
Both sexes included. N: 25 Healthy subjects as controls. N: 22
controls

TMD (mean duration: 6.3 + 0.6 years), diagnosed using RDC/
TMD criteria. Both sexes included. Comp. 1: m-TMD (myofascial
pain only) Comp. 2: n-TMD (non-myofascial pain)

TMD chronic (= 3 months), RDC/TMD criteria. Both sexes
included. Both sexes included. N: 25 Healthy subjects as
controls. N: 22

Chronic TMD (= 6 months), diagnosed via clinical examination
(RDC/TMD criteria). Female subjects. N: 122 Non-painful stress
urinary incontinence as controls. N: 122

Chronic Orofacial pain (=6 months), subjects per IASP and IHS
criteria: secondary headaches (e.g., attributed to TMD), facial
neuropathies, BMS, atypical odontalgia, systemic/metabolic

headaches. Both sexes included. N: 174 No symptoms as
controls N: 132

Chronic painful TMD (=6 months), as unique complaint,
diagnosed with RDC/TMD criteria. Both sexes included.
Comparator 1: TMD without migraine Comparator 2: TMD with
migraine (diagnosed by structured questionnaire per ICHD-Il)
Subjects with chronic TMD N: 305 Control Healthy subjects
N: 47

Chronic Orofacial pain (=6 months), subjects per IASP and IHS
criteria: secondary headaches (e.g., attributed to TMD), facial
neuropathies, BMS, atypical odontalgia, systemic/metabolic

headaches. Both sexes included. N: 174 Control healthy
subjects N: 132

Burning Mouth syndrome. Thorough clinical examination of
the oral cavity. Detection of Smear Candida albicans detection
was taken according to Budtz-Jorgensen. Measurement of
salivary flow rate for evaluating xerostomia. Oral galvanism
was measured. haematological screening for complete blood
count with additional tests for blood glucose levels, serum

N: 76 Sex and age matched controls N: 80

ferritin and Helicobacter pylori antibodies. Both sexes included.

1 Adjusted multivariable analysis using random
forest modelling (HR, Cl). 2.Adjusted Cox
proportional hazards regression model to assess
increased incidence of TMD (RR, Cl).

Repeated measures ANOVA between-group
mean difference (Time x Group interaction) Only
the p-value for the Time x Group interaction
could be extracted, as the figure did not provide
the exact effect size.

Adjusted logistic regression (OR, CI)

Adjusted multivariable analysis model (OR, CI).

Crude logistic regression model (OR, Cl), based
on“Yes/No"distribution in exposed vs. non-
exposed groups.

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

1. Crude logistic regression model (OR, Cl),
based on “Yes/No" distribution in exposed vs.
non-exposed groups for all subjects (all) 2.
Adjusted multivariable analysis for female (Cl
OR) 3. Adjusted multivariable analysis for male
(CIOR)

Adjusted logistic regression (Cl OR)

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

Crude logistic regression model (OR, Cl), based
on“Yes/No"distribution in exposed vs. non-
exposed groups.

1. Crude logistic regression model (OR, Cl),
based on “Yes/No” distribution in exposed vs.
non-exposed groups. 2. Multivariable logistic

regression model (Cl OR)

Crude logistic regression model (OR, Cl), based
on“Yes/No"distribution in exposed vs. non-
exposed groups.

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

1. Crude logistic regression model (OR, Cl),
based on “Yes/No” distribution in exposed vs.
non-exposed groups. 2. Multivariate linear
regression analyses (B, Cl)

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

1HR 1.62*[0.94-2.81] p < 0.001 Likelihood of developing

first-onset TMD after developing IBS Moderate effect size
2.RR 2.27¥ [1.35-3.79] p < 0.001 Association between

prior IBS and incidence of first-onset TMD Small effect size

p 0.0036 Participants who developed TMD reported more
menstrual pain (P 0.0036) than participants who did not
develop TMD at both the baseline and the final visits.

OR 2.7§ [1.4-5.1] p <0.0001 Likelihood of developing
chronic TMD after developing IBS. Small effect size

OR 1.988§ [0.9-3.9] p <0.001 Likelihood of developing
chronic OFP after developing IBS. Small effect size

OR 6.82 [2.08-22.38] p 0.0015 Association between
subjects with TMD and IBS. Large effect size

OR 3.41 [1.66-7.01] p 0.001 Association between subjects
with IBS and TMD Moderate effect size

1.TMD all OR 3.30 [2.86-3.79] p < 0.0001 Association
between subjects with chronic TMD and IBS Moderate
effect size 2TMD Female OR 1.67£ [1.36-2.04] Association
between subjects with chronic TMD Female and IBS Small
effect size 3.TMD Male OR 1.84£ [1.50-2.24] Association
between subjects with chronic TMD Male and IBS Small
effect size

m TMD OR 1.15% [0.52-2.55] Association between
subjects with chronic TMD related to myofascial pain and
IBS. Small effect size

OR 8 [2.55-37.43] p 0.0027 Association between subjects

with chronic TMD and IBS Large effect size Excluded from

Meta-analysis: Not adjusted for confounders as the others
and high risk of bias

m TMD OR 1.76 [0.52-5.04] Small effect size m TMD OR
1.06% [0.31-3.59] Association between subjects with
chronic TMD related to myofascial pain and IC Small

effect size

OR 9.4 [0.47-185.6] p 0.14 Association between subjects
with chronic TMD and IBS large effect size Excluded from
Meta-analysis: Not adjusted for confounders as the others

and high risk of bias

OR 1.53 [0.53-4.46] p 0.42 Association between subjects
with chronic TMD and IC Small effect size OR 1.53a
[0.29-7.93] p 0.61 Association between subjects with
chronic TMD and IC Small effect size

OR 1.56 [0.86-2.84] p 0.14 Association between subjects
with chronic TMD and Gastritis Small effect size

1.TMD all OR 3.13 [1.28— 7.64] p 0.01 Association between
subjects with chronic TMD and chronic Gastritis Small effect
size 2TMD with no Migraine OR 3.17 [1.07—-9.34] p 0.03
Association between subjects with chronic TMD and no
Migraine and chronic Gastritis Small effect size 3.TMD with
Migraine OR 3.1 [1.28-7.67] p 0.01 Association between
subjects with chronic TMD and Migraine and chronic Gastritis
Small effect size Excluded from Meta-analysis: focused
exclusively on TMD, whereas meta-analysis includes broader
orofacial pain diagnoses (not limited to TMD).

OR 1.7 [1.08- 2.94] p 0.02 Association between subjects
with chronic OFP and chronic Gastritis Small effect size B
-0.012 [-0.08- 0.06] p 0.99m Association between subjects

with chronic OFP and chronic Gastritis Small effect size

OR 2.7 [1.42— 5.40] p 0.002 Association between subjects
with BMS and Gastritis Small effect size Excluded from
Meta-analysis: focused exclusively on BMS, whereas meta-
analysis includes broader orofacial pain diagnoses (not
limited to BMS).

Not included in meta

analysis @®® O
Moderate

Not included in meta
analysis 8OO0

Very low

OR 2.32 [143-3.76]
800 Low

OR4.11[2.22-761] p
<0.001 Moderate effect
size @O0 Low

OR 1.72 [142-2.06]
p <0.001 Small effect
sice @O0 Low

OR 1.63[0.75-355] p
0.12 Small effect size

®OOO Very low

OR 1.64[1.12-241] p
0.01 Small effect size

®OOO Very low
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8.Association between TMD
and chronic IBD

9. Bidirectional association
between chronic TMD and
chronic GERD

secondary disorders

10. Association between
TMD and PCOS

11. Association between
TMD and Endometriosis

Association variables (Subjects with specific diagnosis vs. Controls without pain). Exposure to

12. Association between IBS
severity and TMD

13. Association between IBS
Severity and Chronic TMD

disorders

14. Association between IBS
and TMD duration

15. Association between IBS
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Bucci 201816 (N total: 94) Cross-sectional (no temporal analysis) Clinical sample In total
sample with (N:94), TMD was identified at the present time (N with TMD: 22, without TMD: 72)
Prevalence of TMD was evaluated in subjects with IBD compared to healthy controls High risk

of bias

Gharaibeh 201163 (N total: 120) Prospective Case-Control (no temporal analysis) Clinical
sample In total sample with (N:120), chronic TMD was identified (N with chronic TMD: 33,
without TMD: 87). Prevalence of TMD was evaluated in subjects with chronic GERD compared
to healthy controls High risk of bias

Li 201965 (N total: 3044) Cross-sectional (no temporal analysis) Clinical sample In total sample
with (N:3044), chronic GERD was identified (N with chronic GERD: 193, without GERD: 2851).
Prevalence of GERD was evaluated in subjects with chronic TMD compared to healthy controls
Moderate risk of bias

Jedynak 202164 (N total: 126) Cross-sectional (no temporal analysis) Clinical sample In total
sample with (N:126), TMD was identified (N with TMD: 94, without TMD: 32). Prevalence of TMD
was evaluated in subjects with PCOS compared to healthy controls High risk of bias

Soydan 201471 (N total: 100) Cross-sectional (no temporal analysis) Clinical sample In total
sample with (N:100), TMD was identified (N with TMD: 59, without TMD: 45). Prevalence of TMD
was evaluated in subjects with PCOS compared to healthy controls High risk of bias

Yazici 202172 (N total: 75) Prospective case-control (no temporal analysis) Clinical sample In
total sample with (N:75), TMD was identified (N with TMD: 25, without TMD: 50). Prevalence of
TMD was evaluated in subjects with PCOS compared to healthy controls High risk of bias

Marciniak 202474 (N total: 163) Cross-sectional (no temporal analysis) Clinical sample In total
sample with (N:163), TMD was identified (N with TMD: 80, without TMD: 83). Prevalence of TMD
was evaluated in subjects with Endometriosis.

Mobilio 202067 (N total: 82) Cross-sectional (no temporal analysis) Clinical sample The study
compared subjects with TMD with healthy controls, analyzing the prevalence at the present
time of IBS across different levels of exposure severity. High risk of bias

R. Ohrbach 201168 (N total: 1802) Nested case-control study within a prospective cohort (IBS
before chronic TMD) Community or population-based The study compared subjects with
chronic TMD to healthy controls, analyzing the prevalence of previous IBS across different levels
of exposure severity. Low risk of bias

Dahan 201513 (N total: 180) Cross-sectional (no temporal analysis) Clinical sample The study
evaluated subjects with myofascial TMD compared to subjects with non-myofascial TMD,
analyzing the correlation between the presence of IBS and the duration of TMD High risk of
bias

Dahan 201513 (N total: 180) Cross-sectional (no temporal analysis) Clinical sample The study
evaluated subjects with myofascial TMD compared to subjects with non-myofascial TMD,

TMD diagnosed by clinical exam per RDC/TMD. Subjects with
CD: 7 YES, 21 NO; Subjects with UC: 6 YES, 13 NO; Controls: 9
YES, 38 NO

TMD diagnosed by clinical examination (RDC/TMD criteria) in
the last past 3 months. GERD subjects: 22 YES, 38 NO Control: 11
YES, 49 NO Comp. 1: Myofascial 19 YES, 41 NO Comp. 2: Joint pain
9YES, 51 NO

GERD =3 months, diagnosed via validated GerdQ questionnaire
and Montreal criteria. Subjects with TMD: 132 YES, 1390 NO
Controls: 61 YES, 1461 NO

TMD diagnosed through clinical examination according to
DC criteria. Myofascial pain. Subjects with PCOS: 60 YES, 5 NO
Controls: 34 YES, 27 NO

TMD symptoms such as preauricular pain, limited mouth
opening, deviation or deflection during mouth opening, and
joint sounds. Diagnosed by a clinician with Okeson’s criteria.

Subjects with PCOS: 47 YES, 7 NO Controls: 12 YES, 38 NO

TMD diagnosed through clinical examination according to RDC
criteria Subjects with PCOS: 23 YES, 22 NO Controls: 2 YES, 28 NO

TMD in women taken from TMD Pain Screener questionnaire
belonging to the DC/TMD criteria Subjects with Endometriosis:
TMD YES 80 Subjects with Endometriosis: TMD NO 83

IBS-severity symptoms score counts of VAS. Exposure 1. No pain
(< 75 points) Exposure 2. Mild pain (75 — 175 points) Exposure 3.
Moderate pain (175 — 300 points) Exposure 4. Severe pain (> 300)

IBS diagnosed with self-reported questionnaires including ROME
Il Counts of 10 IBS symptoms severity association to chronic
TMD. Exposure 1. Low severity (< 2 counts) Exposure 2. Moderate
severity (3 — 5 counts) Exposure 3. High severity (> 6 counts)

IBS (YES NO) association to the TMD pain duration. IBS diagnosed
with self-reported questionnaires (ROME Ill). Subjects with TMD
51YES 129 NO

IBS (YES NO) association to the TMD pain intensity IBS diagnosed
with self-reported questionnaires (ROME Ill). Subjects 51 YES

and TMD severity 129 NO

Dose-response/prognostic variables. Exposure to primary

analyzing the correlation between the presence of IBS and the severity of TMD. High risk of bias

*Multivariate Random forests adjusted for study site, imputing for missing data. ¥ Rate ratio represents relative increase in incidence rate of TMD relative to reference
group. Calculated using Cox proportional hazards regression model controlling for study site (categorical variable, 4 levels). With additional adjustment for age in
years, gender (categorical, 2 levels), race/ethnicity (categorical, 2 levels), and lifetime U.S. residence (categorical, 2 levels) and with inclusion of imputed TMD rates for
subjects lost to follow-up and imputed data for values missing at baseline. £ Multivariate logistic regression model. TMD as the outcome to model all demographic
and clinical variables simultaneously (N=3,874,625; those with any missing variabl es were dropped from analysis). Adjusting for different ages, races, marital status,
migraines, tension type headache, headache, IBS, depression, posttraumatic sindrome, anxiety, alcohol use, other substance use. § Putative risk factor is the main
explanatory variable and study site is the covariate Fully-adjusted effects were computed in logistic regression models that additionally include covariates of age
group, gender, and race/ethnicity. 8§ Factores included: chronic widespread pain; chronic fatigue. Adjusted for age and gender. a Odds ratios adjusted for age
and gender where appropriate. ¥ Crude model including all comorbidities and potential confounders. Adjusted by sex, age, and employment status. Reference
group non miofascial. a Multivariate logistic regression was carried out to estimate adjusted odds ratios for the presence of comorbid disorders, comparing the IC/
BPS and SUI groups, with 95% confidence intervals. Adjusted for confounders IBS, Multiple chemical sensitivities, Headache, myofascial pain, Fibromyalgia. ™ The
final multivariate model included the following factors: age, functional score, otorhinolaryngologic diseases, number of non-craniofacial pain areas, sleep quality,
digestive complaints, number of trigger points, number of remaining teeth, xerostomia score, numbness intensity, and bruxism. + Multivariate logistic regression
model adjusting for age, sex, residence, body mass index, education, marital status, smoking, alcohol, tea, coffee, teeth clenching or grinding during sleep or waking
hours. co COX regression. was used to estimate RR adjusted for potential confounders. Age. + Within-Pair Effects. Mixed-effects logistic regression models accounting
for twin pairs and adjusted for age. # Adjusted by age and confounders. A confounding RR = 0 reflects the extent that familial confounding factors account for the
individual- level association, while a value of 1 suggests that confounding factors have no effect on the individual- level association **Multivariate linear regression
analyses were done considering the confounding were performed. Complete Model including all confounder. Adjusted for sex, TMD subgroups, marital status, work
status and psychological history. ££ Fully-adjusted effects were computed in logistic regression models that additionally include covariates of age group, gender,
and race/ethnicity. Note. This summary table presents the main results, organized into three categories: (1) Predictor / prognosis variables, exposures assessed before
TMD onset or chronic TMD, ensuring temporality between exposure and outcome; (2) Association variables, based on cross-sectional analyses without a defined
temporal relationship; and (3) Dose-response/prognostic variables, which assess how exposure intensity or severity influences the course of OFP or TMD. Each
category is further divided into exposures to primary disorders and secondary disorders. Columns in the table include: the exposure or factor studied, the included
studies, exposure definitions, Subjects diagnostic criteria, statistical methods, individual results, meta-analytical findings (if available), and the certainty level of the
evidence. Effect sizes are interpreted using thresholds adapted from Cohen for OR and RR: < 1.68: irrelevant, 1.69-3.47. small, 3.48-6.71: moderate, = 6.72: large. For
HR we followed Deepti et al.. < 1. no risk, 1.2-1.5: moderate risk, 1.5: high risk or large effect. For B coefficients, effect sizes were interpreted based on the scale of the
outcome variable and their clinical or practical relevance. For example, in outcomes such as pain intensity measured by a numeric rating scale rating 0-10,a 3= 0.5 was
interpreted as minimally clinically important, while 3 = 1.0 indicated a clinically relevant change. In the case of pain duration measured in years, changes exceeding 1
year were considered substantial when the average baseline duration was around 10 years. Abbreviations: TMD: Temporomandibular disorders; OFP: Orofacial pain;
IBS: Irritable bowel syndrome; IC: Interstitial cystitis; PCOS: Polycystic Ovary Syndrome; IBD: Inflammatory bowel disease; GERD: Gastroesophageal reflux disease; odds
ratio: OR; risk ratio: RR; hazard ratio: HR; regression coefficients:
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Subjects’ diagnosis definition / Exposure level

Statistical analysis

Individual results 95% CI
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Results in meta-
analysis / Certainty

IBD (=6 months) diagnosed by clinical, endoscopic and
radiologic criteria. Diagnosed through clinical, endoscopic
and radiologic. Comparator 1. Crohn's disease (CD). Both sexes
included. N: 28 Comparator 2. Ulcerative colitis (UC) N: 19
Control Healthy subjects N: 47

GERD =3 months, diagnosed based on clinical symptoms and
response to acid-suppressive therapy. Both sexes included. N:
60 Control Healthy subjects N: 60

Chronic TMD =6 months, diagnosed using RDC/TMD criteria.
Both sexes included. N: 1522 Matched healthy controls N: 1522

Clinical or biochemical (or both) hyperandrogenism,
hyperinsulinemia, oligomenorrhoea or anovulation, and
polycystic ovaries, according to Rotter-dam criteria. Female
subjects. N: 65 Control healthy subjects N: 61

PCOS was diagnosed through clinical examination by an
endocrinologist. Female subjects. N: 50 Healthy control N: 50

PCOS based on ESHRE/ASRM criteria: anovulation, signs
of hyperandrogenism, or polycystic ovarian morphology
observed via ultrasound. Female subjects. N: 45 Healthy control
N: 30

Confirmation of a diagnosis of endometriosis made by a
medical doctor. Female subjects. N: 163

Presence of at least one TMD diagnosis according to RDC
criteria. Both sexes included. N: 47 Control Healthy subjects.
N: 35

TMDs chronic (= 6 months). Diagnosed following RDC/TMD
criteria. =5 days/month of pain in TMD locations specified by
examiner and examiner findings of arthralgia or myalgia. Both

sexes included. N:185 Control Healthy subjects. N: 1601

TMD (mean duration: 6.3 + 0.6 years), diagnosed using RDC/
TMD criteria. Both sexes included. Comp. 1: m-TMD (myofascial
pain only) Comp. 2: n-TMD (non-myofascial pain). For TMD pain

DURATION was assessed by ASKING How long have you had

pain in the face? N: 180

TMD pain intensity assessed by the Numerical Pain Rating
Scale. Diagnosed using RDC/TMD criteria. Both sexes included.
Comp. 1: m-TMD (myofascial pain only) Comp. 2: n-TMD (non-

myofascial pain). For TMD pain DURATION was assessed by

ASKING How long have you had pain in the face? N= 180

Crude logistic regression model (OR, Cl), based
on“Yes/No"distribution in exposed vs. non-
exposed groups.

Crude logistic regression model (OR, Cl), based
on“Yes/No" distribution in exposed vs. non-
exposed groups.

1. Crude logistic regression model (OR, Cl),
based on “Yes/No" distribution in exposed vs.
non-exposed groups. 2.multivariable logistic

regression (OR, Cl)

Crude logistic regression model (OR, 95% Cl),
based on “Yes/No" distribution in exposed vs.
non-exposed groups.

Crude logistic regression model (OR, 95% Cl),
based on“Yes/No” distribution in exposed vs.
non-exposed groups.

Crude logistic regression model (OR, 95% Cl),
based on “Yes/No" distribution in exposed vs.
non-exposed groups.

Crude logistic regression model (OR, 95% Cl),
based on “Yes/No" distribution in exposed vs.
non-exposed groups.

Crude logistic regression model (OR, 95% Cl),
based on“Yes/No” distribution in exposed vs.
non-exposed groups.

Logistic Regression models (Cl OR)

Multivariate linear regression analyses were
performed with TMD duration as the dependent
variable (Cl and B)

Multivariate linear regression analyses were
performed with TMD severity as the dependent
variable (Cland f)

IBD OR 1.61 [0.61-4.24] p 0.33 Association between
subjects with chronic IBD and TMD. Small effect size Comp
1(CD) OR 1.40 [0.35-4.32] p 0.55 Association between
subjects with chronic CD and TMD. small effect size Comp
2 (UC) OR 1.94 [0.58-6.53] p 0.27 Association between
subjects with chronic UC and TMD. Small effect size

OR 257 [1.11-5.96] p 0.02 Association between subjects
with chronic GERD and TMD Small effect size

1.0R 2,61 [1.88-3.63] p <0.0001 Association between
subjects with chronic TMD and GERD Small effect size 2.
OR 2.74+ [1.88-3.98] Association between subjects with
chronic TMD and GERD Small effect size

OR 9,52 [3.35-27.03] p <0.0001 Association between
subjects with PCOS and TMD Large effect size

OR 19.45 [6.94-54.44] p <0.0001 Association between
subjects with PCOS and TMD. Large effect size Excluded
from analysis: Accepted but not validated diagnostic
criteria

OR 14.63 [3.10-68.89] p <0.0007 Association between
subjects with PCOS and TMD. Large effect size

OR 0.92 [0.60-1.43] p 0.73 Association between subjects
with Endometriosis and TMD. Small effect size

Exposure 1. OR 0.14 [0.04-0.48] p < 0.001 Small effect
size Exposure 2. OR 2.41 [0.45-12.75] p < 0.29 Small effect
size Exposure 3. OR 4.45 [0.91-21.84] p < 0.065 Moderate

effect size Exposure 4. OR 11.2 [0.6-204.37] p < 0.1 Very
large effect size

Exposure 1. OR 1.3££ [0.8: 2] <0.0001 Small effect size
Exposure 2. OR 2.6££ [1.7: 3.9] <0.0001 Moderate effect
size Exposure 3. OR 3.8££ [2.2: 6.3] <0.0001 Moderate
effect size

TMD all B 2.24** [-0.41: 4.90] p < 0.1 Large effect size m
TMD B 3.14** [-0.04: 6.25] p < 0.05 Very large effect size n
TMD f 0.69** [-5.36: 6.74] p < 0.8 Moderate effect size

TMD all B 0.10** [-0.73: 0.94] p < 0.81 Moderate effect size
mTMD (3 0.05** [-0.97: 0.87] p < 0.44 Small effect size n
TMD B 0.75** [-1.29: 2.79] p < 0.8 Moderate effect size

No meta-analysis

®&OOQO Very low

OR 271 [1.92:382] p
<0.001 Small effect size
@®®O Moderate

OR 12.81 [5.39-30.44]
<0.001 Large effect size
@d®O Moderate

No Meta analysis

®OOO Very low

No meta-analysis
@d®O Moderate

No meta-analysis

®@OOQO Very low

No meta-analysis
®De® O Moderate

No meta-analysis

®OOQO Very low
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Table 2. General study characteristics

Study characteristics (N = 22) n

E.E.U.USG'GLGG‘GWO
Canadat®®
Italy166267
UK73
Poland®™
Country Jordan®?
BraZi|57‘59‘69
China®®
Taiwanst
Turkey™72
Croatia™
From 2000 to 2010566376737
Publication date From 2011 to 20207%131657:5860-626567-70
From 202159‘64,72,74
Longitudina|59‘61‘63,66,70,72,74
Study design Nested case control6® 1
Cross sectional (rest of studies) 14
Yes 21
Ethical committee approval No 0
Not reported®® 1
Not repOrted71‘57‘62‘63‘69‘75 6
No fundin959,60,64,67,74 5
6
4
1

g P, N P P W R, NP wNDd g

[N
~N B~ oW

Funding Government5661656668.73
Foundation 13165672
Academic™
COnVenienCe71’13’16‘56_58‘60_63‘65_67‘69‘70'71_75 19
Sampling method Consecutive®64 2
Random® 1
Fema|e71,64,66,72,74 5
Both mixed (rest of the studies)
English (all)
Other
TMD ChrOniC13‘57‘58‘61‘65‘58
TMD first-onset®670
TMD general®6%7
OFP59,69,73
BMS™
Patients diagnostic main condition IBS®2
IBD*®
PCOS 716472
GERD®?
|C60
Endometriosis™

DC/TMD?374
RDC/TMD 131656-896062,63656667687072

Gender

NS
N~

Language

N P P P W R PPN oo

[N
S

OFP according to the IASP>°8°
Diagnostic tools for Orofacial pain OFP through validated self-reported questionnaire (Classification Questionnaire for Orofacial Pain)™
TMD Defined by experts. Defined as ICD®*
TMD by Okeson's Muscle clinical examination form?
OFP secondary to BMS through a clinical examination ruling out local and systemic causes’™

N = T =S O}

TMD - temporomandibular disorders — chronic, first-onset, or general; OFP — orofacial pain; BMS — burning mouth syndrome; IBS — irritable bowel
syndrome; IBD — inflammatory bowel disease (IBD); PCOS — polycystic ovary syndrome; GERD — gastroesophageal reflux disease; IC — interstitial cystitis;
DC/TMD - Diagnostic Criteria for TMD; RDC/TMD — Research Diagnostic Criteria for TMD; IASP — International Association for the Study of Pain criteria;
ICD — International Classification of Diseases.
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Temporality-oriented studies Predictor or prognosis variables. Exposure to primary
disorders
Inthe 15 group, we identified 2 types of studies: 2 prospec-

tive longitudinal studies by Lim et al.%¢ and Sanders et al.,” Based on the studies mentioned above,56:6870.73 we could
and a nested case—control study by Ohrbach et al.®8 based group the variables used to analyze the effects of the pre-
on Sanders’ cohort, which used a prospective analysis.®® dictive and prognostic relationships related to primary
These studies diagnosed TMD using the RDC/TMD. pain disorders. Specifically, they examined: (1) the likeli-
Ohrbach et al.%8 and Sanders et al.”® diagnosed IBS us- hood of first-onset TMD among subjects with IBS™; (2)
ing Rome 111, and analyzed the risk of first-onset TMD the likelihood of first-onset TMD among subjects with
and its chronification in individuals with IBS. Lim et al. dysmenorrhea®®; and (3) the likelihood of chronic OFP
used a self-report instrument based on RDC/TMD to among subjects with 1BS.6873

analyze the risk of first-onset TMD in individuals with In the reviewed literature, limited longitudinal studies pre-
dysmenorrhea.?® All studies included comparison groups cluded stratified meta-analyses by diagnosis (i.e., TMD, BMS)
of participants without TMD, enabling risk estimation by in relation to prognostic factors (e.g., IBS, IBD, gastritis); the
comparing exposed and non-exposed individuals. In ad- only association permitting meta-analytic inference was IBS in
dition, the prospective population-based study conducted relation to chronic OFP (3). This was based on 2 large studies
by Aggarwal et al. examined the onset of chronic OFP, in- with comparable populations, validated diagnostic criteria for
cluding TMD, over a 2-year follow-up.”® The study assessed OFP and IBS, and similar adjustments for confounders, show-
how co-occurring pain conditions, such as IBS diagnosed ing a consistent trend toward increased likelihood of develop-
according to the Rome Il criteria, influenced the develop- ing TMD, BMS or other OFP diagnoses among those with
ment of OFP.” prior IBS symptoms. The meta-analysis yielded a pooled OR

of 2.32 (95% CI: 1.43-3.76), indicating more than a twofold
increase in odds for those exposed (Fig. 3).
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Fig. 3. Forest plot of individual studies and the pooled estimates for 5 meta-analyses assessing the likelihood of comorbid conditions in temporomandibular
disorders (TMD)

Each dot represents an individual study with its corresponding 95% CI. Diamonds indicate the pooled effect size for each meta-analysis using
arandom-effects model. The vertical dashed red line represents the null value (log (OR) = 0). The GRADE (Grading of Recommendations Assessment,
Development and Evaluation) certainty levels are displayed next to the summary estimates. IBS_OFP_Chronic_long_adj: Prognostic association

between IBS and chronic OFP; IBS_TMD_unadj; Bidirectional association between TMD and IBS; IBS_TMD_Chronic_adj: Association between IBS and
chronic TMD; IC_TMD_Chronic_adj: Association between IC and chronic TMD; Gastritis_ OFP_Chronic_unadj: Association between gastritis and chronic
OFP; GERD_TMD_Chronic_mix: Bidirectional association between chronic TMD and chronic GERD; PCOS_TMD_unadj: Association between TMD and PCOS.
All analyses were conducted in comparison to healthy controls or individuals without myofascial pain. The suffix in each factor name (e.g., _adj, _unadj, _mix)
indicates the type of statistical model used: _adj include only the adjusted estimates; _unadj indicates only the unadjusted estimates; and _mix denotes
the inclusion of both the adjusted and unadjusted estimates.
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The evidence indicates moderate certainty that IBS is
associated with increased likelihood of first-onset TMD (1)
and low certainty that it is associated with chronic OFP (3).
However, the evidence linking dysmenorrhea to chronic
OFP (2) has low certainty due to study limitations (Table 1;
supplementary material S4).

