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Emerging evidence suggests that viral integration into non-coding and genomically
vulnerable regions may represent one of several mechanisms contributing to oncogenesis,
warranting further investigation through long-read whole-genome sequencing (WGS).

Oncogenic viruses are no longer viewed merely as isolated infectious causes
of cancer, but as context-dependent drivers and cofactors that shape tumor evolu-
tion through viral persistence, host genome integration, genomic instability, and
the disruption of coding and non-coding regulatory landscapes. This modern
understanding, however, emerged from a much simpler early idea: that cancer
might, at least in some cases, be caused by a transmissible biological agent.

At the beginning of the 20" century, cancer lacked a unifying causal frame-
work. In 1911, Peyton Rous demonstrated that a transmissible agent, Rous
sarcoma virus (RSV), could induce tumors in chickens, providing the first
experimental evidence that cancer could arise from a defined transmissible
biological agent.!

This hypothesis gained momentum in the mid-20*" century with advances in
virology and molecular biology. Oncogenic viruses were progressively identified,
beginning with the discovery of Epstein—Barr virus (EBV) in Burkitt lymphoma
cells in 1964, followed by the demonstration of its ability to immortalize human
lymphocytes in 1967, and the recognition of hepatitis B virus (HBV) as the
causative agent of serum hepatitis in 1965.2 Over time, several human tumor
viruses were firmly established, including human herpesvirus 8 (HHV-8; Kaposi
sarcoma), human papillomavirus (HPV; cervical and other anogenital cancers),
HBYV and hepatitis C virus (HCV) (hepatocellular carcinoma), EBV (Burkitt
lymphoma, nasopharyngeal carcinoma, and selected lymphomas), and human
T-cell lymphotropic virus 1 (adult T-cell leukemia/lymphoma).3-¢ Collectively,
these oncogenic viruses are now estimated to account for 10-15% of cancers
worldwide.>”

These discoveries translated into tangible clinical benefits — prophylactic
vaccines against HPV and HBV became the first effective tools for cancer
prevention. Their impact is particularly evident for HPV-associated mali-
gnancies. A recent global analysis of cervical, penile, vulvar, vaginal, laryngeal,
oropharyngeal, oral, and anal cancers estimated 831,204 HPV-attributable
cancer cases and 422,935 deaths in 2022.8 In oral oncogenesis, however, the role
of HPV appears more heterogeneous than in cervical or oropharyngeal cancer.
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Human papillomavirus has been detected by genetic test-
ing in 0.0-74.5% of oral squamous cell carcinoma (OSCC)
cases, with a weighted mean odds ratio of 17.1 for the de-
tection of HPV-16 or HPV-18 in patients with OSCC.>

However, the early expectation that cancer might be
explained by a single viral cause gradually gave way to
a more complex model. Most cancers arise through the
accumulation of genetic alterations driven by defective
DNA repair and environmental exposures. Viruses re-
main important, but as components of a broader oncogenic
landscape, acting as initiators, cofactors or catalysts rather
than universal drivers. This broader cofactor-based view is
supported by systematic evidence from colorectal cancer,
where gut microbiota dysbiosis may contribute to carcino-
genesis through chronic inflammation, carcinogenic
metabolites and altered host immune responses.’

Today, in the era of genomics, attention has returned
to the ways in which viral DNA integrates into the host
genome: which chromatin contexts are permissive; how
integration sites intersect with genomic instability; and how
defects in DNA repair pathways influence these processes.
The original search for a singular cause has thus evolved
into a deeper insight — viruses are not the universal ex-
planation for cancer, but they provide a powerful lens through
which the mechanisms of oncogenesis can be understood.

Among human oncogenic viruses, EBV has emerged as
a paradigmatic model linking viral persistence to mali-
gnant transformation. Epstein—Barr virus infects more
than 90% of the global population and establishes lifelong
latency, yet only a small fraction of infected individuals
develop malignancy, underscoring the importance of host,
environmental and genomic modifiers.!® Epstein—Barr
virus is etiologically associated with a broad spectrum
of lymphoid and epithelial malignancies, including
Burkitt lymphoma, Hodgkin lymphoma, nasopharyngeal
carcinoma, and EBV-associated gastric carcinoma,
collectively accounting for approx. 1% of all cancers
worldwide.!! Despite this well-established association, the
mechanisms by which EBV contributes to oncogenesis
remain incompletely understood and likely extend beyond
a single unifying pathway.!

Traditionally, EBV-driven tumorigenesis has been at-
tributed to latent infection programs, in which viral gene
products, such as EBNA1, LMP1 and LMP2, modulate
host signaling pathways, promote cell survival and induce
epigenetic reprogramming.!> However, accumulating
evidence suggests that viral-host genome interactions
represent an additional, yet underappreciated, layer
of oncogenic regulation.

Although EBV genomes are typically maintained as
episomes, integration into the host genome has been re-
peatedly documented in both lymphoid and epithelial
malignancies, where it may disrupt gene expression, alter
chromatin architecture and contribute to genomic in-
stability.!* Notably, integration events have been identi-
fied near oncogenes such as REL and BCL11A in Burkitt
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lymphoma, suggesting a potential role in the deregulation
of key oncogenic pathways.!?

Moreover, EBV integration has been linked to regions
of chromosomal fragility and instability, raising the pos-
sibility that viral insertion may both exploit and exacerbate
vulnerable genomic contexts.!* These observations are
consistent with emerging genomic evidence showing that
integration sites are enriched in regions prone to DNA
damage and microhomology-mediated repair, implicat-
ing defective DNA repair pathways as key determinants
of viral insertion and its oncogenic consequences.!!

Intriguingly, the “hit-and-run” hypothesis further ex-
pands this framework by proposing that EBV may initiate
oncogenic transformation through transient genomic
or epigenetic alterations, even if viral genomes are sub-
sequently lost from tumor cells.!°

Building on this framework, recent advances in high-
throughput genomic technologies are beginning to re-
define our understanding of viral-host interactions
in cancer. Conventional approaches, largely based on
targeted sequencing or short-read platforms, have provided
important insights into viral presence and integration,
but remain limited in resolving complex structural
events, repetitive regions and deeply intronic insertions.
In contrast, whole-genome sequencing (WGS), particularly
when incorporating long-read sequencing technologies,
now enables a more comprehensive and unbiased
interrogation of the cancer genome, including previously
inaccessible genomic regions.

These technologies are particularly relevant in the
context of EBV, where integration events are relatively rare,
heterogeneous, and frequently located outside protein-
coding regions. Emerging data indicate that viral DNA
often integrates within intronic or intergenic regions, in-
cluding loci harboring long non-coding RNAs (IncRNAs),
regulatory elements, or chromatin domains involved in
transcriptional control. Such events may not directly
disrupt protein-coding genes, but can nonetheless alter
transcriptional programs through enhancer hijacking,
epigenetic remodeling, or the modulation of three-
dimensional (3D) chromatin architecture.

Our recent work provides an illustrative example of this
paradigm.!® Using high-resolution genomic approaches in
lymphomas arising in the context of Nijmegen breakage
syndrome, we identified multiple EBV-associated genomic
alterations within non-coding regions, including 3 distinct
loci characterized by deep intronic integration signals.
Notably, these regions were enriched for IncRNA elements,
suggesting that EBV may preferentially target regulatory
genomic compartments rather than canonical oncogenes.'®
This observation aligns with a broader shift in cancer
genomics, in which non-coding regions are increasingly
recognized as critical drivers of oncogenesis.

Importantly, similar patterns have been observed beyond
EBV-associated malignancies. In hepatocellular carcinoma,
HBV integration has been reported within non-coding
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regions, including loci associated with regulatory RNAs,
where it may influence gene expression and promote
tumorigenesis through cis-regulatory effects.!® These
parallels suggest that viral integration into the non-coding
genome may represent a conserved oncogenic mechanism
across distinct virus—tumor systems.

Taken together, the integration landscape revealed by
modern genomic technologies supports a model in which
viral insertion is not merely a stochastic event, but rather
one shaped by chromatin accessibility, DNA repair dynamics,
and higher-order genome organization. By enabling
the precise mapping of integration breakpoints and their
genomic context, long-read WGS provides critical tools
to dissect these processes at unprecedented resolution.
Ultimately, this integrative approach may bridge the gap
between viral infection and malignant transformation,
offering new insights into how alterations within the non-
coding genome contribute to cancer development.
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Insomnia symptoms reported in sleep bruxism may partly reflect circadian misalignment
rather than insomnia disorder per se, highlighting the need to integrate chronobiological
assessment into both bruxism research and clinical practice.

Introduction

There are moments in science when a familiar association, long accepted,
repeatedly described, almost taken for granted, suddenly reveals an unexpected
contour. It often happens quietly — not in the results section of a paper, but
in the unease that arises while reading it, in the intuition that something
important may be missing from the framework we habitually use. It was
precisely this feeling that accompanied me as I examined a recent study
exploring the relationship between insomnia symptoms and probable sleep
bruxism.! The findings were sound and clinically relevant, yet one question
persisted, like a faint rhythmic pulse beneath the explicit conclusions: perhaps
our interpretation is too firmly anchored in insomnia, while overlooking
a more fundamental temporal dimension that shapes both sleep quality and
nocturnal motor activity. From this unease emerged a single, deceptively simple
possibility — one that may broaden the conventional interpretation of such
findings. Could it be that what we call insomnia in this context is, at least in
part, the consequence of living out of synchrony with our biological time?

Bruxism as a temporally structured phenomenon

Sleep bruxism is not temporally random. It is currently defined as a centrally
mediated masticatory muscle activity during sleep, conceptualized as
a behavior rather than a disease entity, and characterized by rhythmic or
non-rhythmic activity, in accordance with the most recent international
consensus on bruxism.? Its distribution across the night follows recogniz-
able patterns that mirror key features of sleep architecture and autonomic
regulation. Bruxism episodes cluster preferentially in the first half of the
sleep period, occur around sleep-stage transitions, and are preceded by
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characteristic fluctuations in cortical and autonomic
activity.® These observations are commonly interpreted
within the frameworks centered on arousal mechanisms,
emotional processing and sleep instability.? Yet the con-
sistency of these temporal peaks also points to broader
rhythmicity, suggesting that bruxism is shaped not only by
micro-arousal dynamics, but potentially also by circadian
modulation. The circadian system regulates sympathetic
tone, parasympathetic balance, motor readiness, and
arousal thresholds. Together, these processes define periods
of greater or lesser vulnerability to motor events during
sleep. If bruxism were merely a peripheral or mechanical
phenomenon, one would not expect its occurrence to
conform so consistently to 24-hour rhythmic patterns. The
fact that it does invites us to consider that sleep bruxism
may emerge at the interface between sleep regulation and
circadian timing.

Insomnia or misalignment?
A conceptual shift

In the study under discussion, patients with probable
sleep bruxism reported insomnia symptoms, a find-
ing that the authors rightly interpret as reflecting
psychological burden, sleep fragmentation, and
possibly hyperarousal.! However, insomnia symptoms
— particularly difficulties initiating sleep, non-
restorative sleep and daytime dysfunction — are
phenomenologically nonspecific and frequently
overlap with those observed in circadian rhythm sleep—
wake disorders. Delayed sleep—wake phase disorder
(DSWPD) is especially relevant in this context, as
it often presents with a remarkably similar clinical
picture while arising from a fundamentally different
mechanism, i.e., the inability to fall asleep at a desired
or socially imposed time due to a biologically delayed
circadian phase.? Individuals with DSWPD often report
prolonged sleep latency on work or school nights, yet
experience deep and restorative sleep when allowed to
follow their natural schedule. The resulting fatigue and
cognitive impairment reflect not intrinsic insomnia,
but the consequences of chronically mistimed sleep.
This pattern is particularly common among younger
individuals,*a population that is also overrepresented in
studies on sleep bruxism. Consequently, the insomnia
signal detected in the study may partly reflect circadian
misalignment rather than insomnia disorder as defined
by the International Classification of Sleep Disorders,
Third Edition (ICSD-3). If so, sleep bruxism may be
interacting with, rather than causing or resulting from,
a misaligned biological clock, giving rise to a clinical
presentation that resembles insomnia while emerging
from a different upstream mechanism. Asking whether
circadian misalignment is the true underlying driver
fundamentally reframes the interpretation.
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Arousal, autonomic activation,
and the role of the clock

Bruxism is tightly linked to autonomic fluctuations.
Micro-arousals, increases in the heart rate, sympathetic
surges, changes in respiratory stability, and cortical micro-
deactivations precede or accompany bruxism episodes. All
of these physiological processes are themselves modulated
by the circadian phase. The circadian system regulates
arousal thresholds, cardiovascular variability, stress
responsivity, and the propensity for sleep fragmentation.
If the biological night is shifted later, the sleep obtained
at an earlier, socially imposed time becomes more
unstable, more fragile, and more susceptible to arousal.
This instability increases the likelihood of motor events,
particularly those emerging during transitional non-rapid
eye movement (NREM) sleep, when arousability is highest.
Within this framework, bruxism and insomnia-like
complaints may both arise as downstream consequences
of a single upstream disturbance, namely sleeping “out
of phase”. Circadian misalignment may promote sleep
instability, autonomic activation, and ultimately the
expression of sleep bruxism. The proposed sequence can
be summarized as follows: circadian misalignment —
unstable sleep — increased arousals — increased brux-
ism — perceived poor sleep — self-reported “insomnia”
(Fig. 1). Although circadian variables were not assessed
in the studies included in the systematic review, this
model is compatible with the reported findings, and offers
an integrated explanation for why bruxism and insomnia
symptoms co-occur so consistently, at times beyond what
psychological variables alone would predict.

Why the distinction matters clinically

Distinguishing insomnia from circadian misalignment is
not merely a theoretical exercise. It has direct implications
for treatment selection, prognosis, and patient education.
Treating DSWPD with cognitive behavioral therapy for
insomnia (CBT-I) may provide partial relief, but often
fails to address the underlying mechanism and, in some
cases, may inadvertently reinforce circadian misalignment.
Conversely, interventions targeting the circadian phase,
such as morning bright light exposure, evening light
restriction, appropriately timed melatonin, consistent wake
schedules, and better alignment of social obligations with
biological time, can substantially improve sleep continuity,
reduce perceived insomnia and stabilize autonomic
function. Importantly, if sleep bruxism is amplified
by unstable or mistimed sleep, circadian realignment
may reduce its frequency or intensity, even when the
intervention does not target bruxism directly.® In this
sense, sleep bruxism may represent a marker of circadian
vulnerability or instability rather than a condition driven
solely by stress, hyperarousal or mechanical factors.
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Fig. 1. Conceptual framework linking circadian misalignment, autonomic activation and sleep bruxism

This figure illustrates a model in which sleep bruxism, conceptualized as a centrally mediated behavior with a genetic predisposition, is modulated by circadian
timing and chronotype. Circadian misalignment, particularly delayed sleep—wake phase and social jet lag, promotes sleep instability and increases the frequency
of micro-arousals, leading to heightened autonomic activation. These processes facilitate the expression of sleep bruxism and may give rise to insomnia-like
symptoms (e.g., difficulty initiating sleep and non-restorative sleep) that reflect biological mistiming rather than insomnia disorder per se.

Interpreting insomnia symptoms without assessing cir-
cadian parameters therefore carries a risk of misclassifying
patients and selecting suboptimal interventions. Recent
clinical studies further support this perspective, demon-
strating that the management of both insomnia and sleep
bruxism benefits from precise phenotyping and individual-
ized therapeutic approaches. Emerging evidence suggests
that interventions integrating behavioral, sleep-focused
and chronobiological components may be more effective
than symptom-based treatment alone, particularly in patients
exhibiting heightened arousal and increased motor activity
during sleep.®”’

The methodological gap: Missing
circadian variables

The systematic review by Machado et al. provides valuable
insights, but does not include measures of chronotype,
sleep timing, social jet lag, actigraphy-derived sleep
parameters, or biological circadian phase markers, such
as dim-light melatonin onset (DLMO).! Without these
assessments, distinguishing true insomnia disorder from
circadian misalignment remains difficult.’ Given the high
prevalence of delayed sleep—wake phase tendencies in the
age groups commonly represented in bruxism research,
the absence of circadian assessments may lead to an over-
estimation of insomnia prevalence and an underrecognition

of circadian contributors. Incorporating even simple chrono-
biological tools, such as the Morningness—Eveningness
Questionnaire (MEQ) or the Munich Chronotype
Questionnaire (MCTQ), would enable future studies to
better distinguish circadian misalignment from hyper-
arousal. Actigraphy could further strengthen this approach
by providing objective measures of sleep timing and regularity,
and phase variability. Together, these assessments could
determine whether the insomnia-like symptoms observed
in bruxism cohorts primarily reflect circadian mistiming
rather than intrinsic difficulties with sleep initiation or
maintenance.® Such a distinction would not only refine
diagnostic interpretation, but also deepen our understand-
ing of the mechanisms underlying sleep bruxism.

Bruxism as a marker of systemic
desynchrony

If circadian misalignment contributes to hyperarous-
ability, autonomic dysregulation and sleep fragmentation,
then sleep bruxism might represent an early physiological
marker of systemic desynchronization, with potentially
important clinical implications.> Many of the processes
implicated in sleep bruxism, such as stress reactivity,
emotional regulation, cardiovascular variability, and
muscle tone dynamics, are strongly influenced by circadian
timing. When the circadian system is out of synchrony with
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behavioral schedules, these physiological processes may
interact in unpredictable or unstable ways, creating con-
ditions that favor nocturnal motor events. Within this
framework, sleep bruxism may be viewed not as an isolated
disorder, but as a manifestation of broader physiological
dysregulation. Such interpretation is consistent with re-
cent reconceptualizations of sleep bruxism as a centrally
mediated, multifactorial behavior rather than a strictly
peripheral jaw-related condition. This perspective also
opens new avenues for research by encouraging the study
of sleep bruxism through a chronobiological lens, integrat-
ing sleep timing, the circadian phase, autonomic balance,
and environmental zeitgebers. Importantly, sleep bruxism
is increasingly recognized as a centrally regulated behavior
with a significant genetic contribution. Neurophysiological
and genetic studies suggest that individual susceptibility
is partly determined by central arousal networks and
heritable traits influencing autonomic responsiveness and
sleep—wake regulation.’ This central and genetic frame-
work provides a plausible biological substrate through
which circadian misalignment may amplify the expres-
sion of sleep bruxism, rather than acting as an isolated
peripheral trigger.!

Returning to the central question

Considering all these factors, it becomes increasingly
plausible that the insomnia symptoms observed in the
abovementioned study may reflect circadian misalignment in
atleasta subset of participants. If so, the associated findings on
sleep bruxism acquire a different interpretation — one rooted
less in insomnia per se than in the destabilizing effects of sleep-
ing at a biologically inappropriate time. A similar conceptual
challenge has emerged in obstructive sleep apnea (OSA) re-
search, particularly in the context of comorbid insomnia and
sleep apnea (COMISA), where circadian misalignment is in-
creasingly recognized as a modifier of symptom expression,
disease burden and treatment response. In these patients,
insomnia complaints frequently coexist with delayed or
irregular sleep timing, and growing evidence suggests that
atleast some reported “insomnia” may reflect circadian mis-
timing rather than primary insomnia disorder. This parallel
reinforces the broader importance of circadian phenotyping
across sleep-related conditions and supports the notion that
biological timing may shape symptom expression beyond
disorder-specific mechanisms.!12

The question that inspired this reflection therefore
returns with greater force. Could the observed associa-
tion be an artefact of timing rather than the expression
of insomnia? Could aligning the circadian clock, rather
than focusing exclusively on sleep, provide a more effective
strategy for reducing both insomnia complaints and sleep
bruxism severity? These questions lie beyond the scope
of the original study, but they may help shape future
research directions.

M. Meira e Cruz. Editorial

Conclusion

By integrating chronobiological assessment into future
research, we may uncover mechanisms that remain invisible
yet clinically decisive. Bruxism, insomnia complaints and
sleep fragmentation may represent different manifestations
of a deeper disturbance in biological timing. From this
perspective, the interplay between bruxism and insomnia
is not merely a coexistence of two diagnoses, but a potential
consequence of a misaligned circadian system. Exploring
this hypothesis may reveal novel therapeutic pathways and
provide a more nuanced understanding of how nocturnal
motor activity intersects with the fundamental temporal
organization of human physiology.
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Abstract

Background. Obesity is a chronic disease resulting from the interaction of genetic, environmental, socio-
economic, and behavioral factors, and is associated with the development of numerous comorbidities.
Its prevalence is increasing worldwide, making obesity one of the most significant public health challenges.

Objectives. The aim of the present study was to investigate the relationship between obesity and the
cortisol levels and periodontal status in children.

Material and methods. Ninety eligible children aged 8—12 years were enrolled in the study and allocated
into 3 groups: normal-weight; overweight; and obesity. After the parents completed a demographic
questionnaire, the children underwent periodontal examinations and saliva collection. The salivary cortisol
levels were measured using the ELISA method. Data were analyzed using ANOVA, Pearson’s correlation test,
the y” test, linear regression, and the Kruskal—Wallis test.

Results. The children’s body mass index (BMI) was significantly associated with the salivary cortisol levels
and the gingival index (Gl), bleeding on probing (BoP) and periodontal probing depth (PPD) (p = 0.010,
p <0001, p < 0.001, and p = 0.005, respectively). However, BMI was not significantly associated with
father's education, mother’s education, the parental smoking addiction status, total family income, the
frequency of mouthwash use per week, toothbrushing frequency per day, or daily study duration (p=0.599,
p=10143,p=0480,p = 0.875p =0.884, p = 0.203, and p = 0.338, respectively). The salivary cortisol
levels were also significantly associated with age and Gl, BOP and PPD (p=0.010,p = 0.001,p = 0.018, and
p =0.016, respectively). In the multivariable linear regression analysis, the salivary cortisol levels remained
significantly associated with age (8 = 0.276; p = 0.004), obesity (= 0.269; p = 0.006), father’s education
level (§=0.393; p < 0.001), and the parental smoking addiction status (5 = 0.238; p = 0.026).

Conclusions. The salivary cortisol levels and periodontal indices were higher in overweight and obese
children. Therefore, encouraging children and adolescents to adopt a healthier lifestyle and achieve weight
reduction may help reduce the salivary cortisol levels and improve periodontal health.

Keywords: body mass index, periodontal pocket, cortisol, gingival index, periodontal indices
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Highlights
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+ Childhood obesity was associated with higher salivary cortisol levels and a poorer periodontal status.
« Higher salivary cortisol levels were significantly associated with increased periodontal inflammation.
+ Weight management may contribute to improved periodontal health and help reduce physiological stress in children.