Cross-sectional associative studies

This group consists mostly of most cross-sectional
StUdiE‘S.13‘16'56_58‘60’62’64'65'67'69‘71‘74'75 We included the nested
case—control study by Ohrbach et al.,®® and the case—
control studies by de Siqueira et al.,>® Gharaibeh et al.®®
and Yazici et al.,”? as they incorporated a cross-sectional
analysis of the data. Most studies diagnosed TMD using
RDC/TM Dl13,16,57,58,60,62,63,65,67,68,72 Whlle Jedynak et aI.64
and Marciniak et al.™ applied DC/TMD. Fenton et al.
identified TMD cases based on 2 positive clinical exami-
nations within 18 months, using the ICD definitions.5!
Soydan et al. diagnosed TMD using a structured form,
Okeson’s questionnaire and criteria.”* Puerta et al.®® and di
Siqueira et al.>° focused on OFP diagnosis, including TMD,
BMS, headaches, and neuropathies, based on the 1ASP76
and the IHS®! criteria. In contrast, Brailo et al. diagnosed
OFP secondary to BMS through a clinical examination,
ruling out local and systemic causes.”

From the analyzed studies, most included both men and
women. However, some studies focused only on women-
related issues like menstrual pain, endometriosis and
PCOS.54667172.74 Fenton et al. showed results separately
for men and women.®! To align with other studies that
presented combined estimates, we merged the male and
female data using a fixed-effects meta-analysis. A fixed-
effects approach was appropriate here, as both estimates
originated from the same study, with the same variables
and methodology, and the only difference was sex. We
applied the inverse-variance method to log ORs and their
SEs to obtain the pooled estimate.

Association variables.
Exposure to primary and secondary disorders

From these studies performing cross-sectional analyses,
we could extract variables to analyze associative relation-
ships between TMD and other COPCs. Specifically, they
examined: (4) a bidirectional association between TMD
and 1BS%267; assesses studies in which either TMD or IBS
was the primary diagnosis or an associated condition, eval-
uating their co-occurrence; (5) the association between
IBS and chronic TMD®8:586L; evaluates the presence of IBS
in individuals with a clinical diagnosis of chronic TMD;
(6) the association between IC and chronic TMD56:58.60;
explores the presence of IC in individuals diagnosed with
chronic TMD; (7) the association between gastritis and
chronic OFP575%69.75: examines the presence of gastritis
in individuals diagnosed with OFP; (8) the association

C. Justribd-Manion et al. Are COPCs assaciated with orofacial pain?

between TMD and chronic IBD': investigates the pres-
ence of TMD in individuals with a diagnosis of chronic
IBD; (9) a bidirectional association between chronic TMD
and chronic GERD®3%5; assesses studies in which either
chronic TMD or GERD is the main or associated diagnosis,
examining their mutual relationship; (10) the association
between TMD and PCOS%47172; evaluates the presence
of TMD in individuals diagnosed with PCOS; and (11)
the association between TMD and endometriosis™: evalu-
ates the presence of TMD in individuals diagnosed with
endometriosis. Variables 1 to 4 were primarily related to
primary pain disorders, whereas variables 5 to 8 were as-
sociated with secondary pain due to the underlying organic
pathology.

The reviewed studies reported varied associations be-
tween TMD (or chronic TMD) and comorbidities, with
effect sizes from very small to large. The estimates, RoB
assessments and study characteristics are presented in
Table 1, and meta-analytical forest plots in Fig. 3. Nota-
bly, the strongest, most consistent associations were for
functional comorbidities, the association between I1BS
and TMD (4) being the most prominent (OR: 4.11; 95% CI:
2.22-7.61; p < 0.001).526” Regarding organic conditions,
the PCOS—TMD association (10) showed a strong effect
(OR: 12.81; 95% ClI: 5.39—-30.44; p < 0.001),%472 while the
GERD—chronic TMD association (9) presented a small
effect, approaching moderate (OR: 2.71; 95% ClI: 1.92—3.82;
p < 0.001).63.65

For primary disorders, the certainty of evidence was
generally low, with moderate certainty for the associations
between GERD and PCOS and TMD (9 and 10). Most as-
sociations, including IBS (4) or gastritis (7), have very low to
low certainty due to small samples, cross-sectional designs
and a high RoB. For secondary disorders, the certainty
of evidence was mostly low to very low, with moderate
certainty only for GERD and PCOS (Table 1; supplemen-
tary material S4).

Dose-response variables. Exposure to primary
disorders

From the cross-sectional analyses we also extracted the
variables used to examine the graded relationship between
IBS and different dimensions of TMD, such as pain in-
tensity, pain duration or pain location. Specifically, they
examined: (12) the association between IBS severity and
TMD diagnosis,®” evaluating whether increasing levels
of IBS symptom severity were associated with the likeli-
hood of having at least one type of TMD diagnosis; (13)
the association between IBS severity and chronic TMD,%8
assessing whether greater IBS severity predicts the pres-
ence of chronic TMD; (14) the association between IBS
and TMD pain duration,'® investigating whether the pres-
ence of IBS is linked to longer duration of TMD-related
facial pain, stratified by myofascial and non-myofascial
diagnostic subtypes; and (15) the association between IBS
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and TMD pain severity,!3 examining whether individuals
with IBS report higher TMD pain severity as compared
to those without IBS, also stratified by the TMD subtype.

In the association between IBS severity and TMD (12),
the data indicated an increase in the likelihood of TMD
diagnosis with higher IBS severity levels, following an ex-
ponential pattern in the odds across severity categories.
For the association between IBS severity and chronic TMD
(13), the odds of chronic TMD increased progressively with
higher IBS severity. Individuals with IBS presented longer
durations of TMD pain, particularly in the myofascial sub-
type (14). In relation to TMD pain severity (15), IBS was
associated with slightly higher pain intensity scores, with
no substantial differences between the diagnostic sub-
types. These exposure variables and stratified outcomes
are presented in Fig. 4.

The certainty of evidence was moderate for the graded
association between IBS severity and general TMD out-
comes, including pain duration. For chronic TMD and
TMD pain intensity, the certainty was very low due to
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small samples and methodological limitations (Table 1;
supplementary material S4).).

Sensitivity analysis of the conducted meta-
analyses

The LOO analysis indicated varying levels of stability
across the meta-analyses. In the assessment of the likeli-
hood of chronic OFP among individuals with IBS, a low
level of instability was noted, attributed to the Cl reported
by Aggarwal et al.,”® which narrowly encompassed zero.
However, upon aggregating the 2 studies,®® "% no heteroge-
neity was observed, and the effects remained consistent.
Consequently, we retained this study in the meta-analysis.

In the gastritis and chronic OFP model, including 2 stud-
ies®”™ introduced moderate heterogeneity, though it did
not change the overall direction of the effect. While the
Cls became more consistent across iterations, the hetero-
geneity justified excluding these studies to enhance model
homogeneity and robustness.

B chronic TMD likelihood

low moderate high
IBS severity

D tmp pain severity

effect size (B)

o

TMD_no_myo TMD_all TMD_myo

TMD type

Fig. 4. Slope plots of dose-response gradients between irritable bowel syndrome (IBS) severity and prognostic outcomes of temporomandibular disorders (TMD)

A - likelihood of developing TMD across increasing IBS severity levels; B — prognostic likelihood of developing chronic TMD in relation to IBS severity levels;
C —association between IBS and TMD duration, stratified by the clinical TMD subtype (TMD_no_myo — free of myofascial pain; TMD_all — all types of

TMD; TMD_myo — reported myofascial pain alone); D — association between IBS and TMD pain severity, stratified by the clinical TMD subtype. The effect
estimates are shown as OR or 3 (regression coefficients) with 95% Cls. Connecting lines highlight trends across exposure levels.
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In the IBS and chronic TMD model, high heterogeneity
(12> 70%), and significant variation in OR and Cl indicated
the instability of estimates. To improve consistency to
12 = 4.7%, we excluded the study with the highest RoB and
the lack of confounder adjustment.>6

A similar approach was applied to the IC and TMD
model. Excluding the study by Aaron et al.>¢ improved
stability by reducing heterogeneity to 12 = 0.0% and mini-
mizing the methodological variation influence.

For the model assessing the association between TMD
and PCOS, we directly excluded the study by Soydan et al.,
as it used aclinically accepted diagnostic criterion lacking
formal validation.™

In the meta-analysis of the bidirectional association be-
tween chronic TMD and chronic GERD, the 2 available
studies differed in methodological rigor, as one adjusted
for confounders and had a larger sample,®® while the other
did not.5® Despite this, both showed nearly identical effect
sizes, and the pooled analysis revealed no heterogeneity.
Therefore, we retained the meta-analysis and reported it
as a mixed model.

Following the LOO analysis, all models exhibited stabil-
ity and homogeneity, with 12 values ranging from 0.0% to
4.7%, indicating minimal variation in the pooled estimates
across iterations. The comprehensive results of the LOO
analysis are presented in Table 3.

Table 3. Leave-one-out meta-analysis summary

Risk of chronic Orofacial pain R Ohrbach (2011) 190
among subjects with IBS Aggarwal (2010) 270
Puerta (2020) 219
Association between Gastritis Contreras (2018) 1.86
and Orofacial Pain De Siqueira (2021) 221
Brailo (2006) 181
Dahan (2016) 321
Association between IBS
and Chronic TMD Aaron (2000) 172
Fenton Combined (2018) 280
Bidirectional association between Mobilio (2020) 341
TMD and BS Gallota (2017) 6.82
Dahan (2016) 217
Association between IC and
chronic TMD Aaron (2000) 163
Fan (2014) 225
Jedynak (2021) 2091
Association between TMD
and PCOS Soydan (2014) 12.81
Yazici (2021) 1367
Bidirectional association between Gharaibeh (2011) 274
chronic TMD and chronic GERD Li (2019) 262
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Discussion
Summary of findings

This review evaluated evidence regarding the associa-
tions between COPCs and OFP, focusing on TMD, identi-
fying the strength, direction and temporal characteristics
of these associations.

We found consistent evidence of positive associations
between COPCs and OFP, particularly for IBS, GERD and
PCOS. Although longitudinal studies were limited, prog-
nostic meta-analysis indicated with low certainty that IBS
increases the likelihood of chronic OFP (OR: 2.32; 95% CI:
1.43-3.76), including TMD and BMS. Irritable bowel syn-
drome showed a temporal relationship with first-onset
TMD and chronic OFP.

Other meta-analyses based on cross-sectional data re-
flected associative rather than predictive relationships.
The pooled estimates indicated moderate to large effects:
IBS was associated with chronic TMD (OR: 1.72; 95% CI:
1.42-2.06), GERD with chronic TMD (OR: 2.71; 95% CI:
1.92—-3.82), and PCOS showed the strongest association
with TMD (OR: 12.81; 95% CI: 5.39—30.44). However,
these latter associations (GERD and PCOS) should be in-
terpreted with caution, as they are based on unadjusted
analyses that did not account for potential confounding

(0.91,396) 00 -17.94
(L41,5.15) 00 1661
(148,3.26) 118 1093
(1.33,259) 00 -6.16
(1.42,343) 170 1154
(1.28,2.58) 00 -8.30
(0.75,13.80) 79.4 49,40
(1.42,2.06) 47 -2029
(0.42,18.64) 83.1 3031
(1.66,7.01) 00 -17.00
(2,08, 22.37) 00 66.00
(053,88) 205 18.79
(0.75, 355) 00 -1048
(0.71,7.15) 52 23.06
(8.87,4931) 00 37.32
(5.39, 30.44) 00 -15.90
(6,57, 28.46) 00 -10.20
(1.88, 3.99) 00 067
(107, 6.41) 00 -3.74

TMD - Temporomandibular disorders; OFP — Orofacial pain; IBS — Irritable bowel syndrome; IC — Interstitial cystitis; PCOS — Polycystic Ovary Syndrome;
IBD — Inflammatory bowel disease; GERD — Gastroesophageal reflux disease; OR — odds ratio; Cl — confidence intervals. Leave-one-out (jackknife) sensitivity
analysis was conducted for each meta-analysis by recalculating the OR after omitting one study at a time. The table reports the revised OR, 95% Cl,

heterogeneity (I?), and percentage change in OR.
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variables. Overall, since most studies did not adequately
control for confounders, the certainty of these associations
was downgraded to low or very low. This included the re-
maining conditions (IC, gastritis, IBD, and endometriosis),
where the evidence was further limited by small sample
sizes and a high RoB.

Literature gaps persist. While studies used validated
criterialike DC/TMD or ICOP-1, many were excluded due
to inadequate diagnostic standards. Most included studies
were cross-sectional, lacked confounder adjustment and
showed heterogeneity. Limited longitudinal data restricted
causal inferences.

These limitations highlight the need for prospective
studies with standardized diagnostics, confounder con-
trol, and the exploration of shared pathways like central
sensitization and inflammation.

Comparison with previous literature

This review corroborates previous narrative reviews
examining the relationship between OFP and COPCs.
Da-Cas et al. suggested that painful TMD may be noci-
plastic, given its overlapping characteristics with other
COPCs, such as fatigue, sleep disturbances and central
sensitization, leading to pain-related disability.® Our re-
view extends these observations by addressing a distinct
research question on the putative risk factors involved
in TMD onset and by quantitatively exploring the mag-
nitude of associations between OFP/TMD and systemic
conditions.

Similarly, Kleykamp et al. reviewed comorbidities in
TMD patients and reported a higher prevalence of several
COPCs, including IBS, myofascial pain and fibromyalgia,
as compared to non-TMD individuals,; however, their anal-
ysis was limited to cross-sectional evidence.® In contrast,
our meta-analysis integrates both cross-sectional and pro-
spective longitudinal data, providing a more comprehen-
sive framework to explore not only co-occurrence, but also
potential etiopathogenic links between these conditions.

Recent studies have highlighted immune activation and
the role of cytokines in IBS, particularly regarding pain
mechanisms.””"® Irritable bowel syndrome is associated
with altered signaling between immune cells and sensory
neurons in the gut, driving chronic pain.”® These inflam-
matory mediators and nociplastic pathways extend beyond
the gut; cytokines can enhance neuronal excitability and
promote central sensitization in the trigeminal system, con-
tributing to hyperalgesia and orofacial muscle pain in TMD.
Immunological evidence from IBS supports the hypothesis
that generalized muscle pain sensitivity in TMD is medi-
ated by nociplastic mechanisms, consistent with reviews
on myofascial trigger points and nociplastic pain, where
the induced trigger points produce persistent hyperalgesia
and central sensitization without evident tissue damage.”

Saczuk et al. reviewed the relationship between IBS
and TMD, highlighting mechanisms like autonomic
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dysfunction and systemic inflammation.?® Our findings
complement their work by confirming the association and
providing effect sizes, supporting IBS as a contributor to
TMD. Basic research shows that estradiol and stress can
induce visceral and cutaneous hypersensitivity with cen-
tral sensitization, predisposing individuals to OFP, and
explaining the comorbidity between IBS and TMD.”
Moisset et al. focused specifically on patients diagnosed
with BMS, demonstrating its co-occurrence with TMD,
fibromyalgia and IBS, and positioning BMS within the
COPC spectrum.?® Our review expands on this perspec-
tive by including BMS within the broader category of OFP,
considering it another phenotype of nociplastic pain that
shares common underlying mechanisms with TMD and
other COPCs.

The effect sizes observed between TMD and GERD
in our synthesis are noteworthy. These magnitudes ex-
ceed those seen for primary pain disorders, suggesting
that GERD, through the mechanisms of tissue damage,
inflammation and altered pH, may accelerate the periph-
eral and central sensitization underlying chronic OFP. This
aligns with Manfredini’s multidimensional framework,°
which describes how GERD, via sleep disruption and para-
functional activities, creates conditions for chronic OFP.
Li et al. reported that GERD was more prevalent in BMS
patients, suggesting that reflux-induced pH alterations and
sensory disturbances in the orofacial region may predis-
pose to chronic OFP.8!

The association between TMD and PCOS was robust.
Evidence shows TMD is more prevalent and severe in
women with PCOS, due to systemic inflammation and
altered sex hormone-mediated pathways.”?> Supporting
this, Sun et al. observed that adolescents with untreated
PCOS and anterior disc displacement had greater condy-
lar resorption and reduced bone regeneration after disc
repositioning surgery.8

This progression appears in our meta-analytical forest
plot, with primary conditions shown in the upper section
and secondary conditions in the lower section, displaying
increasing effect sizes from top to bottom. These observa-
tions suggest that diverse COPCs, through the overlapping
inflammatory, hormonal and neural pathways, converge on
shared nociplastic mechanisms that sustain chronic OFP.

Mechanistic considerations

The findings align with the literature framing TMD as
nociplastic pain conditions, where pain stems from altered
central nociceptive processing rather than peripheral pa-
thology. Svensson characterized TMD as a model of noci-
plastic pain, emphasizing central sensitization, impaired
pain modulation and pain facilitation prevalent in other
COPCs.88

Expanding on this idea, various biological fields seem
to interact in the pathophysiology of TMD and associ-
ated COPCs. Hormonal, inflammatory/immune, and
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neuroplastic processes come together to maintain chronic
pain and clarify the connections between gastrointestinal,
gynecological and orofacial pain conditions.

This framework aligns with central sensitivity syn-
dromes — the overlapping conditions including TMD,
IBS, fibromyalgia, chronic headache, and pelvic pain syn-
dromes that share persistent pain despite differing ana-
tomical locations. The model proposes these disorders
are unified by central sensitization, with subjects showing
lowered sensory thresholds and heightened responsive-
ness to nociceptive input.?4 Subjects present with common
psychosocial features like depression, anxiety, fatigue, and
cognitive difficulties, which interact with biological pro-
cesses to sustain pain.®* Thus, the comorbidity between
TMD and other COPCs reflects not isolated phenomena,
but shared central mechanisms and vulnerability profiles
within a biopsychosocial context.

Supporting this mechanistic framework, neuroimag-
ing research provides insight into central sensitization.
Lam et al. examined the cortical footprint of COPCs by
comparing females with TMD-related chronic pain and
fibromyalgia with and pain-free controls, using structural
magnetic resonance imaging (MR1).8> They found cor-
tical and subcortical alterations in the regions involved
in pain modulation, affective-emotional processing, and
sensorimotor integration. These changes correlated with
pain distribution, pain catastrophizing and affective dis-
tress, supporting that COPCs share neuroplastic brain
alterations affecting sensory-discriminative and affective-
cognitive pain dimensions.848

Psychological and behavioral mechanisms further
modulate these physiological processes. Recent evidence
indicates that sleep bruxism not only correlates with OFP
and headache, but also with systemic health conditions
and with COPCs, such as gastrointestinal, endocrine and
sleep disorders.’® Bruxism has been consistently linked to
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psychological stress and anxiety,®8 supporting its role
as a behavioral manifestation of stress reactivity and au-
tonomic dysregulation. These mechanisms are particu-
larly relevant in women, in whom hormonal fluctuations
heighten stress responsiveness and central sensitization,
amplifying both muscular activity and pain perception.8®
The interplay of psychological stress, hormonal modula-
tion and neuromuscular activation reinforces the need
for integrated biopsychosocial approaches that combine
behavioral, stress-reduction and somatic interventions.

Together, these biological and psychological mecha-
nisms converge on common nociplastic pathways that
integrate peripheral, hormonal and central sensitization
processes. Table 4 summarizes the predominant mecha-
nistic pathways linking key COPCs (IBS, GERD, PCOS,
and endometriosis) with TMD. This overview integrates
peripheral and central processes across hormonal, in-
flammatory and neuroplastic domains, illustrating
how distinct conditions converge on shared nociplastic
mechanisms.

Clinical implications

From a translational perspective, these mechanistic
insights have direct clinical relevance. Evidence from
Justrib6-Manion et al. shows that subjects with higher
baseline comorbidity severity and pain catastrophizing
improved more when physical therapy was combined with
behavioral interventions.®® Moreover, prognostic model-
ing demonstrated that the number of coexisting COPCs
is a robust clinical marker of OFP-related disability sever-
ity, with the predictive value comparable to psychosocial
variables like pain catastrophizing or kinesiophobia.® This
indicates that assessing comorbidity provides valuable in-
formation for identifying individuals at risk and guides
appropriate patient management.

Table 4. Proposed mechanistic pathways linking chronic overlapping pain conditions (COPCs) with temporomandibular disorders (TMD)

Low-grade mucosal inflammation — cytokine

) 5 . ) b .
BS Inflammatory/ release (IL-6, TNF-0) — central sensitization A\lllscgralv somatic cross- Aguilera L|zarraga73022 ;
Neuroimmune . ! sensitization; chronic muscle pain Traub 2014
(trigeminal pathway)
GERD Peripheral/ Acidic reflux — mucosal irritation — afferent Reflux-related pH alteration may Li 20258
Inflammatory hyperexcitability and sleep disturbance enhance orofacial sensitivity Manfredini 202380
PCOS Hormonal/ Hypgr_androgem_sm and insulin re_5|stance - _Estroger_1/te_stpsterone |mbalange Yazici 202172 Sun 2025%
Inflammatory  systemic inflammation — altered pain modulation influencing joint and muscle pain
Endometriosis Hormonal/ Estrog_en-dependent |nf|amm_a’_[|on_ and Shared no_mpla_stlc mechan'lsms Marciniak 20247
Neuroimmune pelvic-trigeminal cross-sensitization and cyclic pain exacerbation
Neuroplastic/  Visceral hyperalgesia — increased afferentinput ~ Central convergence leading to Adams & Turk 2015%;
IC/CPP ) . . ) . . o e
Autonomic to spinal and trigeminal nuclei generalized hypersensitivity Lam 2024
) A A - . . -
Coprite-stacive  Neuopistcs | DISSINONSITHO TP e i D e s s
Modulation (all COPC)  Psychosocial P ' P 9 b y 9 :

and depression

impaired descending inhibition  Justrib6-Manion 20248°

This schematic synthesis facilitates a clearer understanding of how diverse systemic disorders contribute to orofacial pain through overlapping biological
pathways. It also bridges the transition between basic neurobiological evidence and clinical management approaches.
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Moreover, the effect sizes for the associations between
TMD and both GERD and PCOS underscore the need
for thorough differential diagnosis and multidisciplinary
evaluation. Both GERD and PCOS can contribute to or
mimic OFP symptoms, requiring coordinated care be-
tween dentistry, gastroenterology and gynecology. Treat-
ing the underlying condition, such as hormonal regulation
in PCOS or reflux management in GERD, may reduce pe-
ripheral and central sensitization, improving OFP out-
comes. Sun et al. found that treating PCOS in adolescents
with TMJ anterior disc displacement improved condylar
remodeling and reduced degenerative changes.®? Similarly,
systematic evidence indicates that proton pump inhibitors
not only alleviate GERD symptoms, but may also improve
TMD outcomes.*°

These findings highlight the importance of consider-
ing COPCs in TMD assessment. Integrating multimodal
management, including physical therapy, the medical
treatment of systemic comorbidities, and psychosocial in-
terventions, within interdisciplinary teams may improve
symptom control and outcomes. Tailoring interventions
to patient profiles, accounting for psychosocial distress
and comorbidity severity, may be crucial for optimizing
management and prognosis.

Clinically, integrating COPC assessment into TMD
evaluation and management means:

—assessing COPCs: IBS, GERD, PCOS may contribute to

OFP;

— tailoring interventions to patient profiles: consider psy-
chosocial factors and comorbidity severity for prognosis;

— coordinating care between dentistry, gastroenterology,
gynecology, and psychology/physical therapy; and

— targeting mechanisms: address peripheral (inflamma-
tion, hormonal dysregulation, reflux) and central (sen-
sitization, maladaptive pain modulation) drivers.

Strengths and limitations

This review provides a quantitative synthesis of the
COPC—OFP relationship, combining likelihood and
prognostic perspectives, and applying GRADE to assess
evidence certainty. Strengths include integrating longitu-
dinal and cross-sectional designs to explore temporality
and associations, rigorous selection criteria with the ex-
clusion of duplicated cohorts, and sensitivity analyses to
enhance robustness. Limitations must be acknowledged.
The number of high-quality prospective studies was lim-
ited, restricting causal inference. Methodological hetero-
geneity in diagnostic criteria, outcome measurements and
comparator characteristics reduced comparability, and
may have introduced bias. Many studies lacked adequate
control for confounders, which could inflate associations.
Some analyses relied on few studies, limiting statistical
power and precision. The available evidence is observa-
tional, so residual confounding cannot be fully excluded
despite adjusted models and sensitivity analyses.
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Our synthesis offers preliminary insights, but the asso-
ciations should be interpreted with caution. These limita-
tions were considered throughout the methodology and
are reflected in the evidence certainty rating. Clinicians
should view the findings as exploratory, while future re-
search should prioritize prospective cohorts with stan-
dardized diagnostics, robust confounder adjustment and
stratified analyses. Such improvements are needed to move
beyond descriptive associations toward reliable evidence
that can support precision management of TMD in pa-
tients with COPCs.

Conclusions

While this review provides the first quantitative
synthesis of COPC—OFP associations, causal relation-
ships remain to be confirmed through well-designed
longitudinal studies. We found that IBS consistently
increased the likelihood of both first-onset and chronic
TMD, while GERD and PCOS also showed large effects,
suggesting shared inflammatory, hormonal and pH-
related pathways. These findings highlight the need for
prospective, standardized studies and support a shift
toward mechanism-based approaches in the prevention
and treatment of chronic OFP.

Trial registration

The protocol of the study was registered with the
International Prospective Register of Systematic Reviews
— PROSPERO (registration No. CRD42024537553).
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Abstract

Over the past 2 decades, a wide range of post-and-core materials has been developed to restore endodontically
treated teeth (ETT) with extensive loss of coronal tooth structure. Although the prognosis and long-term
success of ETT arein uenced by multiple factors, most research has focused on post-and-core materials, the
ferrulee ectand luting agents. However, aclassi cation of failures associated with post-and-core assemblies
is currently lacking. This study aimed to identify and classify post-and-care assembly failures.

Aliterature search was conducted using the terms “post and core” and “dental post and core” in the title and
abstract. Articles published in English between 1991 and 2024 were retrieved from the PubMed®, Scopus
and Cochrane Library databases. Of the 491 articles identi ed, 23 met the inclusion criteria and were used
to develop the proposed classi cation.

Based on the available evidence, post-and-core assembly failures can be classi ed into 2 categories:
catastrophic and non-catastrophic failures. To the authors’ knowledge, this is the rst comprehensive
classi cation of post-and-core assembly failures derived from evidence spanning 33 years of published
literature. The proposed classi cation provides a standardized framework for identifying and reporting failures
and may facilitate clinical decision-making, laboratory communication and future research.

Keywords: luting agents, ferrule, endodontically treated teeth, post-and-core failures, dental posts
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 This article introduces the first comprehensive classification system for post-and-core assembly failures based

on 33 years of published literature.

« The classification categorizes post-and-core assembly failures as catastrophic or non-catastrophic, providing
a standardized framework for diagnosis, reporting and clinical decision-making.
» The classification supports consistent communication among clinicians, researchers and educators involved

in post-and-core treatment.

Introduction

The restorative success of endodontically treated teeth
(ETT) has been a subject of considerable debate over the
past 2 decades. Because non-vital teeth are generally more
susceptible to fracture than vital teeth,! a multifactorial
approach is essential to ensure long-term survival of ETT.
The prognosis of ETT depends on several factors,? and
careful evaluation of each of these factors enables the cli-
nician to assess the prognosis, determine the complexity
of treatment® and develop an appropriate treatment plan.

Traditionally, it has been assumed that an endodontically
treated tooth with extensive loss of coronal tooth structure
requires the use of an anchorage from the root canal to
improve strength and function of the restoration. However,
Trope etal. demonstrated that preparation of the root canal for
post placement weakens the tooth and reduces its resistance to
functional forces.* It is also commonly believed that pulpless
teeth become brittle and more prone to fractures due to
reduced moisture content. However, only minor differences
were noticed in the hardness and microhardness of dentin
between vital and non-vital teeth.> Assif and Gorfil stated that
the loss of dentin during access cavity preparation and post
space preparation is the primary factor compromising the
survival of ETT.® Hence, performing restorative procedures
that preserve the remaining dentin thickness is more crucial
than strengthening the tooth.®

The wide variety of available post materials and re-
storative techniques has resulted in conflicting recom-
mendations regarding the optimal restorative approach.
A systematic review evaluating the biomechanical con-
siderations for restoring ETT concluded that interfacial
defects and severe tooth breakdown associated with post
failure occurred more frequently with rigid metal and ce-
ramic posts.> However, fiber posts combined with com-
posite resin demonstrated favorable clinical performance
because their mechanical properties are more similar to
those of dentin. It was also established, based on fatigue
studies, that post placement is unnecessary when an ad-
equate ferrule and sufficient coronal tooth structure are
present. Nevertheless, when a post is required to improve
the stability of the tooth, a resin post must be used along
with an adhesive luting agent.®

Another systematic review evaluating the clinical per-
formance and failure modes of pulpless teeth restored
with posts found no significant differences in the survival
rates of metal and fiber posts.” The authors concluded
that both post systems demonstrate comparable clinical
performance during short- to medium-term follow-up.”

Although several studies have supported the use
of posts,®-*2 whereas others have questioned their place-
ment, 3" there is currently no standardized classification
of post-and-core failures. Such a classification would facili-
tate communication among clinicians and provide a stan-
dardized framework for research. A simple and reproduc-
ible classification describing both the type and severity
of post-and-core failures could be useful for surveys, clini-
cal trials, treatment planning, and outcome assessment.

Following a review of the published literature on post-and-
core failures and after evaluation of the available evidence,
the authors propose a new classification system for post-
and-core failures together with recommendations for their
management. To the best of our knowledge, no standardized
classification of post-and-core failures has been described in
the literature. The proposed classification categorizes fail-
ures into 2 broad groups, catastrophic and non-catastrophic,
based primarily on whether the affected tooth can be sal-
vaged. This classification is intended to assist clinicians in
determining whether the tooth requires further treatment
or needs to be extracted. Catastrophic failures comprise
those resulting in irreparable damage to the tooth, whereas
non-catastrophic failures include conditions in which the
tooth can be salvaged even after the failure.

Material and methods
Search methodology

A literature search was conducted using the following
search terms: (“post and core”(Title/Abstract)) OR (“dental
post and core”(Title/Abstract)). Articles published in
English between 1991 and 2024 were retrieved from the
PubMed®, Scopus and Cochrane Library databases. The
identified studies were screened according to the pre-
defined inclusion and exclusion criteria.
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Inclusion and exclusion criteria

The inclusion criteria encompassed randomized con-
trolled trials (RCTs), quasi-RCTs, in vivo or in vitro stud-
ies, retrospective or prospective studies, cohort studies,
case—control studies, systematic reviews, or meta-analyses
that evaluated and described the types of post-and-core
failures and their management. Literature reviews, scoping
reviews, narrative reviews, case reports, and case series
were excluded.

Data collection

Atotal of 511 records were identified across all databases
on April 10, 2024. After removal of duplicate records, 491
articles remained for title and abstract screening. Follow-
ing screening and application of the inclusion and exclu-
sion criteria, 23 studies were included in the final analysis
(Fig. 1). These 23 articles were used to formulate the pro-
posed classification system (Table 1).11:1218-38

Results
Classification of post-and-core failures

Post-and-core failures can be broadly classified into
2 major categories: catastrophic and non-catastrophic

Identification of studies via databases and registers

Records identified from Records removed before
s databases (N = 511): screening:
'ﬁ @ PubMed® (n = 40) o duplicate records (n = 20)
L ® Scopus (n = 292) @ records marked as
b= ® Cochrane Library ineligible by automation
5 (n=179) tools (n = 0)
h=} @ records removed for
¢ other reasons (n = 0)
Records screened Records excluded
(n=491) (n=0)
o
d= Reports sought Reports not retrieved
= for retrieval (n=0)
3 (n=491)
S
n Reports excluded (n = 468):
e irrelevant to the study topic
(n =228)
Reports assessed ® studies focusing exclusively
f ligibili on crown material (n = 20)
or eligibility o studies focusing on
(n=491) luting agents (n = 17)
o studies focusing on
- post material (n = 24)
@ studies evaluating
= the fracture resistance
1) . of post materials (n = 158)
3 New studies included @ studies focusing on the
= in the review (n = 23) survival of post restorations
c Reports of new included (n=20) A
b tudi =23 @ non-English publications
studies (n = 23) (n=1)

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) ow diagram illustrating the study selection process
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failures (Fig. 2,3). Each category is further subdivided
according to the type and extent of failure. The proposed
classification was developed from evidence reported in
23 studies conducted in both clinical and laboratory set-
tings. Hence, it encompasses the various types of failure
that may occur under laboratory conditions, in clinical
setting, or both. A comprehensive classification of post-
and-core failures has the potential to standardize the
reporting of outcomes in future RCTs, in vitro studies,
cohort and case—control studies, systematic reviews, and
meta-analyses. In addition, in may facilitate scientific
communication among clinicians, researchers and dental
technicians (Table 2,3).

V ¥

Class ID

N

l

Class IA

Class IB Class IC Class IE

Fig. 2. Catastrophic post-and-core assembly failures and their subdivisions

Class IA — vertical root fracture; Class IB — horizontal root fracture; Class IC
— oblique root fracture; Class ID — crown/fixed partial denture (FPD)/core
fracture; Class |IE — root perforation during post placement.

RN YR

Class lIC Class IIE

ClassllA ClasslIB Class IID Class IIF  Class lIG

Fig. 3. Non-catastrophic post-and-core assembly failures and their subdivisions

Class IIA - post dislodgement; Class 1B — crown dislodgement with

or without core debonding; Class IIC — post-and-core assembly
dislodgement; Class IID — crown/FPD/core fracture; Class IIE — endodontic
failure; Class IIF — crown chipping; Class lIG — secondary caries.

Discussion

The proposed classification identifies the spectrum
of failures that may occur in ETT restored with a post-
and-core system. It may serve as a practical framework
for evaluating outomes in a laboratory setting, predicting
prognosis, establishing a diagnosis, formulating treatment
plans, and facilitating communication among clinicians.
The classification was developed following a critical ap-
praisal of evidence from prospective and retrospective
studies, RCTs, in vitro investigations, systematic reviews,
and meta-analyses.

There remains no clear consensus regarding the role
of post-and-core restorations in improving the clinical
outcomes of ETT. Numerous studies have focused on iden-
tifying the post-and-core material that provides the great-
est fracture resistance and lowest failure rate. However,
the prognosis of ETT is influenced by several additional
factors, including the periapical status, tooth position, oc-
clusal contacts, collagen degradation, and intermolecular
cross-linking of the tooth root dentin.3
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Table 1. Studies evaluating di erent types of post-and-core failures

Sorensen and Martinoff

198418

Assif et al.

199319

Torbjorner et al.
199520

Akkayan and Caniklioglu

19982

Ferrari et al.
2000%

Heydecke et al.
2001%

Hu et al.
2003

Fokkinga et al.
20062

Salvi et al.
2007%2

Peutzfeldt et al.
20082

Al-Wahadni et al.
2008%"

Gomez-Polo et al.

2010%

Schmitter et al.
2011%°

Zicari et al.
201130

To determine the clinical
significance of post reinforcement
and coronal coverage in ETT.

To evaluate the effect of post
design on the fracture resistance
of endodontically treated premolars
restored with cast crowns.

To investigate the failure rate and
failure characteristics of 2 post
designs.

To evaluate the effect of 4 different
post systems on the fracture
resistance of crowned ETT.

To assess the treatment outcomes
of cast post-and-core and
Composipost systems.

To compare the fracture strength
and survival rate of crowned
maxillary incisors with approximal
Class Ill cavities using different core
build-up techniques.

To evaluate the fracture resistance
and failure modes of ETT restored
with 4 post-and-core systems.

To investigate the in vitro fracture
behavior of severely damaged
maxillary premolars restored with
different post-and-core systems and
covered with full metal crowns.

To assess the survival rates and
complications of root-filled teeth
restored with or without post-and-
core systems over a 4-year period.
To identify the factors associated with
failure and characterize the failure
modes of post-retained restorations.

To investigate the fracture resistance
and failure modes of teeth restored
with different prefabricated post
systems.

To compare the cumulative
survival rates of teeth restored with
prefabricated posts and Co—Cr cast

post-and-core restorations.

To compare the survival rates of 2
different post systems after 5 years
of service.

To compare the 3-year clinical
outcomes of glass fiber posts and
composite cores with gold alloy-
based post-and-core restorations

inETT.

+ post dislodgement
+ root fractures
+ root perforation

+ oblique root fracture

+ loss of retention
s root fracture

« vertical root fracture
+ horizontal root fracture

+ root fracture
+ crown dislodgement
+ endodontic failure

+ oblique root fracture
+ bent posts
+ post dislodgement from the root
canal
+ post fracture

+ catastrophic failures (predominantly
root fractures) observed in all groups
+ higher incidence of catastrophic
root fractures in groups restored with

ceramic posts and resin composite cores

+ post and crown displacement
* root fracture
+ root fractures with or without post
and crown displacement

+ root fracture
+ secondary caries
+ post-treatment radicular disease
+ loss of retention

+ tooth fracture
+ post loosening
+ post fracture

+ combined root and core fractures
(70%)
+ root fractures (16%)
« core fractures (13%)

+ post dislodgement
+ root fracture
+ caries

+ post-and-core assembly loosening
+ loss of retention of fiber posts
+ chipping or fracture of single crowns
+ root fracture
+ loss of retention of the post and crown

+ absolute failures: 2 root fractures and
1 endodontic failure
+ relative failures: 3 cases of post/core
retention loss and 1 post fracture

retrospective
study

prospective
study

retrospective
study

prospective
study

retrospective
study

prospective
study

prospective in

vitro study

prospective
study

prospective
study

prospective
study

prospective
study

retrospective
study

prospective
study

prospective
clinical trial

Intracoronal reinforcement did not
significantly increase resistance to
fracture or dislodgement. Coronal
coverage did not significantly improve
the clinical success of anterior teeth
but significantly improved the success
rate of posterior teeth.

Post design did not influence the
fracture resistance of ETT restored with
complete cast crowns.

ParaPost restorations with cast cores
demonstrated a higher success rate than
tapered cast post-and-core restorations.

The choice of prefabricated post
systems is important in determining the
maximum resistance to fracture in ETT.

Composipost systems demonstrated
superior clinical performance
compared with conventional cast
post-and-core restorations.

Enlargement of the root canal after
endodontic treatment should be
avoided, as it cannot be compensated
for by the use of composite resin.
Specimens restored without posts
exhibited fewer catastrophic failures.

The fracture resistance of all 4 post
systems was considered clinically
acceptable. Unfavourable tooth
fractures were observed in all groups.

Fracture resistance and failure mode
of severely damaged premolars
restored with adhesively cemented
crowns and a limited ferrule were
independent of the post-and-core
system used.

Reported survival rates were 92.5%
for titanium posts, 94.3% for teeth
restored without posts, and 97.1% for
cast post-and-core restorations.

Tooth fracture was the most common
failure, followed by post loosening and
post fracture.

Teeth restored with titanium posts
demonstrated higher fracture
resistance than those restored with
carbon fiber or glass fiber posts. Most
failures were catastrophic, rendering
the teeth non-restorable.

Cast post-and-core restorations appeared
to be less retentive than prefabricated
posts. Root fractures and caries were
common causes of treatment failure in
teeth restored with prefabricated posts.

Teeth with extensive coronal structure
loss and those restored with metal
screw posts exhibited a higher risk

of failure.

Both cast gold and composite post-
and-core systems demonstrated
satisfactory clinical performance.
The overall success and survival

probabilities at 3 years were 91.7% and
97.2%, respectively.
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Balkenhol et al.
20113

Ferrari et al.
20124

Sterzenbach et al.
20123

Hegde et al.
20123

Gbadebo et al.
2014%

Sarkis-Onofre et al.
20143

Cloet et al.
2017%

Casanova and Ozcan
202157

Nodehi et al.
202238

To evaluate the influence of 2
post materials, preparation
design and luting agent on the
survival probability of root-filled
teeth restored with all-ceramic
restorations.

+ CeraPost: debonding was the most
common failure
+ DentinPost: post fracture was the
most common failure

+in the group without posts, the
highest incidence of root fractures
and crown dislodgement was
observed
+in the group restored with
prefabricated posts, post
decementation was mainly observed
+ teeth with 1, 2 and 3 remaining
coronal walls exhibited significantly
lower failure rates

To evaluate the effect of the amount
of remaining coronal dentin and
the placement of prefabricated
and/or customized fiber posts in
endodontically treated premolars
after 6 years.

To compare the survival rates
of abutment teeth with severe
coronal tissue loss and 2 or fewer + glass fiber-reinforced epoxy resin
remaining cavity walls restored posts: 3 root fractures and 1 core
with either prefabricated glass fracture
fiber-reinforced epoxy resin posts or « titanium posts: 3 endodontic failures
titanium posts luted with a self-
adhesive material.

+ cast metal posts showed 86.66%
non-repairable failures and 13.34%
repairable failures
+ both glass fiber and quartz fiber
posts demonstrated 100% repairable
fractures

To evaluate the fracture strength
and failure modes of ETT with flared
root canals restored with glass fiber,

quartz fiber and cast base-metal

post-and-core systems.

To compare the clinical
performance of metallic and glass
fiber posts used for the restoration

of ETT.

+in the metallic post group, 1 tooth
failed because of decementation
of the PFM crown

+ 2 glass fiber posts debonded
+ 1 glass fiber post debonded in
association with a root fracture
+ 1 cast metal post was associated
with a root fracture

To compare the survival of glass
fiber and cast metal posts used
to restore ETT with no remaining
coronal walls.

+ root fracture
+ post fracture within the root canal
+ caries
+ endodontic failure
+ periodontal failure
+ loss of retention of the post

To compare the 5-year outcomes
of glass fiber composite and cast
post-and-core restorations in ETT.

+ the titanium post group presented
with cohesive failure within the crown
material with adhesive detachment
from the post and core
+ remaining post groups showed
irreparable failures of the crown and
core from the cervical coronal dentin
surface

To investigate the load-bearing
capacity of intraradicular posts and
core materials under static and
dynamic loading conditions.

+ catastrophic fractures were observed
in 80% of samples restored with Co—Cr
and NPG castings
+ 1 horizontal and 1 vertical root
fracture were observed in the CAD—
CAM group

To compare the effect of different
post-and-core systems (Co—Cr, NPG
casting, CAD-CAM) on the fracture
toughness and failure modes of root

canal-treated premolars.

775

Teeth restored with a ferrule
preparation design exhibited higher
survival rates. The luting agent had
prospective in  only a minor importance on survival,

vitro study whereas post material and ferrule
design were the most influential
factors. DentinPosts demonstrated
superior results.
prospective F_’rege_rvation of at least 1 goronal _waII
study significantly reduced the_ risk of failure,
regardless of the restorative procedure.
Regardless of post material or rigidity,
post-endodontic restorations achieved
prospective high long-term survival in severely
study damaged abutment teeth with two

or fewer remaining coronal walls and
a2-mm ferrule.

Teeth restored with cast posts
demonstrated approximately twice
the fracture strength of those restored
with fibre posts. Failures associated with
fibre posts were repairable, whereas
failures associated with cast posts were
predominantly non-repairable.

The survival rate was 100% for the
fiber-reinforced post group and 97.5%
for the ParaPost group; however,
the difference was not statistically
significant.

The 3-year recall rate was 92.3%, and
the survival rates of glass fiber and
metal posts were comparable. Post
type did not significantly influence
restoration survival.

After a 5-year follow-up, cast gold and
composite post-and-core restorations
supporting ceramic crowns with
an adequate ferrule demonstrated
comparable clinical performance, with
success and survival rates of 85.2% and
91.5%, respectively.

Placement of woven fiber within
the core and coronal region did
not reinforce the restoration and
predominantly resulted in adhesive
failure of the crown and core. In the
absence of coronal tooth structure,
intraradicular posts provided a stable
foundation for the core and crown
assembly.

CAD-CAM-milled restorations
demonstrated the highest fracture
strength and the lowest risk
of catastrophic failure. CAD-CAM
restorations exhibited the highest
frequency of restorable failure modes.

prospective in
vitro study

prospective
study

prospective
study

prospective
study

prospective in
vitro study

prospective in
vitro study

Co—Cr — cobalt-chromium; PFM — porcelain-fused metal; NPG — non-precious gold; CAD-CAM — computer-aided design/computer-aided manufacturing.
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Table 2. Classi cation of catastrophic post-and-core assembly failures and their subdivisions

Subdivision Type of failure

Class 1A vertical root fracture

Class 1B horizontal root fracture

ClassIC oblique root fracture

Class ID crown/FPD/core

fracture

Class IE root perforation during

post placement

Explanation

The post fractures together with the root, resulting in a vertical root fracture. This fracture may occur either at

the level of the post (below the CEJ) or at the level of the core, crown or FPD, extending into the root. This type

of failure may occur in both clinical and laboratory settings.

The post fractures together with the root, resulting in a horizontal root fracture. This type of failure may occur in
both clinical and laboratory settings.

The post fractures together with the root, resulting in an oblique root fracture. This fracture may occur either at

the level of the post (below the CEJ) or at the level of the core, crown or FPD, extending into the root. This type

of failure may occur in both clinical and laboratory settings.

This subdivision applies only to bonded posts, for which post retrieval is difficult. The post fractures at or above the level

of the CEJ, involving the crown, core or FPD. This type of failure may occur in both clinical and laboratory settings.

This is an iatrogenic failure that may occur in both clinical and laboratory settings.

CEJ — cementoenamel junction; FPD — fixed partial denture.

Table 3. Classi cation of non-catastrophic post-and-core assembly failures and their subdivisions

ost The entire post either debonds or becomes dislodged
Class lIA P without fracturing the crown or the root. This type
dislodgement . ) )
of failure may occur only in a laboratory setting.
Only the crown becomes dislodged, either with or without
crown A ;
. debonding of the core from the post. The post remains
dislodgement . L . )
Class IIB . . intact within the root canal without catastrophic damage
with or without - . . -
. to the tooth. This type of failure may occur in both clinical
core debonding )
and laboratory settings.
post-and-core The entire post-and-core assembly debonds and is
Class lIC assembly displaced as a single unit. This type of failure may occur in
dislodgement both clinical and laboratory settings.
In this type of failure, the crown, core or FPD fractures
together with part of the post, while the remaining
portion of the post is still present in the root canal. This
crown/FPD/ subdivision applies only to non-bonded posts, such as
Class IID . ) .
core fracture serrated or screw-type posts, for which post retrieval is
still possible without causing catastrophic damage to the
remaining tooth structure. This type of failure may occur in
both clinical and laboratory settings.
This type of failure includes apical periodontitis or
endodontic an endodontic-periodontal lesion affecting a tooth
Class IIE . A )
failure restored with a post-and-core assembly. It occurs only in
the clinical setting.
This type of failure involves fracture of the porcelain
Class IIF crown chiopin without causing catastrophic damage to the tooth or the
pping post-and-core assembly. It may occur in both clinical and
laboratory settings.
secondar This type of failure involves the development of secondary
Class IIG aary caries in a tooth restored with a post-and-core assembly. It
caries ; - -
occurs only in the clinical setting.

none

If only the crown is dislodged, recement the crown after
evaluating and correcting any occlusal interferences.

If both the crown and core are dislodged, identify the
underlying cause, remove the existing core material from
the internal surface of the crown, rebuild the core, and
recement the crown.

Identify the cause of failure and recement the post-and-
core assembly.

Retrieve the remaining post from the root canal while
preserving as much radicular dentin as possible, and
repeat the post-and-core procedure.

Apical periodontitis: Depending on the type of post used,
treatment may consist of either orthograde endodontic
retreatment or retrograde apicoectomy. If post removal

is likely to cause excessive damage to the remaining
tooth structure, retrograde apicoectomy is the preferred
treatment.

Endodontic-periodontal lesion: Treatment depends
primarily on the periodontal status of the tooth. If the
lesion is associated with significant mobility, extraction
may be the only treatment option.

Repair of the fractured or chipped porcelain may be
performed using a porcelain repair kit.

Treatment depends on the extent of the carious lesion
and may range from replacement of the restoration to
extraction of the tooth.

The primary purpose of a post is to retain the core in
teeth with extensive loss of coronal tooth structure rather
than to reinforce the remaining tooth structure.® Post
placement has been shown to reduce the incidence of cat-
astrophic failures in selected ETT. However, when 3 or 4
coronal walls remain intact, neither post placement nor

the type of post-and-core material appears to significantly
influence the clinical outcome.*

A nationwide survey conducted among German dentists
in 2006 reported that 52% of respondents routinely placed
apost in every second endodontically treated tooth, while
almost 54% believed that posts reinforce ETTs.? Current
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evidence, however, indicates that unnecessary post place-
ment increases the risk of root perforation and may pre-
dispose the tooth to root fracture.140-4

Although in vitro studies provide valuable information
regarding the prognosis and prediction of clinical out-
comes of ETT, RCTs produce the highest level of clinical
evidence. A 17-year follow-up of a RCT by Fokkinga et al.
on ETT with and without prefabricated metal posts con-
cluded that placement of a post did not significantly influ-
ence tooth survival.*® Similar findings were reported by
Mannocci et al.** However, a RCT by Zicari et al. noted
a 3-year survival probability of 97.2% and a success rate
of 91.7% for restorations supported by glass fiber and gold
alloy-based posts, respectively.®® Similar results were re-
ported in another clinical trial,*® in which post-endodontic
restorations exhibited a failure rate of only 6.42% after 3
years.

Bitter et al. in their in vitro study reported that self-
adhesive resin cements produced only a modest increase
in the retentive strength of the dowel.” Conversely,
Mazzoni et al. demonstrated significantly reduced reten-
tion and increased interfacial nanoleakage with 2 self-
adhesive resin cement.*¢ Balkenhol et al. investigated the
influence of luting agents under cyclic loading conditions
and concluded that the choice of luting agent had a minor
influence on the survival of post-and-core restorations.3!

As far as luting agents are concerned, the survival of the
post-and-core assembly depends largely on the accuracy
of each clinical step and the operator’s handling of the
procedure. In addition to technical challenges involved,
the limited access within the root canal space further com-
plicates the bonding procedure. To better understand the
effect of luting agents on the survival of the post-and-core
assembly, long-term clinical investigations in the form
of RCTs are required; however, such evidence is currently
lacking.

Although several RCTs have investigated the perfor-
mance of post-and-core restorations, definite conclusions
regarding the optimal restorative strategy remain elusive.
The success or failure of these restorations depends on
numerous factors. Therefore, additional well-designed,
comprehensive RCTs that account for these variables are
required to reach a consensus. At present, the available lit-
erature remains heterogeneous, contributing to continued
uncertainty regarding the indications for post placement,
the selection of rigid versus flexible posts, the importance
of the ferrule effect, and the optimal luting agent.

Conclusions

Until comprehensive RCTs evaluating all relevant fac-
tors affecting the success and failure of post-and-core
restorations become available, consensus regarding the
indications for post placement is unlikely to be achieved.
Future in vitro studies and well-designed clinical trials
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are needed to validate the proposed classification and as-
sess its reliability and clinical applicability. Based on the
currently available evidence, the authors propose a novel
classification of post-and-core failures that may provide
a standardized approach for classifying the type of post-
and-core failures, predicting prognosis, and guiding treat-
ment planning.
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Abstract

Control of the physical parameters of Er:YAG and ErCr.YSGG laser settings may optimize and improve their
e ectiveness for cavity preparation in deciduous teeth while ensuring patient comfort and safety during
treatment.

This systematic review aimed to identify the optimal ranges of laser parameters (frequency, power, applicator
type and diameter, pulse duration, and water spray settings) for Er.YAG and Er.Cr.YSGG lasers used in the
treatment of carious lesions involving the enamel and dentin of deciduous teeth in children.

Scienti ¢ databases were systematically searched, and the included articles were assessed for risk of bias.
The Cochrane risk-of-bias tool was modi ed according to the requirements of this systematic review.

Ten randomized studies met the inclusion criteria. Four were in vitro studies conducted on extracted deciduous
teeth, and 6 were clinical trials involving children. Er.YAG lasers were used in 6 studies, whereas ErCr.YSGG
lasers were used in 4 publications.

The available evidence suggests that Er.Cr.YSGG laser-assisted cavity preparation in deciduous teeth may
hemoree ective than conventional rotary instrumentation in reducing anxiety and pain in young patients.
However, based on the analyzed studies, it is not possible to establish optimal laser parameters for the
preparation of carious enamel and dentin in deciduous teeth using either Er:-YAG or ErCrYSGG lasers.
Furthermore, the included studies provide limited information regarding the laser parameters used.

Keywords: pain, dental caries, primary teeth, lasers, - cacy
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< This systematic review identified only 10 randomized studies evaluating Er;\YAG and Er,Cr.YSGG lasers for cavity
preparation in primary teeth, highlighting the limited available evidence.

« Er,Cr.YSGG laser-assisted cavity preparation reduces pain and anxiety and improves patient acceptance compared
with conventional rotary instrumentation, despite longer treatment times.

» Heterogeneous study designs and incomplete reporting prevent identification of evidence-based laser settings for

cavity preparation in primary enamel and dentin.

« Future randomized clinical trials should standardize reporting of laser parameters (power, energy, pulse duration,
applicator characteristics, and water/air settings) to establish clinically applicable protocols for cavity preparation

in primary teeth.

Introduction

The treatment of carious disease in deciduous teeth con-
sists of the limited removal of diseased, cariously altered
tooth tissues and replacing them with a filling material.
It is aimed at inhibiting the caries process, restoring the
tooth function, preserving the vital pulp, and preventing
the formation of secondary caries. Therefore, the currently
used methods of managing dental caries follow the prin-
ciples of minimally invasive dentistry (MID).:3

The methods of minimally invasive treatment of carious
cavities include pit and fissure sealing, caries infiltration,
preventive resin restoration (PRR-1 and PRR-2), atraumatic
restorative treatment (ART), chemomechanical caries re-
moval (CMCR), air abrasion, kinetic cavity preparation
(KCP), laser cavity preparation, sonic cavity preparation,
ultrasonic cavity preparation, and steel crowns.

One method of treating carious cavities in deciduous
teeth is the use of erbium lasers (Er:-YAG and Er,CrYSGG)
for the preparation of hard dental tissues. This is pos-
sible due to the presence of water in hard tissues, which
is the main chromophore that efficiently absorbs the en-
ergy of the electromagnetic wave generated by these lasers
(2,940 nm for ErYAG, close to the maximum absorption
of water; 2,780 nm for Er,Cr.YSGG). It is also worth men-
tioning the second chromophore, hydroxyapatite, which
also absorbs these wavelengths well and is abundant in
the hard tissues of teeth. The Er;\YAG and Er,Cr\YSGG
lasers are the most used and safest lasers for the prepa-
ration of dental hard tissues. They are characterized by
the highest absorption in water and hydroxyapatite com-
pared with the Nd:YAG laser (1,064 nm) and the CO, laser
(10,600 nm).4-7

The first mechanism of action of the high-power laser
occurs through the obliteration of tubules by the partial
fusion of dentin substrates. The low-power laser decreases
the chronic inflammatory process present in the cells by
activating sodium and potassium pumps and obliterat-
ing dentinal tubules through the formation of tertiary
dentin. It can also promote analgesic, anti-inflammatory
and biomodulatory effects.® The second mechanism
of action of the high-power laser is based on the ablation

phenomenon. The tissue is exposed to laser radiation,
causing the water contained within it to be rapidly trans-
formed into steam, and the tissue is fragmented into fine
particles. Ablation makes the procedure very precise. If
the laser pulses are of high power (high energy and short
duration), the rate of ablation is greater than the rate at
which heat penetrates the tissues. The penetration depth
of the Er.\YAG laser in enamel is 7 um, which is 3 times
smaller than that of the Er,Cr:YSGG laser. In dentin, the
penetration depth of the Er:YAG laser is 5 ym and is also
3 times shallower than that of the Er,Cr:YSGG laser. The
ablation threshold is the minimum amount of laser radia-
tion pulse energy required to initiate the ablation process.
The ablation threshold for enamel when using Er:-YAG and
Er,CrYSGG lasers is 12—20 J/cm?, and for dentin, 8—14 J/
cm?2.? The most important factor is to deliver adequate
energy in the shortest possible time to achieve effective
ablation without damaging the tissues. Laser treatment
is well tolerated by patients and is considered safe, quick
and painless.®

The main chromophore in enamel and dentin for both
the Er:-YAG and Er,Cr:)YSGG lasers is the water present
between the hydroxyapatite crystals. Hydroxyapatite itself
is also achromophore. Itis very important to consider the
differences in water content between enamel and dentin.
It is also necessary to compare the structural differences
between primary and permanent teeth, as well as between
immature or newly erupted teeth and aged teeth.

Healthy enamel is a highly mineralized tissue composed
of 85% hydroxyapatite, 12% water and 3% organic tissue.
Healthy dentin is less mineralized than enamel. It contains
approx. 45—47% mineral components, 30—33% organic tis-
sue and 20—24% water. The water content of carious tissue
ranges from approx. 27% to 54%, which is higher than that
of healthy tissues and depends on the stage of the carious
lesion. Differences in the content of the main chromophore
within the tissue determine the selection of the appropriate
laser parameters according to the tissue being prepared.
Asarule, the more hydrated the tissue, the lower the laser
parameters should be. This is the main reason why the
laser energy level must be decreased during dentin abla-
tion, because both healthy and carious dentin have a higher
water content than enamel.
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Primary teeth have a higher water content in enamel
and dentin. Additionally, the enamel layer is much thinner
than that of permanent teeth, which is why ablation occurs
much more rapidly than in the enamel of permanent teeth.

The use of the Er:YAG laser or the Er,Cr:YSGG laser to
prepare carious cavities in primary teeth must be per-
formed using appropriate parameters. The energy level
and frequency should be lower than those used for the
treatment of permanent teeth. Other settings are also very
important, including the water spray, air cooling, and the
type and diameter of the laser applicator.

Primary teeth have several ultrastructural differences
compared with permanent teeth (Table 1).20:41

Advantages of the use of erbium lasers include:

« the laser beam can operate in contact or hon-contact
mode;

« the laser tip does not have to touch the tooth; cutting
efficiency is greatest when the tip is positioned approx.
1 mm from the target tissue;

« the ideal impact angle for laser ablation of enamel is
perpendicular to the orientation of the enamel prisms;

« reduction of bacteria: a study by Hibst et al.!? showed
that bacteria beneath the prepared surface were
eliminated during laser cavity preparation to a depth
of 300—400 pm;

« reduction of bacteria in combination with the use of anti-
septics and lasers was reported by Golob Deep et al 1> They
also demonstrated a reduction in dentin hypersensitivity
using high-power lasers. For this purpose, high-power
lasers were applied for an average of 43 s, delivering 1-20
pulses during a single visit, as reported by Pion et al.5;

* minimal heat increase in the pulp chamber;

* no smear layer after cavity preparation with laser use;

* no vibration.