Introduction

Obesity refers to the abnormal or excessive accumula-
tion of adipose tissue in the body.! It is considered not only
an esthetic concern, but also a chronic disease resulting
from the complex interaction of genetic, environmental,
socioeconomic, and behavioral factors.? It has been
suggested that the genes associated with sweet and bitter
taste perception may influence both obesity and oral
health.? In recent years, obesity has replaced smoking as
one of the most important lifestyle-related risk factors for
premature death because of its association with numerous
health problems and chronic diseases."*

According to the World Health Organization (WHO),
more than 340 million children and adolescents aged
5-19 years were overweight or obese in 2016.* Akbari
and Mohammadi reported an overall obesity prevalence
of 11.4% among Iranian children.® The diagnosis of obesity
in children is usually based on the calculation of the body
mass index (BMI). Although BMI has limitations as a direct
measure of body fat, it remains the most widely used and
practical method for diagnosing obesity in children.®

Cortisol is commonly known as the body’s stress
hormone.” Studies have demonstrated alterations in cortisol
secretion, function and metabolism in individuals with
obesity.® Subclinical hypercortisolism increases the risk
of osteoporotic fractures, hyperglycemia, hypertension,
dyslipidemia, and obesity.”!? In addition, hypercortisolism
may promote insulin resistance, thereby perpetuating
a vicious cycle.!!

However, the available evidence is conflicting. Several
studies have reported that the mean salivary and serum
cortisol levels are lower during the daytime in children
with obesity.!?71* In contrast, other studies have demon-
strated a positive association between the cortisol levels
and BMI in children.’>~Y” Similarly, conflicting findings
have been reported regarding the relationship between the
serum cortisol levels and BMI in adults.!8-2°

Severe periodontal disease is the 11*" most prevalent
disease worldwide.?! It often begins as gingivitis, which
is characterized by gingival bleeding, swelling and pain.
If left untreated, gingivitis may progress to periodontitis,
resulting in the loss of periodontal attachment, alveolar
bone, and ultimately teeth, thereby impairing mastication,
esthetics, self-confidence, and quality of life.?2

Concern about periodontal disease lies not only in its
high prevalence, but also in its well-established association

with several systemic conditions, including cardiovascular
disease, diabetes mellitus, and adverse pregnancy out-
comes, such as low birth weight.?*-?> Perinatal exposures
and pregnancy outcomes have also been associated with
an increased predisposition to obesity.?

The association between obesity and inflammatory
processes has long been recognized.?” Obesity may be
considered a risk factor for periodontal disease, as it
alters immune function and promotes a chronic low-grade
inflammatory state associated with excess adipose tissue.?®
Although numerous studies have investigated periodontal
health in adults with obesity,2>3? only limited studies
have been conducted in children and adolescents, and
these suggest a possible association between obesity and
periodontal health.2283! Given the increasing prevalence
of overweight and obesity among children, understanding
the early periodontal changes associated with obesity is
of considerable importance.3233

Considering the insufficient number of studies and the
conflicting findings regarding the relationship between
obesity and periodontal health in children and adolescents,
further research in this field is warranted. Therefore, the
aim of the present study was to investigate the relation-
ship between overweight and obesity, the salivary cortisol
levels, and the periodontal status in children.

Material and methods
Study design and participants

This cross-sectional comparative descriptive study
was conducted from 2021 to 2022 in 3 downtown
schools in Qom, Iran. The study protocol was developed
in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
statement.

According to a study by Putignano et al., considering the
average salivary cortisol levels in 2 groups of individuals
with obesity and normal weight, with an alpha level of 5%
and a beta level of 10%, the required sample size was
calculated as 30 participants per group.3* Therefore, a total
of 90 participants were included in this study, using the
non-random convenience sampling method.

The inclusion criteria were children aged 8—12 years with
total dmft and DMFT (decayed, missing and filled teeth in
primary and permanent dentition, respectively) scores <3.
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The exclusion criteria comprised a history of any systemic
disease (such as epilepsy, diabetes, hypothyroidism, cancer,
psychological disorders, precocious puberty, or short
stature), severe periodontitis, the use of any medication,
a history of surgery, trauma, or other stressful events within
the previous 3 months, participation in professional sports
activities, living with only one parent (due to parental divorce
or death), saliva sampling during the menstrual period in
female participants, and resistance or the lack of coopera-
tion during saliva collection and clinical examinations.
After obtaining informed consent from the children’s
parents, eligible children were enrolled in the study and
equally divided into 3 groups: 30 children with normal
weight; 30 children with overweight; and 30 children with
obesity. The groups were matched based on age and sex.
The participants were also divided into 2 groups according
to sex, including 45 males and 45 females. Each sex group
consisted of 15 children with obesity, 15 children with
overweight and 15 children with normal weight.

Measurements and the questionnaire

The children’s weight was measured while wearing light
clothing (such as a T-shirt and pants) and without shoes
or belts, using a digital scale (SBS 4414; Sinbo Precision
Industry, Shenzhen, China) with an accuracy of 100 g.
Height was measured using a wall-mounted stadiometer
with an accuracy of 0.5 cm. The body mass index was then
calculated by dividing weight in kilograms by the square
of height in meters.

Based on the BMI values and the standard BMI charts
developed by WHO,*?* the 90 eligible children were in-
cluded in the study and equally divided into 3 groups
— normal weight, overweight, and obesity — with 30 partici-
pants in each group. According to the WHO standards for
children and adolescents aged 2—20 years, a BMI percentile
of 85-97% was considered overweight, while a BMI above
the 97t percentile was considered obesity.*3

The children and their parents were instructed on proper
toothbrushing and flossing techniques 1 month before data
collection. The parents were also encouraged to carefully
supervise their children’s oral hygiene practices during
this period.

Then, the designed questionnaire was completed by
the children’s parents, and the children’s demographic
characteristics, parental smoking status, daily activity
status, medical and dental history, frequency of mouthwash
use per week, toothbrushing frequency per day, and daily
study duration in hours were recorded.

Collection of saliva samples

Before saliva collection, the participants were
instructed to refrain from toothbrushing, eating, drink-
ing, and vigorous physical activities for 1 h. During this
period, they were allowed to relax through activities
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such as reading, writing and drawing.!® Due to circadian
variations in cortisol concentrations, saliva samples were
collected at noon (12:00). Saliva samples were obtained
using the spitting method.3¢ After rinsing the mouth with
water and swallowing saliva once, each participant was
instructed to allow saliva to accumulate in the floor of the
mouth, and then transfer it into a Falcon tube 1-2 times
per minute for 5 min while sitting with the head and neck
positioned at a 45-degree angle.?’

Oral examinations

All oral examinations were performed by a trained
dentist. To avoid bias related to the incomplete eruption
of some permanent teeth, periodontal indices were
assessed only on first permanent molars and maxillary
and mandibular central and lateral incisors. Primary teeth
were not included in the periodontal evaluation.?

Gingival index

The gingival index (GI) was scored from 0 to 3 according
to the Loe and Silness criteria as follows3®:

— score 0: no bleeding on probing (BoP); normal gingiva
without signs of inflammation;

— score 1: presence of non-bleeding gingival changes; mild
inflammation of the marginal gingiva detected during
a clinical examination (the marginal gingiva is slightly
redder than normal, with slight edema, and colorless
gingival fluid may be observed at the entrance of the
sulcus);

— score 2: bleeding of the marginal gingiva after stimula-
tion with a dental probe or air spray; moderate gingival
inflammation (the gingiva appears red or bluish-red and
shiny, with the edema of the marginal gingiva);

— score 3: spontaneous gingival bleeding; severe gingival
inflammation (the gingiva is markedly red or bluish-red,
enlarged, and swollen).

Bleeding on probing

To evaluate BoP, a Williams probe (Smart Instrument,
model MS5201; Hu-Friedy Manufacturing, Chicago, USA)
was gently inserted into the sulcus of all teeth up to the
base of the pocket or sulcus without applying additional
pressure. After 10-15 s, the number of teeth exhibiting
gingival bleeding was recorded.®

Periodontal probing depth

To assess periodontal probing depth (PPD), a Williams
probe (Smart Instrument, model MS5201) was inserted
into the sulcus or periodontal pocket with gentle force
while maintaining contact with the tooth surface and
keeping the probe parallel to the root surface (the long
axis of the tooth). The probe was advanced until the tip
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reached the base of the pocket and encountered increased
resistance, indicating the limit of further penetration. The
distance between the base of the pocket (the point where
the probe stopped) and the gingival margin was measured
and recorded.?

Measurements were performed at 6 sites for each tooth
(mesiobuccal, mid-buccal, distobuccal, distolingual, mid-
lingual, and mesiolingual). A pocket depth greater than
3 mm was considered indicative of an inflammatory con-
dition.? The mean PPD values for each tooth were then
calculated and recorded.*!

Salivary cortisol levels

The cortisol levels can be measured using 3 types
of samples: blood; saliva; and urine. The salivary cortisol
levels have a direct and strong correlation with the serum
cortisol levels and follow the circadian pattern of serum
cortisol secretion. Due to the simplicity and non-invasive
nature of saliva collection, as well as the ease of saliva
transport and storage, the salivary cortisol measurement
is widely used in pediatric research. In addition, blood
sampling can be stressful for children and may result in
elevated serum cortisol levels.*243

The salivary cortisol levels were measured using
a salivary cortisol kit (DKO020; DiaMetra, Spello, Italy)
based on the enzyme-linked immunosorbent assay (ELISA)
method.**

Bias

The risk of bias was minimized by excluding children
with total dmft and DMFT scores >3 from the study, pro-
viding oral hygiene instructions to the participants and
their parents, and assessing the periodontal status using
reliable methods (GI, BoP and PPD). The salivary cortisol
levels were analyzed in a specialized laboratory in Qom,
Iran.

Statistical analysis

Data were analyzed using IBM SPSS Statistics for
Windows, v. 26 (IBM Corp., Armonk, USA). Descriptive
and analytical statistics were applied. The Kolmogorov—
Smirnov test and the Q-Q plot were used to assess the
normality of data distribution. Differences between the
groups were analyzed using the one-way analysis of vari-
ance (ANOVA) and the Kruskal-Wallis test according to the
distribution of data (normal and not normal, respectively).
The y? test was used for categorical variables, and Pearson’s
correlation test was used to assess correlations between
variables. The multivariable linear regression analysis was
performed to assess the associations between the salivary
cortisol levels (the quantitative dependent variable) and
the independent variables while controlling for potential
confounding factors.

A. Mehdipour et al. Obesity and periodontal indices

Results
Characteristics of the participants

In this study, 90 eligible children, including 45 males
and 45 females, were enrolled. The mean age was
10.00 +1.48 years in the obese and normal-weight groups,
and 10.16 +1.39 years in the overweight group. There were
no significant differences among the 3 groups regarding
age and sex (p = 1.000).

Correlation between BMI and
the demographic status

The BMI status was not significantly associated with
the paternal or maternal education level (y? test; p = 0.599
and p = 0.143, respectively). The relationship between the
children’s BMI status and total family income was also
non-significant (y? test; p = 0.875).

In addition, 50% of parents of normal-weight children
reported smoking addiction, compared with 36.7% of parents
of children from the overweight and obesity groups.
Therefore, parental smoking was more prevalent among
the parents of normal-weight children than among those
of overweight and obese children. However, no significant
association was found between the children’s BMI status and
the parental smoking addiction status (y2 test; p = 0.480).

The BMI status was not significantly associated with
the frequency of mouthwash use per week, toothbrush-
ing frequency per day or daily study duration in hours
(Kruskal-Wallis test; p = 0.884, p = 0.203 and p = 0.338,
respectively) (Table 1).

Correlation between BMI and the salivary
cortisol levels and periodontal indices

The mean salivary cortisol levels in the normal-weight,
overweight and obesity groups were 2.42 +0.74, 2.93 +1.32
and 3.68 +2.26 ng/mL, respectively. Thus, the mean salivary
cortisol levels were highest in children with obesity, followed
by overweight children and normal-weight children. There
was a significant association between the BMI status and the
salivary cortisol levels (one-way ANOVA; p = 0.010) (Table 2).

The mean GI values in the normal-weight, overweight
and obesity groups were 0.42 +0.13, 0.51 +0.16 and
0.61 +0.15, respectively. Thus, the mean GI was highest
in children with obesity, followed by overweight children
and normal-weight children.

The mean BoP values in the normal-weight, overweight
and obesity groups were 17.83 +7.20%, 21.50 +7.61% and
26.00 £6.82%, respectively. Accordingly, the mean BoP was
highest in children with obesity, followed by overweight
children and normal-weight children.

The mean PPD values in the normal-weight, over-
weight and obesity groups were 1.52 £0.22, 1.60 +0.24 and
1.72 +£0.23 mm, respectively. Similarly, the mean PPD was
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highest in children with obesity, followed by overweight
children and normal-weight children.

There was a significant association between the chil-
dren’s BMI status and GI, BoP and PPD (one-way ANOVA;
p<0.001, p =0.001 and p < 0.005, respectively) (Table 2).

The pairwise comparisons of the salivary cortisol levels
among the study groups showed a significant difference
only between the obesity and normal-weight groups
(post hoc test; p = 0.003). No significant differences were
observed between the obesity and overweight groups, or
between the overweight and normal-weight groups (post
hoc test; p = 0.069 and p = 0.209, respectively) (Table 3).

The pairwise comparisons of GI showed significant dif-
ferences between the obesity and overweight groups, the
obesity and normal-weight groups, and the overweight and
normal-weight groups (post hoc test; p = 0.011, p < 0.001
and p = 0.017, respectively) (Table 3).

For BoP, significant differences were observed between
the obesity group and both the overweight and normal-
weight groups (post hoc test; p = 0.018 and p < 0.001, re-
spectively). However, no significant difference was found

between the overweight and normal-weight groups (post
hoc test; p = 0.052) (Table 3).

For PPD, a significant difference was observed only be-
tween the obesity and normal-weight groups (post hoc test;
p =0.001). No significant differences were found between
the obesity and overweight groups, or between the over-
weight and normal-weight groups (post hoc test; p = 0.054
and p = 0.166, respectively) (Table 3).

According to Pearson’s correlation analysis, there were
significant positive correlations between GI and BoP
(r =0.948; p < 0.001), and between GI and PPD (r = 0.680;
p < 0.001). A significant positive correlation was also
observed between BoP and PPD (r = 0.674; p < 0.001).
In addition, the salivary cortisol levels were positively
correlated with GI (r = 0.340; p = 0.001), BoP (r = 0.250;
p =0.018) and PPD (r = 0.253; p = 0.016) (Table 4).

Based on the results of the univariable linear regression
analysis, the salivary cortisol levels were significantly and
positively associated with BMI (3 = 0.116; p = 0.001), obesity
(B = 1.221; p = 0.005), GI (B = 3.325; p = 0.001), and age
(B =0.311; p = 0.010). However, no significant association

Table 1. Relationship between the body mass index (BMI) status and the frequency of mouthwash use per week, toothbrushing frequency per day and
daily study duration (Kruskal-Wallis test)

Percentile
Frequency of mouthwash use per week 90 0.1556 04719 0.00 3.00 0.0000 0.0000 0.0000 0.884
Toothbrushing frequency per day 90 0.9333 £0.6670 0.00 3.00 1.0000 1.0000 1.0000 0.203
Daily study duration [h] 90 122 £1.24 0 6 0.00 1.00 2.00 0.338
BMI status [kg/m% 90 21.34 £4.91 13.15 33.07 17.20 21.54 24.69 =

M - mean; SD - standard deviation; min — minimum; max —maximum; Me — median.

Table 2. Relationship between the body mass index (BMI) status and the salivary cortisol levels and periodontal indices (one-way ANOVA)

Variable BMl status N M +SD SE =act min max p-value
normal weight 30 24167 +0.7438 0.1358 21389 26944 0.70 360
Salivary cortisol level ~ Overweight 30 29300 +1.3231 02416 24360 34240 090 5.80 010"
[ng/mL] obesity 30 36767 +2.2583 04123 28334 45199 040 950
total 920 3.0078 +1.6380 0.1727 26647 33508 040 950
normal weight 30 04193 +0.1309 00239 03705 04682 022 0.82
. overweight 30 05130 +£0.1606 00293 04530 05730 025 095 000"
obesity 30 06133 +0.1533 0.0280 0.5561 06706 025 084
total 2 05152 +0.1673 00176 04802 05503 022 095
normal weight 30 17.8333 £7.1959 13138 15.1463 205203 8.00 40.00
Bop overweight 30 215000 +7.6090 13892 186588 243412 8.00 4500
(%] obesity 30 259833 +6.8172 12446 234378 285289 12,50 41.00 <000
total 2 217722 +7.8812 0.8308 201215 234229 800 4500
normal weight 30 15203 +0.2163 0.0395 14396 16011 1.20 198
PPD overweight 30 1.6020 +0.2369 0.0433 15135 1.6905 118 215
[mm] obesity 30 1.7163 £0.2257 0.0412 16320 1.8006 133 221 0005%
total % 1.6129 +0.2381 0.0251 15630 16627 118 221

SE - standard error; CI - confidence interval; Gl - gingival index; BoP — bleeding on probing; PPD — periodontal probing depth; * statistically significant (p < 0.05).
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Table 3. Pairwise comparisons of the salivary cortisol levels and periodontal indices in the study groups (post hoc statistical analysis — the least significant
difference (LSD) test)

i i i 95% CI
e eI Obesity status Obesity status | Mean difference SE i
0 0 -
overweight -05133 0.4056 -1.3195 0.2929 0.209
normal weight
obesity —1.2600 04056 —2.0662 —0.4538 0.003*
Salivary cortisol level normal weight 0.5133 0.4056 -0.2929 1.3195 0.209
overweight
[ng/mL] obesity —0.7467 04056 —1.5529 0.0595 0.069
besi normal weight 1.2600 0.4056 04538 2.0662 0.003*
obesit
y overweight 0.7467 0.4056 —0.0595 1.5529 0.069
overweight -0.0937 0.0384 —-0.1700 -0.0173 0.017%
normal weight
obesity —-0.1940 0.0384 —0.2704 -0.1176 <0.001*
normal weight 0.0937 0.0384 0.0173 0.1700 0.017*
Gl overweight
obesity —0.1003 0.0384 -0.1767 —0.0240 0.011*
normal weight 0.1940 0.0384 0.1176 0.2704 <0.001*
obesity
overweight 0.1003 0.0384 0.0240 0.1767 0.011*
overweight —3.6667 1.8628 —7.3692 0.0359 0.052
normal weight
obesity —8.1500 1.8628 —11.8525 —4.4475 <0.001*
BoP ) normal weight 3.6667 1.8628 —-0.0359 7.3692 0.052
N overweight )
(%] obesity —44833 1.8628 —8.1859 —0.7808 0.018%
besi normal weight 8.1500 1.8628 4.4475 11.8525 <0.001*
obesit
/ overweight 44833 1.8628 0.7808 8.1859 0.018%
overweight -0.0817 0.0585 -0.1979 0.0346 0.166
normal weight
obesity —0.1960 0.0585 -0.3122 —0.0798 0.001*
PPD normal weight 0.0817 0.0585 —0.0346 0.1979 0.166
overweight
[mm] obesity -0.1143 0.0585 —0.2306 0.0019 0.054
besi normal weight 0.1960 0.05847 0.0798 03122 0.001*
obesit
/ overweight 0.1143 0.05847 —0.0019 0.2306 0.054

* statistically significant (p < 0.05).

Table 4. Correlation between the salivary cortisol levels and periodontal indices (Pearson’s correlation analysis)

Variable Pearson's correlation analysis Cortisol test result
r 0.340 0.250 0.253 1
Cortisol test result p-value (two-tailed) 0.001** 0.018* 0.016* -
N 90 90 90 90
r 1 0.948 0.680 0.340
Gl p-value (two-tailed) - <0.0071** <0.007** 0.001**
N 90 90 90 90
r 0.948 1 0.674 0.250
BoP p-value (two-tailed) <0.001%* - <0.001** 0.018*
N 90 90 90 90
r 0.680 0.674 1 0.253
PPD p-value (two-tailed) <0.0071** <0.0071** - 0.016*
N 90 90 90 90

r— Pearson'’s correlation coefficient; * significant correlation at p < 0.05 (two-tailed); ** significant correlation at p < 0.01 (two-tailed).

was observed between the salivary cortisol levels and the (B =0.393; p < 0.001), and the parental smoking addic-

overweight status (S = 0.474; p = 0.263) (Table 5). tion status (8 = 0.238; p = 0.026) (Table 6). These findings
Based on the results of the multivariable linear regres- indicate that obesity remained independently associated
sion analysis, the salivary cortisol levels were significantly with the salivary cortisol levels after adjusting for age,

and positively associated with age (5 = 0.276; p = 0.004), father’s education level and the parental smoking addic-
obesity (5 = 0.269; p = 0.006), father’s education level tion status.
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Table 5. Univariable linear regression analysis

Variable B Standardized 8 p-value R?
BMI 0.116 0.348 0.001* 0.121
normal-weight reference
Obesity status overweight 0474 0.138 0.263 0.093
obese 1.221 0.354 0.005%
Age 0311 0.269 0.010* 0.072
Gl 3325 0.340 0.001* 0.115

* statistically significant (p < 0.05).

Table 6. Multivariable linear regression analysis for the salivary cortisol level variable

Standardized
coefficient

Unstandardized coefficients

(constant) —3.301 1.925 - -1.715 0.090
Gl 1485 1.102 0.149 1.347 0.182
age 0.281 0.116 0.239 2410 0.018
overweight 0.298 0.396 0.087 0.752 0454
1 obesity 0875 0.444 0.254 1971 0.052 0305
father's education level 0672 0.216 0.381 3.110 0.003
total family income 0.029 0.386 0.009 0.074 0.941
parental smoking addiction 0.806 0.353 0.242 2.282 0.025
(constant) -3.197 1312 - —2437 0.017
Gl 1475 1.088 0.148 1.356 0.179
age 0.280 0.115 0.238 2427 0.017
2 overweight 0301 0.392 0.087 0.768 0.445 0.305
obesity 0.880 0435 0.255 2024 0.046
father's education level 0.664 0.185 0376 3.590 0.001
parental smoking addiction 0.809 0.348 0.243 2.321 0.023
(constant) —3.066 1.298 - —-2.363 0.021
Gl 1.665 1.056 0.168 1.577 0.119
; age 0.273 0.115 0.232 2377 0.020 0300
obesity 0.690 0357 0.200 1.935 0.056
father's education level 0.672 0.184 0381 3.648 0.000
parental smoking addiction 0.785 0.346 0.236 2.268 0.026
(constant) —2.863 1.303 = -2.197 0.031
age 0.324 0111 0.276 2922 0.004*
4 obesity 0.927 0.326 0.269 2.842 0.006* 0.279
father's education level 0.693 0.185 0.393 3738 <0.001*
parental smoking addiction 0.793 0.349 0.238 2271 0.026*

* statistically significant (p < 0.05).

Discussion The present study found that the salivary cortisol levels
increased significantly with increasing age in children.