Table 1. Structure of primary teethto
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Due to the differences in wave absorption, although the
described lasers belong to the same family, there are im-
portant differences between them. Table 2 presents a com-
parison of the properties of the Er:-YAG and Er,Cr.YSGG
lasers. %1417

Our study aims to critically evaluate, through a system-
atic review of the literature, randomized clinical trials with
respect to the setting parameters of erbium lasers (Er'YAG
and Er,Cr:YSGG) in the conservative treatment of decidu-
ous teeth in children.

Material and methods
Focused question

Is it possible to precisely determine the optimal ranges
of Er-YAG and Er,Cr.YSGG laser settings (energy, power,
frequency, applicator size and diameter, and amount
of air-water spray) for the preparation of cariously affected
enamel and dentin in deciduous teeth?

Protocol, information sources, search
strategy, and study selection

The review was prepared in accordance with the PRISMA
(Preferred Reporting Items for Systematic reviews and
Meta-Analyses) guidelines.’® Details of the study protocol
are presented in Table 3.

Electronic searches were conducted from 2001 to May
29, 2024. The PubMed® and Cochrane Library data-
bases were searched using the following Medical Subject
Headings (MeSH) terms, keywords, and their combina-
tions: (“Erbium YAG laser” OR “Er:YAG laser” OR “Er-YAG

+ less mineralized than permanent teeth

+ has a thinner enamel layer than permanent teeth

+ has a higher water content than permanent teeth

+ following laser irradiation, the enamel surface appears disorganized and irregular, lacking the typical pattern observed in permanent teeth

Enamel

+ the surface often contains a superficial aprismatic layer, making primary teeth appear whiter and more opaque than permanent teeth

+ the prism diameter is 2.9 +1.2 um

+ the angulations of the prisms vary along the crown of the tooth and are more perpendicular in the cervical area than in the coronal area (approx. 70°)

+ enamel mineralization in primary second molars is completed by the end of the first year of life

+ has a higher water content than primary enamel

+ contains dentinal tubules of different sizes

+ dentinal tubules are smaller in diameter and more widely spaced than those in permanent teeth

+ contains fewer dentinal tubules per unit area than permanent teeth

Dentin

« dentinal tubules follow a straighter course, which may contribute to the more rapid progression of caries in primary teeth

+ no significant differences in the occurrence of interglobular dentin; however, the interglobular dentin is oriented at an angle in primary teeth

+ following laser irradiation, the primary dentin surface appears irregular with open dentinal tubules

« intertubular dentin contains more water and undergoes greater ablation than peritubular dentin
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Table 2. Comparison of the properties of Er.YAG and Er,CrYSGG lasers®1516

Variable Er:YAG laser Er,Cr:.YSGG laser
(2,940 nm) (2,780 nm)
Laser body YAG crystal (yttrlurp—alumlnusrP_—gamet) with the YSGG crystal with the admixture of Er3* ions
admixture of Er¥* ions
Mode of operation pulse pulse
Pulse duration (pulse width) can operate at pulse durations below 100 ps limited to pulse durations above 400 ps
. o enamel 60% more effective 60% less effective
Effectiveness in tissues
dentin 30% more effective 30% less effective
overall 3-fold higher than Er,Cr.YSGG 3-fold lower than Er.YAG
Absorption coefficient enamel 150 mm 50 mm!
dentin 200 mm™ 66.5 mm-™t
Wave absorption considerably higher in enamel and dentin than Er,Cr:YSGG significantly lower in enamel and dentin than Er.YAG
enamel 5-fold higher (very high) 5-fold lower
Degree of ablation ) )
dentin 3.7-fold higher (tall) 3.7-fold lower
Heat deposition in hard dental tissues low or absent higher
) enamel 7 pm (3-fold shallower penetration) 21 pm (3-fold deeper penetration)
Penetration depth
dentin 5 pym (3-fold shallower penetration) 15 um (3-fold deeper penetration)
QSP mode yes no
Smear layer after cavity preparation absent absent

If high-power laser pulses (high energy and short duration) are used, the rate of ablation exceeds the rate of heat diffusion into the surrounding tissues.
QSP — quantum square pulse.

Table 3. Characteristics of the Er:YAG laser (wavelength: 2,940 nm) settings used for di erent tooth surfaces

Frequenc o Type HiTIE Air coolin e
Surface ?Hz] Y| of energy | e yrl)icator water [L/min] 9 duration

[mJ] pp [mL/min] [us]
160 C400F

occlusal surface 10 25-30 7 300
230 C600F
) 160 C400F

Enamel proximal surface 10 25-30 7 300
230 C600F
150 C600F

labial or palatal surface of anterior teeth 10 25-30 7 300
180 C800F
120 C600F

occlusal surface 10 20-25 7 300
150 C800F
120 C600F

Dentin proximal surface 10 20-25 7 300
150 C800F
120 C600F

labial or palatal surface of anterior teeth 10 20-25 7 300
150 C800F
50 C400F

Surface modification every surface 20 25-30 7 300
70 C600F

laser” OR “Er,Cr.YSGG” OR “Erbium Chromium YSGG” to 28. During the initial screening phase, the titles and
OR “2940 nm” OR “2780 nm”) AND (“primary teeth” OR abstracts of these articles were independently screened

“deciduous teeth” OR “caries” OR “enamel” OR “dentin”). and assessed by 2 reviewers according to the same criteria.
After applying the exclusion criteria (publications from Any disagreements were satisfactorily resolved through

the last 23 years (2001-2024), English language, and ran- discussion.

domized trials only), the initial 1,501 articles retrieved A duplicate filter was then applied, resulting in the re-

from PubMed® were reduced to 138, and the initial 232 moval of 5 publications and leaving 161 articles for further

articles retrieved from the Cochrane Library were reduced evaluation.
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After narrowing the selection criteria, 140 articles on
permanent teeth and adhesion were excluded.

Subsequently, the full texts of the 21 articles were exam-
ined, and a final exclusion of 11 studies was made. Ulti-
mately, 10 publications were included in the review (Fig. 1).

Eligibility criteria

The following inclusion criteria were considered in the

review:

e randomized trials only;

« use of the Er'YAG or Er,Cr:YSGG laser for the prepara-
tion of carious cavities in the deciduous teeth of children;

« presence of a negative control group;

- atleast 10 patients (10 teeth) included in the study group;

« reporting of the laser operating parameters (pulse du-
ration, frequency, power, type of laser applicator, and
amount of air-water spray);

< aminimum follow-up period of 3 months;

* invivo and in vitro studies.

Studies were excluded if they used laser other than
Er:-YAG and Er,Cr:YSGG, were duplicate publications,
reported data from studies with the same clinical ap-
proval number, or investigated the use of the Er:YAG or
Er,CrYSGG laser in general medicine, cosmetology, aes-
thetic medicine, or the conservative treatment of perma-
nent teeth.

Quality assessment and risk of bias across
studies

Following data extraction, the included articles were
further evaluated by assessing their risk of bias. The
Cochrane risk-of-bias tool'” was modified according

Table 4. Assessment of the risk of bias of the studies included in the review

Question

Was the trial randomized?
Was the test performed using a split-mouth design?

Were all laser parameters adequately described (pulse duration, frequency,
power, type of laser applicator, and amount of air-water spray)?

Did the study group include more than 10 cases?

Was there a control group?

Were the study results statistically analyzed?

Were the baseline parameters compared with the outcome parameters?
Was the effect of dentin preparation on the pulp assessed?

Was a power meter used?

Total

Valério et al.?°

~N O O B Rk Rk e

| Identification of studies via databases and registers

c Database search:
2 e PubMed® (n = 1,501)
3 @ Cochrane Library
= (n=232)
=
[
: .
Records identified
after application
of database search filters
(n=166)
Records after
duplicates removed
= (n=161)
£
=
@
: b
8 Records excluded because
Records screened > they did not meet
(n=161) the inclusion criteria
(n = 140)
¢ Full-text articles excluded
Full-text articles for the foIIowin'g reasons:
assessed for eligibility |—>| ® non-randomized study
(n=21) design (n = 8)
o studies involving
permanent teeth (n = 3)
3 v
@
s
o Studies included in
£ the qualitative synthesis
(n=10)

Fig. 1. PRISMA (Preferred Reporting Items for Systematic reviews and
Meta-Analyses) owchart illustrating the study selection process

to the requirements of this systematic review (Table 4).
The studies were classified according to the total num-
ber of “YES = 1” responses to the posed questions.®

e | . |le | 3|23 3]s
3| L | 5| B Q|| B8 8|
%:*»gwt‘.g'%'gc
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For the current study, the risk of bias was assessed accord-
ing to the following score ranges:

« high risk: 0-3;

e moderate risk: 4—6;

e low risk: 7-9.

After analyzing the quality of the publications, 1 study
received a score of 7, corresponding to a low risk of bias.?°
Two studies received a score of 6, corresponding to a mod-
erate risk of bias,??? and the remaining 6 publications
received 5 points, which also corresponded to a moderate
risk of bias.?2-?7

Any disagreements were resolved through discussion
until consensus was reached.

Results
Study selection

Atotal of 185 studies were initially identified for analysis.
Screening of the abstracts and titles excluded 99 studies.
Twenty-one studies underwent full-text analysis.1417.20-38
Of these, 11 were excluded because they did not meet the
predefined inclusion criteria (Table 5).17:28-33.35-38 The main
reasons for exclusion were non-randomized study design
(8 studies?-32:34.3537) and studies involving permanent
teeth (3 studies!”3339),

General characteristics of the included
studies

Ten studies were included.!*20-27.36 Table 6 provides
an overview of the articles that met the inclusion criteria.
Four studies were in vitro laboratory investigations'423.24.27
and 6 were in vivo clinical studies.20-222526.36 No studies
have comprehensively translated the results of laboratory
investigations into clinical applications.

All 10 eligible studies were randomized. Four were con-
ducted on extracted deciduous teeth,*4232427 whereas 6
were clinical trials involving children.20-22.25.26.36 |n 6 stud-
ies, the Er-YAG laser was used,?0-22242627 while 4 studies
used the Er,Cr:YSGG laser.*?32536 None of the publica-
tions directly compared the 2 laser systems (Er:YAG and
Er,CrYSGQG). All studies included a control group. Among
the in vitro studies, the smallest sample consisted of 48
teeth?* and the largest of 100 extracted teeth.?® The re-
maining in vitro studies included 50 teeth and 80 teeth.?’
Among the in vivo studies, the smallest sample consisted
of 50 teeth,?® while the largest included 84 teeth.?® The
remaining studies included 80 teeth,?:2¢ 60 teeth3® and
70 teeth.??

All included studies compared cavity preparation
in deciduous teeth using Er:YAG or Er,Cr.YSGG lasers
with conventional rotary instrumentation. The stud-
ies evaluated the effectiveness and efficiency of the use
of the Er:-YAG laser in the removal of caries in deciduous
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Table 5. Excluded studies and the reasons for their exclusion

Zhegova at al.

20142 non-randomized clinical study

() TR T ASEET non-randomized clinical study

2008%°

;‘gg;?gn etal. non-randomized clinical study
gg;‘;‘ﬁ etal study conducted on permanent teeth
gg(r)ggllit etal. non-randomized clinical study
g(ﬂigzet al. non-randomized clinical study
Egelr;;t al study conducted on permanent teeth
ggg%;t al. non-randomized clinical study

Genovese et al.

2008% non-randomized clinical study

Duruk et al.

202237 non-randomized clinical study

Vaddamanu et al.

2022% study conducted on permanent teeth

teeth,20-22.25.26.36 mjcroleakage after cavity preparation
with the Er,Cr:YSGG laser,? sealing of the lacquer after the
use of the Er,Cr)YSGG laser,* and the acceptance of laser
cavity preparation by pediatric patients.?.2226:36 The re-
ported results indicate that the use of the Er:YAG laser for
the preparation of deciduous teeth was less effective than,
or comparable to, the conventional method for deep cavity
preparation, whereas caries removal from the side walls
of the cavity was more effectively achieved using the con-
ventional method.?® Analysis of pain perception showed
that most children experienced no pain during laser cavity
preparation®21.22.2526,36and children remained calmer dur-
ing treatment, despite procedures taking more than twice
as long as conventional rotary treatment.? Laser-assisted
cavity preparation was reported to be more comfortable for
children.?22536 The use of erbium lasers for cavity prepa-
ration in deciduous teeth does not eliminate the need for
enamel etching with 37% orthophosphoric acid.**2*

Characteristics of individual studies in
terms of laser settings

Table 7 summarizes the laser settings used in the in-
cluded studies. Information extracted from the articles
included laser wavelength and the operating parameters,
namely power, frequency, fluence, pulse duration, and the
amount of air-water spray.

In 7 publications, the fluence values were not re-
ported.142224-2736 | n 2 studies, fluence values ranged from
39 J/cm? to 55.5 J/cm?, although separate values for enamel
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and dentin were not provided. In only 1 study were fluence
values reported separately for enamel and dentin, ranging
from 17.8 JJcm?to 26.8 J/cm? for dentin and from 44.6 J/cm?
to 53.6 J/cm? for enamel.?® The laser power was not
reported in 8 studies.?0-2324.26.27.36 |n the remaining studies,
the reported power ranged from 2.5 W to 6 W.2425 Pulse
energy was reported in 5 studies?°~222427 and ranged from
50 mJ to 700 mJ. Frequency was provided in all studies and
ranged from 2 Hz,* through 4 Hz,?° 10 Hz,?* and 20 Hz, 4%
up to 25 Hz.% Pulse duration was not reported in 5 stud-
ies.2422:24.26:36 Tyyo publications noted pulse durations rang-
ing from 140 s to 200 ps,**23 one study reported a pulse
duration of 100 ys,?° and another reported 140 ps.34%° The
study by Wang et al. described the use of the microsecond
pulsing laser (MSP) mode without providing its numeri-
cal value.?” Information regarding air-water spray was re-
ported in all studies; however, different units were used.
Water spray was expressed either as percentages, ranging
from 60% to 85%,4232527 or as flow rates, ranging from
5 mL/min to 6 mL/min.2%2* Air cooling was determined
in only 4 studies,*232527 with values of 40%, 55% and 90%.
The remaining 6 publications did not report air cooling
Settings.20_22’24’26’36

Characteristics of the laser applicators,
types of primary teeth, and treated
surfaces

The characteristics of the laser applicators, types of pri-
mary teeth treated, and treated surfaces are presented in
Table 8.

The type of applicator used was not specified in 6
out of 10 studies; neither its shape nor its length was
given,20-22.2526.36 The remaining 4 publications specified
the applicator used: a G6tip sapphire tip?3; a 2051 hand-
piece?*; a 6-mm long sapphire tip**; and optical fiber with
an R14 handle.?” In 4 cases,?%24:26:36 the diameter of the
applicator was not reported. The remaining 6 tests were
carried out with the use of applicators with a diameter
of 600 pm,#:23.25.27. 800 pm?* or 900 um.2° Only 3 publica-
tions reported the angle of the laser beam during opera-
tion.?:2527 None of the included studies described the op-
erator’s hand movements during laser cavity preparation.
One publication did not specify which primary teeth were
treated with the laser.?® The remaining 9 studies identi-
fied the treated teeth as deciduous molars,4:20.22.26.27.36
canines?®2* and incisors.? Four studies?0:21:23.25 specified
the treated tooth surfaces: occlusal surfaces?25; Black’s
Class V cavities?3; and Black’s Class 111 and 1V cavities.?
Six studies did not report the treated areas.!422:24.26.27.36
In 7 cases, the laser was operated in a non-contact
mode.142021.23-25.27 However, the distance between the
applicator and the target tissue varied. Four studies re-
ported a working distance of 1 mm,*212327 1 study did
not report the value,® one noted a distance of 17 mm,?*
and another — of 7 mm.2°
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Discussion

The presented results demonstrate the small number
of published articles investigating the use of Er;\YAG and
Er,Cr)YSGG lasers in laboratory and clinical studies for the
preparation of hard tissues in deciduous teeth in children,
as well as the complete lack of similar systematic reviews
on this topic. In addition, most of the published articles do
not provide complete data on the laser operating param-
eters, including energy, power, frequency, applicator type
and diameter, and the amount of air-water spray. Further-
more, they do not distinguish between the parameters used
for individual hard tissues, namely enamel and dentin.

With regard to frequency, considerable variation was
observed, ranging from 2 Hz* to 25 Hz.® A frequency
of 20 HZz**% was used in 2 studies, whereas 25 Hz was
reported in 1 publication.?®> None of the researchers dif-
ferentiated the frequency according to whether the laser
was used on enamel or dentin. In the studies included in
this review, the frequency values used with the Er,Cr:YSGG
laser ranged from 20 Hz to 25 Hz, #2325 whereas those used
with the Er:YAG laser ranged from 2 Hz to 10 Hz.20.21.24
None of the analyzed studies explained why the frequen-
cies used with the Er,Cr:'YSGG laser were considerably
higher than those used with the Er:-YAG laser. Likewise,
no such relationship has been described in other published
studies.® 71733 When preparing hard dental tissues, fre-
guency appears to be an important parameter. The speed
of the Er:-YAG and Er,CriYSGG?>40-*9 |asers depends not
only on the laser parameters and the operator’s experience
but also on the chemical composition of the hard dental
tissues (enamel and dentin). Enamel consists of 95% of hy-
droxyapatite, 4% water and 1% collagen fibers, whereas
dentin contains approx. 70% hydroxyapatite, 20% colla-
gen fibers and 10% water.** Carious hard tissues contain
more water than healthy tissues, which means that laser
processing of dentin is faster than that of enamel, and
diseased tissue is removed more easily than healthy tissue.
Therefore, careful control of the laser parameters during
cavity preparation is essential to comply with the principles
of MID. During enamel preparation, higher frequency set-
tings than during dentin preparation may be appropriate,
particularly near the intraventricular wall,314¢

Similarly, fluence was not reported in 2 studies.?*?5
When each study is analyzed individually, it is not pos-
sible to determine which laser parameters were used for
specific tooth surfaces or which parameters were applied
to enamel and dentin during caries removal. One publica-
tion reported the fluence, applicator type and diameter,
use of the non-contact mode at a distance of 1 mm from
the target area, the type of tooth treated (canines), and the
cavity type (Class V).22 It did not describe the treated sur-
face or the operator's movements during the procedure.?
The study by Rossi et al. appears to be one of the most
comprehensive among the included studies and provides
the most useful information for determining appropriate
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Table 6. Characteristics of studies that ful lled the eligibility criteria

Laser type and wavelength Study groups Control Type of the
[nm] group study
Valério et al. ErYAG 42 children (84 pr.lrlzr:f':;rxgﬁlglzrrs) :J(;\Lljlded into 2 groups: Ve e
2016% 2,940 : T group
* bur preparation group
. ; 100 teeth divided into 10 groups:
58;58'2? d Er,(z:r%SOGG + groups 1 and 2 represented cavities prepared by a diamond bur YES in vitro
' + groups 3-10 represented cavities prepared with the Er,Cr:YSGG laser
Liuetal ErYAG 40 children (?SrF?:éhl)a(:;vr|dfgulnto 2 groups: Ve e
2006% 2,940 ' T group
+ bur preparation group
Johar et al. ErCrySGG 25 chlldrer? (50 teeth) dl\lllded into 2 groups: o
o + group A — caries removal using the Er,Cr.YSGG laser YES in vivo
2019 2,780 - - . .
+ group B — caries removal using the air rotor handpiece
48 primary canines divided into 4 groups:
+ control (G1) + 35% phosphoric acid
Wanderley et al. ErYAG + 3 groups irradiated with different Er:YAG laser energies: VES invitro
2005% 2,940 — 60 mJ/2 Hz (G2) + 35% phosphoric acid
—80 mJ/2 Hz (G3) + 35% phosphoric acid
—100 mJ/2 Hz (G4) + 35% phosphoric acid
50 mandibular primary molars divided into 5 groups:
+ 35% orthophosphoric acid etching
Sungurtekin et al. ErCr.YSGG + 25 W ErCr:YSGG laser irradiation VES in vitro
2010% 2,780 *35W ErCr.YSGG laser irradiation
+ 25 W ErCr.YSGG laser irradiation + 35% orthophosphoric acid etching
+ 35 W ErCr.YSGG laser irradiation + 35% orthophosphoric acid etching
Aliaetal ErCrySGG thirty 6-12-year-old children w:’tlt;si(: cz:[r)lgus molars divided into 2 groups: Ve e
2020% 2780 group
+ bur preparation group
Abdrabuh et al. ErYAG 35 healthy children with 70 cazlgtése rprlrr(r:L.a:ry molars divided into 2 groups: ‘e e
202372 2,940 group
* bur preparation group
forty 9-12-year-old children with 80 carious primary molars divided into
Felemban et al. ErYAG 2 groups: VES in vivo
2024% 2,940 + laser caries removal group
+ conventional rotary treatment group
freshly extracted intact 80 primary molars divided into 4 groups based on
the surface treatment:
Wang et al. Er.YAG « control group A
202077 2,940 + etchant group U2 n vitro
* energy group
« frequency group

SEM — scanning electron microscopy.
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To evaluate the effectiveness and efficiency of the
ErYAG laser for caries removal in primary molars
by assessing microbiological changes in dentin

and clinical restoration outcomes after 1 year in 29

children.

To evaluate microleakage following cavity
preparation in primary teeth using an Er,Cr.YSGG
laser or a high-speed drill in combination with
conventional and resin-modified glass ionomer
cements.

To evaluate the clinical efficiency and patient
acceptance during cavity preparation in children
by directly comparing Er:YAG laser preparation
with conventional mechanical preparation of caries
using a split-mouth design.

To evaluate and compare caries removal using
the ErCr.YSGG laser and a conventional air rotor
handpiece in primary teeth.

To assess, in vitro, the influence of Er:YAG laser
energy on the shear bond strength of a total-etch
adhesive system to laser-irradiated primary enamel

and to evaluate the morphology of laser-ablated
surfaces using SEM.

To evaluate the effect of Er,Cr:YSGG laser
pretreatment alone or in combination with acid
etching on the marginal integrity of a resin-based
fissure sealant in primary teeth.

To assess and compare pain sensitivity, anxiety
and willingness to undergo cavity preparation in
children using the Er,Cr.YSGG laser (2,780 nm) and
the conventional rotary method.

To evaluate and compare children’s anxiety levels
and pain perception during cavity preparation
using an Er:YAG laser vs. conventional rotary
instrumentation.

To evaluate and compare the effectiveness of cavity
preparation using an Er.YAG laser and conventional
rotary instrumentation in children, with particular
emphasis on the quality of the bond interface.

To investigate the effect of Er.YAG laser
pretreatment on dentin structure and the shear
bond strength of deciduous teeth.
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The Er:YAG laser was less effective than bur preparation for caries removal at the pulpal wall of
a deciduous molar. In the surrounding walls, bur preparation was the more effective method.
Regardless of the method employed, similar amounts of S. mutans and Lactobacillus spp. were
detected in the affected dentin of the pulpal wall.
The Er:YAG laser and bur preparation were equally effective for caries removal from the pulpal wall;
however, bur preparation was more effective on the surrounding cavity walls.

The lowest degree of dye penetration was observed in cavities prepared with the Er,Cr:YSGG laser
using energy densities of 44.6 J/cm? (25 W) and 53.6 J/cm? (3 W) for enamel and 17.8 J/cm? (1 W)
and 26.8 J/cm? (1.5 W) for dentin.

No significant differences were found between cavities prepared with the Er,Cr:YSGG laser and
those prepared using an air turbine.

Pain assessment showed that 82.5% of children experienced no pain during laser preparation,
whereas greater body and head movement occurred during conventional preparation. Although
Er:YAG laser preparation was 2.35 times longer than conventional preparation, 92% of children
preferred laser treatment. Laser preparation appears to be a suitable option for anxious children
because it causes less pain while maintaining acceptable clinical efficiency.

Children experienced less pain during laser cavity preparation than during a conventional
mechanical preparation.

Children experienced less pain during caries removal with the Er,Cr:YSGG laser than with the air
rotor handpiece. Although treatment time was longer in the laser group, complete removal of the
caries detector dye was achieved in both groups, indicating that both methods were effective for

caries removal. Children reported greater comfort during laser treatment.

Er:YAG laser ablation of primary enamel before the adhesive protocol influenced shear bond
strength. Bond strengths obtained after irradiation with 60 mJ and 80 mJ were significantly higher
than those of the acid-etched control group. No significant difference was found between the
control group and specimens irradiated with 100 mJ. SEM analysis demonstrated progressively
rougher enamel surfaces, regardless of acid etching.

The findings suggest that Er:-YAG laser irradiation may be an effective method for preparing primary
enamel before adhesive restorative procedures.

Microleakage scores in the acid-etching group were significantly lower than those in the laser-only
groups, whereas no statistically significant differences were observed between groups 4 (2.5 W laser
etching + acid etching) and 5 (3.5 W laser etching + acid etching).

Er,Cr.YSGG laser etching does not eliminate the need for acid etching.

The air rotor group showed a significantly higher pulse rate compared to the baseline, while the
laser group did not exhibit any significant differences in pulse rate. Pain scores were slightly higher
in the air rotor group than in the laser group, and 57% of children preferred the Er,.Cr:YSGG laser for

future cavity preparation.
During cavity preparation, the Er,Cr:YSGG laser appears to be more effective and better accepted by
children because it induces less anxiety and causes less pain in comparison to the air rotor.

The mean participant age was 9.4 +1.29 years, and 51.4% of the participants were boys. Baseline
pulse rates did not differ significantly between the laser and conventional treatment groups. During
treatment, pulse rates were significantly higher with conventional rotary instrumentation than with

the Er:YAG laser. Significantly fewer children requested local anesthesia during laser treatment.
The use of the Er:YAG laser for caries removal reduces pain and anxiety, decreases the need for local
anesthesia, and helps children remain more relaxed during treatment.

SEM analysis of the adhesive interface demonstrated no significant differences between
restorations placed after bur preparation and those placed after Er.\YAG laser preparation. Both
methods showed favorable outcomes. After 1 year, no significant differences in adhesive interface
quality were observed.

SEM demonstrated that the surface structure of dentin slices underwent alterations following acid
etching and Er:YAG laser pretreatment. Laser settings of 50-200 mJ and 5-20 Hz resulted in open
dentinal tubules, whereas deviations from this range caused cracks and breakdown of intertubular
dentin structure. Shear bond strength increased significantly following laser pretreatment
compared with the control group (p < 0.05). Enhanced shear strength was observed within the
same energy and frequency range as tubule opening, although the difference was not significant
(p > 0.05). The predominant mode of interface failure was adhesive, followed by mixed and resin
cohesive failures.

Er:YAG laser pretreatment effectively opens dentinal tubules, avoids smear layer formation, and
improves the bond strength between primary dentin and resin composites.
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Table 7. Characteristics of the laser settings

Ene(;lgmgig)s ity Pulse energy | Frequency Air cooling | Pulse duration
[I/cm?] [mJ] [HZ]
Valério et al® ErYAG 39 NA 250 4 6 mL/min NA 100
Enamel preparation:  Enamel preparation:
+446 *25
. 5 . +536 +30
Rossi et al. ErCrYSGG ' . . . NA 20 65% 55 140-200
Dentin preparation:  Dentin preparation:
+178 <10
+2638 +15
Liuetal?* ErYAG 555 NA 700 10 24 mL/min NA NA
Johar et al.?® ErCrYSGG NA 6 NA 25 60% 40 140
60
Wanderley et al®* ErYAG NA NA 80 2 5 mL/min NA NA
100
) 25 80% 90
14 3 —,
Sungurtekin etal*  Er,Cr.YSGG NA 35 NA 20 85% 90 140-200
Alia et al.%® ErCrYSGG NA NA NA NA NA NA NA
Abdrabuh et al.? ErYAG NA NA 100-200 20 NA NA NA
Felemban et al.? ErYAG NA NA NA NA NA NA NA
Wang et al?’ ErYAG NA NA 50-200 5-20 60% 40 NA

NA - information not available.

Table 8. Characteristics of the laser applicators, types of primary teeth and treated surfaces

Applicator
diameter

[um]

Setting
angle

Operator
movement

Type of

. Treated surface
primary teeth

Applicator type

Operating mode

non-contact mode

Ari 20
Valério et al. NA 900 NA (focal distance: 7 mm (R02)) NA molars occlusal
] 23 ] Ao non-contact mode g ’
Rossi et al. G6tip sapphire tip 600 NA (1 mm from the target area) NA canines Black’s Class V
. 27 o non-contact mode L Black's Classes Il

Luetal. NA 800 %0 (2 mm from the target area) NA Incisors and IV
Johar et al.» NA 600 90° non-contact mode NA NA Black’s Class |
Wanderley etal® 2051 handpiece NA NA non-contact mode NA canines NA

(17 mm from the target area)

. 6-mm long non-contact mode
14

ST EE! sapphire tip e NA (2 mm away from the target area) NA TS NA
Alia et al.% NA NA NA NA NA molars NA
Abdrabuh et al?? NA NA NA NA NA molars NA
Felemban et al.? NA NA NA NA NA molars NA

o optical fiber R14 vertical to non-contact mode
U EiE! handle 8 the surface (1 mm from the target area) NA el NA

Er,Cr'YSGG laser settings for enamel and dentin prepara-
tion in primary teeth with Class V cavities.?

After comparing the studies on deciduous teeth included
in this review with studies on permanent teeth that were
excluded from the analysis because they were outside the
scope of this review, a considerable lack of consistency in re-
porting laser operating parameters was observed. Further-
more, the available studies do not provide tissue-specific
parameters for enamel and dentin. Apart from reporting
the laser wavelength, the published studies generally fail to
provide essential information, including the type of hand-
piece, applicator type, applicator diameter, operating mode

(contact or non-contact), working distance, angle of laser
application, operator movement, type of tissue treated
(enamel or dentin), type of teeth treated (primary, im-
mature permanent, or mature permanent), treated tooth
surface, and laser operating parameters, including pulse
duration, frequency, pulse energy, power, fluence, water
spray, and air cooling. Among the analyzed studies, wave-
length, frequency and water spray were the only parameters
consistently reported. However, water spray was expressed
either as mL/min or as percentages, making direct com-
parison impossible because no validated method exists for
converting percentage values into water flow rates.
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Two of the reviewed papers?®2® investigated cavity
preparation on the occlusal surfaces of deciduous molars.
The first paper evaluated the Er'YAG laser,?° whereas the
second investigated the Er,Cr:YSGG laser.?® The reported
frequencies differed substantially: 4 Hz?° vs. 25 Hz.% In
the first study, the fluence was 39 J/cm?, and in the second
study, no fluence value was provided. The first paper also
reported pulse energy and pulse duration, making it pos-
sible to establish baseline data for Er:YAG laser preparation
of occlusal surfaces in primary teeth. However, the authors
did not specify whether these parameters were used for
enamel or dentin preparation, which is an important limi-
tation. The provided information is insufficient to establish
basic Er,Cr.YSGG laser parameters for enamel and den-
tin preparation on occlusal surface of deciduous teeth.?
Valério et al.?® used a 900-um applicator in a non-contact
mode with a focal distance of 7 mm, whereas Johar et al.?
used a 600-um applicator in a non-contact mode but did
not specify either the working distance or the applicator
type. Neither study indicated whether the reported param-
eters referred to enamel or dentin preparation.

Following the analysis of the reported laser settings,
although 7 publications reported the applicator diame-
ter,8.14.2021.23-25 gny 4 specified the applicator type.1#:2324.27
None reported the angle between the applicator and the
treated tissue, and none described the operator’s hand
movements. All studies used the non-contact technique,
reporting working distances of 1 mm,*2%28 7 mm,20
17 mm,?* or not specifying the distance from the treated
surface.?> However, the rationale for selecting these dis-
tances was never explained.

The included studies also provide only general informa-
tion regarding applicator type and diameter. In contrast,
several studies involving permanent teeth, although ex-
cluded from this review, described more detailed treat-
ment protocols. Among these, Kato et al. described laser
cavity preparation in both permanent and deciduous teeth
using the Er:\YAG laser.3* They reported pulse duration,
applicator type and diameter, as well as separate laser pa-
rameters for enamel and dentin. However, they did not
describe the operator's movements or distinguish between
laser settings used for deciduous and permanent teeth.
Consequently, their findings cannot be used to establish
standardized laser parameters for either dentition.3*

Another excluded study by Eren et al. assessed pain
during Er,Cr:YSGG laser treatment of permanent teeth in
children.® The authors reported different air-water spray
settings for enamel (85% air and 85% water) and dentin
(65% air and 55% water). They also described the head
and the applicator used and were the only authors to re-
port the operator’'s movements: “During preparation, the
sapphire tip (600 um) was moved carefully back and forth
and up and down to remove caries.” The authors compared
treatment duration with conventional method in first per-
manent molars of children aged 7—10 years. Laser prepara-
tion required an average of 7.4 min, whereas mechanical
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preparation required approx. 3.7 min.® Liu et al. likewise
compared treatment times in primary teeth and found
that Er:YAG laser preparation required approx. 2.35 times
longer than conventional methods.?

Overall, laser preparation requires nearly twice as much
time as conventional rotary instrumentation. However, pain
is one of the most important factors contributing to uncoop-
erative behavior in pediatric patients. The reviewed studies
indicate that approx. 70% of children preferred laser prep-
aration, compared with 30% who preferred conventional
treatment. Although laser preparation is slower, children co-
operate more readily, remain calmer during treatment, and
frequently choose laser treatment again during subsequent
visits.?%2533 These advantages make laser-assisted treatment
less traumatic and more acceptable for pediatric patients.

The only conclusion resulting from the presented analy-
sis is that studies investigating Er:-YAG and Er,CrYSGG
lasers have been published with similar frequency.

The main common finding to all published studies is that
erbium lasers provide advantages because they operate with-
out direct contact with the tissues of the prepared tooth and
without vibration.?24:33.343940 Approximately 90% of chil-
dren accept laser dental treatment, 3 while patients aged 10
years or older generally show no preference between laser
and conventional treatment.34¢ The reduction in turbine
noise appears to be particularly important for younger chil-
dren, taking into account comfort during work,2%24.33:34,39-41
In most of the presented cases, local anesthesia was not
required during laser treatment142021,23-2533,34,33.40 | ager
cavity preparation enables minimally invasive and selective
removal of infected carious tissues.®#3%4243 The use of laser
techniques in hard tissues produces little or no thermal ef-
fect on the dental pulp.343%4445 Dentin prepared with the
Er:YAG laser is free of asmear layer, and the dentinal tubules
remain open and visible 3443:4547-49

Removal of carious tissue from the side walls of the
cavities is more difficult with laser preparation than with
conventional methods because the laser applicator does
not function in the same manner as a drill. In contrast,
preparation of infected dentin on the intraventricular wall
is comparable with conventional mechanical preparation.°

The use of laser technology represents a new philosophy
of treatment for both dentists and patients. Laser-assisted
preparation enables young patients to undergo treatment
in a more comfortable and less stressful environment.

The limited amount of published information regarding
laser treatment of primary teeth justifies further research
in this area and highlights the need to establish standard-
ized treatment protocols for laser preparation of hard tis-
sues in primary teeth.

Based on the available evidence, there is a clear need for
further laboratory and clinical studies. Future publications
should consistently report the following information: la-
ser wavelength; head type; applicator type and diameter;
operating mode (contact or non-contact); working dis-
tance; angle of laser application; operator movement; tissue
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treated (enamel or dentin); tooth type (primary, immature

permanent, or mature permanent); treated tooth surface;

pulse duration; frequency; pulse energy; power; fluence;
water spray; and air cooling.

The use of the Er,Cr:YSGG laser for cavity preparation
in deciduous teeth may be more effective than conven-
tional rotary instruments in reducing anxiety and pain
in young patients. Therefore, the Er,Cr:-YSGG laser may
represent an alternative to conservative treatment in chil-
dren.3® The use of the Er'YAG laser for cavity prepara-
tion is also associated with minimal pain and discomfort,
thereby reducing the need for local anesthesia and pro-
viding a more comfortable treatment option for children
than the conventional method.?? Additionally, erbium laser
technology may enable more precise cavity preparation
than traditional methods, resulting in improved adaptation
and bonding of the filling material. This may contribute
to greater restoration longevity and a lower risk of recur-
rent caries in deciduous teeth.?® Following Er'YAG laser
irradiation of dentin, dentinal tubules may undergo mor-
phological changes. Laser energy can induce partial sealing
or closure of the dentinal tubules, thereby reducing their
diameter. This sealing effect can help reduce dentin hy-
persensitivity and improve the bond strength of restorative
materials to the treated surface.?”¥

When Er:YAG lasers are used for cavity preparation in
primary teeth, specific laser parameters influence treat-
ment effectiveness. Commonly recommended parameters
include:

e Pulse duration: Short pulse durations (approx. 50—100
ps) are preferred for precise ablation with minimal ther-
mal damage to the surrounding tissues;

« Energy density: Fluence should be optimized (approx.
20-100 mi/cm?) to ensure efficient ablation while pre-
venting overheating of the tooth structure;

« Repetition rate: The repetition rate may vary (2—20 Hz),
depending on the desired ablation efficiency and thermal
effects. Higher repetition rates may accelerate cavity
preparation but require careful monitoring to prevent
tissue damage;

e Water spray or air-water cooling: The use of water spray
or air-water cooling helps dissipate heat generated dur-
ing laser ablation and reduces the risk of thermal injury
to the dental pulp.

Although laser-assisted cavity preparation in deciduous
teeth shows considerable promise, additional studies are
required to establish the optimal irradiation parameters
for clinical use.3®

The development of erbium family lasers in pediatric
dentistry, particularly for the treatment of deciduous teeth,
is likely to progress in several directions;

1. Improved treatment efficiency: Continued advances in
laser technology and optimization of operating param-
eters may improve precision, shorten treatment time and
enhance clinical outcomes during caries removal, cavity
preparation and soft tissue procedures in deciduous teeth;
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2. Minimally invasive treatment: Erbium lasers facilitate
minimally invasive procedures that preserve healthy
tooth structure, reduce the need for anesthesia, and im-
prove patient comfort during dental treatment, making
them particularly advantageous in pediatric dentistry;

3. Preventive applications:; Further research may explore
the use of erbium lasers for preventive procedures, such
as enamel conditioning, fissure sealant application and
surface modification to enhance the resistance of de-
ciduous teeth to caries;

4. Treatment of patients with special needs: Erbium lasers
may provide a gentle and efficient alternative for man-
aging dental conditions in children who have difficulty
tolerating conventional dental treatments.

5. Combination therapies: Combining erbium laser treat-
ment with other dental modalities, such as fluoride
therapy, sealants or antimicrobial agents, may further
improve the effectiveness of caries prevention and man-
agement in deciduous teeth.

The future application of erbium family lasers in pe-
diatric dentistry appears promising, offering innovative
approaches to the treatment of deciduous teeth with im-
proved precision, minimal discomfort and reduced anxiety
for young patients. By addressing important challenges in
pediatric dental care, including fear of dental procedures,
pain management and patient cooperation, erbium lasers
have the potential to revolutionize the treatment experi-
ence and improve oral health outcomes in children.

Overall, the ongoing development and clinical imple-
mentation of erbium laser technology in pediatric dentistry
represent a promising direction toward safer, more effec-
tive and more patient-friendly dental care for children.

Limitations

One limitation of this systematic review is the limited
number of high-quality studies available on the use of er-
bium family lasers for cavity preparation in deciduous
teeth. Consequently, it is difficult to draw definitive con-
clusions because of the limited amount of robust scientific
evidence. The available studies are generally small, employ
different methodologies, and often report inconsistent out-
comes, making comprehensive evaluation of the effective-
ness and safety of erbium lasers challenging.

Several additional limitations should be considered when
interpreting studies on laser treatment of carious lesions
in deciduous teeth:
< Sample size and diversity: The limited availability of pe-

diatric patients with carious lesions may restrict both

sample size and population diversity, affecting the statisti-
cal power and limiting the generalizability of the findings;

« Ethical considerations: Clinical studies involving pe-
diatric populations require strict ethical standards, in-
cluding informed parental consent, child assent when
appropriate, and careful attention to patient comfort
and safety throughout treatment;
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< Long-term follow-up: Assessment of long-term clini-
cal outcomes is challenging due to the transient nature
of primary dentition and the potential loss of follow-up
over time;

« Variability in tooth morphology: Deciduous teeth exhibit
diverse anatomical features, making it difficult to stan-
dardize laser treatment protocols across different tooth
types and stages of dental development.

Research involving deciduous teeth is challenging because
of the limited availability of suitable teeth and their eventual
replacement by permanent dentition. Consequently, studies
involving primary teeth often include smaller sample sizes
than studies conducted on permanent teeth. Researchers
may face difficulties in recruiting sufficiently large study
populations because of ethical considerations, patient age
and the natural shedding process of these teeth.

Despite the potential limitations in sample size, studies
involving deciduous teeth remain essential for improving
our understanding of pediatric oral health and for devel-
oping appropriate treatment strategies tailored to this age
group. These limitations should therefore be considered
when designing and interpreting research involving de-
ciduous teeth to make informed decisions regarding pe-
diatric dental care.

Conclusions

Based on the available evidence, it is currently not pos-
sible to establish optimal Er;YAG and Er,Cr.YSGG laser
parameters for the preparation of carious enamel and
dentin in deciduous teeth. Analysis of the included stud-
ies demonstrates that only limited information is avail-
able regarding the laser operating parameters used during
treatment. Individual data values are missing to determine
the final laser settings. The information reported in the
available studies is incomplete and insufficient to allow
reliable assessment of the physical laser parameters.

Ethics approval and consent to participate
Not applicable.
Data availability
The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on
reasonable request.
Consent for publication
Not applicable.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Cyst enucleation is acommon procedure performed in oral and maxillofacial surgery to remove cystic lesions.
Conventional surgical techniques have traditionally been used for this purpose. However, piezosurgery,
arelatively new technology, has gained popularity in recent years. This systematic review aims to compare
thee cacy, safety and clinical outcomes of piezosurgery and conventional surgery for cyst enucleation.

Acomprehensive literature search was conducted using electronic databases, including PubMed, EBSCOhost,
Scopus, ProQuest, and ScienceDirect. Studies published from inception up to May 2023 were included.
Randomized controlled trials (RCTs) comparing piezosurgery with conventional surgery for cyst enucleation
were considered. The primary outcomes included surgical duration, intraoperative bleeding, postoperative
complications, and healing outcomes. Secondary outcomes comprised postoperative pain, edema and
recurrence. The quality of the included studies was assessed using the revised Cochrane risk of hias tool for
RCTs (RoB 2.0).

The initial search identi ed 160 relevant articles, of which 6 studies met the inclusion criteria. Piezosurgery
was shown to have a longer operation time, but higher visibility and a similar ease of operation. Clinical
outcomes showed less postoperative pain, swelling and trismus in the piezosurgery group.

This systematic review suggests that piezosurgery is a promising alternative to conventional surgery for cyst
enucleation, o ering advantages in terms of reduced surgical duration, intraoperative bleeding, postoperative
pain, and edema, as well as proven not to cause any recurrence. However, further well-designed RCTs with
larger sample sizes are warranted to validate these ndings and evaluate long-term outcomes.

Keywords: piezosurgery, enucleation, odontogenic cyst, conventional surgery
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U.P. Ghassani et al. Piezosurgery and conventional surgery for cyst enucleation

 Piezosurgery provides a more conservative approach for odontogenic cyst enucleation by enabling precise bone
cutting while preserving the adjacent anatomical structures.

« Compared with conventional rotary instruments, piezosurgery reduces postoperative complications, including
pain, swelling, and the risk of soft tissue and neurovascular injury.

 Piezosurgery improves surgical visibility and reduces intraoperative bleeding through the cavitation effect, facili-

tating safer cyst removal near vital structures.

 Despite longer operative times and technical limitations, piezosurgery demonstrates favorable clinical outcomes
and potential advantages in the management of odontogenic cysts.

Introduction

Odontogenic cysts are common benign lesions that can
arise from the epithelial remnants of tooth development or
the inflammation of the dental pulp. They occur in 2.5%
of the general population. These cysts can grow in size and
cause bony expansion, the destruction of the surrounding
bone, and the displacement of the adjacent teeth. They are
usually asymptomatic and detected incidentally on routine
radiographs. However, some cysts may cause pain, swelling
or other complications.!

The treatment of odontogenic cysts varies depending on
several factors; however, surgical intervention remains the
mainstay of management. In recent years, more conserva-
tive surgical approaches have gained increasing support,
as they are considered effective in treating odontogenic
cysts while preserving the surrounding bone and teeth.
Consequently, surgical treatment is increasingly designed
to be as conservative as possible.>*

Apart from the operative approach, more conservative
techniques have also been developed for the treatment
of odontogenic cysts. Piezosurgery is a specialized tech-
nique that uses non-heat-generating ultrasonic vibrations
to cut and shape bone instead of conventional rotary in-
struments, which are more invasive and generate heat. It
is thought to provide greater control and precision, and
is associated with reduced trauma to the surgical site. Its
use in oral and maxillofacial surgery has been reported
to result in better clinical outcomes and fewer complica-
tions as compared to conventional techniques. However,
little is known about its use in the surgical management
of odontogenic cysts.>*

The purpose of this systematic review was to compare
the clinical outcomes of odontogenic cyst removal with
piezosurgery and conventional surgery.

Methods
Protocol and registration

This literature review was conducted in accordance
with the Cochrane Handbook for Systematic Reviews

of Interventions, and reported in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement.

Eligibility criteria

Studies were screened based on the inclusion criteria
of the population, intervention, comparison, outcome,
and study design (PICOS) strategy. Articles focusing on
other outcomes unrelated to piezosurgery for cyst removal,
editorials, reviews, magazines, letters, and foreign articles
were excluded.

Patients of any age, with good general health or con-
trolled systemic disease, diagnosed with odontogenic cysts
and indicated for jawbone cyst removal were included as
the study population (P). The intervention investigated was
piezosurgery (1), which was compared with conventional
enucleation, the gold standard conservative treatment for
odontogenic cysts (C). The primary outcomes (O) included
the incidence of complications (e.g., hemorrhage, soft tis-
sue injury, pain, swelling, and trismus), the duration of sur-
gery, reduction in bone density, the ease of operation, and
surgical visibility. Randomized clinical trials (RCTs), with
or without blinding, as well as case series and case reports
involving more than 5 cases, were eligible for inclusion (S).

Information sources

A comprehensive literature search was conducted in
5 electronic databases: PubMed; EBSCOhost; Scopus;
ProQuest; and ScienceDirect. No date restrictions were
applied, and all relevant studies published in English from
database inception up to May 2023 were considered. In
addition, the reference lists of the included studies were
hand-searched to identify potentially eligible articles not
captured by the electronic search.

Search strategy

The search strategy combined the keywords “enucle-
ation” OR “cyst removal”, “piezosurgery” OR “piezoelec-
tric”, and “odontogenic cyst” OR “jaw cyst”, together

with relevant synonyms. The search terms and their
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combinations were adapted to the advanced search re-
quirements of each database.

Data extraction

Data were extracted after the full texts of the included
studies had been reviewed by the authors. The extracted
data included: (1) first author and publication year; (2)
study design; (3) sample size; (4) population characteris-
tics; (5) cyst location; (6) treatment outcomes; (7) follow-up
period; and (8) recurrence.

Quality assessment

The risk of bias was assessed using the revised Cochrane
risk of bias tool for RCTs (RoB 2.0). The domains assessed
included selection bias, performance bias, attrition bias,
detection bias, and reporting bias. Three reviewers (UPG,
LAL and SP) independently assessed the included studies.
Each study was rated as having a low risk of bias, some
concerns, or a high risk of bias according to the RoB 2.0
guidance. Studies in which all domains were rated as
low risk were assigned an overall judgment of low risk
of bias. Studies with at least one domain rated as having
some concerns, but no domains rated as high risk, were
judged to have some concerns. Studies with at least one
domain rated as high risk were judged to have an overall
high risk of bias.

Identification of studies via databases and registers

Records identified from:
S ® PubMed (n = 6) Records remo_ved before
s @ EBSCOhost (n = 4) 3 screening:
2 ® Scopus (n=7) @ duplicate records
= ® ProQuest (n =101) removed (n = 37)
5 ® ScienceDirect (n = 42)
k=)
Records screened Records excluded
(n=123) > (n=91)
g) Reports sought Reports not retrieved
= for retrieval > (n=23)
S (n=32)
1
7]
(72}
¢ Reports excluded:
@ wrong population
Reports assessed (n=12)
for eligibility — | @ wrong design (n =7)
(n=29) @ wrong intervention
(n=3)
¢ @ wrong outcome (n=1)
2
° Studies included
% in the review (n = 6)
£ Reports of the included
studies (n = 6)

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) owchart of the study
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Results
Study selection

The search of 5 electronic databases yielded 160 records,
of which 37 were duplicates. After duplicate removal,
123 records remained for title and abstract screening, and
91 were excluded. The remaining 32 reports were sought
for full-text retrieval. Following full-text assessment, 29 ar-
ticles were evaluated against the inclusion and exclusion
criteria, and six studies were included in the review. The
study selection process is presented in Fig. 1.

Risk of bias

The risk of bias assessment showed that 3 studies had
a low risk of bias, while the remaining 3 showed some
concerns. A summary of the risk of bias assessment is pre-
sented in Fig. 2.

Characteristics of the included studies

The characteristics of the 6 RCTs included in the review!-6
are presented in Table 1. The dataset consists of the first
author, year of publication, study design, population char-
acteristics, cyst location, follow-up period, and clinical out-
comes from both the intervention and comparison groups.

Outcomes
Intraoperative outcomes
Several intraoperative outcomes were identified from

the included studies, including manipulation complexity,
the ease of operation, visibility, and operation duration.

Risk of bias domains

® @
® O
® @
® O
© ©

Domains: Judgement

D1: Bias arising from the randomization process

D2: Bias due to deviations from the intended intervention @ some concerns
D3: Bias due to missing outcome data

D4: Bias in the measurement of the outcome :

D5: Bias in the selection of the reported result . low risk

o —

D2 T

Lo ——

D4 I

D5 T

Overall risk of bias 7]
0% 25% 50% 75% 100%

[C]some concerns |

[ low risk

Fig. 2. Risk of bias assessment
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Table 1. Characteristics of the studies included in the review

First
author

Kocyigit!

2012 RCT

Pappalardo?

2014 RCT

Noureldin®

2020 RCT

Yaman*

2013 ey

Tawfik®

2016 RCT

Ibrahim®

2016 RCT

Population
characteristics

sample size (n)
(test vs. control)
19vs. 10

sex (F:M)
1316

mean age
[years]
293

sample size (n)
(test vs. control)
40vs. 40

sex (F:M)
45:35

mean age
[years]
423

sample size (n)
(test vs. control)
7vs.7

sex (F:M)
8.6

mean age
[years]
40.7

sample size (n)
(test vs. control)
34vs. 34

sex (F:M)
2543

mean age
[years]
353

sample size (n)
(test vs. control)
10vs. 10

sex (M)
NA

mean age
[years]
NA

sample size (n)
(test vs. control)
Tvs. 7

sex (M)
8.6

mean age
[years]
322

Diagnosis

radicular cyst

NA

radicular cyst

radicular cyst
dentigerous cyst
residual cyst
keratocyst

radicular cyst

periapical cyst

Location

18 maxilla
11 mandible

80 mandible

9 maxilla
5 mandible

51 maxilla
31 mandible

NA

14 mandible

Follow-up
period

7 days

1 day

2 days

7 days
3 months

18-57 months

1-7 days
6 months
12 months

1 day

2 days

7 days
1 month
3 months
6 months

Clinical outcome

1.none
2. hemorrhage

3. soft tissue damage

5-24 months 4. manipulation complexity

5. major perforation areas
6. operation duration

7. recurrence

pain (VAS)

swelling (facial edema)

pain (VAS) day 1-2-7

operation duration
ease of operation
visibility

neurosensory deficiency
bone defect reduction

complications
visibility
ease of operation
operation duration

pain
swelling
trismus (2 days)
operation duration

bone density (6 months)

soft tissue damage

manipulation complexity

pain
infection
tissue dehiscence

surface area (6 months)

bone density

Results

5.06 +1.37
4050 +6.50

8.01-6.71-1.62
4443 1274
7357 £5.56
79.29 £345
2
33.04%

79.8+94
80372
36.0+15.3

exceeded
0

165 +0.42*
15.00 +£5.92*

595-3.81-1.28
68.00 £12.45*
77.86 +4.80
88.57 £3.78*
0
46.58%*

89.4 £52*
75187
51.0 £27.9*

4 mild/6 moderate 6 mild/2 moderate

35.08 +1.06
405+0.13
89.10 £10.92
7550 +6.39

0
0
7.71+0.95
0
3
32,68 +11.92
666.10 +£193.88

32.65 £1.55*
3.80 +0.18*
104.10 +13.43*
84.00 £7.74*

0
0
343 +0.98
0
0
1739344
1,091.34 +£193.96

RCT - randomized controlled trial; F — female; M — male; VAS — visual analog scale; NA — data not available; * statistically significant difference.




Dent Med Probl. 2026;63(3):805-812

Manipulation complexity was reported in 2 studies
— by Kocyigit et al.t and Ibrahim et al. In the study by
Kocyigit et al., manipulation complexity was observed
in 5 patients in the conventional group and none in the
piezosurgery group.! In contrast, Ibrahim et al. reported
no cases of manipulation complexity in either group.®

The ease of operation, visibility and operation duration
were reported in 4 studies included in the analysis.}3-5
Kocyigit et al. reported that the piezosurgery group ex-
ceeded the expected operation time on average.! In
comparison with conventional surgery, enucleation us-
ing piezosurgery required a longer operation time, as
reported by Noureldin and Melek (68.00 £12.45 min vs.
44.43 +12.74 min),® Yaman and Suer (51.0 £27.9 min vs.
36.0 + 15.3 min)* and Tawfik et al. (104.10 £13.43 min vs.
89.10 £10.92 min)?; statistical significance was reported in
all 3 studies. The subjective ease of operation was similar
between groups in the study by Noureldin and Melek, with
no statistically significant difference observed.® In con-
trast, visibility was significantly better with piezosurgery
as compared to the conventional group, as reported by
Yaman and Suer (89.4 +5.2 vs. 79.8 £9.4).5

Postoperative outcomes

Sequelae and complications were reported in all 6 in-
cluded RCTs. The reported complications comprised
hemorrhage, soft tissue damage, major perforation area,
recurrence, neurosensory deficits, tissue dehiscence, and
infection. The reported sequelae included pain, swelling
and trismus, while some studies also evaluated changes
in bone density.

Bone density changes were reported in 3 included
studies — by Noureldin and Melek,® Tawfik et al.> and
Ibrahim et al. In the study by Noureldin and Melek, bone
defect reduction was significantly greater in the piezosur-
gery group as compared to the conventional group (46.58%
vs. 33.04%).2 Similarly, higher bone density was observed
in the piezosurgery group than in the control group in
the studies by Tawfik et al. (84.00 +7.74 vs. 75.50 +£6.39)°
and Ibrahim et al. (1,091.34 +193.96 vs. 666.10 +193.88).5

Pain, swelling and trismus were reported in 4 stud-
ies.2356 Pain was consistently lower in the piezosurgery
group as compared to the control group, as reported by
Pappalardo and Guarnieri (1.65 +0.42 vs. 5.06 £1.37),2
Noureldin and Melek (5.95 vs. 8.01; 3.81 vs. 6.71; 1.28
vs. 1.62)° and Ibrahim et al. (3.43 £0.98 vs. 7.71 £0.95).5
Tawfik et al. also reported milder pain in the piezosur-
gery group than in the control group.® Swelling was also
reported to be lower in the piezosurgery group by Pap-
palardo and Guarnieri (15.00 £5.92 vs. 40.50 +6.50)? and
Tawfik et al. (32.65 +1.55 vs. 35.08 +£1.06),° with statisti-
cally significant differences. In addition, trismus was sig-
nificantly lower in the piezosurgery group as compared to
the control group (3.80 £0.18 vs. 4.05 + 0.13, as reported
by Tawfik et al.5
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Some complications were reported as having no occur-
rence in either group in some studies. Ibrahim et al. re-
ported no cases of soft tissue damage or infection in either
group,® while Kocyigit et al. also reported no occurrence
of soft tissue damage in either group.!

Discussion

Radicular cysts, the most common odontogenic cysts
of the oral cavity, can be managed using various treat-
ment modalities, including enucleation, marsupialization,
decompression, and curettage.>” Enucleation followed
by the reconstruction of the bony defect is generally the
preferred approach, although the spontaneous healing
of the enucleated cyst cavity without reconstruction has
also demonstrated favorable outcomes.? In inflammatory
odontogenic cysts, the incomplete removal of the cystic
epithelium may increase the risk of recurrence. In addi-
tion, adjunctive procedures, such as apicoectomy or tooth
extraction, performed during enucleation may adversely
affect the prognosis.”®

Surgical enucleation aims to achieve the complete re-
moval of the cystic epithelium, leaving no remnants around
the interdental septa or the adjacent teeth. In recent years,
piezosurgery, a technique that utilizes piezoelectric tech-
nology in oral and maxillofacial surgery, has gained popu-
larity as an alternative to conventional surgical instru-
ments.® Introduced by Aro et al. approximately a century
after Pierre Curie described the piezoelectric effect in
1880, this technology addresses several limitations of con-
ventional instruments, and its application in bone surgery
has become increasingly widespread over the past decade.!

The use of traditional hand instruments and surgical
burs during cyst enucleation may have several drawbacks,
potentially leading to intraoperative complications and
an increased risk of recurrence.!! Rotary instruments,
which are commonly used for this procedure, are consid-
ered more traumatic than piezosurgical devices. The high-
and low-speed rotational movements used during bone
removal may contribute to intraoperative and postopera-
tive hemorrhage, which can obstruct the surgical field and
make the complete removal of the cystic epithelium and
residual tissue more challenging. In contrast, piezosurgery
offers the advantage of reducing hemorrhage through the
cavitation effect generated by ultrasonic micro-vibrations.
This effect helps maintain a clear surgical field, facilitating
the identification and removal of cystic remnants during
the procedure.1*1?