Correlation between the salivary cortisol According to Kiess et al., the cortisol levels are age-
levels and age dependent, such that after the age of 6 years, they are
significantly correlated with maturation stages.’® Térnhage®

In this study, the salivary cortisol levels were measured and Larsson et al.*® also reported higher salivary cortisol
to investigate physiological changes in cortisol metabolism levels in older children. This positive association between

during childhood and adolescence. age and increased cortisol levels has been reported in other
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studies as well.*” However, these findings are inconsistent
with those of Kjolhede et al.!2 and Knutsson et al.*® The dis-
crepancies between the present findings and those of the
aforementioned studies may be attributed to differences
in the sampling location and time, the methods used to
measure salivary cortisol, and the age range of the study
populations.

Correlation between the salivary cortisol
levels and obesity

The present study found that the salivary cortisol levels
were positively and significantly associated with increas-
ing BMI and obesity. Chu et al. also reported that obese
children had higher morning salivary and urinary cortisol
levels.’ Several other studies have likewise demonstrated
a positive relationship between the salivary, serum and
urinary cortisol levels and obesity.117434% These studies
suggest that cortisol concentrations increase long before
a child becomes obese.’® Yu et al. also found that the
salivary nocturnal cortisol levels were positively correlated
with weight gain, abdominal fat distribution (the waist-to-
height ratio (WHLtR)), and body fat percentage in all partici-
pants,*3 consistent with the findings of the present study.
However, the present findings are inconsistent with those
reported by Kjolhede et al., who found lower morning and
evening salivary cortisol levels in overweight and obese
children aged 6-12 years,'? as well as with the studies by
Hillman et al.!® and Chalew et al.,'* which reported lower
plasma cortisol levels in obese children. Hillman et al.
further showed a negative association between the daytime
cortisol levels and BMI z-score and central obesity, but
a positive association during the night.!> The discrepancies
between the present findings and those of these studies
may be attributed to differences in the type of cortisol
measured (e.g., plasma rather than salivary cortisol), the
cortisol measurement methods and the timing of saliva
sample collection.

Cortisol concentrations are not elevated in obese adults
with peripheral fat distribution, whereas individuals with
central obesity exhibit increased cortisol levels.>® Un-
fortunately, due to the limitations of the present study, fat
distribution was not assessed using waist circumference or
other anthropometric measures. Therefore, based on the
present findings, no definitive conclusions can be drawn
regarding fat distribution and its relationship with the
cortisol levels in children. Further studies are needed to
investigate this association.

Correlation between obesity and the
periodontal status

According to several studies, a high BMI may be a risk
factor for periodontal disease in adolescents and young
adults, as assessed by the plaque index (PI), BoP, PPD,
clinical attachment loss (CAL), and alveolar bone loss.>!

A. Mehdipour et al. Obesity and periodontal indices

Several hypotheses have been proposed to explain
biological interactions between obesity and periodontal
disease, including alterations in inflammatory and immune
responses, impaired glucose tolerance, dyslipidemia,
changes in host immunity, increased macrophage activa-
tion, impaired microvascular function, physiological
responses, psychosocial stress, and the secretion of pro-
inflammatory cytokines (tumor necrosis factor-alpha
(TNF-a), interleukin-1 (IL-1), IL-6, and IL-8), adipokines
(leptin, adiponectin, resistin, and plasminogen activator
inhibitor-1 (PAI-1)), and other bioactive substances, such
as reactive oxygen species (ROS) from adipose tissue and
C-reactive protein (CRP).52°% However, the precise molecu-
lar and cellular mechanisms underlying these interactions
remain unclear, and further studies are needed to elucidate
these mechanisms, which may contribute to the develop-
ment of preventive and therapeutic strategies.

According to some reports, periodontal disease in
obese individuals is associated with alterations in the
composition of the oral microbiota.’*>> However, most
studies investigating the relationship between obesity and
periodontitis have primarily considered immunological
and metabolic alterations as the main predisposing factors
for periodontal disease.

Several mechanisms have been proposed to explain this
relationship. Adipocytes may contribute to a systemic pro-
inflammatory state through the release of various inflam-
matory mediators.’®>” Some studies have shown that
obesity is associated with adverse postoperative outcomes,
including infectious complications and impaired wound
healing.>®> Therefore, the altered immune responses
and impaired wound healing associated with obesity may
influence the clinical response to periodontal treatment.
However, Suvan et al.?* and Chaffee and Weston® report
that the evidence regarding the association between BMI,
overweight or obesity and the clinical response to perio-
dontal treatment remains limited.

In the present study, the GI, BoP and PPD indices were
used to assess the periodontal status. The findings showed
that obesity was positively and significantly associated
with all 3 indices.

Although the association between obesity and perio-
dontal disease has been widely investigated in adults,
it has been less extensively studied in the pediatric
population.

De Castilhos et al. reported a statistically significant
association in young adults between obesity and GI and
calculus, both of which are indicators associated with
periodontal disease; however, no significant association
was observed between obesity and periodontitis.®* On
the other hand, Suvan et al. confirmed the association
between increasing BMI and the severity and extent
of periodontitis,®? consistent with the findings of the
present study.

Other researchers have shown that obesity in children
is associated with increased PI, gingival inflammation and
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BoP, and that BMI is significantly correlated with perio-
dontal indices, including PI, BoP, PPD, CAL, the oral
hygiene index (OHI), and the community periodontal
index (CPI).24151.63-65 Martens et al. likewise demonstrated
a positive association between overweight and obesity and
the prevalence of periodontal disease.>® They further re-
ported that obesity was associated with less frequent daily
toothbrushing and flossing, a higher prevalence of dental
caries, a lower parental education level, a higher socio-
economic status, and less healthy dietary habits.

The increased BoP observed in obese participants may
be attributed to elevated levels of pro-inflammatory cyto-
kines in gingival crevicular fluid (GCF).3!

Vaziri et al. reported that the mean PPD was higher
in obese than in non-obese participants; although this
difference was statistically significant, it was not considered
clinically significant.*! Similarly, Modéer et al.3! and
Scorzetti et al.% found that participants in the obese groups
had a significantly higher prevalence of PPD > 4 mm.

In a study by Vallogini et al., the findings were in-
consistent with those of the present study and the afore-
mentioned studies.®® The obese group showed lower visible
PI values and gingival bleeding index (GBI) scores, as well
as a better periodontal status in terms of PPD. In their
study, obese pediatric participants were recruited from
a children’s hospital, whereas non-obese participants were
recruited from a school.®® Therefore, the discrepancies
between the findings of that study and the present study
may be attributed to differences in the sampling location,
as participants recruited from a hospital setting may have
received specific dietary and oral hygiene counseling,
potentially resulting in improved periodontal parameters.

Kim et al. showed that individuals with a BMI higher
than 25 (classified as overweight or obese) had a lower risk
of periodontitis as compared to individuals of normal weight,
whereas those with abdominal obesity had a significantly
higher risk of periodontal disease.®” These findings suggest
that metabolic syndrome may play an important role in
periodontal inflammation.®-7°

Reeves et al. concluded that the onset of periodontitis
may be associated with weight gain and increased waist
circumference.”* They found that among individuals aged
17-21 years, each 1-kilogram increase in body weight was
associated with a 6% increase in the risk of periodontal
disease, while each 1-inch increase in waist circumference
was associated with a 5% increase in the risk of periodon-
titis. In contrast, no significant association was observed
between these parameters and periodontal disease among
younger children aged 13-16 years.”

The findings of most of the aforementioned studies
indicate an adverse effect of obesity on periodontal health
in young individuals, which is likely due to a combination
of factors, including metabolic and inflammatory changes,
inadequate attention to oral and dental hygiene practices
and preventive measures, an unbalanced diet, and irregular
dental examinations.”>”3
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Correlation between the salivary cortisol
levels and the periodontal status

The findings of this study showed that the salivary
cortisol levels were positively and significantly associated
with the GI, BoP and PPD indices. Various studies have
investigated the role of chronic stress as an underlying
factor in the development of oral and dental health
problems. Based on substantial scientific evidence, stress
and psychological disorders may cause individuals to
neglect oral and dental hygiene, thereby accelerating
plaque accumulation and the progression of periodontal
disease.” Academic stress has also been reported as a risk
factor for gingival inflammation, through increased levels
of IL-1P in GCF, as well as reduced oral hygiene.”>~77

It has been hypothesized that stress induces behavioral
changes, such as overeating and an increased preference
for high-fat diets, which may contribute to immuno-
suppression through increased cortisol production.”* Furthe-
rmore, chronic stress can alter the salivary flow rate, pH
and chemical composition.”*”8 Rai et al. demonstrated that
stress-related biomarkers, including the salivary cortisol
concentration, were increased in children with dental
caries.” In the present study, children with dmft/DMFT
scores above 3 were excluded due to the potential associa-
tion between the cortisol levels and dental caries.80-82
Therefore, the influence of this confounding variable was
reduced in the current study, which represents one of its
strengths.

It appears that periodontal disease and stress have a bi-
directional relationship. Several studies have reported that
the chronic elevation of the cortisol levels may be a potential
risk factor for the onset or severity of periodontal disease
in adults.”+8384

Consistent with the findings of the present study,
Schmidt et al. showed that the salivary cortisol levels were
significantly higher in adolescents with periodontitis than
in those without periodontitis.®> Individuals with elevated
cortisol levels appear to be at a higher risk of developing
periodontitis. In contrast, Panagiotou et al. found no
association between stress and dental caries or periodontal
disease.®® One possible explanation for this discrepancy
may be the lack of adherence by parents and participants
to the scheduled saliva collection times at home.

Considering the complex nature of periodontal disease
and numerous confounding factors that influence its
development, comprehensive longitudinal studies are re-
commended in the future to further clarify and confirm
the potential relationship between periodontal disease,
BMI and the cortisol levels.

Limitations
The difficulty in obtaining participants’ cooperation

during oral examinations or saliva collection under calm
conditions resulted in the need for repeated sampling.
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Conclusions

The findings of the present study showed that:

— children’s BMI was positively associated with the salivary
cortisol levels and the GI, BOP and PPD indices, indicat-
ing that overweight and obese children have a poorer
periodontal status compared with children of normal
weight;

— the salivary cortisol levels, as an indicator of the serum
cortisol levels, were higher in overweight and obese
children than in children of normal weight.

These findings highlight the importance of encouraging
healthy lifestyle modifications and weight management
from early childhood and adolescence to prevent the long-
term adverse effects of elevated cortisol levels on the body,
and to improve periodontal health.
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Abstract

Background. The fundamental goals of traditional periodontal therapy have been the eradication of disease
and the preservation of a healthy, functional dentition and its supporting tissues. However, in recent years,
the emphasis has shifted increasingly toward esthetic outcomes, extending beyond dental prostheses and
tooth color to encompass the soft tissues surrounding the dentition.

Objectives. The main aim of this research was to compare the impact of the coronally advanced flap (CAF)
in combination with concentrated growth factor (CGF) with that of CAF alone in the management of gingival
recession.

Material and methods. This randomized controlled trial (RCT) included 90 patients with Miller's class | or
dlass Il gingival recession, who were categorized into 2 groups: CAF; and CAF with CGF. Follow-up assessments
were conducted at 6 months, 1 year and 3 years. Periodontal clinical parameters, along with buccal recession
depth (BRD) and the width of attached gingiva (AGW), were measured. Postoperative pain was assessed using
avisual analog scale (VAS) 10 days after the intervention in both groups. Statistical analysis was performed
using IBM SPSS Statistics for Windows, v. 23.

Results. The CAF+CGF group showed better results in terms of mean BRD, AGW and clinical attachment
level (CAL), as well as reduced postoperative pain (p < 0.05).

Conclusions. With a 3-year long-term follow-up, the present trial supports the additive effect of CGF in
combination with CAF for maxillary gingival augmentation coronal to the recession.

Keywords: gingival recession, root coverage, coronally advanced flap, concentrated growth factor
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Highlights

V.A. Syed et al. Effect of CGF along with CAF in recession

+ The addition of concentrated growth factor (CGF) to the coronally advanced flap (CAF) improved gingival recession

outcomes compared with CAF alone.

+ CAF+CGF resulted in a greater reduction in buccal recession depth (BRD), an increased width of attached gingiva
(AGW) and an improved clinical attachment level (CAL) over the 3-year follow-up.

+ Postoperative pain and patient discomfort were significantly lower with CAF+CGF than with CAF alone.

+ The findings support the additive benefit of CGF as an adjunct to CAF for long-term gingival augmentation and

recession coverage.

Introduction

The fundamental goals of traditional periodontal therapy
have been the eradication of disease and the preservation
of a healthy, functional dentition and its supporting tissues.
However, in recent years, the emphasis has shifted increas-
ingly toward esthetic outcomes, extending beyond dental
prostheses and tooth color to also include the soft tissues
surrounding the dentition. One of the most common esthetic
concerns involving periodontal tissues is gingival recession.
Gingival recession is characterized by the apical displacement
of the free gingival margin from the cementoenamel junction
(CEJ), which may contribute to increased root hypersensitiv-
ity, caries and attachment loss. Its onset has frequently been
associated with dental malposition, traumatic toothbrushing,
the frenal pull, and periodontal disease.!

A myriad of studies have shown that various periodontal
plastic surgical techniques can effectively treat gingival
recession. Many techniques, including free gingival grafts,
pedicle flaps with and without grafts, coronally advanced
flaps (CAFs), and others, have been studied.>® Numerous
graft materials, such as connective tissue grafts (CTGs),
xenogeneic collagen matrices, dermal matrices, guided tissue
regeneration membranes, allografts, and platelet concen-
trates, have been used.*> Among these techniques and graft
materials, the combination of CAF and CTG has the greatest
potential for achieving complete root coverage (CRC).5”

Numerous clinical and histological studies have shown
that different types of platelet concentrates may be
effective in promoting soft tissue repair and periodontal re-
generation.3~1° Concentrated growth factor (CGF) is one of the
cutting-edge platelet concentrates. The centrifuge rotation
speed fluctuates between 2,400 and 3,000 rpm during the
preparation of CGE.!! As a result of this variation in rota-
tion speed, the fibrin matrix produced by centrifugation
is larger, more concentrated, and contains higher levels
of growth factors than platelet-rich fibrin (PRF).> Com-
pared with other platelet preparations, CGF has greater
viscosity, tensile strength and adhesive properties. In addi-
tion to growth factors, CGF contains platelets, leukocytes
and CD34+ stem cells, which contribute to the regenerative
process.!® Being an autologous fibrin-rich matrix, CGF
also contains immunological cells, which may effectively
control the inflammation processes.!*

Investigations have been conducted to evaluate the effect
of CGF on recession coverage, with follow-up periods
ranging from 3 months to 1 year.!>-'7 Nevertheless, there
are no long-term studies evaluating the potential benefits
of using CGF in addition to CAF compared with the con-
ventional CAF approach for the treatment of gingival re-
cession. Hence, comparing the impact of CGF in combina-
tion with CAF treatment with that of CAF alone in terms
of recession coverage was the primary aim of this random-
ized clinical trial (RCT). Patient-centered outcomes were
assessed as secondary objectives.

Material and methods

The Consolidated Standards of Reporting Trials
(CONSORT) statement was followed in reporting the pre-
sent study. This clinical trial was designed as a parallel,
randomized, single-center study. Two alternative
therapeutic approaches were evaluated in this trial: CAF;
and CAF with CGF.

Study setting and population

Between January 2020 and November 2020, patients with
Miller’s class I or class II gingival recession in the maxilla
who reported to the Department of Periodontology, Saveetha
Dental College and Hospitals, Chennai, India, were enrolled
in this trial. The study protocol was approved by the institu-
tional ethics committee ((HEC/SDC/PERIO-2001/19/056).
Written informed consent was obtained from all partici-
pants. The study was conducted in accordance with the
principles outlined in the Declaration of Helsinki for re-
search involving human participants.

Eligibility criteria

The inclusion criteria were as follows: individuals aged
between 18 and 45 years; systemically healthy individuals;
full-mouth plaque score (FMPS) and bleeding score of less
than 15%; teeth with a probing depth (PD) <3 mm and
no evidence of periodontal disease; presence of a clearly
identifiable CEJ; and Miller’s class I or class II gingival
recession in the maxilla.
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The exclusion criteria were as follows: patients with
systemic diseases; patients with a history of long-term
medication use; smokers; pregnant or lactating women;
patients who had undergone periodontal therapy or any
mucogingival surgery within the previous 3 months;
patients with non-carious cervical lesions.

Randomization

This clinical trial was a monocentric, parallel, random-
ized, controlled, single-blinded study. Simple randomiza-
tion was performed by asking each patient to select a chit
bearing the type of intervention. The study was conducted
in 4 phases: enrollment; allocation; follow-up; and analysis.
The sample size was calculated using the G*Power soft-
ware (https://www.psychologie.hhu.de/arbeitsgruppen/
allgemeine-psychologie-und-arbeitspsychologie/gpower),
based on data from a previous study.!®

Intervention

All surgical procedures were performed by a single
operator (C.K.). The experimental procedures were carried
out in the Department of Periodontology, Saveetha Dental
College and Hospitals, by an experienced operator with
extensive expertise in periodontal plastic surgery, including
root coverage techniques. All procedures were performed
under sterile and adequately equipped conditions, follow-
ing the predefined surgical protocol.

Groups

The patients were assigned to the groups as follows:
group I (control group) — CAF (n = 44); and group II (test
group) — CAF+CGF (1 = 46).

Surgical technique

All patients were instructed to rinse their mouth with
2% chlorhexidine for 1 min. Prior to the procedure, local in-
filtrative anesthesia was administered using 2% lidocaine
with epinephrine (1:100,000). Following anesthesia, 2 oblique
incisions extending beyond the mucogingival junction (MGJ)
were made along the line angles of the adjacent teeth. Intra-
sulcular incisions were then made on the buccal aspect of the
teeth with recession. Following subpapillary incisions, the
flap was raised in the split-full-split thickness pattern. The
flap was then passively displaced coronally to achieve tension-
free closure. The surgical site was thoroughly irrigated with
saline. Subsequently, the papillae adjacent to the teeth with
recession were de-epithelialized. Root debridement was per-
formed using a Gracey curette (Hu-Friedy Manufacturing,
Chicago, USA) on the buccal and interdental exposed root
surfaces. Root biomodification was then performed using 24%
ethylenediaminetetraacetic acid (EDTA) for 1 min, followed
by thorough rinsing with saline.
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In the test group, approx. 9 mL of the patient’s venous
blood was collected into a sterile Vacuette tube without
the use of anticoagulants. The tubes were then centri-
fuged using a one-step centrifugation process (Medifuge;
Silfradent, Santa Sofia, Italy) consisting of acceleration for
30 s, followed by centrifugation at 2,700 rpm for 2 min,
2,400 rpm for 4 min and 3,000 rpm for 3 min, followed by
deceleration and stopping for 36 s. This process separated
the blood into 4 layers: the 15 layer consisting of serum; the
27 Jayer consisting of CGF; the 3" layer consisting of the
fibrin buffy coat; and the 4" layer consisting of red blood
cells (RBCs). The CGF layer was separated using sterile
scissors. The CGF membrane was then obtained using
a compressor and immediately placed over the recession
area.

The flap was then coronally displaced by 1-2 mm beyond
CEJ in both the test and control groups. A sling suture
was used to position the flap coronally, using 5-0 Vicryl
sutures. Subsequently, interrupted sutures were placed to
approximate the releasing incisions.

Data collection

Clinical outcome measurements were recorded at base-
line, 6 months, 1 year, and 3 years. All clinical parameters
were assessed by a single examiner (A.R.), using a UNC-15
periodontal probe. Clinical outcome measures included
buccal recession depth (BRD), the width of attached gingiva
(AGW), probing depth (PD), and the clinical attachment
level (CAL).

Postoperative pain and potential complications or ad-
verse effects were assessed 10 days after the intervention.
Patient discomfort was evaluated using a visual analog
scale (VAS).

Statistical analysis

Statistical analysis was performed using IBM SPSS
Statistics for Windows, v. 23 (IBM Corp, Armonk, USA). The
normality of the data was assessed using the Shapiro—Wilk
test. Based on the results, the data followed a parametric
distribution. Frequencies and percentages were used to
describe qualitative variables, whereas means and standard
deviations (M +SD) were used for quantitative variables.
The analysis of variance (ANOVA) was performed to com-
pare differences in the outcome parameters between the
groups at different time points.

Results

Baseline features of the patients and
the defects

A total of 90 patients received treatment for gingival
recession. Forty-four patients received CAF alone, while
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46 patients received CAF+CGEF. Of the 90 patients, 4 patients
in the control group and 6 patients in the test group
discontinued the study during the follow-up period (Fig. 1).

The mean age of the control group was 42.1 +11.4 years,
with 23 of the 40 participants (57.5%) being female and the
remaining 17 (42.5%) being male. Among the 71 maxillary
teeth treated with CAF alone, 11 were incisors (15.5%),
19 were canines (26.8%), 36 were premolars (50.7%), and
5 were first molars (7.0%). In the test group, 25 of the
40 participants (62.5%) were female and 15 (37.5%) were male,
with a mean age of 45.4 +7.0 years. A total of 70 maxillary
teeth were treated with CAF+CGF, including 12 incisors
(17.1%), 22 canines (31.4%), 28 premolars (40.0%), and 8 first
molars (11.4%). The demographic characteristics of the
study population, including age and gender, are presented
in Table 1. There was no statistically significant difference
between the 2 groups.

= 200 patients assessed for the study |
4

"EJ Evaluation

= <—| ofthe inclusion and
5' exclusion criteria

[

E 90 patients were included in the study and randomized |
4 Allocated to intervention Allocated to intervention

o CAF (n=44) CAF+CGF (n = 46)

'E @ received the allocated @ received the allocated

193 intervention (n = 44) intervention (n = 46)

9 @ did not receive the allocated||® did not receive the allocated
&l intervention (n = 0) intervention (n = 0)

% Drop-outs (n = 4): Drop-outs (n = 6):

;' @ patients did not comply @ patients not willing

o with the follow-up at 1 year to comply with

= (n=3) the review appointments
5' @ patient moved out (n=86)

T of the city (n=1)

- v v

Q Investigated and analyzed Investigated and analyzed
3:' at 6 months, 1 year and at 6 months, 1 year and

= 3 years (n = 40) 3 years (n = 40)

< No patients were excluded No patients were excluded

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) flowchart
of the study

CAF - coronally advanced flap; CGF - concentrated growth factor.

Table 1. Characteristics of the study groups in terms of age and gender

: Group Il p-value
Variable (n = 40) e
‘ Age [years] 421114 454 +7.0 0.893
| M 17 42.5) 15 (37.5) |
Gender 0.769
| F 23(57.5) 25 (62.5) |

Data presented as mean standard + deviation (M +SD) or as number
(percentage) (n (%)).
Groups: | = CAF (control); Il - CAF+CGF (test). M — male; F — female.

V.A. Syed et al. Effect of CGF along with CAF in recession

Assessment of the surgical technique
and postoperative pain (at 10 days)

The mean duration of the surgical procedure was
69.4 £6.6 min in the test group and 64.7 +4.2 min in the
control group, with no statistically significant difference
between the groups (p = 0.128). The comparison of the VAS
scores showed that patients in the control group reported
significantly greater postoperative pain than those in the
test group (41.2 +9.4 vs. 32.0 £1.9; p = 0.032).