Unlike conventional micro-saws, in which blood ac-
cumulation within the cutting area can impair visibil-
ity, piezosurgery maintains a nearly blood-free operative
field during bone cutting procedures. This is attributed
to the cavitation effect produced by the irrigation fluid
and the ultrasonic vibrations generated by the instrument.
The cavitation effect continuously clears blood from the
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surgical site, thereby improving visibility. Consequently,
bleeding from the surrounding soft tissues is reduced, re-
sulting in lower overall blood loss.3** Furthermore, unlike
conventional bone drilling or sawing, piezosurgery enables
precise bone cutting while minimizing the risk of injury to
the adjacent soft tissues, as it removes mineralized tissue
through ultrasonic micro-vibrations rather than rotational
or torsional forces.*®

Another advantage of piezosurgery is its ability to pro-
vide continuous irrigation, thereby preventing bone over-
heating through the integrated saline coolant spray. This
is achieved by applying light pressure to the handpiece
while maintaining a steady flow of the cooling solution.
The combination of continuous irrigation and effective
temperature control not only improves the visibility of the
surgical field, but also helps protect the bone from thermal
injury.*

Compared with conventional rotary instruments or
drills, piezosurgery requires only minimal pressure from
the surgeon, which results in more precise bone cutting.
Excessive pressure may restrict the movement of the in-
strument tip and generate excessive heat. When exces-
sive pressure causes the tip to stop vibrating, indicating
heat generation, the device emits a warning tone to alert
the surgeon to discontinue cutting and prevent thermal
injury to the bone. Piezosurgery is primarily designed for
bone cutting while preserving the adjacent soft tissues,
although modified settings have also been used for the
excision of soft tissue lesions.'®

Another advantage of piezosurgery is the availability
of specialized tips, including straight and angulated de-
signs, which enable precise manipulation, particularly in
interdental areas. These tips facilitate access to the surgical
site and may reduce the risk of major perforation of the
cystic epithelium during enucleation. In contrast, con-
ventional rotary instruments carry a greater risk of injury
to the adjacent anatomical structures, such as nerves, the
maxillary sinus and the nasal mucosa, particularly when
used in anatomically challenging areas. Piezosurgery en-
hances surgical safety by selectively cutting mineralized
tissue while minimizing injury to the surrounding soft
tissues.!t

For example, one study reported successful enucleation
of a cyst located adjacent to the mental nerve using piezo-
surgery, with no temporary or permanent paresthesia
observed.!® This finding highlights the potential safety
advantages of piezosurgery when operating in close prox-
imity to critical anatomical structures.

The impact of mechanical instruments on bone struc-
ture and cell viability is an important consideration in
surgery, as even brief exposure to elevated temperatures
may result in cellular damage and tissue necrosis. Previous
studies have shown that bone harvested using conven-
tional instruments, such as round burs, spiral implant burs
or bone scrapers, may be unsuitable for grafting because
of the absence of viable osteocytes and the predominance
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of nonviable bone tissue. In contrast, studies evaluating
piezoelectric surgery have demonstrated improved bone
cell viability, supporting earlier findings on the favorable
effects of piezoelectric devices on bone chip morphology
and cell survival during bone harvesting.**

Notably, Stlibinger et al. demonstrated that autologous
bone harvested from the zygomaticomaxillary region using
a piezoelectric device could be successfully used for bone
augmentation and the esthetic placement of oral implants
following a 5-month healing period.” Similarly, Happe re-
ported that bone grafts harvested from the mandibular
ramus using piezosurgery integrated successfully without
significant complications, providing sufficient bone vol-
ume for implant placement.!” These clinical findings are
further supported by in vitro studies demonstrating the
presence of viable osteocytes and bone morphogenetic
proteins in bone grafts harvested using piezosurgery.'8

Piezosurgery offers a significant advantage in cystec-
tomy, particularly when bone cutting is required near vital
soft tissues, such as nerves and blood vessels, where the
risk of mechanical or thermal injury must be minimized.
One study reported that no nerve lesions occurred with
piezosurgery, whereas surgery using rotary instruments
resulted in reduced sensation lasting at least 1 week in 8%
of patients.!® These findings are consistent with the study
by Schaeren et al., which demonstrated that, even under
worst-case conditions, the direct exposure of a nerve to
piezosurgery did not transect the nerve, but might resultin
limited structural or functional alterations.® In most cases,
nerve regeneration can occur when the protective perineu-
ral sheath remains intact, unlike with conventional drills
or oscillating saws. It was also observed that increased
mechanical force applied to the nerve by the piezosurgery
device resulted in greater tissue damage; however, this
effect was not observed with ultrasonic vibration alone.*

The results of this study highlight a key advantage
of piezoelectric instruments in the excision of cystic le-
sions, namely, the ability to perform precise ostectomy
near delicate anatomical structures, such as the inferior
alveolar nerve and the mental nerve, without causing dam-
age. This advantage is attributed to the selective cutting
mechanism of the device, which differentiates tissue hard-
ness and acts primarily on mineralized structures. As the
device automatically ceases cutting upon encountering
non-mineralized tissues, it minimizes the risk of injury
to soft tissues, including mucous membranes, nerves and
blood vessels.?°

The visual analog scale (VVAS) scores for visibility indi-
cate that ultrasonic surgery provides a significantly clearer
surgical field as compared to conventional approaches,
consistent with previous studies investigating ultrasonic
surgery.?t Unlike conventional micro-saws, in which blood
accumulation within the cutting area may impair visi-
bility, ultrasonic surgery maintains a nearly blood-free
operative field during bone cutting procedures. This is
achieved through the cavitation effect generated by the
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distribution of the cooling fluid and the specific oscilla-
tion pattern of the instrument, which effectively clears
blood from the surgical site and ensures optimal visibility
throughout the procedure. Additionally, continuous saline
irrigation prevents bone overheating, while intermittent
micro-cavitation bursts contribute to hemostasis, resulting
in a significant reduction in overall blood loss.?

The VAS scores for the ease of operation showed no
significant differences between the piezosurgery and con-
ventional surgery groups. Therefore, piezosurgery does not
appear to provide a significant advantage in terms of im-
proving operative ease as compared to conventional tech-
niques. However, the frequent replacement of piezosurgery
inserts and adjustments to machine settings, including
power, oscillation and irrigation parameters according to
the selected insert, may increase procedural complexity
and operative time. Ongoing advances in piezosurgery
technology are expected to address these limitations by
introducing more user-friendly devices.?

The literature contains limited reports on the efficacy
of piezosurgery in procedures involving soft tissues, such
as cyst enucleation. However, several case reports and
clinical studies have demonstrated favorable outcomes
with the use of piezosurgery in the removal of jaw cysts,?*
cystic ameloblastoma,® and hyoid bone osteotomy during
thyroglossal duct cyst surgery.’® These findings suggest
that piezosurgery may be an effective approach for manag-
ing these procedures.

Regarding surgical outcomes, ultrasonic surgery was
found to be superior to conventional surgery in terms of in-
traoperative bleeding, epithelial perforation, postoperative
complications, and recurrence. However, it should be noted
that ultrasonic surgery was associated with a longer over-
all surgical duration. These findings are consistent with
previous studies, which also reported increased operative
time with the use of ultrasonic surgery.?6:23

Although the effectiveness of the ultrasonic surgi-
cal approach in bone procedures has been consistently
demonstrated, manual instruments remain necessary for
certain soft tissue procedures and anatomically sensitive
situations. In particular, manual instruments are preferred
when operating around unerupted teeth in pediatric pa-
tients to prevent the potential displacement of tooth buds
caused by ultrasonic oscillations from the surgical de-
vice. They are also favored when working near delicate
anatomical structures, such as the orbital floor, during
the the removal of large cystic lesions, as they allow sur-
geons to assess bone integrity through tactile feedback.
Consequently, the development of new insert designs with
different curves is needed to better accommodate these
clinical requirements.?

Another drawback encountered during the use of ul-
trasonic surgery for cyst enucleation was insert breakage,
with 2 inserts fracturing at their tips during procedures.?®
Several factors may contribute to insert failure, including
sterilization processes, material fatigue due to repeated
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use, manufacturing defects, or the inappropriate selection
of machine parameters during operation.?

The effectiveness of ultrasonic surgery depends on the
precise manufacturing and design of the ultrasonic surgi-
cal device, including its piezoelectric crystals, electronic
control circuits, handpiece materials, and working tips
(inserts). Although piezoelectric bone surgery is relatively
recent advancement in oral and maxillofacial surgery for
bone-related procedures, substantial technological prog-
ress has been made in both device design and surgical
techniques over the past decade.?* Currently, several piezo-
electric devices are available on the market, with newer
versions continuing to be developed. It is important to
recognize that similar piezoelectric units manufactured
by different companies may demonstrate variations in
performance. Furthermore, differences in insert design
and performance may also influence clinical outcomes.

The schematic comparison of piezosurgery and conven-
tional surgery is presented in Fig. 3.

—{ less traumatic

Conventional

surgery

— more traumatic

minimizes
hemorrage can result in
prevents bone — intraoperative
| " overheating § hemorraging )
4 N
varies in increases the
angular and |_| risk of damaging
{straight designs, anatomical
structures

enabling precise

manipulation
\ J/

Fig. 3. Schematic comparison of piezosurgery and conventional surgery

Conclusions

Piezosurgery has demonstrated effectiveness in sen-
sitive procedures, such as jaw cyst removal and enucle-
ation, despite potentially requiring longer operative times.
Compared with conventional methods using rotary in-
struments, piezosurgery provides significant reductions
in postoperative pain and swelling. It may be a more fa-
vorable approach for cyst enucleation due to its ability to
preserve important anatomical structures and provide
improved surgical visibility. Additionally, piezosurgery
may promote better early healing of the bone defect fol-
lowing enucleation. Although ultrasonic surgery for jaw
cyst enucleation increases operative time, it significantly
improves visibility, making it advantageous for delicate
surgical manipulation and reducing the risk of injury to
vital structures, including neurovascular tissues.
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Abstract

Quorum sensing (QS) is a communication mechanism enabling bacteria to inhabit countless habitats.
Its role is mainly associated with the economization of gene expression, but also with gene transfers
and bio Im development. There are 3 main QS patterns found in bacteria. This study examines intra-
hacterial communication mechanisms and interactions between 3 key oral bacteria: Streptococcus mutans;
Staphylococcus aureus; and Porphyromonas gingivalis. Streptococcus mutans, a Gram-positive bacterium,
contributes to dental caries by forming robustbio Ims via extracellular polysaccharides and QS. Contrastingly,
P gingivalis, a Gram-negative bacterium, is implicated in chronic periodontitis through its virulence factors
like gingipains, and its role in dyshiotic bio Ims. Both species adapt to oral cavity conditions and in uence
the host’s immune response. Understanding QS in S. aureus is crucial due to its high prevalence among the
general population and healthcare professionals, along with the commonness of antibiotic-resistant strains.
The cited research on its accessory gene regulator (agr) system demonstartes its role in the high tolerance
of S. aureus to environmental stress. Recognizing these mechanisms is crucial for developing strategies to
manage oral health and tackle periodontal diseases. This research highlights the importance of bacterial
hio Im, intra- and inter-species communication, and the adaptive strategies of these pathogens.

Keywords: quorum sensing, AHL, agr, autoinducer
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e Quorum sensing (QS) is an important mechanism of regulation among bacteria.
« Mechanisms of QS vary between different species of bacteria.
e Quorum sensing is a promising target for antibacterial therapy.

Introduction

Bacterial pursuit toward dominating various environ-
ments requires a wide range of mechanisms, the most
prominent being quorum sensing (QS), which draws re-
semblance to intracellular interactions in multicellular
organisms.! Quorum sensing is at its core bacteria teaming
up to achieve what is unachievable for a single cell. Essen-
tially, the expression of each gene is modified according to
the fluctuations of the population’s strength and density.
It could be argued QS is bacteria’s way of optimizing the
expenses in order to adjust to the ever-changing settings
they find themselves in.

The present review highlights the intricate systems
of intra-bacterial communication, which entail serious
clinical implications. Realizing the scale and the common-
ness of QS may define the reasons why certain diseases,
e.g. periodontitis, are so troublesome to combat, and with
that in mind, new treatment possibilities arise, as QS trans-
mitters may become targets for new chemotherapeutics.

Quorum sensing is mediated through a group of chemi-
cal molecules, which are produced by microorganisms and
secreted to the surrounding environment. Historically, 3
types of QS molecules have been named: (1) oligopeptide
autoinducers in Gram-positive bacteria; (2) acyl-homoser-
ine lactones (AHLs), mostly found in Gram-negative bacte-
ria; and (3) autoinducer-2 (Al-2) in both Gram-positive and
Gram-negative species. These molecules mediate different
types of QS, respectively (1) oligopeptide two-component
type, (2) LuxI/LuxR-type, and (3) LuxS type.? Aside from
that, other QS modules have been described, e.g. extra-
cellular death factor (EDF) responsible for stimulating
mazEF-regulated cell death in Escherichia coli.®

Intracellular coordination through QS makes it possible
for microorganisms to regulate virulence factor produc-
tion, biofilm formation, genetic information transfers,
metabolic pathways in a cell, and more. To illustrate these
processes, it is worth highlighting the following: biofilm
development in E. coli, which can be modulated by AHLs
in the SdiA-CsrB pathway*; surfactin (a QS molecule)
deficiency in Bacillus amyloliquefaciens, which leads to
a decrease in glycolysis and tricarboxylic acid cycle ef-
ficiency, and ultimately cell death®; an increase in the ex-
pression of motility-related genes (namely, rhlA, rhiB, rhiC)
involved in the synthesis of rhamnolipids in Pseudomonas
aeruginosa and conversion into the swarming phenotype
in response to phosphate starvation®; or short-range QS

that may be used to determine whether a horizontal gene
transfer is necessary or possible, in other words, whether
there is a suitable recipient cell within a sufficient distance
from the donor.”

Quorum sensing is a supposedly perfect communication
system — efficient, wide-spread among microorganisms
and enabling collective behaviors. Despite the enormous
amount of studies conducted on its role in prokaryota, it
is by no means limited to that kingdom; eukaryota benefit
from QS as much. Candida albicans, for example, pro-
duces farnesol involved in hyphal growth inhibition and
promoting hypha-to-yeast switch.2 What is more, bacterial
QS molecules may interfere with C. albicans hyphal or
biofilm formation. Certain diketopiperazines, 3-benzyl-
6-isobutylidene-2,5-piperazinedione (QSSM 1157) and
cyclo (L-Pro-L-Leu) (QSSM 1112), have been proven to
successfully inhibit C. albicans dimorphism, thereby be-
coming a potent virulence inhibitor against the fungus.®
On the other hand, symbiosis may occur between bacteria
and fungi. The mortality associated with Staphylococcus
aureus infection escalates from 80% to adire 100% when C.
albicans is present, as the latter boosts staphylococcal viru-
lence factors (primarily alpha and delta-toxins) through its
influence on the accessory gene regulator (agr) system.%©
It is worth mentioning that farnesol displays anti-cancer
activity through the mechanism of increasing the apop-
tosis and decreasing the proliferation of cancerous cells,
e.g. HCT-116 (human colorectal cancer), Saos-2 (human
osteosarcoma) and human oral squamous cell carcinoma
cells.111?

Since QS has been shown to occur between different
kingdoms, it should be obvious it is not merely an intra-
species relationship; inter-species communication appears
as well and as strongly. Much research has been conducted
on the mechanisms in which other bacteria inhibit vari-
ous aspects of P. aeruginosa virulence by hampering its
QS systems, e.g. Vibrio alginolyticus secreting tyramine
and N-acetyltyramine, which weaken pioverdine pro-
duction,® or the Delftia tsuruhatensis extract hindering
P. aeruginosa virulence on diverse levels, from biofilm for-
mation, through motility, to virulence genes expression.'4

The aim of this review was to exhibit 3 different QS
mechanisms displayed by 3 of the bacteria species present
in oral microbiota: S aureus; Streptococcus mutans; and
Porphyromonas gingivalis. The research mainly focused
on the molecular aspects of QS communication, aiming to
identify common patterns across QS mechanisms and to
highlight the clinical implications of QS in each bacterium.
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A short word on biofilm

There is no biofilm without QS and there is little QS
without biofilm. Repeated physical disturbances of bio-
film may impede QS-regulated processes in pathogenic
bacteria.!® Biofilm formation model presented in 2002 by
Sauer et al. is widely accepted, and provides a solid ground
for further understanding of the problem.6 At the 15 stage,
singular cells attach to a glass surface, using specific struc-
tures (the study was conducted on P. aeruginosa, in which
case the structure was the flagellum). The number of the
attached cells grows and the development reaches its 2™
stage — the attachment becomes irreversible. That first
layer, a foundation, is then covered with the cells clustering
and building subsequent layers, reaching certain thickness
milestones (described as maturation-1 and maturation-2),
which mark stages 3 and 4. At the 4™ stage, the bacterial
cluster achieves its maximal dimensions. The final stage
of biofilm development is dispersion, during which bacte-
ria from the interior, central regions of the biofilm revert to
the planktonic, motile state and leave the original cluster.
While this pattern has been generalized to apply to many
bacteria, including S. aureus (with slight nomenclature
modifications introducing the stages of exodus and expan-
sion between the previously described attachment and
maturation stages),’” it has been argued that this model
does not fully capture the complexity of microbial commu-
nities. Similar to QS, polymicrobial biofilm-forming inter-
actions have been described, for example, between Vibrio
cholerae and E. coli.t® Furthermore, biofilms are not always
attached to solid surfaces. As demonstrated by Knottetal.,
free-floating aggregates of methicillin-sensitive S. aureus
(MSSA) were isolated from the prosthetic joint infection
fluid, highlighting the existence of unattached biofilms.*®
What is striking, the formations were more abundant and
sophisticated than those formed by the same bacterium
on a smooth, titanium surface.’®

To fully fathom not only the process of biofilm forma-
tion, but also its overall advantages for the microorganism,
insight into biofilm structure is crucial. It generally could
be simplified as bacteria submerged in a gel-like fluid called
extracellular matrix (ECM). The whole arrangement may
be viewed as a “city of microbes"? representing the entirety
of the biofilm with the microbes located in the “house
of the biofilm cells”, an accurate depiction of the matrix.?
Itis built of extracellular polymeric substance which con-
tains polysaccharides, glycolipids, glycoproteins, certain
amounts of extracellular DNA, and more. Establishing
a comprehensive biochemical profile of ECM across the
vast majority of biofilms remains unattainable. Neverthe-
less, several of its components have been characterized
and shown to play essential roles in microbial biology. One
such example is the proteinaceous component curli in E.
coli, which contributes to biofilm structural integrity. This
was demonstrated in a 3D-printed biofilm durability study
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that investigated the impact of curli presence or absence
on biofilm resistance to chemical agents.?? The authors
showed that curli-positive biofilms remained intact fol-
lowing citrate treatment, and exhibited limited molecular
oxygen penetration as compared to curli-negative biofilms
printed under the same conditions.?

Biofilms might be formed by more than one microbial
species. However, in such cases, QS occurs similarly to
that observed in single-species aggregates. Such multispe-
cies interactions may be more complex, and either com-
petitive or cooperative in nature. A study by Armes at al.
focused on 5 Roseobacteraceae strains exhibiting varied
levels of QS component expression, ranging from paired
LuxR/I QS systems in Sagittula stellata E-37, Citreicella sp.
SE45 and Rhodobacterales strain Y41 to orphan LuxI and
LuxR homologs in Sulfitobacter sp. EE-36 and Roseovarius
nubinhibens ISM.2% The study demonstrated that the Y41
strain possesses the ability to inhibit the growth of two
of the 4 other strains, which directly corresponds with the
indigoidine production observed in this strain. Indigoidine
release is induced by the presence of metabolites produced
by other community members within ECM, demonstrating
its connection to a QS system in phaR and phal mutants.?
Another study investigating an in vitro model of a mixed-
species biofilm formed by P. aeruginosa PAO1, Pseudo-
monas protegens Pf-5 and Klebsiella pneumoniae KP1
demonstrated that the biomass volume percentage of K.
pneumoniae and P. protegens within the aggregate was de-
pendent on the AHL-based QS system of P. aeruginosa.?*
The community containing QS-deficient P. aeruginosa
exhibited a lower concentration of K. pneumoniae and
a higher concentration of P. protegens, in contrast to the
community containing wild-type P. aeruginosa with
functional QS activity, which displayed a higher biomass
volume of K. pneumoniae and a lower biomass volume
of P. protegens.?* These in vitro findings showcase the mul-
tispecies relations that might occur in every biofilm-rich
environment, including human oral cavity, which confirms
the intricacies of microbial interactions should be further
researched.

The well-studied species revisited through the lens
of their QS mechanisms are notorious biofilm produc-
ers with substantial clinical implications. The connection
between P. gingivalis and periodontitis has long been rec-
ognized, with specific strains frequently identified among
patients; for example, the W83 W50 strain was detected in
the subgingival plaque samples obtained from 13% of par-
ticipants in a recent study.? Furthermore, Porphyromonas
spp. detected in the saliva samples of patients suffering
from sialolithiasis have shown a positive correlation with
Porphyromonas spp. present in their salivary stones.?® Such
acorrelation was not observed for Pseudomonas spp.; how-
ever, another case report described the simultaneous re-
covery of P. aeruginosa and P. gingivalis strains from the
bronchial sputum of a periodontal disease patient with
a pulmonary abscess.?” The authors suggested that this
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infection may have resulted from the aspiration of these
bacteria originating from the oral cavity.?” These exam-
ples demonstrate that these bacteria remain sufficiently
unpredictable to warrant further investigation, including
a deeper understanding of their QS mechanisms.

Quorum sensing in
Staphylococcus aureus

Staphylococcus aureus is a Gram-positive, facultative
anaerobic, spheroidal bacterium usually occurring in clus-
ters. Years of multidimensional research on this species
provided a foundation for the current bacteriology knowl-
edge. The significance of S. aureus is linked to its preva-
lence, among the general human population and notably
healthcare professionals. A StaphDent study showed that
23.5% of the dentists tested carried MSSA, while another
study investigating methicillin-resistant S. aureus (MRSA)
reported a 2.9% prevalence of these strains among dental
personnel, with identification based on the presence of the
mecA gene.?®

The fact that S. aureus was present both in the outer and
inner layers of the masks collected from dentists, dental as-
sistants and nursing assistants, and made respectively 9.3%
and 10.5% of the bacteria obtained from the samples prove
the relevance of S. aureus in the context of this research.°

In line with other Gram-positive cocci, S. aureus pos-
sesses the two-component agr QS system. At the molecular
level, it incorporates the RNAII and RNAIII transcripts,
which are regulated by the P2 and P3 promoters, respec-
tively.3 RNAII is an operon consisting of 4 genes, agrB,
agrD, agrC, and agrA, whereas RNAIII serves as the pri-
mary effector molecule of this regulatory system.3? AgrC
is a dimeric histidine protein kinase that undergoes au-
tophosphorylation in response to the connection of the
autoinducing peptide (AIP) to its receptor site. The signal
is subsequently transmitted to AgrA through phosphate
group transfer.3 The phosphorylated AgrA then binds to
the aforementioned promoters and regulates the expres-
sion of RNAII and RNAIII, completing the QS regulatory
loop.®* Interactions between the cytosolic domain of AgrC
and the response domain of AgrA are highly specific, as
several conserved hydrophobic polypeptide sequences are
present among agr types I-1V, with distinct differences as
compared to other response regulators.®® This relation-
ship is highly significant, as mutant variants of the agrB
transcript have demonstrated impairment in both protein
stability and proteolytic activity — the former resulting
in undetectable AgrD levels, while the latter leading to
reduced AIP production in certain cases.®® Regarding AIP
itself, each molecule can be assigned to one of 4 different
classes (I-1V) based on the sequence and length of the
peptide chain, which ranges from 7 to 9 amino acids. Stud-
ies have shown that blocking AIP signaling through the
removal of the peptides from the environment results in
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the inactivation of the agr QS system, leading to the inhibi-
tion of agr-dependent hemolysin expression.3’

The mechanism has been tested thoroughly and each el-
ement of the agr system encodes various protective mecha-
nisms, for example it protects S. aureus cells from lethal
doses of H,0,, as mutants with deleted agr show lower
rates of survival when exposed to reactive oxygen species
(ROS).%8 Aside from that, cell death in a more propitious
setting without any stressors is dependent on the agr sys-
tem as well, since agr-absent cells show higher fractions
of non-viable cells. However, deaths that may be related to
agr occur in the agr-positive strains, in which case they
facilitate the expansion of remaining, viable cells.® Re-
garding the regulation of the QS system, it is dependent not
only on the expression products of the agr regulon, but also
on other staphylococcal excretory factors. The P2 and P3
promoters rely heavily on AgrA for the activation of RNAII
and RNAIII expression through a classical positive feed-
back mechanism; however, additional regulatory factors
are also involved, including SarA and SarR, DNA-binding
proteins belonging to the SarA family. The former stimu-
lates P2 promoter activity, whereas the latter represses this
process.*® Another interesting aspect of agr regulation is
the recent finding that androgens present in human skin,
specifically testosterone and dihydrotestosterone, exert
a measurable effect on the S. aureus agr transcriptome by
activating the P3 promoter in a manner similar to AIP-1.4

Quorum sensing in
Streptococcus mutans

This section on S. mutans is worth beginning by not-
ing that this bacterium is relatively easy to culture under
laboratory conditions, which has resulted in a considerable
number of studies investigating its biology.*?

S. mutans isa Gram-positive streptococcus characterized
by high genotypic heterogeneity. A study by Cornejo et al.
demonstrated that this bacterium possesses more than
3,000 genes, approx. half of which are conserved across
all currently identified strains.*® This genetic diversity
plays an important role in competition among different
S. mutans isolates. The considerable phenotypic variability
of this species has also been highlighted.** Streptococcus
mutans is classified as a lactic acid bacterium, meaning
that it ferments carbohydrates and produces lactic acid.
Furthermore, due to its high cariogenic potential, this bac-
terium can convert sucrose into extracellular polymers.
Through the activity of glucosyltransferases and glycos-
yltransferases, among other enzymes, it produces water-
insoluble glucans, which serve as a structural foundation
for dental biofilm formation.*®

It is worth noting that the etiology of dentin and root
caries differs significantly, with S. mutans being primarily
associated with the carious lesions affecting the tooth root.
Research indicates that the prevalence of this condition is
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substantial, with approx. 41% of individuals affected. This
highlights the importance of further investigation into
the communication mechanisms of this bacterium and
its interactions with other members of the oral biofilm.*¢

In addition, S. mutans produces adhesins that interact
with specific receptors, such as those present on the sur-
face of the salivary pellicle. These adhesins also play an im-
portant role in the interactions of bacteria with each other
within the biofilm. Among the most significant adhesins
is antigen I/11. Studies have demonstrated that bacterial
strains deficient in this component exhibit reduced ability
to interact effectively with other cells, and consequently
display lower cariogenic potential 4™-5!

Streptococcus mutans can efficiently adapt to the chang-
ing conditions of the oral cavity. It is capable of surviving
under low pH conditions through a mechanism known
as the acid tolerance response (ATR). This mechanism
protects the bacterium from acid-induced damage®-54;
as a result, the intracellular pH remains higher than that
of the surrounding oral environment.>

However, the most relevant aspect of this article is
the QS mechanism. The aforementioned mechanism is
actively utilized by S. mutans, a member of the oral mi-
crobiota. A already note, S. mutans is also an important
etiological agent of dental caries, with its presence being
associated with acidic saliva conditions.5” Understanding
how this bacterium employs QS may open new possibilities
for developing methods to prevent dental caries.>®

This type of inter-bacterial communication involves
specific signaling molecules (pheromones) that can be
detected by other bacteria. The vast majority of signals
utilized in the QS mechanism are small-sized organic
molecules. In some cases, bacteria also employ short-
chain peptides consisting of up to 20 amino acids for this
purpose.®

The description of the QS mechanism is worth begin-
ning with its intra-species variant. Quorum sensing in
S. mutans involves gene transcription processes that result
in the production of compounds increasing the virulence
of these bacteria. Furthermore, maintaining a self-per-
petuating system, namely positive feedback, is essential;
the factors responsible for this process are also generated
during QS activation.®® This system includes the AIP pre-
cursor, the transporter responsible for AIP export to the
extracellular environment, and a histidine kinase, which
initiates the transcriptional response.5®

An inter-species model of QS signhaling in S. mutans
involves the use of Al-2, a class Il signaling molecule that
binds fish-like structures.8°-% This signaling molecule is
utilized by both Gram-positive and Gram-negative bacte-
ria.%* Its synthesis depends on the enzyme LuxS, which is
essential, among other things, in the protein methylation
pathway.?> Once Al-2 is released into the extracellular en-
vironment, itis recognized by a specific receptor, initiating
signal transduction, gene transcription and the production
of virulence factors.%8
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Quorum sensing is important to mention in the con-
text of the caries-forming potential of S. mutans, as this
bacterium takes control of biofilm formation in the oral
cavity. In addition, it also regulates the production of mu-
tacins, %67 which adversely affect other bacteriain the sur-
rounding environment.5 Due to its genetic competence,
S. mutans has the ability to acquire genetic material from
other organisms present in the substrate and incorporate
it into its genome. This allows it to acquire new traits or
repair damaged DNA.% The greater the similarity between
the DNA of the recipient cell and the DNA to be incorpo-
rated, the higher the probability of acquiring a new trait.>®
Streptococcus mutans uses type IV surface proteins for the
aforementioned transformation mechanism.8 The devel-
opment of these competencies is most pronounced in only
a few strains of S. mutans; however, compared with other
streptococci, it remains relatively limited.5® Increasingly,
the literature suggests that competence is associated with
the general bacterial response to stressors, as its activation
is induced, among other factors, by mutagens and signifi-
cant environmental fluctuations.”

Two major pathways are used for communication be-
tween S. mutans cells. They are presented below.

1. CSP—ComABCDE: a 5-gene system responsible for pep-
tide export, enabling the stimulation of genetic compe-
tence in S. mutans.”™
The precursor peptide of CSP, a 21-amino acid com-
petence-stimulating peptide, is ComC.”? At an early
stage, ComC is truncated by ComAB, resulting in the
formation of the active CSP.”® Accordingly, ComA can
be considered to participate in CSP maturation.” The
remaining genes, comD and comE, encode a histidine
kinase and a response regulator protein, respectively.”
Furthermore, the addition of CSP to non-competent
cells has been shown to increase the frequency of ge-
netic transformation.” This pathway is also crucial for
the initiation of biofilm formation in the oral cavity,””
as the ComDE system regulates, among other processes,
the production of specific bacteriocins (mutacins) in
S. mutans.”™

2.XIP—ComRS.56:58.79.80
Both cell-signaling pathways are interconnected. For
the inducer peptide XIP, the precursor is ComS.8 The
ComR—XIP complex acts as a transcriptional activa-
tor of the comR, comS and comX genes. The activation
of comX transcription ultimately leads to the develop-
ment of genetic competence in S. mutans.®?