Clinical outcomes (at baseline, 6 months,
1 year, and 3 years)

Table 2 depicts the clinical characteristics of the partici-
pants in both groups at baseline, 6 months, 1 year, and
3 years in terms of BRD, AGW, PD, and CAL. At baseline,
there was no statistically significant difference between
the groups for any of the parameters. At 6 months, 1 year,
and 3 years of follow-up, there was a statistically significant
reduction in BRD, an increase in AGW and improvement
in CAL in the test group (p = 0.000). At all time points,
there was no statistically significant difference in the PD
values between the 2 groups (p > 0.05). Recession coverage
was significantly improved as compared to baseline at each
follow-up interval in both groups. However, the test group
demonstrated better results at all time points (Fig. 2).

Table 2. Clinical outcome measures at baseline, 6 months, 1 year, and
3 years

p-value

BRD [mm] 48409 51+08 0.138
AGW [mm] 39+06 39+12 0415
Baseline
PD [mm] 23+19 2.1+09 0.142
CAL [mm] 70423 7.1 452 0.651
BRD [mm] 1.9+0.7 1.0+03 0.000*
AGW [mm] 5805 6.9 £0.2 0.000*
6 months
PD [mm] 22+13 19+03 0.173
CAL [mm] 42420 28+12 0.000*
BRD [mm] 21+12 1.1+£19 0.000*
AGW [mm] 55432 6.7 £0.7 0.000*
1 year
PD [mm] 20+24 22+09 0.765
CAL [mm] 4.1 £0.6 3.1+04 0.000*
BRD [mm] 3.8+09 20+02 0.000*
AGW [mm] 47 £12 6.1 0.3 0.000*
3 years
PD [mm] 21+19 22+07 0.755
CAL [mm] 6.0+1.2 35421 0.000*

Data presented as M £5D.

Groups: | — CAF (control); Il - CAF+CGF (test). BRD — buccal recession depth;
ADW - width of attached gingiva; PD — probing depth; CAL - clinical
attachment level; *statistically significant.
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5.110.8

3.8 0.9
4.8 0.9

mean BRD [mm]
w

2.00 £0.2

1.0£0.3 1.1+1.9
baseline 6 months 1year 3 years
timeline
- CAF —— CAF+CGF

Fig. 2. Difference in buccal recession depth (BRD) after the treatment

of gingival recession with the coronally advanced flap (CAF) alone and
in combination with concentrated growth factor (CAF+CGF) at different
time points

Discussion

For the treatment of gingival recession, the present RCT
compared the use of CGF in combination with CAF with
CAF alone. The study evaluated changes in BRD and AGW,
and subsequent root coverage, in addition to periodontal
clinical parameters, such as PD and CAL.

The literature remains equivocal regarding the impact
of platelet concentrates on the outcomes of root coverage
procedures. Although recent analyses have reported that
platelet concentrates may reduce PD, CAL and recession
depth, as well as patient morbidity,'®!° earlier reviews
found that platelet concentrate therapies did not improve
root coverage, the width of keratinized tissue or CAL.202!
Recent advances in platelet concentrate centrifugation
techniques and preparation protocols have raised concerns
that these variations may alter the characteristics of the
fibrin structure and, consequently, influence therapeutic
outcomes.?? However, the literature still lacks a sufficient
number of clinical studies evaluating the effect of platelet-
associated biomaterials on root coverage outcomes. To
the best of our knowledge, this is the first investigation
to report the efficacy of CGF in recession coverage with
a 3-year follow-up.

In the present trial, with no significant difference in PD
and lower VAS scores, the CAF+CGF group outperformed
the CAF group in terms of recession coverage, AGW and
CAL. Dogan et al. employed CGF for the first time to treat
gingival root defects in the maxilla.?® After 6 months, they
reported a mean root coverage of 86.67% in the CAF+CGF
group. According to their study results, CGF treatment
had no additive effect on root coverage. However, it was
suggested that the use of CGF with CAF may improve
long-term stability by increasing the width and thickness
of keratinized tissue and improving CAL.2 The findings
of the present study, which are in agreement with those
of Dogan et al.,”2 demonstrated enhanced AGW and CAL.

Probing depth is considered a direct indicator of perio-
dontal health,?* and was therefore included as an outcome
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measure in the present study. At baseline, the mean PD
was 2.3 £1.9 mm in the control group and 2.1 £0.9 mm in
the test group. At 6 months, 1 year and 3 years, there was
no statistically significant change in PD in either group.
These findings are consistent with previous studies that
evaluated the use of platelet concentrates, such as CGF
and PRF, in the treatment of recession defects.)®> When
CAL was compared between the 2 groups, the test group
demonstrated better results than the control group. This
finding is in agreement with previous studies supporting
the potential benefit of platelet concentrates in improving
CAL following recession coverage procedures.?>26

Apart from a few limitations, such as not considering
buccal recession width (BRW), the height of the inter-
proximal papilla, the gingival biotype, and the thickness
of keratinized gingiva, several factors were considered
in the present study to determine the effect of CGF on
recession coverage and its long-term stability. Non-carious
cervical lesions were excluded from the study, as they
are known to have a negative impact on root coverage
over time. Studies have also emphasized the influence
of the tooth position on the outcomes of root coverage
procedures.?”? More recently, Zucchelli et al. highlighted
that the tooth position was crucial in determining the
amount of root coverage that could be achieved, as sites
in the mandibular arch demonstrated significantly lower
mean and complete recession coverage than the treated
maxillary recession defects.?® In the present study, only
maxillary teeth were included. Collectively, the findings
of this long-term trial support the additive effect of CGF
in gingival augmentation coronal to the recession.

Conclusions

Within the limitations of the present study, the follow-
ing conclusion can be drawn: With a 3-year long-term
follow-up, the CAF+CGF group showed better results in
terms of root coverage and AGW, as well as lower pain
scores and reduced patient discomfort, compared with
the CAF group.

Trial registration

The trial was registered with the Clinical Trials Registry—
India (CTRI) (2019/02/079317).

Ethics approval and consent to participate

The study was conducted in accordance with the principles
outlined in the Declaration of Helsinki for research involv-
ing human participants. The study protocol was approved
by the institutional ethics committee at the Department
of Periodontology, Saveetha Dental College and Hospitals,
Chennai, India IHEC/SDC/PERIO-2001/19/056). Written
informed consent was obtained from all participants.
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Abstract

Background. Hypertension (HTN) is a prevalent condition affecting a significant proportion of the population.
It requires careful management due to its potential systemic complications. While the overall effects of HTN
are well documented, its specific impact on implant dentistry procedures, such as sinus augmentation,
remains less clear.

Objectives. The present study aimed to investigate the influence of HTN and antihypertensive medications
on early implant failure (EIF) following sinus augmentation.

Material and methods. A retrospective cohort study was conducted at a tertiary referral center between
2013 and 2021. Data from 425 implants in 152 patients were analyzed. The primary outcome was EIF.
Univariate and multivariable analyses were performed to identify potential risk factors. A p-value <0.05
was considered statistically significant.

Results. Hypertension did not significantly affect EIF. However, beta-blocker therapy was identified as
an independent risk factor at both the patient and implant levels (OR (odds ratio) = 4.05; p = 0.018 and
OR = 3.13; p = 0.045, respectively). A higher number of implants per patient and tobacco smoking were
also associated with an increased risk of EIF (OR = 1.49; p = 0.039 and OR = 8.52; p < 0.007, respectively).
Other antihypertensive medications were not significantly associated with EIF.

Conclusions. Hypertension was not a significant risk factor for EIF following sinus augmentation. However,
beta-blocker therapy was associated with an increased risk of failure, whereas other antihypertensive agents,
including diuretics, angiotensin-converting enzyme inhibitors (ACEs), angiotensin Il receptor blockers (ARB),
and calcium channel blockers (CCBs), were not significantly associated with EIF.

Keywords: risk factors, dental implants, medications, antihypertensive agents, maxillary sinus augmentation
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Highlights
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« Inaretrospective cohort of 425 implants placed in 152 patients undergoing maxillary sinus augmentation, hypertension
(HTN) itself was not associated with early implant failure (EIF) and should not, on its own, be regarded as a contraindication.
+ Beta-blocker therapy was an independent risk factor for EIF at both the patient level (OR = 4.05) and the implant level

(OR = 3.13).

+ Diuretics, angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), and calcium
channel blockers (CCBs) showed no significant association with EIF.

« Patients receiving beta blockers may warrant more detailed preoperative counselling and closer follow-up after
sinus augmentation; prospective confirmation of this association is needed.

Introduction

Sinus augmentation is a common procedure aimed at in-
creasing bone volume in the posterior maxilla to facilitate
dental implant placement. First introduced by Boyne and
James in the 1970s, the technique has undergone signifi-
cant advancement, becoming a predictable and widely used
procedure.! Although generally successful, implants placed
following sinus augmentation may still fail, either at an early
or late stage. Early implant failure (EIF) refers to implant
failure occurring before osseointegration is achieved.?~*

Numerous risk factors for EIF have been identified and ex-
tensively studied. These factors can be categorized aslocal or
systemic.® Local risk factors include anatomical factors, such
as residual bone height, the quality of the peri-implant micro-
environment, including the quality of the keratinized gingiva,
and the specific surgical technique used.*° Systemic risk
factors include various health conditions, medications and
patient habits, including tobacco smoking, diabetes mellitus,
and the patient’s physical status as graded by the American
Society of Anesthesiologists (ASA) classification.2->11-13

Hypertension (HTN) is a condition characterized by
persistently elevated arterial blood pressure. According
to the American Heart Association (AHA), approx. 50%
of American adults have HTN.!* In 2019, Eurostat data
indicated that 22% of the European Union (EU) popula-
tion aged 15 years and older reported having HTN, with
the highest prevalence in Croatia (37%) and the lowest
in Ireland (12%).!> Normal blood pressure is defined as
a systolic blood pressure of less than 120 mmHg and a dia-
stolic blood pressure of less than 80 mmHg.!* The AHA
defines HTN as a systolic blood pressure of 2130 mmHg
or a diastolic blood pressure of >80 mmHg.!° In contrast,
the European Society of Hypertension (ESH) defines HTN
as an office systolic blood pressure of 2140 mmHg and/or
a diastolic blood pressure of >90 mmHg."”

There are 2 main types of HTN — primary and second-
ary. Primary HTN, also known as essential or idiopathic
HTN, is characterized by elevated blood pressure without
an identifiable underlying cause. It is a chronic and typi-
cally irreversible condition that is more common in older
individuals. Secondary HTN, in contrast, refers to elevated
blood pressure caused by an underlying medical condition,

such as obstructive sleep apnea (OSA) or kidney disease.
Although potentially reversible when the underlying con-
dition is addressed, secondary HTN can be more resis-
tant to treatment and often affects younger individuals.'®
Hypertension may lead to ischemic heart disease, heart
failure, kidney disease, and sexual dysfunction.!
Treatment for HTN is initially based on lifestyle modi-
fications, including weight loss, a diet low in saturated
and total fat, low in sodium and high in potassium, regu-
lar aerobic exercise, and limiting or eliminating alcohol
consumption. When these measures do not result in ad-
equate blood pressure control, antihypertensive medica-
tion therapy is initiated.!® Antihypertensive medications
comprise a diverse range of pharmacological agents, each
targeting a distinct biological pathway to reduce blood
pressure. Diuretics, such as thiazide and loop diuretics,
promote the renal excretion of sodium and water, thereby
reducing blood volume and cardiac output.’® Angiotensin-
converting enzyme inhibitors (ACEIs), including lisino-
pril and enalapril, inhibit the conversion of angiotensin
I to angiotensin II, thereby reducing peripheral vascular
resistance.?’ Angiotensin II receptor blockers (ARBs),
such as losartan and valsartan, antagonize angiotensin
II receptors, preventing vasoconstriction and aldosterone
release.?! Calcium channel blockers (CCBs), such as amlo-
dipine and nifedipine, inhibit calcium influx into arterial
smooth muscle cells, promoting vasodilation and reducing
cardiac contractility.?? Finally, beta blockers, including
metoprolol and atenolol, antagonize beta-adrenergic recep-
tors, thereby reducing cardiac output and renin release.!®23
First-line pharmacological treatment typically includes
ACEIs or ARBs, such as enalapril or candesartan, CCBs,
such as amlodipine, and diuretics, such as hydrochlorothia-
zide. Unless patients have a history of ischemic heart disease
or heart failure, beta blockers are generally not prescribed as
first-line agents, as their benefit in stroke prevention is lower
than that of the aforementioned first-line therapies.!%2*
While the systemic effects of HTN are well established,
its impact on implant dentistry, particularly sinus augmen-
tation, remains less well understood. Recent systematic
reviews by Mishra et al.?> and Hamadé et al.2® examined
the relationship between HTN and implant failure, and
concluded that HTN itself did not significantly increase
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the failure rates, while patients receiving antihyperten-
sive medications had comparable implant success rates
to non-medicated patients. However, both reviews high-
lighted limitations in the existing literature, particularly
the tendency to group different antihypertensive medica-
tions together, which limits a more nuanced understanding
of their individual effects on implant outcomes.?>2°

To address this gap in knowledge, the present study
aimed to investigate the influence of HTN, as well as spe-
cific medications used to manage the condition, on EIF
following sinus augmentation. The null hypothesis was
that neither HTN nor antihypertensive medications influ-
ence EIF following sinus floor elevation.

Material and methods

Following the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines,” a retrospec-
tive cohort study was conducted at a tertiary referral center
(Department of Oral and Maxillofacial Surgery, Rabin
Medical Center, Petah Tiqwa, Israel) between January 2013
and December 2021. All study participants provided written
informed consent prior to enrollment. The study adhered to
the ethical standards outlined in the Declaration of Helsinki
and was approved by the institutional review board at Rabin
Medical Center (approval No. 0674-19).

The characteristics of this cohort reflect those of the
medical center’s patient population, which is referred to
this department for the management of complex systemic
and local conditions.

Surgical protocol

Patients with less than 5 mm of residual bone height
underwent sinus floor elevation using the lateral window
approach described by Boyne and James (1980). Individu-
als with 5-8 mm of residual bone height underwent the
Summers technique for transcrestal sinus floor elevation
to facilitate dental implant placement.!?® Prior to the
procedure, three-dimensional (3D) imaging, using either
cone-beam computed tomography (CBCT) or multidetec-
tor computed tomography (MDCT), was performed to
evaluate the bone structure.

The surgical procedure involved accessing the maxillary
sinus through the creation of a surgical flap. Incisions were
made along the midline of the alveolar crest and extended
vertically, with additional incisions performed when neces-
sary to facilitate adequate closure and ensure flap flexibil-
ity. A round diamond bur was used to create a window in
the lateral sinus wall, through which the sinus membrane
was carefully elevated. Any accidental perforations of the
membrane were repaired using a collagen barrier (Ossix®
Plus; Datum Dental, Lod, Israel). The resulting space was
subsequently filled with a bovine-derived bone graft mate-
rial (Bio-Oss®; Geistlich Pharma, Wolhusen, Switzerland).
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Following augmentation, implants were placed according
to the manufacturer’s instructions, using the dedicated
bur set, ensuring adequate primary stability. The surgical
site was then meticulously closed with sutures to promote
blood clot formation and facilitate healing.

Implants were either placed simultaneously with the
augmentation procedure or using a delayed approach, in
which implant placement was performed 4 months after
the initial surgery. In the latter cases, a second minor surgi-
cal procedure was performed 5 months later to uncover the
implants. Final tooth restorations were placed 9 months
after the initial intervention, allowing sufficient time for
healing and osseointegration.

The patients were discharged with a 7-day regimen
of amoxicillin—clavulanate (875 mg twice daily). Patients
with a penicillin allergy received clindamycin (300 mg 3
times daily) for 7 days. All patients were also prescribed
xylometazoline nasal spray twice daily for 3 days.

Eligibility criteria

Patients were eligible for inclusion if they were either
healthy (ASA I-II)* or had HTN, with the diagnosis
of HTN based on the patients’ medical records (see “Data
collection” below for further details), were aged >18 years,
underwent sinus augmentation using either a lateral or
transcrestal approach, had complete radiographic records,
and had complete follow-up data from the time of sinus
augmentation until abutment connection.

Patients were excluded if they had incomplete docu-
mentation, underwent implant placement in the posterior
maxilla without prior sinus augmentation, or had systemic
conditions other than HTN.

Data collection

To minimize human and measurement errors, data were
collected 3 times by two independent collectors (E.J. and
D.M.). In cases of discrepancies between the two collectors,
consensus was reached through discussion. The medical cen-
ter’s electronic medical record (EMR) systems provided access
to data from other medical centers and community clinics, in-
cluding prescribed and purchased medications, past and pres-
ent diagnoses, imaging and pathology results, and complete
blood count (CBC) data. The comprehensive nature of these
medical records minimized the risk of non-disclosure bias,
and enhanced the reliability and credibility of the database.

The data collected comprised:

— demographic data — age; gender;

— patient-level data — systemic conditions; medications
(diuretics (furosemide, spironolactone, triamterene,
hydrochlorothiazide, chlorthalidone), ACEIs (lisinopril,
enalapril, ramipril, captopril), ARBs (losartan, valsartan,
candesartan), CCBs (amlodipine, nifedipine, diltiazem,
verapamil, felodipine), beta blockers (metoprolol,
atenolol, propanolol)); tobacco smoking;
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— surgical data — the sinus augmentation technique; re-
sidual alveolar ridge height; implant dimensions; and
bone gain (calculated by subtracting residual alveolar
ridge height from implant length).

Primary outcome variable

The primary outcome variable was EIF, defined as implant
removal before temporary or permanent rehabilitation.

Statistical analysis

In this study, Python 3.12, Pandas 2.1.3 and Statsmod-
els 0.14.1 were used for comprehensive data analysis. De-
scriptive statistics were used to summarize the data, with
continuous variables presented as means and standard
deviations (M +SD) and categorical variables as frequencies
and percentages. The normality of variable distribution
was assessed using the Kolmogorov—Smirnov test.

Patient-level associations were explored using the y? test
for univariate analysis. Differences between independent
groups were assessed using the Mann—Whitney U test for
comparisons between two groups and the Kruskal-Wallis
test for comparisons among more than two groups. To ac-
count for within-subject correlation at the implant level,
generalized estimating equations (GEE) were employed.
The GEE model accounted for subject-level clustering
and was specified with a binomial distribution and an ex-
changeable correlation structure.

Multicollinearity was assessed using the variance infla-
tion factor (VIF). Variables with a p-value <0.10 and no
evidence of multicollinearity were included in the multi-
variable regression analysis. Generalized estimating equa-
tions were applied at the implant level, whereas generalized
linear models (GLM) were used at the patient level.

All statistical analyses were performed using a signifi-
cance level of p < 0.05.

Results

A total of 425 implants were placed in 152 individuals.
The mean patient age was 61.72 +14.27 years, and 101 pa-
tients (66.45%) were female. Nine patients were tobacco
smokers, while 114 (75.00%) had HTN and the remainder
were healthy (ASA I). Regarding antihypertensive medica-
tions, 25 patients (16.45%) were treated with diuretics, 46
(30.26%) with ACEIs, 31 (20.39%) with ARBs, 34 (22.37%)
with CCBs, and 72 (47.37%) with beta blockers. On average,
the patients took 1.37 +£1.05 antihypertensive medications.
Regarding the surgical technique, 58 patients (38.16%)
underwent simultaneous implant placement and sinus
augmentation, 54 (35.53%) underwent delayed implant
placement, and the remaining patients underwent tran-
screstal sinus augmentation. Eighteen patients (11.84%)
experienced at least one EIF (Table 1).
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At the implant level, 25 implants (5.88%) were placed
in smokers and 323 (76.00%) in patients with HTN. Ad-
ditionally, 14.35% of implants were placed in patients tak-
ing diuretics, 30.59% in patients taking ACEIs, 21.65% in
patients taking ARBs, 25.41% in patients taking CCBs, and
47.29% in those taking beta-blockers. The mean implant
length was 12.40 +1.20 mm, the mean residual alveolar
bone height was 4.87 +1.88 mm, and the mean bone gain
was 7.52 +2.37 mm. Twenty-four implants (5.65%) were
associated with at least one EIF (Table 2).

Univariate analysis at the patient level identified beta-
blocker therapy (p = 0.040) and delayed implant placement
(p = 0.010) as significant risk factors for EIF. In addition,
the patients who experienced EIF received a significantly
higher mean number of implants than those without EIF
(3.78 £1.76 vs. 2.67 +£1.30, respectively; p = 0.006) (Table 3).