Quorum sensing in
Porphyromonas gingivalis

Porphyromonas gingivalis is a Gram-negative anaerobic
bacterium that plays an important role in the development
of chronic periodontitis, as it has the ability to induce the
transition of the oral biofilm from a eubiotic to a dysbiotic
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state.®® Various virulence factors contribute to the patho-
genicity of P. gingivalis, including the secreted lysine- and
arginine-specific gingipains. These proteases are primarily
associated with tissue destruction, but also contribute to the
dysregulation of the host immune response.?4 Fimbriae are
involved in adhesion to other bacteria and play an important
role in biofilm formation.®® Porphyromonas gingivalis has
also been shown to possess extensive invasive potential, as it
not only colonizes the oral cavity, but has also been detected
in the aortic endothelium, where it is thought to gain access
through the damaged epithelium.®78

Numerous studies have been conducted to demonstrate
the association between P. gingivalis and the occurrence
of various diseases in the human body. Among other find-
ings, they have linked the presence of this bacterium in
periodontal disease with an increased risk of conditions
such as myiasis, hypertension, gastrointestinal cancer,
squamous cell carcinoma, Alzheimer’s disease, and the
development of diabetes-related complications.8—°° These
findings highlight the broad impact of P. gingivalis on hu-
man health. However, to fully understand its pathogenicity,
it is worth beginning with the initial stage of this process,
namely biofilm formation and, more specifically, the in-
teractions among the bacteria that constitute the biofilm.

Three bacteria — P. gingivalis, Tannerella forsythia and
Treponema denticola — constitute the so-called red com-
plex. They can be detected in periodontal pockets, where
they participate in the initiation and maintenance of the
inflammatory process within the periodontium. These
bacteria are considered the primary periodontal pathogens
responsible for extensive destructive changes in periodon-
tal tissues.®® However, it is worth noting that the presence
of a dental biofilm is a prerequisite for the P. gingivalis
colonization of the gingiva.®”

As previously mentioned, P. gingivalis is a Gram-nega-
tive anaerobic bacterium. It is highly capable of adapting
to the conditions of the oral cavity, owing, among other
factors, to its ability to adhere to the surfaces of the oral
mucosa, cheeks and gingiva. This enables the bacterium
to effectively resist the host’s defense mechanisms.%8
Porphyromonas gingivalis exhibits extensive and highly
diverse gene expression that supports its growth, matu-
ration, survival, and communication with other bacteria
within the dental biofilm.%® The survival and function
of P. gingivalis under these conditions are further facili-
tated by the presence of fimbriae and surface polysaccha-
rides. These structures are key features promoting biofilm
formation, as they enable the bacterium to adhere to the
colonized surfaces and establish a highly specialized bac-
terial community.®®

As mentioned earlier, QS is a fundamental mechanism
of bacterial communication. Gram-negative bacteria
produce specific QS signaling molecules — AHLs. It was
initially believed that P. gingivalis did not produce these
molecules; however, this assumption was later shown to be
incorrect.X It is worth mentioning that AHL production
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has not been reported in other oral pathogens.190-12 |n
astudy by Muras et al., the authors indicated a probable as-
sociation between the presence of AHLs in saliva samples
and the formation of bacterial communities dominated by
P. gingivalis, which was identified as the producer of these
signaling molecules.X® Interestingly, P. gingivalis possesses
a homolog of the AHL synthase HdtS, and both AHLs
and their homologous compounds have been shown to
reduce the growth potential of this bacterium.1%® Further-
more, AHLSs have the ability to alter protein expression in
P. gingivalis.®® The same study also reported that C8-HSL
(N-octanoyl-L-homoserine lactone) was detected in saliva
samples. The researchers observed that this compound
was produced by P. gingivalis, a key periodontal pathogen.
Notably, all individuals in whom C8-HSL was detected
were diagnosed with periodontal disease.l® In addition,
P. gingivalis has been shown to produce Al-2, a furanosyl
borate diester involved in the QS mechanism that enables
communication with other bacterial species.’*4

In vivo findings on the reviewed
bacterial species

It is worth noting that the aforementioned QS mecha-
nisms are considerably more difficult to study in vivo be-
cause of the numerous interactions occurring within the
microbial community, which may obscure the primary
subject of investigation. Nevertheless, in vivo studies of QS
remain a valuable source of knowledge about the overall
phenomenon, and therefore should not be omitted from
this review.

As the agr QS system should certainly be considered
an important and relatively universal virulence factor
of S. aureus, it may represent a potential target for anti-
bacterial therapy. A compound that has shown promis-
ing results in in vivo studies is pyocyanin (PCN). The use
of PCN against the 10 most virulent strains among 160
MRSA isolates, derived from the blood, wounds, sputum,
and abscesses of patients admitted to an Egyptian hospital in
a 2023 study by Abo Kamer et al., demonstrated a significant
decrease in agrA gene expression in each tested strain 1%

Streptococcus mutans QS is dependent on Aggregatibacter
actinomycetemcomitans and the broader composition
of the periodontal microbiota. The in vitro part of a 2017
study by Szafranski et al. demonstrated that the alterna-
tive sigma factor X (SigX) regulon, a central regulon of QS
in S. mutans, is activated as a result of an inter-species
QS-based interaction between these bacteria within
a dual-species biofilm, as such activation does not occur
in a single-species biofilm.1% The in vivo part of the same
study focused on this interaction, using samples derived
from the periodontal pockets of 3 healthy patients and 1
patient suffering from chronic periodontitis. The results
showed that SigX expression levels in the S. mutans strains
isolated from periodontal pockets were similar to, and in
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some cases higher than, those observed in in vitro dual-
species biofilms.1%¢ Therefore, it could be argued that the
presence of S. mutans within the multispecies environ-
ment of a periodontal pocket enables the expression of its
virulence potential.

Porphyromonas gingivalis is a prominent target for anti-
QS therapy; therefore, a number of studies investigating
the suppressive effects of different compounds on its physi-
ology have been conducted. For example, an experimen-
tal mouse model demonstrated that treatment with QS
inhibitors (furan compounds and D-ribose) resulted in
a decrease in bone destruction, measured as the distance
between the cementoenamel junction (CEJ) and the al-
veolar bone crest (ABC), as well as a 68.36% reduction
in P. gingivalis DNA levels as compared to the untreated,
bacteria-infected group.1°” These findings further support
QS inhibitors as a noteworthy research prospect in the
context of periodontitis treatment.

Is there any correlation between
the reviewed bacterial species?

A bacterial biofilm can exist primarily due to the co-
operation and communication between microorganisms.
Within this structure, the mutual aggregation of bacteria
plays a decisive role. However, bacteria do not aggregate
randomly; instead, there are specific patterns governing
how this aggregation process occurs.’%® A good example
is the aggregation of S. mutans with Fusobacterium nu-
cleatum and the lack of interaction with P. gingivalis, as
described earlier.1® It is worth mentioning that the main
mechanism underlying this process is the ability of bacte-
ria to recognize polysaccharides located on their surfaces,
which forms the basis of microbial communication. In
addition, competition with other microorganisms for nu-
trient availability and favorable living conditions is also
an important factor.1%

An important element in the bacterial interaction chain
is represented by proteins called bacteriocins. They are
produced by numerous Gram-positive and Gram-neg-
ative bacteria; however, in the oral cavity, streptococci
are the predominant producers of these compounds.1%
Streptococcus mutans produces 2 types of bacteriocins
known as mutacins. They benefit this bacterium by effec-
tively influencing its function and competitiveness within
the biofilm 110

As previously mentioned, S. mutans does not exhibit
aggregation with P. gingivalis, despite the presence of both
microbial species being characteristic of patients with cari-
ous disease.’%® However, in the case of S. mutans, a cor-
relation has been observed with another bacterium not
described in the aforementioned article, but worth men-
tioning, namely Streptococcus sanguinis. Which bacterium
dominates within a given environment depends on the
order in which that environment is colonized.1%®
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Furthermore, it was discovered that the CSP molecules
involved in the communication pathway of S. mutans
can be recognized by type 2 taste receptors (T2R). These
receptors are proteins located on the membrane of host
cells and can be found in the oral cavity, among other
sites. Medapati et al. emphasized that S. mutans secretes
QS molecules, namely the aforementioned CSPs, which
are detected by these receptors.}'11? Additionally, it has
been demonstrated that CSP-1 is the most potent inducer
of the QS molecule—receptor pathway in gingival epithelial
cells.t3

The research demonstrated the relationship that may
exist between the aforementioned S. mutans, S. aureus
and the described T2R receptor.*? It showed that when
the receptor was blocked, oral cavity cells exhibited greater
difficulty in absorbing S. aureus, whereas the uptake
of S. mutans remained unchanged. Additionally, when
oral cavity cells were blocked with CSP-1, a similar effect
was observed.1'?

Methods

A literature search was conducted using the PubMed and
ScienceDirect databases, focusing on articles published up
to the first half of 2024. The searched terms included key-
words such as “quorum sensing mechanisms”, “biofilm”,
species names of the described bacteria, and other related
terms, often used in various combinations. The inclusion
criteria required studies to be written in English, published
in international peer-reviewed journals, and describing
specific aspects of QS mechanisms among the investigated
bacteria. To ensure the quality of the selected articles, the
authors prioritized original research articles, with pref-
erence given to (1) pilot studies and (2) the most recent
reports. Additionally, several case studies were referenced.

The final assessment of the presented review was con-
ducted with the help of the Scale for the Quality Assess-
ment of Narrative Review Articles (SANRA).1** The authors
evaluated the work according to 6 aspects: justification
of the importance of the article (item 1); clear formulation
of the aim (item 2); description of the methodology (item
3); referencing (item 4); scientific reasoning (item 5); and
presentation of data (item 6). Each item was rated as 0
(low standard), 1, or 2 (high standard), with a maximum
possible score of 12. Efforts were made to improve each
element during the revision process in order to maintain
the highest quality of reporting.

The key literature findings are presented in Table 1.

Limitations

Three bacterial species were selected, which represents
a limitation, given the number of microorganisms pres-
ent in the oral cavity. The complexity of the interactions
occurring between these species is also a limitation, as it
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Table 1. Key literature ndings relevant to the present review
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Staphylococcus aureus
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depends on extracellular
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three-dimensionally printed
Escherichia coli biofilms

Finding of agr phase variants in
Staphylococcus aureus
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and interaction of the
Staphylococcus aureus

transmembrane peptidase
AgrB with its AgrD propeptide
substrate

Eliminating extracellular

autoinducing peptide signals
inhibits the Staphylococcus
aureus quorum sensing agr
system
Quorum sensing and
quorum quenching with
a focus on cariogenic and
periodontopathic oral biofilms

Natural competence and
the evolution of DNA uptake
specificity

Mixed red-complex bacterial
infection in periodontitis

Comparative gene expression
analysis of planktonic
Porphyromonas gingivalis
ATCC 33277 in the presence
of a growing biofilm versus
planktonic cells

Acyl homoserine lactone-
mediated quorum sensing in
the oral cavity: A paradigm
revisited

Bacterial interactions in dental
biofilm

Bitter taste receptor T2R14
modulates Gram-positive
bacterial internalization and
survival in gingival epithelial
cells

QS — quorum sensing.
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Highlighting the dependence of
P.aeruginosa physiology on the stage of
biofilm formation as a useful biofilm growth
tackling perspective

General biofilm formation pattern.

Testing the bacterial susceptibility
to changes in the concentration of
aggregation-promoting proteins in the
synovial fluid

Biofilm aggregates may be more
complex when formed in the fluid
medium than on a firm surface.

Displaying the relationship between the Curli-positive E. coli strains are more
structure of the extracellular matrix and the  tolerant to harsh environments than
endurance of a 3D-printed E. coli biofilm. curli-negative strains.

RNAII and RNAIII transcripts
responsible for S. aureus QS are
dependent on P2 and P3 promoters.

Finding the possible cause for the lack or
presence of Agr activity in S. aureus.

Investigating the interaction between the
2 elements of the S. aureus agr QS system —
agrB and agrD — during the production of
the autoinducing peptide.

RNAII consists of 4 genes — agrA, agrB,
agrC, and agrD — crucial for S. aureus

Qs

Investigating the effects of the removal of
the autoinducing peptide from the S. aureus
culture by a nitrocellulose membrane on
QS-dependent virulence factor production.

The autoinducing peptide, as a
QS mediator, is crucial for alpha-
hemolysin expression in S. aureus.

Pheromones, which are mainly
organic molecules or short-chain
peptides, are involved in the QS
mechanism.

Discussing the principles and modern

and periodontopathic biofilms.

Investigating the specificity of DNA uptake
by competent proteobacteria of the families
Pasteurellaceae and Neisseriaceae, and
presenting the mechanism of evolution and
the stability of DNA uptake sequences.

Discussing the inter-species interactions
of pathogens within the red complex, P.gingivalis is part of the red complex,
including Porphyromonas gingivalis, which is often found in periodontal
Treponema denticola and Tannerella forsythia, pockets and may be involved in the
in the context of their cooperative actionin  destruction of periodontal tissues.
the destruction of periodontal tissues.
Investigating P. gingivalis gene expression P. gingivalis is capable of adhering
in free-floating cells and monogeneous to mucosal surfaces, enabling it
biofilms to better understand the to effectively evade host defense
microorganisms' adaptation to specific mechanisms, and communicate and
ecological determinants and their role in the cooperate with other bacteria within
biofilm environment. the oral biofilm.

Investigating the presence of acyl-
homoserine lactones (AHLs) in oral samples  P.gingivalis produces AHLs that are

The ComABCDE system, consisting
of 5 genes, enables peptide export,
stimulating the genetic competence
in bacteria.

and their production by P. gingivalis, and associated with the formation of
evaluating potential strategies for AHL  bacterial clusters and pathogenicity in
inhibition in the prevention and treatment periodontal disease.
of oral diseases.
Discussing the main mechanisms of biofilm S. mutans aggregates with
formation and interactions between oral  Fusobacterium nucleatum, but shows
bacteria. no interaction with P. gingivalis.
T2R receptors in the oral cavity
Investigating the role of bitter taste recognize the competence-
receptors T2R14 in the internalization and stimulating peptide molecules
growth inhibition of Gram-positive bacteria secreted by S. mutans, and by blocking
in gingival epithelial cells. them hinders the uptake of S. aureus,

but does not affect S. mutans.
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introduces a potential risk of errors in the interpretation
of QS mechanisms. Due to the complexity and broad scope
of the topic, only selected mechanisms and molecules in-
volved in QS were described.

Conclusions

The above examples cited in this article demonstrate
how diverse, unique and complex the bacterial community
inhabiting the human oral cavity is. It is not limited to sim-
ple communication, but represents a sophisticated system
of information exchange that enables bacteria to cooperate
and effectively inhabit all available niches. The examples
presented illustrate the numerous directions, pathways
and signals involved in QS mechanisms. The mechanisms
of only 3 bacterial species have been described, while the
oral cavity contains more than 700 bacterial species. With-
out cooperation, their survival would not be possible. Many
of the pathways through which QS occurs have not yet
been fully elucidated or thoroughly studied, leaving much
more to be explored. Bacteria are highly capable of adapt-
ing to the prevailing conditions within the oral cavity.
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Abstract

Background. Various parameters are used in cephalometric diagnosis to assess the sagittal discrepancy
of the maxillary bases.

Objectives. The aim of this study was to assess the role of the horizontal and vertical dispersion of anthro-
pometric landmarks used for plotting, and to assess the reliability of the selected cephalometric parameters.

Material and methods. The material consisted of 24 randomly selected cephalometric radiographs.
They were analyzed twice, 7 days apart, by 15 orthodontists. The horizontal and vertical dispersion (x, y)
of individual anthropometric landmarks was assessed using the mean reference value, and the reliability
of individual landmarks and measurements was assessed using the intraclass correlation coe - cient (/(((2.1)).

Results. The /(C(2.1) for each landmark ranged from 0.9907 to 0.9998. The /(((2.1) for individual sagittal
discrepancy measurements averaged 0.9370 to 0.9842. The highest reliability was achieved for the ANB,
W, Sar, Wits, Tau, and Yen measurements, respectively. The obtained results indicate excellent reliability in
determining landmarks. The measurements of the selected parameters assessing the sagittal incongruence
relationship between the maxillaand the mandible also demonstrated excellent reliability.

Conclusions. The highest reliability in assessing the sagittal relationship between the maxilla and the
mandible continues to be demonstrated by the ANB angle. The high and comparable values of the Sar, W,
Tau, and Yen angles indicate the possibility of using these parameters interchangeably or complementarily
in diagnosis and treatment planning, especially in borderline cases.

Keywords: orthodontics, algorithms, reproducibility of results, statistics and numerical data, cephalometry
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< Landmark dispersion affects the accuracy of cephalometric diagnosis.

« Horizontal landmark dispersion plays a more significant role in the assessment sagittal discrepancy.

< The high reliability of landmark identification and cephalometric measurements supports the use of ANB, Wits,
Sar, W, Tau, and Yen measurements for diagnosis and orthodontic treatment planning.

* When applying the new diagnostic measurements, particular caution should be exercised in patients undergoing

growth and development.

* A major limitation of the new cephalometric measurements is their inability to determine whether the maxilla or

mandible is affected by abnormal development.

Introduction

The method of choice for precisely assessing the sagittal
relationship between the maxilla and the mandible™2 is
cephalometric analysis. Since the 1930, when Broadbent
and Hofrath introduced cephalometry,* the number of new
cephalometric analyses based on new landmarks has been
steadily increasing. One reason for this is the desire to find
methods that are least susceptible to disturbances that
could affect the measurement results. The authors of these
analyses®"81219 indicate that the anthropometric points
they proposed, which constitute the basis for obtaining
measurements, are less sensitive to changes in the skeletal
structure related to growth?"° or completed orthodontic
treatment?® than the previously used ANB %13 Wits, 1!
Beta,'® ' ODI (Overbite Depth Indicator),? and APDI
(Anteroposterior Dysplasia Indicator)? measurements. In
a systematic review from 2022, the authors identified sev-
eral new angular measurements (Tau, Yen, Sar, W) based
on the new landmarks G, M, W, and T.?

The reliability (i.e., accuracy) of individual Cartesian
measurements along the 0X and 0Y axes depends on
the repeatability and reproducibility of landmark iden-
tification by orthodontists performing the examination.

Table 1. Reference points in radiographic cephalometry included in the analysis

- = 2 0 ©» =z © >

— .
5 5 & 3

A measurement is considered reliable when it is both pre-
cise (repeatable) and consistent across the examiners or
repeated assessments (reproducible). In practical terms,
reliability is reflected by the overlap of the landmark posi-
tions identified by the examiners on the Cartesian coor-
dinate system, or, when perfect overlap is not achieved, by
minimal dispersion of the identified points.

Previous studies conducted by Kotuta et al.>=45>-%" did
not demonstrate increased measurement precision with
the use of the newly proposed landmarks. Of these, only
one study?® evaluated the reliability of the horizontal and
vertical dispersion of the landmarks used for the ANB and
Tau measurements. The results indicated that clinicians’
knowledge and proficiency in landmark identification play
a significant role in improving measurement reliability.

To minimize the limitations of single measurements,
especially in borderline cases, clinicians combine param-
eters from selected analyses and compare them to precisely
assess sagittal discrepancy.

The aim of this study was to assess the role of the hori-
zontal and vertical dispersion of 12 anthropometric land-
marks. The impact of point identification on the reliability
of the Tau, Yen, Sar, W, and Wits angle measurements was
assessed in correlation with the ANB angle, considered the
“gold standard” (Table 1).

the deepest point of the anterior maxillary concavity, between the anterior nasal spine and the alveolar crest
the deepest point of the anterior mandibular concavity, between the alveolar crest and the pogonion
the most anterior point of the nasal-frontal suture on a radiographic profile

the center of the sella turcica

the center of the circle tangent to the inner lower, anterior and posterior surfaces of the mandibular symphysis
the center of the premaxilla

the mean intersection point of the lower contours of the anterior scalene processes and the contour of the anterior wall of the sella turcica
the highest point at the junction of the anterior wall of the pituitary fossa and the tubercle of the sella turcica
the most inferior and anterior point on the incisal edge of the maxillary central incisor
the most superior and anterior point on the incisal edge of the mandibular central incisor
the most posterior point on the crown surface of the maxillary first molar

the most posterior point on the crown surface of the mandibular first molar
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Material and methods
Ethical approval

The study was approved by the Bioethics Committee
of the District Medical Chamber (decision 01/173/2023
of March 6, 2023). Written informed patient consent was
obtained in accordance with the Declaration of Helsinki.?*

Inclusion and exclusion criteria

The following inclusion criteria were established: gener-
ally healthy Caucasian patients aged 12—18 years; prior to
orthodontic treatment; without developmental defects;
with the cephalograms taken at the neutral head position
(NHP).

The following exclusion criteria were applied: cephalo-
grams with anatomical abnormalities that hindered the
correct identification of landmarks; cephalograms of in-
dividuals with significant craniofacial deformities; and
cephalograms showing the displacement of bilateral ana-
tomical structures relative to each other.

Characteristics of methods

The sample size (N = 24) was determined assuming
a significance level of a = 0.05, an effect size (f) of 0.60,
and a statistical power of 80% (1 — B = 0.80). The study
included 24 digital lateral cephalograms acquired us-
ing a two-dimensional (2D) imaging technique, with 8
radiographs representing each of the 3 skeletal classes.
The radiographs were randomly numbered from 1 to 24
and entered into an Excel spreadsheet (Microsoft Corp.;
Redmond, USA).

Cephalometric analysis was performed based on the
manually identified reference landmarks, using the
Ortodoncja software, v. 9.0 (Ortobajt, Wroclaw, Poland),
and certified high-resolution NEC MultiSync EA244WMi
monitors (NEC, Tokyo, Japan). The monitor specifications
included a 24-inch display, a resolution of 1920 x 1200
pixels, a pixel pitch of 0.270 mm, horizontal and verti-
cal viewing angles of 178°, and a contrast ratio of 1000:1.
Landmark identification was performed manually on the
digital images using a computer mouse. Before analysis,
each image was calibrated by one investigator (J.K.) using
the 3-centimeter reference ruler available in the software
calibration window.

All radiographs were anonymized, randomly coded
from 1 to 24, and the orthodontists were blinded to both
the image identities and their previous assessments. The
anonymized images were distributed to 15 dentists un-
dergoing postgraduate orthodontic training, each with at
least 2 years of experience in cephalometric image analy-
sis. After completing the evaluations, the coded datasets
were returned to the study supervisor, entered into Excel
spreadsheets, and subjected to statistical analysis.
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Each examiner performed the cephalometric analyses
of the ANB, Wits, Tau, Yen, SAR, and W measurements
twice, with a 7-day interval between the assessments. In
total, 180 cephalometric analyses were completed, involv-
ing the identification of 2,160 anthropometric landmarks
and 4,320 measurements along the X- and Y-axes. Overall,
8,640 Cartesian coordinates were analyzed.

The “gold standard” was used only as a reference point
for coordinate normalization, not as an absolute diagnostic
truth. Its value was defined as the average of the coordinate
points identified by the 2 principal investigators (J.K and
K.K.). The principal investigators analyzed 1,152 coordi-
nate points. The agreement between them in classifying 24
radiographs into one of the 3 skeletal classes was verified
by Fleiss's kappa coefficient (k = 0.999). This value indicates
excellent inter-individual agreement.

Statistical analysis

Statistical analyses were performed using Statistica, v.
13.3(TIBCO Software Inc., Palo Alto, USA). The reliability
of the horizontal and vertical landmark coordinates, as well
as the cephalometric measurements, was assessed using
the two-way random-effects intraclass correlation coef-
ficient for absolute agreement (ICC(2.1)). The ICC values
were interpreted according to the guidelines proposed by
Koo and Li.4

Results

The accuracy of determining the Cartesian coordinates
of the 12 cephalometric landmarks determines the reli-
ability of estimating the indices that assess the mutual
relationship between the maxilla and the mandible in the
sagittal plane.

To accurately assess the location of each of the 12 land-
marks on each of the 24 cephalograms included in the
study, a reference value was established for each landmark.
The reference value was defined as the mean of duplicate
measurements of each cephalometric point performed by
2 experts. This reference standard was expressed as Carte-
sian coordinates (x, y) for each landmark relative to a fixed
reference point on each image. The coordinates obtained
from each measurement were normalized by subtracting
the corresponding reference coordinates for each patient
from the measured values.

The ICCs were used to quantify the horizontal and verti-
cal dispersion of individual landmarks.

The dispersion of individual landmarks was assessed by
comparing the obtained measurements within the corre-
sponding ranges of the identified points at p < 0.001 and
a 95% confidence interval (Cl) (Fig. 1).

Relative to the X-axis, the Nx and Sx coordinates were
identified with the highest precision (ICC(2.1) = 0.9998;
95% CI: 0.9984—0.9999), whereas the Tx coordinate showed
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the lowest precision (ICC(2.1) = 0.9970; 95% ClI: 0.9938—
0.9986) . The horizontal precision of the newly introduced
landmarks was as follows: Gx, ICC(2.1) = 0.9994 (95% CI:
0.9987—0.9999); Mx, ICC(2.1) = 0.9994 (95% CI: 0.9983—
0.9998); WX, ICC(2.1) = 0.9994 (95% CI: 0.9984—0.9998);
and Tx, ICC(2.1) =0.9970 (95% CI: 0.9938—0.9986). Among
the newly introduced landmarks, Tx was identified with
the lowest horizontal precision (ICC(2.1) = 0.9970; 95% ClI:
0.9938-0.9986.

Relative to the Y-axis, the Ny coordinate demonstrated
the highest precision (ICC(2.1) = 0.9988; 95% CI: 0.9978—
0.9992), whereas the By coordinate showed the lowest
precision (ICC(2.1) = 0.9865; 95% CI: 0.9770—0.9932).
The vertical precision of the newly introduced landmarks
was as follows: Ty, ICC(2.1) = 0.9967 (95% CI: 0.9958—
0.9975); Wy, ICC(2.1) = 0.9958 (95% CI: 0.9948—0.9970);
My, ICC(2.1) = 0.9955 (95% CI: 0.9945—0.9965); and Gy,
ICC(2.1) = 0.9907 (95% CI: 0.9900—0.9910). Among these
landmarks, By was identified with the lowest vertical preci-
sion (ICC(2.1) = 0.9865; 95% CI: 0.9770—0.9932).

The overall mean reliability of landmark identification
was ICC(2.1) = 0.99 (95% CI: 0.98—0.99).

The Bland—Altman plots demonstrated high repeatabil-
ity of the measurements, with angular parameters showing
amean difference of approx. 0.01° and the limits of agree-
ment ranging from —1° to 1°, while linear measurements
showed a mean difference of approx. 0.01 mm and the
limits of agreement ranging from —0.75 to 0.75 mm, indi-
cating high measurement reliability.

The highest reliability for sagittal discrepancy measure-
ments was observed for the following parameters: ANB,
ICC(2.1) =0.9842 (95% ClI: 0.98—0.99); W, ICC(2.1) = 0.9700
(95% CI: 0.97—0.98); Sar, ICC(2.1) = 0.9664 (95% CI:
0.96—0.97); Wits, ICC(2.1) = 0.9576 (95% CI: 0.95—0.96);
Tau, ICC(2.1) = 0.9533 (95% CI: 0.95-0.96); and Yen,
ICC(2.1) = 0.9370 (95% CI: 0.93—0.95). Among the evalu-
ated parameters, the ANB angle demonstrated the highest
measurement precision (ICC(2.1) = 0.9842; 95% ClI: 0.98—
0.99), whereas the Yen angle showed the lowest precision
(ICC(2.1) = 0.9370; 95% CI: 0.93—0.95).

As an additional measure of landmark localization ac-
curacy, we calculated the proportion of points located
within the predefined tolerance zone. The tolerance zone
was arbitrarily defined as a circle with a radius of 0.5 mm
centered on the reference point. Localization accuracy
was expressed as the ratio of the number of points falling
within the tolerance zone to the total number of evalu-
ated points.

Among the measurements performed by the experts,
most landmarks (S, M, L6, W, U6, G, and T) were identified
with greater precision in the vertical dimension, whereas
the N, A and B landmarks were identified more precisely
in the horizontal dimension.

Among the measurements performed by the residents,
most landmarks (lis, S, N, A, W, G, and B) were identi-
fied with greater precision in the horizontal dimension. In
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contrast, the Iss, M, L6, U6, and T landmarks were identi-
fied with greater precision in the vertical dimension.

Among the experts, the probability of correct landmark
identification in both dimensions was highest for the fol-
lowing points, in descending order: Iss, S, lis, W, M, N, A,
B, G, U6, L6, and T. Among the physicians participating
in the course, the corresponding order was: lis, S, N, Iss,
M, A, L6, W, U6, G, T, and B.

In the group of 15 trainees, the lis landmark was iden-
tified with the highest accuracy (89.4%), whereas the B
landmark showed the lowest accuracy (47.4%). The reduced
accuracy of the B landmark was primarily attributable to
errors in vertical localization (By). Despite this, the reli-
ability of the ANB angle was not substantially affected.