Table 1. Descriptive statistics at the patient level (N = 152)

Age [years] - - 61.72 £14.27
M 51 (33.55) =
Gender
F 101 (66.45) —
number of cigarettes per
patient per day among - 16.67 £17.75
Tobacco smokers
smoking yes 9(592) B
no 143 (94.08) -
Medical healthy 8 (25.00) -
condition HTN 114 (75.00) _
) ) yes 25 (16.45) -
diuretics
no 127 (83.55) -
yes 46 (30.26) -
ACEls
no 106 (69.74) -
i i es 1(20.39) -
Ant\hypgrten5|ve ARBs y
medications no 1(79.61) _
yes 4(22.37) -
CCBs
no 8(77.63) =
beta yes 2(47.37) -
blockers no 0(52.63) _
numberqf medications B 1374105
per patient per day
0 8 (25.00) =
Number of 1 (30 26) _
medications
2 44 (28.95) =
3 2(14.47) -
4 2(1.32) =
simultaneous 8(38.16) -
Surgical
technique delayed 4 (35.53) -
transcrestal 40 (26.32) -
Number of implants per patient - 2.79+1.40
EIF 18 (11.84) -

M — male; F — female; ACEls — angiotensin-converting enzyme inhibitors;
ARBs — angiotensin Il receptor blockers; CCBs — calcium channel blockers;
EIF — early implant failure; HTN — hypertension; M — mean; SD — standard

deviation.
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Table 2. Descriptive statistics at the implant level (N = 425)

Variable Subgroup n (%) M £5D Variable Subgroup n (%) M £SD
Age -
_ _ 61.72 +14.27 number of medications B
[years] per implant 1.39+1.03
Gender M 15 e - 0 102 (24.00) -
- 27016353) B Number 1 124 (29.18) -
number of cigarettes per B 18.00 £16.95 of medications 5 133 (31.29) B
Tobacco implant among smokers T -
smoking yes 25 (5.88) - 3 62(14.59) -
no 400 (94.12) - 4 4(094) -
| 102 (24.00) - <urcical simultaneous 161 (37.88) -
ASA urgica
- B delayed 186 (43.76 -
classification ! 132:51.06) technique Y ( )
Il 191 (44.94) - transcrestal 78 (18.35) =
Medical healthy 102 (24.00) - Implant length B 1240 120
condition HTN 323 (76.00) - (mm]
o yes 61 (14.35) _ Implant diameter B 3.94 +0.40
diuretics [mm]
no 364 (85.65) - Residlual alveolar b heioh
esidual alveolar bone height
es 130 (30.59 = - 4.87 +1.88
ACEIs Y (309) (mm]
no 295 (69.41) - Bone gain
- +
Antihypertensive ARBs yes 92 (21.65) - [mm] 7524237
medications no 333 (78.35) = EIF 24 (5.65) -
CCBs U 108 (2541) - ASA — American Society of Anesthesiologists.
no 317 (74.59) -
beta yes 201 (47.29) =
blockers no 224(52.71) =

Table 3. Univariate statistical analysis at the patient level

Variable Subgroup e
Categorical variables (y? test)
n (%)
M 44 (32.84) 7(38.89)
Gender 0.06 0.800
F 90 (67.16) 11(61.11)
es 6 (4.48 3(16.67
Tobacco smoking i ) ( ) 233 0.130
no 128 (95.52) 15(83.33)
) - healthy 36 (26.87) 2(11.11)
Medical condition 134 0.240
HTN 98 (73.13) 16 (88.89)
. ) yes 22 (16.42) 3(16.67)
diuretics 0.00 1.000
no 112 (83.58) 15 (83.33)
yes 40 (29.85) 6 (33.33)
ACEls 0.00 1.000
no 94 (70.15) 12 (66.67)
i i es 28 (20.90 3(16.67
Antihypertensive ARBs Y/ (20.90) (16.67) o 991
medications no 106 (79.10) 15 (83.33)
yes 29 (21.64) 5(27.78)
CCBs 0.08 0.770
no 105 (78.36) 13(72.22)
yes 59 (44.03) 13(72.22)
beta blockers 3.99 0.040%*
no 75 (55.97) 5(27.78)
simultaneous 54 (40.30) 4(22.22)
Surgical technique delayed 42 (31.34) 12 (66.67) 8.73 0.010%**
transcrestal 38(28.36) 2(11.11)
Continuous variables (Mann-Whitney U test)
M £SD
Age [years] 61.36 £14.81 64.40+9.13 1,262 0.750
Number of medications 132 +1.04 1.67 +1.08 1,401 0.250
Number of implants per patient 267 £1.30 3.78 £1.76 1,669 0.006***

*p < 0., %% p <0.05; *** p < 0.01 (statistical significance).
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At the implant level, univariate analysis showed that
tobacco smoking significantly increased the odds of EIF by
more than five-fold (OR (odds ratio) = 5.19; p = 0.009). De-
layed sinus augmentation was also significantly associated
with an increased risk of EIF (OR = 3.69; p = 0.030). Fur-
thermore, each 1-millimeter increase in bone gain was as-
sociated with a 14% increase in the odds of EIF (OR = 1.14;
p = 0.030). Beta-blocker use (OR = 2.02; p = 0.080), ARB
use (OR = 0.54; p = 0.090) and residual alveolar bone height
(OR = 0.85; p = 0.070) demonstrated borderline statistical
significance (0.05 < p < 0.10) (Table 4).

Multivariable analysis at the patient level identified beta-
blocker therapy (OR = 4.05; p = 0.018) and a higher number
of implants (OR = 1.49 per additional implant; p = 0.039)
as independent risk factors for EIF (Table 5). At the im-
plant level, multivariable analysis using GEE demonstrated
a 19.8% within-patient correlation among the implants
placed in the same individual. Tobacco smoking (OR = 8.52;
p < 0.001) and beta-blocker therapy (OR = 3.13; p = 0.045)
were significant independent risk factors for EIF (Table 6).

Delayed sinus augmentation showed a consistent trend to-
ward increased EIF in both multivariable models (OR = 3.20;
p = 0.068 at the patient level; OR = 3.67; p = 0.058 at the
implant level), but did not reach statistical significance.

Table 4. Univariate statistical analysis at the implant level

Table 5. Multivariable statistical analysis at the patient level

Risk factors for EIF 95% Cl

Surgical technique (delayed) 3.20 091-11.76  0.068
Surgical technique (transcrestal) 0.99 0.16-6.05 0.990
Beta-blocker therapy 4.05 1.27-1293  0.018**
Number of implants 149 1.00-2.20 0.039**

Note: The reference group for “Surgical technique” is “simultaneous”.
*p <0.1;% p <0.05 *** p < 0.01 (statistical significance).

Table 6. Multivariable statistical analysis at the implant level

Risk factors for EIF OR 95% Cl p-value
Smoking 852 2.68-27.08  <0.001***
Surgical technique (delayed) 367 0.96-14.07 0.058*
Surgical technique (transcrestal) 149 0.21-10.52 0.680
Beta-blocker therapy 313 1.00-9.57 0.045%*
ARB therapy 0.46 0.14-1.59 0.220
Residual alveolar bone height 0.87 0.72-1.04 0.120

Notes: The reference group for “Surgical technique” is “simultaneous”;
bone gain was removed from the analysis for multicollinearity with
residual alveolar bone height. * p < 0.1, ** p < 0.05; *** p < 0.01 (statistical
significance).

Variable Subgroup
Categorical variables
M 1 - -
Gender
F 091 0.33-2.54 0.860
yes 5.19 1.49-18.01 0.009%**
Tobacco smoking
no 1 - -
healthy 1 - -
Medical condition
HTN 1.53 0.34-6.82 0.570
o yes 0.91 0.27-3.09 0.880
diuretics
no 1 -
yes 0.84 0.30-2.37 0.750
ACEls
no 1 -
Antihypertensive . yes 0.54 0.16-1.86 0.090*
medications no 1 -
yes 1.21 041-3.60 0.720
CCBs
no 1 -
yes 2.02 0.68-6.02 0.080*
beta blockers
no 1 =
simultaneous 1 - -
Surgical technique
delayed 3.69 1.10-12.33 0.030**
Age 1 0.99-1.03 0400
Number of medications 1.07 0.67-1.71 0.760
Implant length 0.97 0.68-1.40 0.880
Implant diameter 157 0.58-4.25 0.380
Residual alveolar bone height 0.85 0.71-1.02 0.070*
Bone gain 1.14 1.01-1.29 0.030%*

OR - odds ratio; Cl — confidence interval; * p < 0.1; ** p <0.05; *** p < 0.01 (statistical significance).
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Discussion

Hypertension is a common condition, affecting approx.
50% of adults, and is frequently encountered in daily clini-
cal practice.!* As the population ages, implant placement in
medically compromised patients is becoming increasingly
common, necessitating a comprehensive understanding
of the effects of systemic chronic comorbidities and the
medications used to manage them.’

The results of the present study showed that the patients
diagnosed with HTN did not have significantly higher
odds of EIF compared with healthy individuals, consis-
tent with previous studies evaluating implants placed in
patients with HTN.811252630-32 Hypertension has been
associated with increased bone loss and impaired new bone
formation, potentially due to its association with impaired
angiogenesis.323 During HTN, endothelial function is
compromised, resulting in the narrowing of the capillar-
ies and reduced blood flow within the microvasculature,
which may lead to vascular rarefaction, and potentially
impair osteogenesis.>* However, these findings do not nec-
essarily indicate that HTN has no effect on the occurrence
of EIF following sinus floor elevation. All patients with
HTN included in this study were receiving antihyperten-
sive treatment, and were therefore likely to have relatively
well-controlled disease, which limits the generalizability
of these findings. Consequently, we cannot conclude that
uncontrolled HTN would not influence the occurrence
of EIF or the success of sinus floor elevation procedures.

Studies investigating the effects of antihypertensive
medications on bone metabolism have suggested that sev-
eral classes, including diuretics, ACEIs, ARBs, and beta
blockers, may have beneficial effects on bone metabolism,
fracture resistance and calcium homeostasis, potentially
promoting osseointegration.3%3%3* The beneficial effects
of ACEIs, ARBs and CCBs on the small-artery structure
may further contribute to improved osseointegration and
areduced EIF risk. These medications may inhibit adverse
vascular remodeling, exert antioxidant effects, reduce vas-
cular stiffness, and normalize collagen-to-elastin ratios
in small arteries, potentially benefiting bone health and
implant success.??

Multivariable analyses at both the patient and implant
levels revealed that the implants placed in the patients
receiving beta-blocker therapy had significantly higher
odds of failure (patient level: OR = 4.05; implant level:
OR = 3.13). Beta blockers are commonly prescribed for
persistent HTN or for patients with HTN and comorbid
conditions, such as ischemic heart disease, cerebrovascular
disease or heart failure.!® In the present study, however,
these comorbidities were not significantly associated with
EIF. Beta blockers have been reported to be less effective
in promoting favorable vascular remodeling. Their lack
of vasodilatory properties, together with their potential
association with increased arterial stiffness, may impair
microcirculation.3* These changes could potentially reduce
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blood flow to the implant site, thereby impairing osseoin-
tegration and increasing the risk of EIF.

It may therefore be hypothesized that the observed as-
sociation between beta-blocker therapy and EIF reflects
a more advanced stage of HTN among patients receiving
these medications, which may adversely affect vascular
remodeling and increase the risk of failure. The number
of antihypertensive medications may serve as an indicator
of disease severity.>> Based on this hypothesis, the odds
of failure would be expected to increase with a greater
number of antihypertensive medications. However, in the
present study, the number of antihypertensive medications
was not significantly associated with EIF.

The influence of tobacco smoking on EIF and HTN
has been extensively discussed in the literature.3® Al-
though cigarette smoking acutely increases blood pres-
sure through the stimulation of the sympathetic nervous
system, its long-term effects on blood pressure and the
incidence of HTN remain equivocal.?” Observational stud-
ies have reported a modest positive association between
smoking and the risk of HTN.3%3° However, a definitive
causal relationship between cigarette smoking and HTN
has not been established, as smoking cessation does not
consistently result in a reduction in blood pressure.®

In the present study, tobacco smoking was associated
with an 8.52-fold increase in the odds of EIF at the im-
plant level. This finding is consistent with previous stud-
ies reporting a higher risk of EIF among smokers.*>8913.40
Nicotine may adversely affect osseointegration and new
bone formation by disrupting critical processes involved
in microvascular function, angiogenesis and growth-factor
migration. These effects may result from several intercon-
nected mechanisms, including nicotine-induced vasocon-
striction, increased catecholamine release and microvas-
cular occlusion.*

The number of implants per patient was a significant
risk factor for EIF, with each additional implant increasing
the odds of failure by 49%. This finding is consistent with
previous studies.>*! The increased risk may be attributed
to the longer and more extensive surgical procedures asso-
ciated with the placement of multiple implants, and larger
augmentation procedures. These factors may prolong the
healing period and compromise blood flow to the aug-
mented sites, thereby increasing susceptibility to infection
and impaired healing. Another potential explanation for
the increased risk of failure is the association between re-
sidual alveolar bone height and the number of implants. In
the present study, lower residual alveolar bone height was
associated with a higher number of implants. Although the
present analysis did not demonstrate a significant associa-
tion between EIF and residual alveolar bone height, several
studies have reported that reduced residual bone height is
associated with lower success rates following sinus floor
augmentation.>*2-** It may therefore be hypothesized that,
in addition to the increased surgical complexity associated
with multiple implants, reduced residual bone height may
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further compromise the biological processes involved in
bone augmentation and osseointegration in these patients.

Limitations

The limitations of this study arise from its retrospec-
tive design, the involvement of multiple operators, and the
characteristics of the medical center. The participation
of multiple operators may have introduced variability in
case selection, the surgical technique, and the manage-
ment of intraoperative complications. In addition, the data
were collected from a tertiary medical center that treats
patients with complex systemic and local conditions, which
may limit the external validity and generalizability of the
study findings.

Conclusions

In conclusion, HTN was not significantly associated with
EIF following sinus floor augmentation. However, beta-
blocker therapy was identified as a significant risk factor,
whereas other antihypertensive medications, including
diuretics, ACEIs, ARBs, and CCBs, were not significantly
associated with EIF. In addition, a higher number of im-
plants per patient and tobacco smoking were identified as
significant risk factors for EIF.
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Abstract

Background. There are no studies in the Colombian population assessing the prevalence and severity
of apical lesions (ALs), or the relationship between the frequency and quality of endodontic treatment (ET)
obturation and the presence of ALs in patients with coronary atherosclerosis (CA).

Objectives. The present study aimed to estimate the frequency of ALs and ET in Colombian patients with
(A, and to identify a possible association between the frequency and severity of ALs and CA.

Material and methods. The study had a cross-sectional design. We included patients with the evidence
of CA diagnosed by coronary angiography. The main outcome variables were the number of compromised
coronary arteries and their degree of obstruction, as well as ET, including ALs and previously treated teeth
(PTT). The periapical index (PAI) was assessed using periapical radiographs.

Results. A total of 1,394 teeth from 69 patients were evaluated (6 = 20.2 teeth/patient). The frequency
of ALs and ET was 5.7% and 10.1%, respectively, considering all teeth evaluated, with a greater presence in
the maxilla (50.6% and 51.49%, respectively). Apical lesions were most frequently observed in premolars and
molars (35.4%), whereas ET was more frequent in molars (38.6%). Among teeth with ALs, PAI 3 was the
most frequent score. Apical lesions were present in 36.6% of endodontically treated teeth; 72.9% of these
teeth had inadequate obturation, of which 40 (39.2%) had ALs (p = 0.021).

Conclusions. In patients with CA, a high incidence of ALs and ET was observed, with no evidence
of an association between the frequency of ALs, the severity of coronary vessel occlusion, and the number
of coronary arteries affected. More ALs were observed in teeth with inadequate ET. However, as we did not
have a control group for comparison, these findings should be interpreted with caution.

Keywords: atherosclerosis, coronary artery disease, coronary disease, periapical periodontitis, root canal
obturation
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« This study reveals high rates of apical lesions (ALs) and endodontic treatment (ET) in patients with coronary
atherosclerosis (CA), highlighting potential oral health implications in cardiovascular care.
+ A greater presence of ALs was observed in males, which was partially related to a higher prevalence of CA in these

patients.
+ Teeth with inadequate ET had more ALs.

Introduction

Coronary atherosclerosis (CA) is the underlying cause
of several cardiovascular diseases (CVDs). It is character-
ized by the narrowing of the arterial lumen due to the
accumulation of fatty deposits and the loss of elasticity
of the arterial walls, resulting in vessel stenosis and re-
duced blood flow."? Coronary atherosclerosis has been
defined as a lesion of the intimal layer of blood vessels,
comprising a fibrous cap and an atheromatous core. The
plaque is composed of smooth muscle cells, the extracellu-
lar matrix (ECM), inflammatory cells, calcifications, lipids,
and necrotic debris.® Cardiovascular diseases are among
the leading causes of disability and mortality worldwide.*
According to Joseph et al., in 2015, deaths attributable to
CVDs accounted for approx. % of all deaths globally.® In
Colombia, CVDs are a leading cause of death. According to
the Pan American Health Organization (PAHO), in 2021,
190.2 deaths from CVDs were reported in Colombia per
100,000 inhabitants.®

Apical periodontitis (AP) is an acute or chronic inflam-
matory lesion around the apex of a tooth caused by a poly-
microbial infection of the root canal system,”® character-
ized by periapical bone resorption, referred to as an apical
lesion (AL). This condition is one of the persistent inflam-
matory disorders of the oral cavity and may contribute to
systemic inflammation.!%!! It has been associated with
platelet aggregation and hypercoagulability.312 The etio-
logical factors of AP include various forms of dental pulp
damage, such as caries, trauma, iatrogenic injury, and the
failure of endodontic treatment (ET).!* Endodontic treat-
ment can prevent AP or restore dental health by eliminat-
ing intraradicular infection,** promoting bone repair'® and
maintaining proper tooth function.!® Adequate root canal
filling plays an important role in successful ET by prevent-
ing bacterial reinfection through the reduction of coronal
leakage and, consequently, halting disease progression.!”
The impact of ET quality has been evaluated based on
radiographic criteria, and root canal fillings can be clas-
sified as adequate or inadequate.!®

The reported prevalence of AP and ET varies world-
wide.’?-21 However, there are no studies in the Colombian
population evaluating the frequency and severity of ALs,
their relationship with the frequency and quality of ET
obturation, or their association with CA. Therefore, this

study aimed to estimate the frequency of ALs and ET in
Colombian patients with CA, and to identify a possible
association between the frequency and severity of ALs
and CA.

Material and methods

This was an observational, descriptive, cross-sectional
study that included patients with the angiographic evi-
dence of CA, recruited between 2017 and 2020 at the
Fundacién Valle del Lili, Cali, Colombia.

The study was approved in November 2017 by the
Biomedical Research Ethics Committee of the Fundacién
Valle del Lili (approval No. 730-217). All patients provided
written informed consent prior to enrollment in the study.
The study was conducted in accordance with ethical con-
siderations and the Declaration of Helsinki.

Coronary angiography was performed using the Innova
3100 IQ system (GE HealthCare, Waukesha, USA). The
procedure began with arterial puncture (femoral or radial),
followed by the insertion of a specialized catheter into the
left chambers of the heart. A contrast medium was then
injected through the catheter, allowing the visualization
of the coronary artery lumen with the use of specialized
imaging techniques, and enabling the presence or absence
of atherosclerosis to be determined.

Convenience sampling was used to recruit patients dur-
ing the study period. We included patients over 18 years
of age who had at least one tooth in the mouth, a con-
firmed diagnosis of CA, and who agreed to participate in
the study and signed the informed consent form. Further
details of the study population are presented in Fig. 1. Pa-
tients with contraindications to X-ray exposure, pregnant
women, and patients who had received dental treatment
within the previous 3 months were excluded.

Sociodemographic data and medical information related
to the cardiovascular condition were collected, including
the number of compromised coronary arteries and their
degree of occlusion, classified as non-significant (<50%
occlusion), significant (51-70%), severe (71-90%), or criti-
cal (>90%). Information regarding ET was also collected,
including the presence of ALs and previously treated teeth
(PTT). The periapical index (PAI) was assessed using peri-
apical radiographs??; this index allows the evaluation of the
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Vascular Intervention Unit (VIU)
Identification of patients with
the angiographic evidence of CA

v

School of Dentistry (SD)
530 patients contacted by phone
(M: n=351; F: n=179)

¢ ________

69 patients evaluated (n=45)
(M: n=50; F: n=19) ® other reasons

ical conditi
| + ling, etc.) (n = 39)
Vviu SD
information from medical records
and coronary arteriography results

© deceased patients (n = 14)

©no o .
(n=201)

® exclusion criteria (n = 25)

@ did not agree to participate
(n=137)

® agreed to participate, but did not
show up to the appointment

clinical and radiographic evaluation,

v

1,394 teeth analyzed
79 with ALs
140 teeth with ET (PTT)

Fig. 1. Study design — selection of patients according to the inclusion and
exclusion criteria

CA - coronary atherosclerosis; M — male; F — female; Al - apical lesion;
ET — endodontic treatment; PTT — previously treated teeth.

condition of the periradicular tissues. For this study, PAI
scores of 1 and 2 were considered indicative of periapical
health, whereas PAI scores >3 were considered indica-
tive of AP.2-% According to the American Association
of Endodontists (AAE), teeth that had undergone ET were
defined as PTT.?° The quality of root canal obturation was
classified as adequate or inadequate.'8

Statistical analysis

For statistical analysis, absolute and relative frequencies
were calculated for categorical variables. The measures
of central tendency and dispersion were calculated for
clinical, radiographic, and clinical history variables. As-
sociations between the categorical variables related to PAI
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and endodontic diagnoses were assessed using the y? test.
The Shapiro—Wilk and Levene tests were used to assess
the distribution and homogeneity of variance, respectively,
when comparing the mean numbers of teeth according to
endodontic diagnoses and PAI. The severity of coronary
artery occlusion in patients with CA was compared using
the Kruskal-Wallis test. The confidence level was set at
95%, and statistical significance was defined as p < 0.05.

Results

A total of 530 patients with CA were identified through
coronary angiography. Of these, 114 met the inclusion cri-
teria, 69 agreed to participate and attended the scheduled
assessment, and 1,394 teeth were evaluated (6 = 20.2 teeth/
patient) (Fig. 1).

Among the 69 included patients, the mean age was 65.7
+8.6 years, and 50 (72.5%) were men. At the patient level,
ALs and PTTs were present in 35 (50.7%) and 41 (59.4%)
patients, respectively (Table 1). At the tooth level, ALs and
PTT were observed in 79 (5.7%) and 140 (10.1%) teeth, re-
spectively (Fig. 2A), with a greater proportion located in the

Table 1. Presence of apical lesions (ALs) and previously trated teeth (PTT)
according to sex

Presence of ALs and PTT M F Total
| e yes 25714 10086) 35 (50.7)
| no 25 (73.5) 9.(2655) 34.(493) |
| - yes 20007) 1293 41(594) |
| no 21 (75.0) 7050)  28(406) |
| Total 50725 1907.5) 69(1000) |

Data presented as number (percentage) (n (%)). p > 0.05.

o

' mandible

ALs

maxilla

maxilla

mandible

9.3

-

- T
maxilla

T -
bimaxillary maxilla bimaxillary maxilla bimaxillary
mandible mandible mandible
incisors and canines premolars molars

A - ALs and PTT according to the total number of teeth evaluated; B — ALs and PTT according to the type of jaw; C — ALs in both jaws according to the type

of tooth; D - PTT in both jaws according to the type of tooth.
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maxilla, accounting for 40 (50.6%) ALs and 72 (51.4%) PTT
(Fig. 2B). In both jaws, ALs were most frequently observed
in premolars and molars, accounting for 28 (35.4%) cases
(Fig. 2C), whereas PTT were more frequently observed in
molars, accounting for 54 (38.6%) cases (Fig. 2D).

Among patients with ALs, 10 (28.6%) had at least one cor-
onary artery with a significant atherosclerotic lesion, and
the same proportion had at least one artery with a severe
lesion. Additionally, 8 (22.9%) patients had at least one ar-
tery with a non-significant lesion, and the same proportion
had at least one artery with a critical lesion (Supplementary
Table 1, available on request from the corresponding au-
thor). Severe and critical atherosclerotic lesions were more
frequently observed (in 34 and 25 patients, respectively),
with PAI 3 being the most frequent score in both groups
(0.68 +1.32 and 0.80 +1.04 teeth, respectively) (p > 0.05)
(Supplementary Table 2).

Among teeth with ALs, PAI 3 was the most frequent
score, with no significant difference between endodontic
diagnoses with regard to PAI (Table 2). Of the 140 PTT,
47 (36.6%) presented with ALs. Inadequate obturation was
observed in 102 (72.9%) PTT, of which 40 (39.2%) had ALs
(p = 0.021). Most patients did not recall the timing of ET
or the type of operator who performed ET (Table 3).

Table 2. Endodontic diagnoses according to the periapical index (PAI)

Endodontic diagnoses

pulp necrosis

PTT

Pulp diagnoses

Discussion

The prevalence of AP in patients with CA reported in the
literature ranges from 50.8% to 85.3%,2>% similar to the
findings of this study. An AP frequency of 39.2% in males
and 44.2% in females has been reported in previous stud-
ies.?8 In this study, a greater presence of ALs was observed
in males, which may be partially related to the higher preva-
lence of CA among male patients.?” The presence of ALs
in teeth was 5.7%, with asymptomatic AP being the most
prevalent periapical diagnosis (5.5%). These results are simi-
lar to those reported by Tiburcio-Machado et al., who found
aglobal prevalence of AP of 52% in patients without systemic
compromise and 5% in teeth.?? Likewise, de Oliveira et al.
reported a prevalence of AP of 42.6% in patients with CA
and 40.1% in endodontically compromised teeth,?® which is
similar to the findings of this study. The prevalence of ET
reported in previous studies ranges from 41.0% to 60.8%
in patients, and from 2% to 9% in teeth,3"3? which is also
similar to our findings. Moreover, the prevalence of AP in
teeth with ET found in this study is consistent with the
previously reported global prevalence of 41%.3

De Oliveira et al. reported a greater presence of AP in
the maxilla, upper incisors and lower premolars (40.3%,

TR

12(37.5)
11(23.4)

32(100.0)
47 (100.0)

asymptomatic AP 48 (62.3) 22 (28.6) 7 (9.1) 77 (100.0)
Periapical diagnoses 0.092
chronic apical abscess 0(0.0) 1(50.0) 1(50.0) 2 (100.0)
Data presented as n (%).
AP - apical periodontitis.
Table 3. Distribution of endodontic variables according to the presence of apical lesions (ALs)
Presence of ALs
Variables Total p-value
PTT 47 (33.6) 93 (66.4) 140 (100.0) -
: : : adequate 7(184) 31(81.6) 38(100.0)
R?dr:ogrf)phlc guallty 0021
of the obturation inadequate 40 (39.2) 62 (60.8) 102 (100.0)
do not remember 34 (35.1) 63 (64.9) 97 (100.0)
1 year 1(50.0) 1(50.0) 2 (100.0)
Timing of ET 1-2 years 6 (46.2) 7 (53.8) 13 (100.0) 0316
3-5years 0(0.0) 8(100.0) 8 (100.0)
5 years 7 (35.0) 13 (65.0) 20 (100.0)
do not remember 39(37.5) 65 (62.5) 104 (100.0)
Operator general dentist 6(21.4) 22 (78.6) 28 (100.0) 0.242
endodontic specialist 2 (25.0) 6 (75.0) 8 (100.0)

Data presented as n (%). * statistically significant.
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52.8% and 46.2%, respectively).?® In the present study, the
maxilla, upper premolars and lower molars had a higher
frequency of ALs. Previous studies have reported a higher
prevalence of ET in the maxilla,3*~%? and a high prevalence
of ET in molars.3+3® These findings are consistent with
those of the present study.

Apical periodontitis and periodontal disease differ in
terms of their etiology and pathogenesis; however, they
share similar characteristics. Both are chronic oral infec-
tious diseases, share a common Gram-negative micro-
biota and result in increased levels of inflammatory me-
diators.?®3 A potential relationship between periodontal
disease and CVDs has been reported previously*°-2; there-
fore, it has been hypothesized that AP could also impact
patients with cardiovascular compromise due to its close
relationship with periodontal disease.?® Several studies
have demonstrated an increased risk associated with AP
in patients with CVDs and CA, suggesting that an increase
in the number of teeth with AP is associated with a higher
risk of CVDS.23’24’27’28"43_46

There are no reports in the literature on the relation-
ship between the frequency and severity of ALs, the
number of coronary vessels affected, and the severity
of their occlusion. Virtanen et al. conducted a cross-sec-
tional study in which medical information was collected
from randomly selected subjects, who were classified as
patients with or without AP, and found a greater ten-
dency and severity of ALs in patients with CVDs.%’ They
showed that AP was significantly associated with CVDs
and suggested that the presence of AP in subjects who
also regularly had periodontal disease might indicate
a higher oral inflammatory load.*” In contrast to the find-
ings of Virtanen et al.,*” but in line with those reported by
Frisk et al.*® and Frisk,* we found no association between
the severity of ALs and CA. This may be explained by the
fact that both AP and CVDs can occur independently
without directly affecting each other.’ It is important
to highlight that the quality of the current evidence is
moderate to low, and a causal relationship between these
two diseases could not be established.>®

Regarding the quality of ET, no studies exclusively eval-
uating populations with CA were found. Kielbassa et al.
reported a prevalence of adequate ET of 9.9%, while 50.3%
of ET was considered inadequate.?” Virtanen et al. found
that, among the 60.8% of patients with ET analyzed, 38.3%
were considered to have satisfactory ET, whereas 51.7%
were considered to have unsatisfactory ET.*” Moreno et al.
reported that 66.7% of the teeth evaluated had inadequate
ET; of these, 54.0% presented ALs.?> These results are
similar to our findings, in which a statistically significant
association was found. Different studies have reported
a significant association between the quality of ET and
the status of the periapical tissues,?~%"%! suggesting that
inadequate ET may act as a risk factor for the development
of ALs.?>2 This may indicate that ET has a protective ef-
fect on the periapical tissues when performed adequately.
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Various studies have evaluated the success rate of ET,
which is characterized by the restoration of dental health
(i.e., no evidence of AP), the prevention of AP, the continued
retention of the tooth, and the restoration of its function.
Alley et al. reported a higher success rate for ET performed
by endodontists (98.1%) than by general dentists (89.7%) over
a 5-year period.> Lazarski et al. found no differences in the
ET success rates according to the type of operator, reporting
an overall success rate of 94.4% over a period of 3.5 years.>*
Burry et al. analyzed the survival of teeth with ET, and found
a decrease in the survival rates at 1, 5 and 10 years.”® They
did not observe differences between operators at 1 and 5
years; however, at 10 years, they found better survival of the
molars treated by endodontists.>® These results are not di-
rectly comparable with our study, since most patients did
not remember the type of operator who performed ET. In
addition, an unequal proportion of treatment performed by
general dentists and endodontists was observed.

Limitations

Among the limitations of this study is the use of a con-
venience sampling method, which may introduce sampling
bias and limit the generalizability of the results. In addi-
tion, we did not conduct a power analysis to determine
the required sample size, which may have influenced the
results obtained. Moreover, we acknowledge that the lack
of a control group is a major limitation; therefore, we sug-
gest that future studies include a matched control group to
strengthen the conclusions drawn. Although the objective
of this study was to determine whether there was an as-
sociation between the frequency and severity of ALs and
CA, the statistical approach used cannot be interpreted as
a correlation or used to establish impact, as other factors
that could influence the results were not included in the
analysis (e.g., oral hygiene and mechanical stress). A larger
sample size, a more balanced representation of men and
women, and a wider age range would also be desirable to
further validate our results. Finally, we suggest that fu-
ture studies incorporate cone-beam computed tomography
(CBCT), as it provides a more objective assessment of ALs.

Conclusions

A high frequency of ALs and ET was found in patients
with CA. No relationship was found between the frequency
of ALs, the severity of coronary occlusion, and the number
of coronary arteries affected. A greater presence of AL
was found in teeth with inadequate ET. Since most pa-
tients could not recall the timing of their ET or the type
of operator who performed ET, an association between the
presence of ALs, the timing of ET and the type of opera-
tor could not be determined. However, as this study did
not include a control group for comparison with patients
with CA, our results should be interpreted with caution.
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Abstract

Background. Clear aligner treatment (CAT) may induce masticatory muscle tenderness and trigger
temporomandibular disorders (TMD). Considering that CAT may interfere with the masticatory system, itis
important to understand the relationship between CAT and occlusal changes.

Objectives. This study aimed to analyze occlusal changes during CAT and assess the influence of post-
orthodontic occlusion on masticatory performance. A secondary objective was to determine whether the
case complexity, the facial biotype and malocclusion were associated with occlusal alterations, masticatory
performance, or the onset of TMD signs and symptoms during CAT.

Material and methods. Forty-two individuals who underwent and completed CAT were evaluated at 3
time points: before treatment (T0); at the end of treatment (T1); and 3 months after treatment, during which
time clear aligners (CAs) were used only at night (T2). Temporomandibular disorders were assessed using
Axis | of the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) at T0, T1 and T2. Masticatory
performance was evaluated at T1 and T2 using a two-colored chewing gum test and colorimetric analysis.
Occlusal area and anterior and posterior occlusal contacts were evaluated digitally. Non-parametric statistical
tests were used, with the significance level set at p < 0.05.

Results. The occlusal area decreased significantly from T0 to TT (p=0.016). At T1, normodivergent individuals
had significantly more anterior contacts than hyperdivergent patients (p = 0.013). Masticatory performance
increased with the number of posterior occlusal contacts (p < 0.05), and individuals with Class | molar
relationship had more anterior contacts than Class Il patients (p = 0.004). At T2, Class lll individuals showed
higher values than Class Il patients (p = 0.011).

Conclusions. The number of occlusal contacts and occlusal contact area decreased during treatment.
Nighttime use of CAs slightly enhanced occlusal contact recovery. Complex cases presented more posterior
contacts at T0; simple cases presented a greater occlusal area at the end of CAT. Class | individuals presented
more anterior contacts at T0. These movements increased the anterior contacts in Class IIl molar cases at
the end of treatment and 3 months later. No significant differences in masticatory performance were found
according to the molar relationship, the facial biotype or the case complexity; no TMD signs and symptoms
were found during or after CAT.

Keywords: TMD, masticatory function, clear aligners, masticatory performance, occlusal contacts
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Highlights
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+ Clear aligner treatment (CAT) temporarily reduced occlusal contacts and contact area, with slight recovery after

3 months of nighttime aligner use.

+ Masticatory performance was associated with the number of posterior occlusal contacts but was not significantly
influenced by molar relationship, facial biotype or case complexity.

+ Nosigns or symptoms of temporomandibular disorders developed during or after treatment, suggesting that CAT
did not adversely affect temporomandibular disorder status in this sample.

Introduction

Within the twenty-first century’s digital era, the merg-
ing of new technology gave rise to modern orthodontic
treatments (OTs). Aside from the conventional OT with
fixed appliances, options such as clear aligners (CAs) have
emerged.! Orthodontic treatment ensures the proper align-
ment of teeth and improves the occlusal and jaw relation-
ships.? For the orthodontist, the esthetic characteristics
of malocclusions are an important factor in determining
the demand for OT?*and achieving a stable and functional
occlusion. Appropriate masticatory function at the end
of OT is another critical goal that cannot be overlooked.

Equally distributed contacts that are softer anteriorly
and stronger posteriorly are among the occlusal goals.
In order to achieve proper occlusion at the end of OT, the
clinician needs to create heavy contact on the splint dur-
ing treatment.> Respecting the abovementioned objectives
is a key factor in ensuring the long-term stability of OT.
Orthodontic pain and occlusal changes during treatment
are the main factors influencing how the masticatory mus-
cles adapt to OT.® During treatment, the CA covers the
entire occlusal surfaces of the teeth, promoting a bite-block
effect for approx. 22 h per day.”® This duration does not
allow the occlusion to settle as intended, creating artificial
interference within the occlusal space.’

The failure to obtain stable and solid occlusal contacts
during treatment has been identified as the main limitation
of CA treatment (CAT).8 This lack of posterior contacts can
be resolved during the settling of the occlusion. Previous
studies have documented that complete settling requires
time and that the number of occlusal contacts increases
during the post-treatment period.!® However, occlusal dis-
harmonies are present during CAT, and its relationship
with potential issues such as temporomandibular disorders
(TMD), periodontal disease, cervical abfraction, or less
effective mastication remains controversial.!"12

Temporomandibular disorders are an umbrella term that
involves dysfunction and pain in the masticatory muscles
and/or temporomandibular joint (TM]J), causing damage to
the masticatory function.'®* The potential impact of OT
on the onset and evolution of TMD has been controver-
sially discussed over the years.!> Several studies suggest
that OT increases the likelihood of the onset of symptoms

and signs of TMD.!' In contrast, others indicate positive
effects on the resolution of TMD or, most crucially, on
reducing the patient’s risk of their development.!®

Correction of malocclusions, often accompanied by
mechanical transformation as well as skeletal changes,
may alter the muscular and articular stability of the cra-
niomandibular structures. Clear aligner interference has
been reported to increase the frequency of wake-time tooth
clenching episodes, trigger masticatory muscle tenderness,
produce wear facets on aligner trays, and even induce the
development of TMD.'?2% Individuals undergoing CAT
may have temporary TMD due to repetitive clenching on
their trays to relieve orthodontic pain.?! One potential
drawback is that wake-time tooth clenching could con-
tribute to masticatory muscle pain and TMD.?!

It has been well established that masticatory perfor-
mance is related to occlusion and occlusal contact areas.®
Individuals with malocclusion present lower masticatory
performance than those with normal occlusion, as the
occlusal areas of contact and near-contact are positively
correlated with masticatory function. A critical issue
of functional connectivity in the masticatory system is the
influence of occlusal conditions on masticatory function.®

Considering that CAT may interfere with the masti-
catory structures, it is essential to understand the cor-
relation between OT-related occlusal changes and their
influence on mandibular function. Thus, this study aimed
to analyze occlusal changes during CAT and assess the
influence of post-orthodontic occlusion on masticatory
performance (primary outcome); moreover, it assessed
whether the complexity of CAT, the facial biotype, and
the malocclusion may be related to possible alterations
and the onset of TMD signs and symptoms during the use
of CAs (secondary outcomes). The positive hypothesis is
that CAT achieves the desired result without causing any
TMD; the null hypothesis is that even if the result was
reached, TMD were detected. The clinical significance
of the study lies in understanding the functional outcomes
of CA (Invisalign®) treatment by evaluating its effects on
(1) chewing efficiency; (2) occlusal changes, to determine
whether it achieved a stable occlusion, promoting optimal
function; (3) TMD, which may be influenced by changes in
occlusion and muscle activity; and (4) long-term stability
and patient comfort. These findings may guide clinical
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practice and treatment protocols, as well as help dentists
and, specifically, orthodontists tailor treatments to prevent
masticatory dysfunction and TMD-related complications.
Its relevance is supported by the limited number of studies
in the literature that have investigated CAs while evaluat-
ing 4 variables: occlusal changes; the facial biotype; chew-
ing performance; and their possible correlation with TMD.

Material and methods

This quantitative, comparative, and observational lon-
gitudinal cohort study was conducted in accordance with
the recommendations of the Declaration of Helsinki (2024)
and the World Health Organization (WHO)?? regarding
research involving human participants and followed the
STROBE (Strengthening the Reporting of Observational
Studies in Epidemiology) guidelines.?® Ethics approval was
obtained from the Ethics Committee of the University
Institute of Health Sciences (IUCS), Gandra, Portugal
(approval No. 26/CE-IUCS/2020). All participants provided
informed consent before the commencement of the study.

Study sample

A non-probability convenience sample was recruited
from individuals aged between 16 and 45 years with com-
plete permanent dentition (excluding third molars) under-
going CAT. The individuals were recruited from 2 indepen-
dent private orthodontic clinics, Clinica Médico Dentéria
de Sdo Jodo da Madeira (Séo Joao da Madeira, Portugal) and
Clinica de Medicina Dentdria Dr. Manuel Neves (Porto,
Portugal), from October 2019 to December 2022. All indi-
viduals were treated under the supervision of a specialist
in both Orthodontics and Pediatric Dentistry who was also
an Invisalign® Diamond Provider. The study comprised
a sample of 42 individuals (28 female and 14 male) under-
going CAT; the sample was limited due to practical con-
straints. The participants were evaluated at 3 different time
points: before starting treatment (T0); at the end of treat-
ment with CAs without misfits (T1); and 3 months after the
end of treatment, during which time CAs were only used at
night (T2). The patients were invited to participate in the
study in order to evaluate occlusal changes during CAT
and assess the influence of post-orthodontic occlusion on
masticatory performance. All invited individuals agreed to
participate in the proposed analysis.

Sample size calculation

Considering the study design, a prospective cohort study
comparing pre-treatment and post-treatment outcomes,
the following parameters were adopted: a significance
level (a) of 0.05, power (1-[3) of 80% (0.80), and effect sizes
(Cohen’s d for the analysis of continuous variables) of 0.5
(medium effect) for occlusal changes, 0.4 (small-to-medium
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effect) for temporomandibular dysfunction, and 0.5 (me-
dium effect) for chewing performance. The standard devia-
tion (0) was assumed to represent 10% variation. The fol-
lowing formula was used for the calculation of the sample
size:

N=((((Za/2) + ZB) x 0) | A)?

where:

Za/2 = 1.96 (for 95% confidence);

ZB = 0.84 (for 80% power);

o = 10%; and

A = 5% (expected mean difference).

Assuming an effect size of d = 0.5, the sample size
was calculated as follows: N = ((1.96 + 0.84) x 10?) / 5%
N = 31.36. Therefore, the minimum sample size required
for this study was 32 patients. Because of the elevated risk
of dropout, 30% more patients were included, resulting in
a total sample of 42 patients.

Eligibility criteria

Two professionals (VM and TP) conducted the evaluation
of patients. The inclusion criteria were as follows: individuals
who started and completed CAT; individuals whose masti-
catory performance was assessed at the end of treatment and
3 months after treatment; individuals who used nighttime
aligners without maladjustments between the end of treat-
ment and 3 months after treatment; and individuals with
available and complete cephalometric analyses.

The exclusion criteria encompassed individuals who did
not have complete dentition, patients whose occlusal re-
cords were incomplete, individuals presenting TMD signs
or symptoms before OT, patients requiring mandibular
advancement with the use of special wings (Invisalign®),
those with cognitive or neurological changes or identified
syndromes, individuals with a history of trauma and/or tu-
mors of the head and neck or metabolic diseases affecting
the joints and/or muscles, patients who were taking anti-
inflammatory, analgesic or psychiatric medications, and
individuals who suffered from dental pain or periodontal
problems during the previous year.

Data collection for TMD diagnosis

The diagnosis of TMD was made before starting CAT
(T0), after completing OT (T1), and 3 months after treat-
ment (T2), in accordance with international guidelines
using Axis I of the Diagnostic Criteria for Temporoman-
dibular Disorders (DC/TMD).2* Before starting the study,
a pilot study was conducted to assess intra- and inter-
examiner reliability in 30 participants with the same char-
acteristics as the primary study sample. These individuals
were not included in the main study sample because the
goal of the pilot study was the intra- and inter-examiner
calibration of the professionals who would collect the di-
agnostic data on TMD after OT. Three examiners (VM,
MPG, GVOF) independently performed the evaluation
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procedure on 2 occasions separated by a one-week inter-
val, demonstrating excellent reliability, with an intraclass
correlation coefficient (ICC) >0.90.

After appropriate calibration of the examiners who ap-
plied the DC/TMD, information on TMD signs and symp-
toms was collected at 3 time points (T0, T1 and T2), with
the aligners removed during the assessment.

Data collection for masticatory
performance

Masticatory function was evaluated using a masticatory
performance test with two-colored chewing gum. Partici-
pants sat upright and chewed 2 pieces of gum (Hue-Check
Gum®; Orophys GmbH, Muri bei Bern, Switzerland), one
pink and one blue, for 20 chewing cycles.?> The operator
counted the chewing cycles silently. The gums were ini-
tially moistened in water and bonded together with mod-
erate force. The chewing gum was placed in the patient’s
mouth, with the blue side facing the tongue. Participants
were instructed to chew normally, and no further instruc-
tions were given. After 20 chewing cycles, the operator
asked the patient to stop chewing, and the gums were re-
moved from the oral cavity, placed in a new clear plastic
bag, and subsequently flattened using a 1-mm thick plate.
Both sides of the specimen were scanned immediately after
collection to minimize enzymatic degradation, and the
images were saved in JPEG format.

The composite images were then evaluated using
a specifically developed program that is freely available
(Viewgum software; dHAL Software, Kifissia, Greece).
The software first transformed the images into the HSI
color space and then semi-automatically calculated the
hue value for each pixel in the segmented images. The hue
variation (VOH) was the measure of mixing calculated
by the software. The VOH is also considered a measure
of masticatory performance because it has a logarithmic
association with the number of chewing cycles.2® A high
VOH results from poorly mixed colors due to deficient
chewing, whereas adequate chewing leads to well-mixed
colors and a low VOH. The hue variation was considered
a measure of mixing, with values closer to 0 indicating
better color mixing and, consequently, better masticatory
performance. The Hue-Check Gum® method was used.?”
Information was collected at T1 and T2 and recorded.

Digital measurements

After analyzing the clinical records, the characteristics
of each participant were collected and evaluated, including
gender and age at the beginning of CAT. Cephalometric
tracing, overbite, overjet, and facial biotype were measured
by 1 professional (VM). The facial biotype classification
was performed using the Frankfort-mandibular plane an-
gle (FMA). Facial biotypes were classified as hypodivergent
with values equal to or below 22 degrees, normodivergent
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with values between 23 and 27 degrees, and hyperdiver-
gent with values equal to or above 28 degrees.?8 Intraoral
photographs and images of the occlusal contacts planned
in the ClinCheck® software (Align Technology, Tempe,
USA) for CAT were collected for each participant.

Subsequently, intraoral photographs and images ob-
tained using the intraoral scanner at T0, T1 and T2 were
compared using the iTero® software (Align Technology).
The files in PLY format obtained using the same software
were downloaded and analyzed. The PLY file of each par-
ticipant had the following characteristics selected in the
iTero® software: “open Shell”, “arches combined (arches
locked in bite relation)”, and “PLY (color)”. Cephalometric
measurements, the number of anterior and posterior oc-
clusal contacts (T0, T1 and T2) and occlusal areas were or-
ganized in a Microsoft Excel (Microsoft Corp., Redmond,
USA) file. The collected data was later used for statistical
analysis.

To obtain the area and the number of occlusal contacts
at TO, T1 and T2, the files in PLY format were processed
using the MeshLab® software (https://www.meshlab.net).
The ClinCheck® software was used to quantify the num-
ber of occlusal contacts. Any opposing pair of maxillary
and mandibular teeth with the same tooth number was
counted as 1 occlusal contact, and the counting was per-
formed on the lower arch. The maximum expected number
of occlusal contacts in a 28-tooth dentition was 14. The
maximum number of posterior occlusal contacts was 8,
and the maximum number of anterior occlusal contacts
was 6. Third molars were excluded from the occlusal area
and contact measurements.

Orthodontic intervention

The individuals were instructed to use each CA for as
many hours as possible (20-22 h/day), as instructed by
the provider, and to remove the aligners only when eating
and performing oral hygiene. The aligners were changed
every 7 days from the beginning of treatment, as recom-
mended by Align® protocols. Compliance with aligner use
was verified with an aligner wear monitor based on fading
compliance indicators and was confirmed by asking the
patient about their use. Follow-up visits were conducted
every 2 months. Additional aligners were required at the
end of the study to serve as a retention method and were
used only at night to improve the occlusal contacts.