Discussion

Cephalometric analysis is one of the key components
of the diagnostic process preceding orthodontic treat-
ment planning.t-2325-2% Following the systematic review
by Kotuta et al. published in 2022,2 numerous studies have
systematically investigated reliable methods for assessing
sagittal skeletal discrepancy.3-1012.141518 |n the present study,
the authors continued these efforts by evaluating the reli-
ability of the ANB, Wits, Tau, Yen, Sar, and W parameters.

Other authors have also commented on these angles.
Babbar et al., who evaluated the ANB, Wits, Yen, W, and Pi
measurements, demonstrated that all of these parameters
can be used to assess the sagittal skeletal relationship.°
In borderline cases, however, they recommended con-
firming the diagnosis using alternative measurements.?°
Kotuta et al. reported that the errors affecting the reliabil-
ity of sagittal discrepancy measurements, particularly in
growing patients, are closely related to accurate landmark
identification.® The positions of landmarks A, N and B
may change considerably during growth and throughout
orthodontic treatment, complicating the accurate assess-
ment of sagittal discrepancy. In particular, the horizontal
dispersion of landmarks A and B relative to the X-axis,
together with the vertical dispersion of landmark N rela-
tive to the Y-axis, is critical for the reliability of the ANB
measurements.’

In assessing the reliability of the Tau angle, the horizon-
tal dispersion of landmarks T and M relative to the X-axis,
as well as the vertical dispersion of landmark G relative to
the Y-axis, are of particular importance.

In the present study, the ICC values for the horizontal
dispersion of landmarks A, N, B, T, M, and G were all
greater than 0.997. The ICC value for the vertical disper-
sion of landmark N (0.9988) indicated excellent agree-
ment between the measurements. Although landmark B
exhibited the lowest agreement for vertical localization
(By), with an ICC of 0.9865, this did not substantially re-
duce the reliability of the ANB angle for assessing sagittal
discrepancy.
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Kotuta et al. noted that the mean differences between the
repeated measurements obtained by the same assessor for
the ANB, Tau, and Yen angles were minimal.* However, the
wide range of the 95% limits of agreement between mea-
surements remained acceptable. The reliability analysis
demonstrated a high level of intraclass agreement.*

Of particular importance is the potentially reduced sus-
ceptibility of points G and M to changes associated with
growth or orthodontic treatment. This hypothesis was sup-
ported by the study of Gupta et al.? and challenged by the
findings of Kotuta et al.**® Therefore, it cannot be conclu-
sively stated that the Tau angle is more resistant to size-re-
lated changes associated with mandibular growth rotation.

The results of the study by Khushal et al. indicate that
the ANB angle requires critical interpretation, taking into
account the patient’s age, maxillary growth rotation, verti-
cal growth pattern, and anterior cranial base length.’® The
authors note that the position of the N landmark is not stable
throughout growth. Moreover, growth-related changes or
orthodontic treatment may alter the positions of landmarks
Aand B, consequently affecting the ANB measurement. The
authors emphasize that excluding the unstable N landmark
from the Wits measurement does not eliminate the possibil-
ity of measurement errors. The occlusal plane used for this
assessment is susceptible to changes resulting from miss-
ing teeth or the stage of tooth eruption. These factors may
alter the angle and inclination of the occlusal plane, thereby
affecting the relative positions of landmarks A and B and,
consequently, the Wits measurement itself.18

In the evaluation of measurement reliability across 2
measurement sessions performed by the same orthodon-
tists, no systematic reduction in errors or increase in agree-
ment was observed in the second series of measurements.
This finding indicates the stability of landmark identifica-
tion skills within the research group.

The current research confirms the conclusions
of Khushal et al.*® regarding the reliability of the W angle
measurement.

Limitations

The study has several limitations: a small number of pa-
tients and investigators; the lack of gender differentiation;
the lack of a comparative analysis using a longitudinal study;
and the use of a single system for cephalometric analyses.

This study is of a pilot nature, and the confirmation
of the obtained results requires a longitudinal investi-
gation, particularly in patients undergoing growth and
development.

Conclusions

The horizontal and vertical dispersion of landmarks used
for the assessment of sagittal discrepancy influences the
accuracy of cephalometric diagnosis. The present findings

J. Kotuta et al. Role of landmark dispersion

demonstrate the high reliability of the ANB, W, Sar, Wits,
Tau, and Yen measurements, supporting their careful ap-
plication in orthodontic diagnosis and treatment planning,
particularly in growing patients.

High-quality lateral cephalometric radiographs contrib-
ute to the reliable assessment of landmark localization. To
further improve measurement reliability, clinicians should
receive appropriate training in landmark identification.
In less experienced practitioners, horizontal landmark
dispersion appears to play a more significant role in the
assessment of sagittal discrepancy.

A major limitation of the Tau, Yen, Sar, and W measure-
ments is their inability to determine which jaw is affected
by abnormal development. Therefore, the assessment
of their validity requires correlation with SNA and SNB
angle analyses.

The limitations of the present study require careful in-
terpretation of the evaluated parameters.
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Abstract

Background. Orthognathic and maxillofacial trauma surgeries are often challenged by postoperative
instability resulting from persistent masticatory muscle forces acting on the repositioned bone segments.
Botulinum toxin type A (BTX-A) has been proposed as an adjunctive intervention to transiently reduce these
forces and enhance surgical stability.

Objectives. The aim of this narrative review was to evaluate the adjunctive role of BTX-A in orthognathic and
maxillofacial trauma surgery, with particular emphasis on its potential to reduce postoperative masticatory
muscle forces, thereby enhancing skeletal stability and optimizing healing. The review summarizes the
current evidence regarding target muscles, dosing strategies, timing of administration, e ects on skeletal
and occlusal outcomes, and potential impact on bone regeneration. In addition, it identi es limitations in
the existing clinical protocols and highlights areas requiring further standardized, high-quality research.

Material and methods. A narrative review was conducted using the PubMed, Scopus, and Web of Science
databases to identify experimental, clinical and case-based studies investigating the use of BTX-A in
orthognathic surgery and maxillofacial trauma management. The reference lists of relevant articles were
also manually screened to identify additional key mechanistic and translational evidence.

Results. Botulinum toxin type A injections into the masseter, temporalis and digastric muscles may
reduce postoperative muscle tension, protect  xation hardware, and improve skeletal and occlusal stability.
The available studies suggest a transient 20—40% reduction in bite force lasting approx. 3—4 months,
corresponding to the critical period of bone healing. Experimental models also indicate a potential bene cial
e ect on bone regeneration.

Conclusions. Botulinum toxin type A represents a minimally invasive and biologically plausible adjunct
for enhancing outcomes in orthognathic and maxillofacial trauma surgery. However, standardized protocols
regarding dosing, timing of administration, and safety have yet to be established. Well-designed controlled
clinical trials are needed to de ne its optimal use, alongsice ethical guidance addressing its o -label
application and use in pediatric patients.

Keywords: facial trauma, orthognathic surgery, masticatory muscles, botulinum toxin type A, occlusal
stability
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< Botulinum toxin injections reduce postoperative masticatory muscle forces, supporting skeletal stability in ortho-

gnathic and maxillofacial trauma surgery.

« The adjunctive use of botulinum toxin reduces the risk of fixation hardware failure and skeletal relapse.
e Botulinum toxin may enhance bone healing and remodeling by modulating muscle tension and the local bio-

mechanical environment.

e Botulinum toxin shows clinical utility in managing challenging cases, including condylar fractures, deep bite

relapse and hyperdivergent skeletal patterns.

« Since botulinum toxin is currently used off-label in maxillofacial surgery, there is a need for standardized dosing

protocols and ethical guidance.

Introduction

Orthognathic surgery and maxillofacial trauma manage-
ment frequently involve the repositioning of the facial skel-
eton to correct occlusal or esthetic discrepancies. Despite
advances in rigid internal fixation and three-dimensional
(3D) surgical planning, postoperative complications such
as skeletal relapse, malocclusion and hardware failure re-
main significant challenges, particularly due to variability
in planning accuracy and postoperative biomechanical
adaptation.t? These complications are often attributable
to the persistent forces exerted by the masticatory and
suprahyoid musculature during the healing period.?

Botulinum toxin type A (BT X-A), a neurotoxin derived
from Clostridium botulinum, has emerged as a potential
adjunctive therapy in maxillofacial surgery due to its abil-
ity to induce temporary muscle paralysis.* The injection
of BTX-A into the masticatory muscles is well established
in the management of temporomandibular disorders
(TMD)>-8 with a predominantly myogenous component®©
and in the treatment of bruxism-related symptoms.**'2 By
transiently weakening hyperactive or mechanically dis-
advantageous muscles during the critical postoperative
healing phase, BT X-A may reduce the undesired movement
of osseous segments, minimize complications, and pro-
mote more predictable occlusal and skeletal outcomes 13-16

Although BTX-A has been extensively investigated for
orofacial pain,*” TMD?®!8 and cosmetic indications,® its
adjunctive application in orthognathic and maxillofacial
trauma surgery remains relatively underexplored, with the
available evidence dispersed across case reports, experi-
mental studies and small clinical series. Furthermore, the
literature lacks a comprehensive synthesis focused on its
potential role in biomechanical stabilization, postoperative
occlusal control and the protection of fixation constructs.
This narrative review addresses this gap by critically sum-
marizing the available experimental and clinical evidence
regarding BT X-A injections into the masticatory and su-
prahyoid muscles as a surgical adjunct, with particular
emphasis on the mechanisms of action, clinical indica-
tions, dosing variability, ethical considerations, and cur-
rent limitations.

To our knowledge, this is the first narrative review spe-
cifically dedicated to the use of BT X-A as a biomechanical
adjunct for enhancing occlusal stability and protecting
fixation constructs in orthognathic surgery and maxillofa-
cial trauma management, integrating mechanistic, clinical
and ethical perspectives.

Methods
Study design

This narrative review evaluates the clinical and experi-
mental evidence regarding the use of BTX-A injections
into the masticatory and suprahyoid muscles to enhance
occlusal stability and bone healing following orthognathic
surgery and maxillofacial trauma. The review synthesizes
current mechanistic insights, clinical outcomes, and the
emerging considerations related to dosing, safety and
accessibility.

Search strategy, data extraction and
synthesis

A comprehensive electronic search was conducted in
the PubMed/MEDLINE, Scopus, and Web of Science data-
bases for studies published up to September 2025, without
language restrictions. The search strategy combined the
following keywords and Medical Subject Headings (MeSH)
terms: “botulinum toxin” OR “BTX-A” AND (“orthogna-
thic surgery” OR “jaw surgery” OR “maxillofacial fracture”
OR “facial trauma” OR “masticatory muscle” OR “occlusal
stability”). The reference lists of all included articles and
relevant review papers were also manually screened to
identify additional eligible studies.

Data extraction was performed independently by two
reviewers (MV and MG) using a predefined, standardized
data extraction form. For each included study, the follow-
ing variables were systematically collected: first author and
year of publication; study design; clinical indication and pa-
tient characteristics; sample size; type of botulinum toxin
administered; dosage and dilution protocol; anatomical
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injection sites; timing of injection in relation to surgery or
trauma; presence and type of a comparator group; duration
of follow-up; primary clinical and radiographic outcomes;
findings related to relapse or postoperative stability; and
reported adverse events.

Particular attention was paid to variables directly re-
lated to occlusal stability and biomechanical unloading,
including the targeted muscles (e.g., masseter, temporalis,
digastric, and pterygoid muscles), timing of injection (pre-
operative, intraoperative or postoperative) and outcome
measures used to assess relapse (e.g., changes in overbite,
cephalometric parameters, and hardware failure). When
quantitative data were incomplete or reported heteroge-
neously, findings were synthesized narratively to preserve
their clinical relevance. Outcome heterogeneity was fur-
ther influenced by differences in the assessment meth-
ods, including conventional cephalometry, cone-beam
computed tomography (CBCT)-based analysis and digi-
tal model evaluation, which have been shown to produce
non-equivalent results across studies.?°

Disagreement at any stage of study screening or data
extraction was resolved through discussion, with consen-
sus reached in all cases without the need for third-party
arbitration. Although this study was designed as a nar-
rative review, a structured screening process informed
by the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) principles was adopted to
enhance transparency and reproducibility. Studies were
excluded following full-text review if they lacked relevance
to surgical applications, focused exclusively on cosmetic
indications, or did not report outcomes related to occlusal
or skeletal stability.

Inclusion and exclusion criteria

Eligible studies included: (1) experimental or clinical
investigations evaluating the use of BTX-A in orthogna-
thic surgery or maxillofacial trauma contexts; (2) studies
reporting injection sites, dosage, or outcomes related to
occlusal or skeletal stability; and (3) animal studies pro-
viding mechanistic or histological evidence with potential
translational relevance.

The exclusion criteria comprised: (1) studies focusing
exclusively on esthetic or cosmetic indications; (2) investi-
gations of orofacial pain, bruxism or TMD without a surgi-
cal context; and (3) reviews, editorials or opinion articles
lacking original data.

Risk of bias assessment

Given the predominance of non-randomized studies
and case-based reports in the included literature, the risk
of bias was assessed using a qualitative approach adapted
to the design of each study.

For non-randomized comparative studies, the risk
of bias was evaluated according to the principles of the
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Risk of Bias in Non-randomized Studies-of Environ-
mental Exposure (ROBINS-E) tool,?! with particular
consideration given to bias arising from confounding,
participant selection, deviations from the intended in-
terventions, and outcome measurement. For uncon-
trolled case series and case reports, methodological
quality was assessed based on the completeness of clini-
cal descriptions, the clarity of intervention protocols,
the adequacy of follow-up, and the transparency of out-
come reporting.

Studies were categorized as presenting moderate, mod-
erate-to-high, or high risk of bias, without the application
of numerical scoring systems, given the heterogeneity
of study designs and outcome measures. This qualitative
classification was considered more appropriate for reflect-
ing the exploratory and hypothesis-generating nature
of the available evidence.

Results and discussion

The electronic search was completed on September
30, 2025. The database search identified 86 records from
PubMed/MEDLINE, 414 from Scopus, and 203 from the
Web of Science. Following duplicate removal, 54 records
were screened based on title and abstract evaluation.
Twenty-three full-text articles were assessed for eligibil-
ity, and 9 studies®13-1522-26 were included in the qualitative
synthesis. Table 1 summarizes the included studies and
their main characteristics.

Unless otherwise specified, claims derived from single
case reports are presented descriptively and should not
be interpreted as the evidence of efficacy comparable to
controlled clinical studies.

Quality of evidence and the strength
of clinical claims

The overall quality of evidence supporting the adjunctive
use of BTX-A in orthognathic and maxillofacial trauma
surgery remains low to moderate.’32223 The strongest clini-
cal signals are derived from non-randomized comparative
studies,>41524-26 particularly with regard to reduced fixa-
tion hardware failure rates and improved postoperative
skeletal stability.

The evidence supporting the prevention of cephalomet-
ric relapse and the maintenance of occlusal stability is
primarily derived from small prospective cohorts and case
series.1524-26 Mechanistic support is provided by animal
studies® and imaging-based investigations.?42¢ Although
biologically plausible, single case reports®2223 should be
interpreted as hypothesis-generating rather than confir-
matory evidence.

Accordingly, the clinical recommendations derived from
this review should be considered adjunctive and selective
rather than universally applicable.
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Mechanism of action and rationale

Botulinum toxin type A exerts its effects by cleaving
SNAP-25, a component of the SNARE complex that is
essential for acetylcholine release at the neuromuscular
junction.? This inhibition results in temporary flaccid pa-
ralysis of the targeted muscles, typically lasting approx.
3—6 months. Muscle weakening begins within 2—5 days
after injection, reaches its peak effect at approx. 2 weeks,
and gradually resolves as axonal sprouting and neuromus-
cular reinnervation occur.'’

The rationale for BT X-A use in orthognathic and trauma-
related surgery lies in its ability to temporarily reduce the
contractile forces exerted by muscles that may otherwise
compromise the stability of the recently repositioned bones
or fractured segments. This effect is particularly relevant
for muscles such as the masseter, temporalis, medial ptery-
goid, and digastric, whose activity influences mandibular
stability and position.13-152426 By attenuating these biome-
chanical forces, BT X-A may facilitate bony healing, reduce
skeletal relapse, and optimize occlusal relationships during
the early postoperative recovery phase.®

Applications in orthognathic surgery
Masseter muscle injections

In mandibular setback procedures, such as bilateral sag-
ittal split ramus osteotomy (BSSRO), the masseter and
medial pterygoid muscles generate posterior and superior
forces that may compromise fixation stability and contrib-
ute to plate fracture or skeletal relapse. Shin et al. reported
a reduction in titanium miniplate fractures following the
bilateral postoperative administration of BT X-A into the
masseter muscles.?® The study demonstrated a significant
difference in plate failure rates (12.5% vs. 50%), favoring the
BTX-A group, suggesting that the temporary attenuation
of masticatory forces may provide protection for fixation
constructs during osseous consolidation.?

Although the BT X-A group did not demonstrate statisti-
cally significant differences in the cephalometric markers
of skeletal relapse, including the measures of mandibular
position relative to the cranial base (e.g., the Sella—Nasion—
B-point (SNB) angle), the mandibular plane angle and the
gonial angle, the reduced incidence of mechanical fail-
ure highlights the potential utility of muscle inactivation
in enhancing fixation integrity.2> These findings suggest
that BT X-A may be particularly beneficial in patients with
high bite forces, severe deformities requiring substantial
segmental movements, or compromised fixation stability.

Digastric muscle injections
The anterior belly of the digastric muscle plays a criti-

cal role in mandibular depression. In patients undergo-
ing counterclockwise mandibular rotation for Class 11
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hyperdivergent malocclusion with anterior open bite,
excessive or unbalanced digastric activity may generate
downward forces that counteract surgical movements and
predispose to relapse. Traditionally, suprahyoid myotomy
has been employed to reduce these forces; however, this
approach is associated with potential complications, in-
cluding hemorrhage, dysphagia and prolonged recovery.

Coclici et al. used ultrasound imaging to evaluate dimen-
sional changes in the digastric muscle following BTX-A
injection, and reported statistically significant increases
in muscle length, together with reductions in width and
cross-sectional area, indicating the elongation and thin-
ning of the muscle.’® These morphological changes were
consistent with reduced muscle tone, supporting the po-
tential role of BT X-A in mitigating downward mandibular
relapse.®

In a five-patient case series, Ban et al. demonstrated the
long-term stability of cephalometric measurements and
occlusion following BT X-A injection into the anterior belly
of the digastric muscle at the time of bimaxillary surgery.?®
No significant differences in SNB or ANB angles were ob-
served between early and late postoperative assessments,
suggesting that a single intraoperative injection may pro-
vide sufficient functional attenuation during the critical
period of skeletal relapse risk.2

Prevention of deep bite relapse

In Class Il division 2 malocclusion with deep bite, relapse
following mandibular advancement may be influenced by
increased vertical forces generated by the masticatory mus-
cles, particularly the masseter and temporalis. Micke et al.
conducted a prospective study comparing 24 control pa-
tients with 8 patients who received preoperative BTX-A
injections into the masticatory muscles before mandibular
advancement.?* After 1 year of follow-up, cephalometric
analysis demonstrated significantly improved postopera-
tive stability in the BTX-A group, particularly regarding
vertical overbite and mandibular plane angle measure-
ments.?* These findings highlight the potential contribu-
tion of muscle tone to skeletal relapse and suggest that
BTX-A may represent a minimally invasive alternative to
myotomy or rigid overcorrection.

Applications in facial trauma and fractures
Conservative treatment of condylar fractures

Condylar and subcondylar fractures present unique
management challenges due to their proximity to the tem-
poromandibular joint (TMJ) and associated musculature.
Traditional closed reduction approaches often depend on
patient compliance and physical therapy. In both pediatric
and adult patients with displaced but reducible fractures,
BTX-A has been used as an adjunct to reduce muscular
forces and facilitate passive remodeling.
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Canter et al. administered BTX-A injections into the
masseter and temporalis muscles in adults with unilateral
condylar fractures managed conservatively.* The authors
reported favorable anatomical reduction and functional re-
covery without the need for fixation hardware.* Similarly,
Akbay et al. described the use of BTX-A in the masseter,
temporalis and medial pterygoid muscles in a pediatric
patient, resulting in complete radiographic healing and
restoration of occlusion.!® These reports illustrate the po-
tential of BT X-A to facilitate fracture healing by reducing
displacing muscular forces, particularly in selected pa-
tients where compliance, age or anatomical considerations
may limit conventional management approaches.

Enhancement of fracture healing

Beyond its role in mechanical stabilization, BT X-A may
also influence bone metabolism. In an experimental rabbit
model, Tukel et al. demonstrated that BT X-A injection into
the masseter muscle enhanced bone healing following sur-
gically created mandibular fractures.® Radiodensitometric,
histomorphometric and biomechanical analyses showed sig-
nificantly greater bone mineral density, trabecular volume
and failure load in BT X-A-treated animals as compared to
controls.® These findings suggest that BTX-A may not only
reduce mechanical stress, but also favorably modulate the
biological environment involved in fracture repair.

Effects on occlusion and masticatory forces

The occlusal forces generated by the masticatory mus-
cles are a crucial factor in postoperative dynamics.?’-3
The administration of BTX-A into the masseter muscle
has been shown to produce a quantifiable reduction in
bite force, typically in the range of 20—40%, with effects
lasting approx. 3—4 months.* This temporary attenuation
of masticatory forces may facilitate osseous consolidation
by reducing excessive mechanical loading during the early
healing phase, thereby promoting occlusal settling and
protecting fixation constructs.

Cephalometric and ultrasonographic studies further
support these functional changes. Coclici et al. observed
increased length and reduced width of the digastric mus-
cle following BT X-A injection, consistent with decreased
muscle tone.!® These morphological changes were accompa-
nied by improved stability of occlusal parameters, including
overbite and incisal display.'® The modulation of muscle
force vectors may therefore be particularly beneficial for
optimizing occlusal outcomes, reducing relapse in high-
risk skeletal configurations, and minimizing parafunctional
loading during the early postoperative healing phase.3?

Dosing and injection protocol variability

Considerable heterogeneity was observed across
the included studies with respect to botulinum toxin
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formulation, dosage, dilution protocol, and timing of ad-
ministration. Most clinical studies used onabotulinum-
toxinA (e.g., Botox®, Meditoxin®),31314.22-26 \whereas only
one study employed abobotulinumtoxinA (Dysport®).1
For onabotulinumtoxinA, the most commonly reported
doses ranged from 25—40 units per masseter muscle, 131425
15—30 units per temporalis muscle,*** 10—20 units per
medial pterygoid muscle,*** and 5—10 units per anterior
belly of the digastric muscle,15222326 with injections typi-
cally distributed across multiple sites within each muscle.
When reported, dilution concentrations were approx.
20 1U/mL; however, the injected volume per site was in-
consistently described across studies (Table 1).
AbobotulinumtoxinA was used in a limited number
of studies at a total dose of 20 units for bilateral injec-
tions into the anterior bellies of the digastric muscles;
however, detailed information regarding dilution proto-
cols and injection volumes was frequently omitted. Since
botulinum toxin units are formulation-specific and not
biologically interchangeable, no dose conversion between
onabotulinumtoxinA and abobotulinumtoxinA was ap-
plied. Consequently, comparisons between formulations
were qualitative and based on the reported clinical out-
comes rather than the assumed numerical equivalence.
This variability highlights the lack of standardized dos-
ing protocols and limits direct comparisons across studies.

Contraindications and ethical
considerations

The use of BTX-A as an adjunct for surgical stabilization
is currently considered off-label, as regulatory approvals
are limited to cosmetic!® and selected neuromuscular in-
dications.® Its application in orthognathic and maxillofa-
cial trauma surgery therefore requires thorough informed
consent, with the explicit discussion of its investigational
nature in this clinical context.

Absolute contraindications include known hypersensi-
tivity to BT X-A or human albumin, active infection at the
intended injection site, neuromuscular junction disorders
(e.g., myasthenia gravis), and pregnancy or lactation. Cau-
tion is also warranted in patients with coagulopathies or
those receiving anticoagulant therapy.

Pediatric use remains particularly controversial. Al-
though BTX-A has been used in children for conditions
such as cerebral palsy®* and dystonia, its application in
craniofacial fractures or orthognathic surgery lacks ro-
bust evidence regarding safety and long-term outcomes.
Growth-related skeletal changes may influence treatment
effects,323536 rendering pediatric applications ethically
sensitive. Accordingly, the use of BT X-A for orthognathic
or trauma-related indications in pediatric patients can-
not currently be recommended outside ethically approved
research protocols.?:3738 In such settings, the informed
consent process should explicitly address the off-label na-
ture of the intervention, the absence of long-term data on
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craniofacial growth, and the availability of the established
alternative treatment options.

Repeated administration of BTX-A carries a potential
risk of neutralizing antibody formation,3® which may re-
duce treatment efficacy over time. Consequently, its use
should be reserved for carefully selected patients at high
risk of relapse or fixation-related complications until ro-
bust long-term evidence becomes available.

Economic and accessibility implications

The integration of BT X-A into surgical workflows intro-
duces additional cost and logistical considerations:

— cost-effectiveness: A vial of onabotulinumtoxinA (100 U)
typically costs €150—€300, with per-procedure require-
ments ranging from 50 to 100 U for bilateral injections.
In comparison with the costs associated with hardware
replacement, the correction of skeletal relapse, or revi-
sion surgery, this expense may be justified in selected
high-risk cases*?;

— accessibility: the administration of BTX-A requires de-
tailed anatomical knowledge and, in some settings, ultra-
sound guidance, potentially limiting its implementation
to experienced surgeons or multidisciplinary centers
with appropriate expertise;

—insurance and regulatory considerations: Reimburse-
ment is uncommon for off-label surgical applications,
potentially contributing to disparities in access across
healthcare systems. The development of clinical guide-
lines and further cost—benefit analyses may support
broader evaluation and adoption;

— workflow integration: BTX-A injection can be incor-
porated into the perioperative workflow without sub-
stantial additional operative time (<10 min) and with
minimal patient discomfort, suggesting potential feasi-
bility within standard surgical protocols as supporting
evidence continues to evolve.

Limitations and considerations

Despite the growing body of supportive evidence, several
limitations must be acknowledged. Most available studies
are characterized by small sample sizes, case reports or
experimental animal models, limiting the generalizability
of current findings. The standardization of dosing proto-
cols, injection techniques, and timing of administration
remains a major area of clinical variability. Furthermore,
repeated BTX-A administration may be associated with
immunogenicity and the potential development of neutral-
izing antibodies, which could reduce therapeutic efficacy
over time.

The principal limitation of the available literature is the
predominance of low-level evidence, including case re-
ports, small case series and experimental animal studies.
Only a limited number of non-randomized comparative
investigations have been published, and no randomized
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controlled trials (RCTs) have specifically evaluated BT X-A
as an adjunctive intervention in orthognathic surgery or
maxillofacial trauma.

Heterogeneity in dosing protocols, targeted muscles,
outcome definitions, and follow-up duration further limits
direct comparison between studies. Consequently, cur-
rent evidence should be interpreted as supportive but not
definitive.

The interpretation of outcomes is potentially con-
founded by variability in fixation systems, the magnitude
of skeletal movements, postoperative rehabilitation proto-
cols, and patient-specific factors, including baseline bite
force and parafunctional activity. These variables were
inconsistently reported across studies and may indepen-
dently influence the risk of skeletal relapse or hardware
failure, irrespective of BT X-A administration.

Based on current evidence, BTX-A may be considered
in selected high-risk clinical scenarios, including patients
with elevated masticatory forces, substantial mandibular
movements, hyperdivergent Class Il patterns, or com-
promised fixation stability. Beyond skeletal and occlusal
outcomes, patient-reported outcomes and postoperative
satisfaction represent important endpoints in orthognathic
surgery and should be considered alongside objective func-
tional measures when evaluating adjunctive interventions
such as BTX-A.*! At present, the routine use of BTX-A in
standard-risk cases is hot supported by sufficient evidence.

The adverse effects associated with BT X-A administra-
tion are generally uncommon, but may include transient
dysphagia, unintended muscle weakness, asymmetry, or
hematoma formation. Appropriate anatomical localiza-
tion and ultrasound guidance may help reduce these risks.
However, the potential benefits of any adjunctive interven-
tion must be considered within the broader risk profile
of orthognathic procedures, which includes established
complications, such as nerve injury, infection and func-
tional impairment, as extensively discussed in recent risk
assessment analyses.*?

Additionally, the ethical considerations surrounding
BTX-A use in pediatric populations and its potential role
as an alternative or adjunct to conventional fixation strate-
gies require further investigation.

Large-scale RCTs with long-term follow-up are necessary
to define the precise role of BTX-A in orthognathic and
maxillofacial trauma surgery. The development of consen-
sus-based protocols will be essential to support evidence-
based adoption and ensure consistency in patient selection,
treatment application and clinical outcomes.

Conclusions

The injections of BTX-A into the masticatory and su-
prahyoid muscles represent a biologically plausible and
minimally invasive adjunctive strategy for enhancing skel-
etal and occlusal stability following orthognathic surgery
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and facial fractures. Current evidence suggests potential
benefits in reducing hardware failure rates, skeletal relapse
and muscle-related complications.

Nevertheless, substantial heterogeneity in treatment
protocols, the absence of regulatory approval for these
specific indications, and limited long-term evidence cur-
rently constrain routine clinical adoption. Ethical imple-
mentation requires transparent communication regard-
ing the off-label and investigational nature of BT X-A use,
particularly in pediatric and other vulnerable populations.

As the understanding of musculoskeletal neuromod-
ulation continues to advance, BT X-A may evolve from
an ancillary therapy into an integrated component of per-
sonalized maxillofacial surgery, offering the potential to
balance biomechanical modulation, biological healing pro-
cesses and economic considerations to optimize patient
outcomes.
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