For the present investigation, only 1 type of aligner
system was used for all individuals to reduce confounding
factors linked to the mechanical properties of the mate-
rial. It has already been demonstrated that differences
in thermoplastic material composition and thickness
result in different flexibilities, force activation, and con-
sequent stress-relaxation behavior.? After completing
the treatment, the additional aligners were used without
mismatch between the upper and lower arches and were
worn only at night.


https://www.meshlab.net
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Clinical assessment and complexity
of the case

Based on the clinical data (clinical photographs, radio-
graphs and dental casts), the complexity levels of cases
receiving CAT were assessed independently by 2 profes-
sionals (VM and TP). In cases of discrepancy, a third re-
searcher was consulted (TP). For this purpose, an online
assessment tool, Invisalign® Doctor Site, was used.3°
The orthodontic malocclusion traits were classified
as requiring simple, moderate or complex correction
based on Align® recommendations and the Invisalign®
evaluation tool.?! According to the Invisalign® criteria,
patients need to present only 1 complex problem for
their case to be classified as complex. This classification
of complexity considers different parameters, namely
the type of dentition, the need for surgery, the amount
of spacing and crowding, rotations, narrow arches, pos-
terior crossbite, anteroposterior correction, anterior
crossbite, anterior open bite, deep bite, and the need for
extraction. Each of these parameters has sub-parame-
ters, which were also evaluated.

Statistical analysis

Data was analyzed using the IBM SPSS Statistics for
Windows software, v. 29 (IBM Corp., Armonk, USA). De-
scriptive statistics were calculated to estimate frequencies,
percentages, means, medians, standard deviations, and
minimum and maximum values. The Shapiro—Wilk test
was used to assess the normality of the variables under
study.

Due to the non-normal distribution of the data,
Friedman’s two-way analysis of variance (ANOVA) was
used to compare the occlusal contact areas and the num-
ber of anterior and posterior occlusal contacts among TO,
T1 and T2. This is a non-parametric statistical test used
to determine whether 3 related groups differ from one
another. The comparison of masticatory performance be-
tween the end of the first series of aligners and 3 months
after nighttime use was performed using the Wilcoxon
signed-rank test (a non-parametric test used to compare
2 periods within the same sample to assess whether their
population mean ranks differ). The contact area and the
number of anterior and posterior occlusal contacts at TO,
T1 and T2, as well as masticatory performance at T1 and
T2, were compared among the different groups according
to the facial biotype, the case complexity, the molar class,
and the vertical bite pattern using the Kruskal-Wallis
test (a non-parametrical test), followed by Dunn’s test
with Bonferroni correction to determine which groups
differed significantly from one another. The Bonferroni
correction adjusts the alpha level to account for the num-
ber of pairwise comparisons performed. To evaluate the
relationship between occlusal area, anterior and posterior
contacts, and masticatory performance at T1, as well as
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the corresponding relationships at T2, Spearman’s cor-
relation coefficient was used (a non-parametric measure
of the association between 2 variables). The significance
level was set at 0.05.

The effect size (Cohen’s d, with bias correction using
Hedges’ method) was calculated to compare groups and
examine the correlation between variables. A Cohen’s d
of 0.0-0.2 was considered a small effect size; d of 0.5 was
considered a medium effect size; and d = 0.8 was consid-
ered a large effect size. Therefore, if the means of the 2
groups did not differ by more than 0.2 standard devia-
tions, the difference was considered trivial, even if it was
statistically significant.

Results
Sample characteristics

Participants were aged between 16 and 45 years (mean
age of 22.19 +10.51 years), with 28 females (66.7%) and
14 males (33.3%). None of the patients presented TMD
signs or symptoms. Regarding the facial biotype, 20
participants (47.6%) had a normodivergent biotype, 12
(28.6%) were hyperdivergent and 10 (23.8%) were hy-
podivergent. Most participants had a normal overbite
(57.1%) and a normal overjet (59.5%). The clinical as-
sessment of the sample revealed 17 individuals (40.5%)
with a deep bite, 15 (35.7%) with a normal bite, and 10
(23.8%) with an open bite. Concerning the complexity
of the cases, 27 cases (64.3%) were of moderate com-
plexity, 9 cases (21.4%) were considered complex, and
6 (14.3%) were simple.

Changes in occlusal contacts and areas
throughout CAT

The changes in occlusal area and posterior and anterior
contacts throughout CAT are presented in Table 1. The
comparison of the occlusal area throughout treatment
showed that the initial occlusal area (T0) decreased sig-
nificantly by the end of CAT (T1) (p = 0.002), with a large
effect size (d = 0.94).

Comparison of masticatory performance
at the end of CAT and 3 months after
nighttime use only

When comparing the median values of masticatory
performance at the end of CAT (T1) and 3 months later,
when CAs were used only at night (T2), a reduction in the
median values was observed, indicating better mastica-
tory performance. However, no statistically significant
differences were found between the 2 assessment time
points, and the effect size was considered small (d = 0.23)
(Table 2).



898

V. Marcelino et al. Clear aligner impact on masticatory function

Comparison of occlusal area, occlusal
contacts and masticatory performance
throughout CAT

Case complexity

At T1, individuals with simple cases presented higher
occlusal area values than those with moderate or complex
cases (p = 0.027). A statistically significant difference in
occlusal area was found between moderate and simple
cases (p = 0.023). Significant differences were also found
in posterior contacts at T0, with complex cases showing

lower median values than moderate and simple cases
(p = 0.046) (Table 3).

Facial biotype

Table 4 compares occlusal area, anterior and posterior
contacts, and masticatory performance according to the fa-
cial biotype of individuals undergoing CAT at the 3 assess-
ment time points. Regarding anterior contacts, statistically
significant differences were found at T1, with normodiver-
gent individuals presenting a significantly higher number
of contacts than hyperdivergent individuals (p = 0.013),
with a large effect size (d = 1.45).

Table 1. Comparison of occlusal area and posterior and anterior occlusal contacts throughout clear aligner treatment (CAT) (N = 42)

Bias-corrected effect size (Hedges)

Variable Time point Me (IQR)

TO 47.37 (28.85-88.50)*

Occlusal area T 25.20 (15.48-43.57)* 7.87
T2 31.07 (21.19-45.90)
T0 8.00 (5.00-8.00)

Posterior contacts T1 7.00 (5.00-8.00)
T2 8.00 (6.00-8.00)
T0 4.00 (2.00-6.00)

Anterior contacts T1 4.00 (3.00-5.00)
T2 4.00 (2.75-6.00)

1.54

0.60

0.002 0.94 044 0.71
0.462 0.66 0.78 0.00
0.743 0.00 0.00 0.00

* significant difference between TO and T1 (p = 0.016); /QR — interquartile range; Me — median; TO — before treatment; T1 — at the end of treatment;
T2 - 3 months after the end of treatment, during which time clear aligners were only used at night.

Table 2. Comparison of masticatory performance at the end of clear aligner treatment (CAT) (T1) and 3 months later, when clear aligners were used only at
night (T2) (N = 42)

Variable Time point Me (IQR)
T1 0.133(0.079-0.231)
Masticatory performance
T2 0.115 (0.055-0.207)

Bias-corrected effect size (Hedges)

—-0.631 0.528 0.23

Table 3. Comparison of occlusal area, occlusal contacts and masticatory performance according to case complexity

Bias-corrected effect size (Hedges)

Variable Complex cases Moderate cases Simple cases
moderate simple simple
10 3236(1517-4741)  51.19(2504-89.93) 84.13(21.28-13421) 381  0.149 063 136 087
Sr‘;'usa' T 1566 (840-3148)  25.12(1602-5039)* 4102 (3448-4807)* 722 0027 058 248 098
1p) 3359 (27.63-4538) 3196 (2001-4520) 3009 (1602-57.78)  0.11 0949 013 0.23 013
10 2,00 (0.50-5.50) 4,00 (2.00-6.00) 5.00 (2.00-6.00) 215 0341 092 122 049
?g:::ft's T 4,00 (2.50-5.00) 3.00 (3.00-6.00) 5.00 (3.5-5.00) 081 0669 068 087 139
1p) 4,00 (3.00-6.00) 5.00 (3.00-6.00) 2,00 (0.00-6.00) 173 0421 065 085 160
10 500 (350-7.50) 800 (600-800)  800(7.25-800) 618 0046 225 178 0.00
Egztfarc'g 1 6.00 (4.50-7.00) 7.00 (5.00-8.00) 75 (5.75-8.00) 235 0310 068 117 034
1p) 8.00 (6.00-8.00) 8.00 (6.00-8.00) 7.00 (5.50-8.00) 017 0917 0.00 085 093
Viesileiey T 0.11(0.03-0.14) 0.14 (0.08-0.23) 0.13 (0.05-0.18) 137 0505 0.11 0.04 013
performance 1 0.13 (0.08-0.22) 0.10 (0.05-0.20) 0.19 (0.13-047) 375 0154 008 0.10 091

Data presented as Me (/QR); * significant difference between the moderate and simple groups (p = 0.023).
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Molar class relationship

At TO, individuals with Class I molar relationship had
significantly more anterior contacts than those with
Classes II and III. Dunn’s test showed that these differ-
ences were significant between the Class I and Class II
groups (p = 0.004). At T1, individuals with Class III molar
relationship had a significantly higher number of anterior

contacts than those with Class II molar relationships, with
the effect size of d = 1.51 (p = 0.011). At T2, individuals
with Class III molar relationship presented higher num-
bers of anterior contacts than those with Classes I and II.
These differences were statistically significant between the
Class I and Class II groups (p = 0.024) and between the
Class II and Class I1I groups (p = 0.011) (Table 5).

Table 4. Comparison of occlusal area, occlusal contacts and masticatory performance according to the facial biotype

Facial biotype

Bias-corrected effect size (Hedges)

p-value | hormodivergent- | normodivergent- | hyperdivergent-
hyperdivergent | hypodivergent | hypodivergent
047 0.81

Variable

Time point | normodivi hyperdivergent | hypodivergent
( (n=10) (n=12)

To (35.6592;5836.50) (16.335;%71 69 (14.52782?379.57) 146 0481 0z
e T s sesen  gsiossn 'S0 081 12 o e
I (20.73:#9&.54) ( I 852%.50) (24.7372;173430) 178 0413 069 o oo
T0 (2_22'92,00) (o.ﬁs?g.OO) a ogfg.oo) 2320313 15 0o 0
ot m G060 (00400r  Gonsoy 16 0013 s o7 .
T2 (4_03?2_00) (O.éfg.OO) (2.2:?2.75) 2700259 143 07 0o
T0 (5'0?)?2,00) (4.72'?2.00) (5.5?53.00) 030 0862 000 03! 0
o 1 (S.O?)fg.OO) (5.7253.00) (5.222.00) o4t 0814 000 0o2 0%
n (5_2;?2,00) (6.22?2.00) (6.22?200) R 07 oee o
Masticatory i (0‘1((;.13.28) (O‘Ogvj(lﬂ 8) (0.02?(?.1 3) e 00 0! o o
performance T2 (0,02‘15_21) (0_0218.26) (o.ogig.m) 045 0798 o oe o

Data presented as Me (/QR); * significant difference between the normodivergent and hyperdivergent groups (p = 0.013).

Table 5. Comparison of occlusal area, occlusal contacts and masticatory performance according to the initial molar class relationship

Molar relationship

Bias-corrected effect size (Hedges)

Variable
Class | (n=25) Class Il (n=10) Classlll (n=7) ““
T0 56.79 (2745-9502) 3862 (19.33-62.55) 3950 (986-51.19) 321 0201 0.57 0.53 0.04
gé;'“sa' T 3448 (1823-4859) 1855(1547-24.16) 2085 (9.38-3501) 359  0.166 118 0.90 0.25
T2 3000 (17.97-4294) 3277 (19.74-4842) 3750 (28.15-5807) 151 0468 021 056 031
0 600 (350-600*  200(0.75-225)*  200(100-500) 1206 0002 344 2.72 0.00
CA;:?:CO;S T 400 (300-550)  250(000-325%* 500 (300-600* 1059 0004 108 0.75 1.51
1y 500 (3.00-6.00** 150 (0.75-3.25)** 500 (4.00-600** 1013 0006 2.38 0.00 287
0 8.00 (5.50-8.00) 7.50 (5.00-8.00) 700(200-800) 298 0225 037 0.56 021
ngttearc'fsr T 6.00 (5.00-8.00) 7.00 (5.75-8.00) 600(3.00-800) 062 0735 069 0.00 053
72 7.00 (6.00-8.00) 8.00 (5.50-8.00) 800(700-800) 155 0460 091 106 0.00
iEsiieaieny T 0.14 (0.08-0.31) 0.09 (0.06-0.12) 0.14(008-019) 567 0059 0.54 0.00 113
performance 1 0.12 (0.07-0.20) 0.10 (0.05-0.27) 008(005-024) 068 0710 0.24 0.54 0.18

Data presented as Me (IQR); * significant difference between the Class | and Class Il groups (p = 0.004); ** significant difference between the Class Il and Class lll
groups (p = 0.011); *** significant difference between the Class | and Class Il groups (p = 0.024) and between the Class Il and Class IIl groups (p = 0.011).
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Table 6. Comparison of occlusal area, occlusal contacts and masticatory performance according to the vertical bite trend

Vertical bite trend

Bias-corrected effect size (Hedges)

Variable
10 4886(2591-7646) 3230 (2458-5679) 8026(1920-10388) 172 0423 075 0.94 158
Sr‘;'“sa‘ T 1807 (1233-4102)  2540(1902-4521) 3477 (1736-6208) 203 0361 052 092 052
2 3359(2151-4282) 3018(2370-4872) 2819(1380-4229) 099 0609 0.27 043 0.14
0 400 (200-6.00) 3.00 (1.00-6.00) 450(175-6000 072 069 0.50 0.24 0.73
I(/;\grtwfancotrs T 400 (300-5.50) 400 (3.00-5.00) 300(100-525) 123 0542 0.00 0.52 046
T2 5.00 (3.00-6.00) 500 (2.00-6.00) 350(075-500) 217 0338 0.00 083 068
0 800 (6.00-8.00) 6.00 (5.00-8.00) 800(725-800) 396  0.138 252 0.00 5.16
Ezztt‘;rc'f; T 6.00 (5.50-8.00) 7.00 (500-800) 650(500-800) 023 0892 071 0.36 0.32
iy 7.00 (6.00-8.00) 800 (7.00-8.00) 800(575-800) 390  0.143 092 093 0.00
Y — T 0,09 (0.06-025) 0.14(0.08-023) 014(009-016) 064 0725 066 062 0.00
performance 0.12(010-023) 0.1 (005-025) 008(004-014) 319 0203 017 065 0.58

Data presented as Me (IQR).

Table 7. Spearman’s correlation analysis of the relationships between
occlusal area, occlusal contacts and masticatory performance (N = 42)

Variable Masticatory Masticatory
performance (T1) performance (T2)
Occlusal area (T1) -0.229 -
Anterior contacts (T1) -0.072 -
Posterior contacts (T1) -0.378* —
Occlusal area (T2) - 0.049
Anterior contacts (T2) - —0.200
Posterior contacts (T2) — —0.161

* statistically significant (p < 0.05).

Vertical bite trend

According to Table 6 and with regard to the vertical bite
trend, no statistically significant differences were found in
occlusal area, masticatory performance, or anterior and
posterior contacts among the deep-, normal- and open-bite
groups. Small effect sizes were observed for the occlusal
area at T2 between deep and normal bites (d = 0.27) and
normal and open bites (d = 0.14); for anterior contacts at
TO between deep and open bites (d = 0.24), at T1 between
deep and normal bites (d = 0.00), and at T2 between deep
and normal bites (d = 0.00); for posterior contacts at TO
between deep and open bites (d = 0.00), and at T2 between
normal and open bites (d = 0.00); and for masticatory per-
formance at T1 between normal and open bites (d = 0.00),
and at T2 between deep and normal bites (d = 0.17).

Relationship between changes in occlusal
area, occlusal contacts and masticatory
performance

Table 7 shows the relationships between occlusal area

and occlusal contacts with masticatory performance. The
number of posterior contacts at T1 showed a weak, negative

and statistically significant correlation with masticatory
performance at T1 (r = —0.378, p < 0.05). Increases in occlu-
sal area and in the number of anterior and posterior con-
tacts were associated with lower masticatory performance
values, which represented better masticatory performance.

Discussion

Esthetics is a key consideration for orthodontists. How-
ever, it is crucial to keep in mind that masticatory func-
tion and orthopedic principles should also be considered.
Orthopedic stability in the masticatory structures should
focus on reducing the risk factors associated with the de-
velopment of TMD and promoting good masticatory func-
tion.32 Thus, awareness of adequate occlusion is important
for OT success since the two are directly related. Also,
occlusion is strongly connected with the health of the TM]
and masticatory muscles.®

A statistically significant decrease in occlusal area was
recorded between TO and T1. These results are in line
with the study by Horton et al., which reported a similar
occurrence in the interocclusal contact area after the use
of an occlusal-covering appliance (Essix) compared with
the use of a Hawley splint (without occlusal coverage).*
Following CAT, a lack of posterior contacts is common
and is expected to be resolved during occlusal settling. As
suggested by Sultana et al., this could be explained by the
fact that during the retention period, functional accom-
modation of the occlusion occurs, leading to an increase
in the number of contact points.3> According to the results
obtained, although the differences were not statistically
significant, the use of a CA only at night for 3 months
after the completion of treatment appeared to enhance
the restitution of occlusal contacts, including both the
occlusal area and posterior occlusal contacts. This agrees
with other studies that reported similar results despite
using other retaining devices.3¢
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In this sense, the idealized static occlusal objectives
can be accomplished using CAs with careful planning,
knowledge of the limits of this OT system, and, most im-
portantly, knowledge of how to overcome them. Restoring
physiologically normal masticatory function after OT is
an important goal that should not be overlooked. Reducing
foods to smaller particles is a key component of mastica-
tion and occurs at the interface between occlusal areas
of antagonistic teeth. As described in the literature, me-
chanical masticatory performance is closely related to sev-
eral factors, such as the areas of interocclusal contact and
near-contact between post-canine teeth during maximum
intercuspation.”38 The outcome variable of the technique
used in this study to assess masticatory function was the
degree of color mixing of the chewing gum, expressed by
VOH and measured by electronic colorimetric analysis.
Poorly mixed colors resulting from insufficient chewing
produce a high VOH, whereas well-mixed colors resulting
from sufficient chewing produce a low VOH. In the pres-
ent study, no improvement in masticatory performance
was observed between T1 and T2, contrary to what was
expected and described in the literature.® A systematic
review highlighted that OT significantly improves oral
health-related quality of life, with a noted enhancement in
masticatory performance after treatment. This improve-
ment was attributed to the regulation of muscle activity,
which promotes the symmetrical function of the masti-
catory muscles.*® Similarly, other authors have empha-
sized that orthodontic interventions lead to measurable
changes in occlusion and masticatory function, reinforc-
ing the concept that orthodontic appliances positively af-
fect masticatory efficiency.?” Furthermore, Gameiro et al.
conducted a longitudinal study that objectively assessed
masticatory and swallowing performance, revealing that
OT provides functional benefits beyond mere esthetic im-
provement.? Their findings suggest that the primary goals
of mastication were achieved after treatment, as evidenced
by improved performance metrics. This aligns with the
observations of Lee et al., who reported that the degree
of improvement in masticatory performance was positively
correlated with the degree of improvement in occlusal
area,3® and with Alshammari et al.,* who noted that orth-
odontic interventions can improve problems related to
jaw motor function and chewing, particularly in children
with malocclusion.

The relationship between occlusal area or occlusal con-
tacts and masticatory performance has garnered consid-
erable attention, with studies consistently indicating that
a larger occlusal contact area is positively correlated with
enhanced masticatory efficiency. Lee et al. found a sig-
nificant relationship between occlusal contact area and
masticatory performance, particularly highlighting the
posterior occlusal area, which demonstrated a stronger
correlation with masticatory outcomes than the ante-
rior area.*! This notion is further supported by Bunpu
and Changsiripun, who concluded that a greater occlusal
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contact area consistently facilitates improved chewing ef-
ficiency among patients.*> Miura et al. also highlighted
that an increased occlusal contact area was pivotal in en-
hancing masticatory efficacy, particularly in individuals
with pathological conditions such as cleft lip and palate,
noting that low occlusal force and abnormal jaw movement
can negatively impact masticatory efficiency.** Addition-
ally, Gameiro et al. demonstrated that a reduced occlusal
contact area in individuals with malocclusions could lead
to diminished masticatory performance due to decreased
muscle activity and stabilization during mastication.?
These findings underscore the critical role of occlusal area
in determining masticatory performance, suggesting that
maintaining or enhancing occlusal contacts should be a fo-
cal point in OT and functional restorative dentistry.

Kawai et al. reported that masticatory efficiency and
maximal occlusal force can significantly improve with
continued masticatory exercises, such as gum chewing,
which enhance blood flow and reduce discomfort in the
periodontal ligament.** This is further supported by the
findings of Jang et al., who noted that eliminating unfavor-
able occlusal conditions post-extraction leads to smoother
chewing cycles and improved masticatory performance.?”
Moreover, studies have shown that while masticatory per-
formance improves, it may not reach the levels observed
in individuals with normal occlusion. Magalhées et al.
pointed out that although OT generally enhances masti-
catory function, some impairments may persist compared
with those observed in individuals without malocclusion.4®
This suggests that while OT is beneficial, further inter-
ventions or exercises may be necessary to fully optimize
masticatory performance. This may be one of the reasons
for the lack of statistically significant results observed in
the present study between T1 and T2. The findings may
also indicate stabilization of the occlusion, which was
achieved after treatment and maintained after 3 months
of nighttime CA use.

Complex cases had fewer posterior occlusal contacts at
the beginning and end of CAT. This may be explained by
the fact that this type of case generally presents a greater
number of anatomical and functional parameters that
determine this classification, making its correction more
difficult. Cassinelli et al. demonstrated a significant cor-
relation between case complexity and treatment difficulty,
which is consistent with the present results.?

Strong relationships exist between the degree of skeletal
divergence (hypodivergent, normodivergent or hyperdi-
vergent), the number of occlusal contacts and mastica-
tory function. Skeletal divergence has also been shown to
be negatively correlated with maximum bite force. This
means that a hypodivergent patient tends to present higher
bite forces. The opposite is also true for hyperdivergent
individuals. In addition to the bite-block effect theory,*
the amount of force and the pattern of masticatory mus-
cle activation, as well as changes in masticatory function,
are important variables. Therefore, various effects can
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be expected in individuals with different degrees of skel-
etal divergence, since different bite forces are observed in
these facial types. It would be expected that individuals
with a hypodivergent biotype would tend to have a higher
bite force, leading to the development of stronger occlusal
contacts and, consequently, better mechanical masticatory
performance compared with hyperdivergent individuals,
who have lower facial muscle strength.#48

Contrary to expectations, the results showed no sta-
tistically significant relationship between facial biotypes
and masticatory performance.*® However, even in the ab-
sence of statistical significance, together with the small
improvement observed in masticatory performance, slight
increases between occlusal area and posterior contacts
were observed between T1 and T2 for normodivergent and
hyperdivergent biotypes. These slight increases align with
findings reported by other authors, showing that normo-
divergent individuals normally present a higher number
of anterior occlusal contacts than hyperdivergent indi-
viduals at the end of treatment. This may be explained by
the fact that the hyperdivergent individuals often present
a tendency toward an open bite.* Moreover, the literature
indicates only limited improvement in masticatory per-
formance between the immediate post-OT period and 3
months thereafter, highlighting the complexity of neuro-
muscular adaptation processes. While some studies report
initial increases in masticatory efficiency, long-term gains
may not be as pronounced due to individual variations
in neuromuscular adaptation and the potential need for
a more extended adaptation period beyond 3 months.*The
authors noted that improvements in masticatory perfor-
mance can be inconsistent and dependent on multiple fac-
tors, including the patient’s age and pre-existing conditions.
Additionally, the findings of Cohen-Lévy et al. suggest that
re-establishing normal function after treatment may in-
volve considerable adaptation, with marked increases in
bite force occurring initially and subsequently tapering
off after several months.>® Furthermore, Magalhaes et al.
emphasized that although OT often ameliorates certain
aspects of mastication, overall performance may still be
suboptimal compared with that of individuals without
occlusal discrepancies, suggesting that observed changes
after treatment may reflect a settling period rather than
lasting improvement.*> Collectively, these findings high-
light the necessity of comprehensive longitudinal studies
to clarify the time course of recovery in masticatory per-
formance following OT.

According to Angle’s malocclusion classification,
Bae et al. reported that the masticatory performance may
differ among malocclusion classes.* These authors con-
cluded that masticatory performance was higher in indi-
viduals with Angle’s Class I malocclusion,® followed by
those with Angle’s Class II and, finally, Angle’s Class III
malocclusion. The results obtained in the present study
are consistent with the contrasting findings of Watanabe-
Kanno and Abrio, who stated that occlusal contacts cannot
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be standardized according to malocclusion type.>? How-
ever, although Angle’s classification system is the most
universally accepted, it has several shortcomings. Maloc-
clusion is a three-dimensional (sagittal, transverse and
vertical) condition, whereas Angle’s system considers only
anteroposterior deviation. Since the present study evalu-
ated masticatory performance according to Angle’s clas-
sification, the applicability of its results is limited because
this classification does not consider transverse and verti-
cal problems,*5! which may also influence masticatory
performance.

The results show that at the beginning of treatment,
individuals with Class I molar relationship presented
significantly higher numbers of anterior contacts than
those with Class II. The fact that individuals with Class II
frequently present overjet may help explain these results,
since the anterior teeth are not in direct contact with one
another, resulting in fewer anterior contacts.>® Consistent
with these findings, at the end of CAT, the present study
showed that individuals with Class III molar relationship
had a significantly higher number of anterior contacts
compared to Class II individuals.

The thickness of the CA within the interocclusal space
promotes a bite-block effect, leading to anatomical changes
and inherent difficulties in achieving posterior contacts.”
Fan et al. showed that intruding posterior teeth with CAs
allowed anterior mandibular rotation.>* Reducing facial
height and improving pogonial projection with correct
torque, inclination and maxillary molar distalization may
exacerbate Class III malocclusion.>>¢ However, through-
out OT, the goal is to reposition the lower front teeth to
amore posterior position relative to the upper teeth. As the
teeth are moved into their new positions, it is common for
patients to experience more anterior occlusal contacts at
the end of OT. This is consistent with the results obtained.
Itis important to remember that the bite-block effect refers
to the intrusion of posterior teeth due to the thickness
of the aligners, which can influence occlusal contacts and
vertical dimensions. Some patients using CAs experience
transient open-bite tendencies after treatment due to in-
sufficient occlusal settling and a reduction in posterior
contacts.3? Therefore, brackets and wires do not act as
a uniform bite block, although bite turbos or elastics can
be used intentionally to manage deep or open bites. Hence,
occlusal settling is generally better because the teeth can
naturally come into contact throughout treatment, par-
ticularly after debonding.5” Conversely, another study
concluded that for the treatment of mild malocclusion in
adolescents, CAs were as effective as fixed appliances, with
significantly better outcomes with CAT in terms of tooth
alignment, occlusal relationships and overjet.>

The etiology of TMD is complex and multifactorial,>*%°
afact recognized by the scientific community. In addition,
occlusion is known to play a role in TMD, but this rela-
tionship is still controversial.® Studies have indicated that
this role may be more important than generally accepted,
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especially in internal derangements of the TM]J.2! The lit-
erature has already shown that occlusal changes resulting
from CAT can alter the orthopedic stability of the cra-
niofacial system and may create conditions conducive to
the onset of TMD.> However, our results showed that the
use of CAs did not affect the onset of TMD signs and
symptoms. This could be explained by the fact that a bio-
mechanical environment tends to induce an adaptative
response of the system, whether through remodeling of its
structural components or changes in function, because the
sensorimotor system is not static but plastic and has the
capacity to adapt to the functional demands.®?-4 It should
also be remembered that cognitive, affective and emotional
factors often determine whether and how a patient adjusts
to dental treatment.5>66

In this context, Hifny et al. suggested a direct associa-
tion between TMD and occlusion, indicating that patients
with a history of TMD and specific occlusal interfer-
ences may be more susceptible to maladaptive disorders
following OT, potentially increasing the risk of devel-
oping complications if these factors are not adequately
addressed during treatment.®” A study by de Kanter et al.
supported these results and also advocated for a strong
focus on occlusal considerations during the diagnostic
and treatment phases of orthodontics.®® Nevertheless,
the degree to which occlusion contributes to TMD re-
mains debated, as discussed above. According to Kannan
and Padmanabhan, a “stable occlusion” is an essential
goal of OT; however, they emphasized that not attaining
a “perfect occlusion” does not inherently lead to TMD
signs and symptoms.® This notion is further reinforced
by Manfredini et al., who describe orthodontics as gener-
ally neutral with respect to the risk of TMD, suggesting
that while occlusal factors might play a role in some cases,
they are not deterministic predictors of TMD outcomes.”
The systematic review by Ferndndez-Gonzalez et al.
showed that the multifactorial nature of TMD cannot
be overlooked; TMD may arise from various factors, such
as trauma, emotional stress and parafunctional activities,
alongside occlusal discrepancies.!® In this context, the
relationship between occlusion and TMD symptoms may
reflect a complex interplay rather than a clear causative
chain. Moreover, some authors have suggested that while
OT may indeed alter TM]J function, the clinical changes
resulting from treatment may not significantly differ from
those observed in untreated controls.”! Similarly, in a co-
hort study, Sim et al. indicated that although Class II
malocclusion is associated with higher rates of TMD, the
overarching conclusion was that OT does not definitively
exacerbate or mitigate TMD symptoms.”? Additionally, it
is essential to consider that not all types of malocclusion
affect TMD signs equally. Kaku et al. reported that deep
bites were significantly correlated with TMD symptoms,
suggesting that specific occlusal patterns might warrant
more focused investigation of their role as potential risk
factors for TMD development.”?
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With advances in healthcare technology, it is essential
to discuss the types and properties of materials used in
dentistry.”#7¢ A study comparing conventional resin and
3D-printed resin concluded that conventional heat-cured
poly(methyl methacrylate) (PMMA) displayed superior
flexural properties, while 3D-printed resin showed the
highest hardness.”” All tested materials were vulnerable to
deterioration in their mechanical properties due to artifi-
cial aging, but conventional PMMA exhibited the greatest
resistance to changes, making it the optimal choice for suc-
cessful clinical performance. Another study”® compared
the mechanical properties of 3 different 3D-printed res-
ins: IBT Resin (Formlabs Inc., Somerville, USA); BioMed
Amber Resin (Formlabs Inc.); and Dental LT Clear Resin
(Vertex-Dental, Soesterberg, the Netherlands). Tensile
strength testing showed that BioMed Amber Resin yielded
the most repeatable results, with similar force values re-
quired to fracture all resin specimens. The lowest tensile
force was required to damage IBT Resin, which was the
least stable and least rigid material, whereas Dental LT
Clear Resin was the most resistant of the 3 resins. Comple-
menting the previous study,”® other authors” evaluated
the properties of Dental LT Clear Resin and concluded
that polishing had minimal influence on the properties
of the resin but increased the resistance of the specimens
to artificial aging, while artificial aging significantly af-
fected the compressive modulus and tensile properties
of the material. All these factors should be considered
when using the aligners during treatment. Furthermore,
another study® concluded that 3D-printed aligners can be
successfully printed in-house and used in mildly crowded
cases, with tooth movement accuracy comparable to that
of other aligners.

The materials used in CA fabrication, specifically 3D-
printed and thermoformed aligners, can significantly in-
fluence occlusal recovery outcomes during OT. Research
indicates that thermoformed aligners, which are often
thinner and may exhibit variable rigidity, can lose their fit
against the teeth, particularly at the gingival edge. This loss
of fit may impair effective tooth movement and occlusal
adjustments.® This loss of fit is linked to a reduction in the
efficacy of the applied forces, as observed by Gaddam et al.,
who noted that variations in aligner thickness can lead to
different amounts of torque being generated within the
dental arch.8? Conversely, advancements in 3D printing
technologies aim to produce aligners with improved fit and
mechanical properties, potentially enhancing their ability
to facilitate effective occlusal recovery.®® Therefore, while
traditional thermoformed aligners may adversely affect
occlusal dynamics and recovery due to fit issues and stress
distribution, 3D-printed aligners could provide a more pre-
cise and adaptable treatment modality, promoting better
patient outcomes and post-treatment occlusal function.?

In the context of ongoing technological developments
and the importance of articulators in dental treatment
planning, including systems such as CADIAX® compact
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2 and MODJAW™,7 one study compared mechanical and
computerized registration methods using 2 selected ki-
nematic facebows: the Gerber Dynamic Facebow; and the
computerized ARCUSdigma II axiograph. The authors
concluded that the use of a mechanical facebow was as-
sociated with a higher risk of manual measurement errors
during the tracing procedure. Moreover, because of the
substantial discrepancies between the results, the authors
recommended using an articulator compatible with the
facebow used for the measurements.

Limitations

One limitation of the present study was its small sample
size resulting from the inclusion criteria, which limited the
statistical power and reduced the reliability of the findings.
A larger sample would provide better representation of the
population and more accurate results, together with a lon-
ger follow-up period. Also, there was no control group (e.g.,
fixed appliance group), which should be considered and
included in future studies for comparison with CAT. As the
aim of the present study was to conduct a cohort analysis
of CAT outcomes, specifically assessing occlusal changes
and their influence on masticatory performance, a control
group was not included at this stage. Such a comparison
could improve understanding of the impact of different
types of OT on occlusal outcomes. Moreover, no base-
line (T0) data were recorded regarding the relationship
between occlusal area, occlusal contact and masticatory
performance, and these variables should be assessed in
future studies. This may represent a potential confound-
ing factor. Other potential confounding factors include
variability in patient compliance with aligner use, dietary
habits that may influence masticatory performance, and
parafunctional habits such as bruxism.

Conclusions

The results demonstrated that during CAT, the num-
ber of occlusal contacts and the occlusal contact area
decreased. It was also observed that using CAs only at
night slightly enhanced the recovery of occlusal contacts.
Regarding case complexity and occlusal factors, complex
cases presented fewer posterior contacts at the beginning
of CAT. In contrast, simple cases showed a greater occlu-
sal area at the end of CAT. A higher number of anterior
contacts was observed at the beginning of treatment in
individuals with Class I molar relationship. These changes
were associated with an increase in anterior contacts in
Class III cases at the end of treatment and 3 months later.
No significant differences in masticatory performance
were found according to the molar relationship, the facial
biotype or the case complexity. Furthermore, no TMD
signs and symptoms were observed during or after CAT.
Future studies should include a control group, better
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account for potential confounding factors, increase the
sample size, and conduct long-term follow-ups beyond 3
months to assess occlusal settling more thoroughly.
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Abstract

Background. Management goals for patients with temporomandibular disorders (TMDs) include reducing
pain, improving function and resuming normal daily activities.

Objectives. The present retrospective study compared the effectiveness and efficiency of 2 different
gnathological treatment options — temporary bite-raising onlays (TBR) and stabilization splints (SS) — for
the management of pain-related TMDs.

Material and methods. Medical records of 86 patients treated in the Department of Orthodontics of the
Agostino Gemelli University Hospital IRCCS, Rome, Italy, were retrieved: 43 patients were treated with TBR;
and 43 with SS. Weincluded adult patients (aged 18—65 years) of both sexes, with a diagnosis of pain-related
TMDs according to the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD), treated with TBR or
SS, with no systemic diseases or comorbidities, who provided written informed consent for the use of their
dlinical data. The outcomes assessed were the presence of pain and reduced mouth opening (<40 mm) at the
end of treatment, the number of clinical check-ups and appliance adjustments, the overall treatment dura-
tion, self-reported patient discomfort, and the time frame within which patients experienced improvement.

Results. Temporary bite-raising onlays on molars achieved significantly higher pain recovery rates than SS
in patients with pain-related TMDs (88.4% vs. 66.1%; p < 0.05). With regard to functional improvement in
mouth opening, TBR and SS yielded comparable results, with no statistically significant difference between
the groups (83.3% vs. 78.6%). Treatment with TBR was shorter than SS treatment, and required fewer clinical
check-ups and repetitive occlusal adjustments. The initial self-reported discomfort was slightly more prevalent
among TBR patients than among SS patients, while the initial improvementin pain symptomatology occurred
earlier in the SS group. Overall, TBR was associated with a higher, although not statistically significant,
prevalence of the initial self-reported discomfort, whereas SS was associated with statistically significantly
earlier symptom relief.

Conclusions. Despite the initial discomfort, TBR could be considered an effective and time-efficient treatment
option for pain management in patients with pain-related TMDs.

Keywords: mouth rehabilitation, treatment outcome, pain management, temporomandibular joint disorders,
occlusal splints
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Highlights

relief.

management in patients with pain-related TMDs.

+ Temporary bite-raising onlays (TBR) achieved significantly higher pain recovery rates than stabilization splints (SS)
in pain-related temporomandibular disorders (TMDs) (88.4% vs. 66.1%; p < 0.05).

+ With regard to functional improvement in mouth opening, TBR and SS yielded comparable results, with no
statistically significant difference between the groups (83.3% vs. 78.6%).

+ Treatment with TBR was associated with a reduced number of clinical check-ups, fewer occlusal adjustments and
shorter overall treatment duration as compared to SS.

+ The initial self-reported discomfort was more prevalent in TBR-treated patients, while SS provided earlier symptom

« Despite initial discomfort, TBR could be considered an effective and time-efficient treatment option for pain

Introduction

The term “temporomandibular disorders” (TMDs)
refers to a group of painful and/or dysfunctional condi-
tions affecting the musculoskeletal and neuromuscular
systems, specifically involving the temporomandibular
joints (TMJs), the muscles of mastication, and other re-
lated craniofacial structures. A meta-analysis conducted by
Valesan et al. reported that the prevalence of TMDs among
adults and elderly people was approx. 38.8%, based on the
globally recognized Diagnostic Criteria for Temporoman-
dibular Disorders (DC/TMD).! The prevalence was higher
among females, with a female-to-male ratio of 1.5:1, and
was highest among young and middle-aged adults, with
a peak occurrence between 20 and 40 years of age.!

Patients with TMDs commonly present with a range
of symptoms, including pain, restricted or asymmetric
mandibular movements, and TM]J sounds. Pain and dis-
comfort are often localized to the jaw, TM]Js, and associ-
ated masticatory muscles. Additional symptoms may in-
clude earache, a sensation of ear fullness, tinnitus, vertigo,
cervicalgia, and headaches. This painful condition can
impair patients’ ability to perform essential orofacial func-
tions, such as mastication and speech, thereby negatively
affecting their overall quality of life (QoL).2

Temporomandibular disorders frequently follow a re-
current, self-limiting or variable course over time. Cur-
rent estimates suggest that only 3.6% to 7% of individuals
diagnosed with TMDs require therapeutic intervention.
Specifically, among patients with painful TMDs, the most
recent data indicate that the prevalence of first-onset cases
is approx. 3.9%.3

Conservative, reversible, and noninvasive therapies, in-
cluding self-management instructions, behavioral modi-
fication, physical therapy, pharmacotherapy, and ortho-
pedic appliances, are recommended for the management
of nearly all TMDs. The therapeutic goals include pain
reduction, the reduction of adverse loading, the restora-
tion of function, and the resumption of normal daily ac-
tivities. Most patients with TMDs experience significant
symptom relief with conservative therapy. Long-term

studies indicate that 50% to more than 90% of patients
report few or no symptoms following conservative treat-
ment. Symptomatic stability typically occurs within 6-12
months of therapy.**

Stabilization splints (SS) are removable orthopedic ap-
pliances made of acrylic resin that cover the dental arch
(Fig. 1). Their indications include masticatory muscle pain
and dysfunction, painful TMDs, and altered structural
relationships of TM]. Stabilization splints act by providing
occlusal and joint stabilization, creating a smooth contact
surface between the dental arches. The main therapeutic
goal of SS is to eliminate occlusal prematurities that may
generate nociceptive input and, over time, contribute to
improper muscle activity. Additionally, SS have been asso-
ciated with muscle relaxation by reducing parafunctional
activity, the protection of the teeth and jaws, the normal-
ization of periodontal proprioception, the modification
of the joint space, and the redistribution of condylar shear
forces.®

Over time, stabilization splints have emerged as one
of the most extensively studied orthopedic therapies for
the alleviation of pain in patients with TMDs. A recent
systematic review conducted by Pficer et al. concluded that
SS may play a significant role in the short-term manage-
ment of TMDs, although their effectiveness appears to be

Fig. 1. Stabilization splint (SS) (bottom), and intraoral frontal and lateral
views (top)
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comparable to that of other therapeutic modalities during
long-term follow-up (6—12 months).”

Temporary bite-raising onlays (TBR) are occlusal com-
posite resin wedges bonded to the chewing surfaces of the
posterior teeth (Fig. 2). The occlusal portion of TBR pro-
vides bilaterally balanced occlusal contacts in maximum
intercuspation and promotes occlusal disclusion during
eccentric jaw movements. The primary advantage of TBR
over SSs is their ability to function 24 h a day without re-
quiring patient compliance, while having minimal esthetic
impact. Consequently, TBR may be recommended for the
management of acute and chronic pain-related TMDs in
patients for whom prolonged daily use of SS is required.

The therapeutic rationale of TBR is analogous to that
of SS: The occlusal disengagement achieved through the me-
chanical interposition of a balanced thickness between the
dental arches disrupts the neuromuscular pattern associated
with the previous occlusion. The increased vertical dimen-
sion resulting from the thickness of the onlays promotes
muscle relaxation and soft-tissue decompression (Fig. 3).8

In the short term, both SS and TBR can modify the neu-
romuscular pattern by inhibiting periodontal mechanore-
ceptors, thereby reducing abnormal muscular activity. In
the long term, the uncontrolled tooth extrusion associated
with TBR may be clinically advantageous for increasing the
occlusal vertical dimension and reducing anterior tooth
contact in patients with a deep bite.

To the best of our knowledge, no studies in the literature
have directly compared the effectiveness and efficiency
of TBR and SS in managing pain and functional symptoms
in patients with pain-related TMDs.

This retrospective comparative study aimed to compare
the effectiveness and efficiency of TBR and SS in manag-
ing pain and functional limitations in patients with pain-
related TMDs. The primary objective was to evaluate pain
reduction following treatment with TBR (the experimantal
group) or SS (the gold standard). The secondary objec-
tive was to assess improvement in functional limitations
following treatment with either TBR or SS. The tertiary
objective was to compare the efficiency of the 2 treatment

Fig. 2. Frontal and lateral views of temporary bite-raising onlays (TBR) in
the oral cavity
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Fig. 3. Representation of the effects on the articular, muscular and dental
structures, generated by the presence of temporary bite-raising onlays
(TBR) in the oral cavity

modalities in terms of the number of clinical check-ups and
appliance adjustments, overall treatment duration, patient
discomfort, and time to the onset of pain relief.

Material and methods

The present single-center retrospective comparative
study was conducted at the Department of Orthodon-
tics of the Agostino Gemelli University Hospital IRCCS,
Rome, Italy. The study was reported in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines (Supplementary mate-
rial, available on request form the corresponding author.)

As no prior data were available for the primary outcome
in the TBR group, the sample size was calculated based on
the data published by Ekberg et al., which reported approx.
30% of patients as pain-free in the SS group.® Assuming
that approx. 60% of patients in the TBR group would be
asymptomatic, a minimum sample size of 42 patients per
group was calculated, with an allocation ratio of 1:1 (type I
error = 0.05; type II error = 0.20; power = 80%).

Medical records from the database of the Department
of Orthodontics of the Agostino Gemelli University Hos-
pital IRCCS, Rome, Italy, were screened. Eligible subjects
were treated consecutively between January 2008 and May
2018 by the same experienced clinician (R.U.). The elec-
tronic screening of the medical records was performed by
a trained researcher (F.A.).

The eligibility criteria are outlined in Table 1. All pa-
tients included in this retrospective comparative study
were diagnosed with pain-related TMDs according to the
DC/TMD Axis I protocol.'®
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Table 1. Eligibility criteria for inclusion in the study

age: 18-65 years
male and female patients

diagnosis of pain-related TMDs according to the DC/TMD
(each subtype and severity)

treatment with TBR or SS by the same operator
absence of systematic diseases or comorbidities
complete medical records
written informed consent

TMDs - temporomandibular disorders (TMDs); DC/TMD - Diagnostic
Criteria for Temporomandibular Disorders (DC/TMD).

Clinical assessment was conducted according to the DC/
TMD Axis I guidelines, which provide specific diagnostic
algorithms for the identification of pain-related TMDs,
including myalgia, local myalgia, myofascial pain with
referral, arthralgia, and headache attributed to TMDs.
Each patient underwent a structured clinical examina-
tion performed by trained examiners. The examination
included a detailed assessment of TMJs and masticatory
muscles through static and dynamic palpation, the mea-
surement of the mandibular range of motion, provocation
tests, and the evaluation of joint sounds. The masticatory
muscles, including the masseter, temporalis, medial ptery-
goid, and lateral pterygoid muscles, were palpated bilater-
ally at predefined sites, using calibrated finger pressure,
and pain responses were recorded according to the DC/
TMD criteria. The TMJs were assessed for pain during
mandibular movements and palpation, as well as for the
presence of joint sounds, including clicking and crepitus,
detected through auscultation and manual palpation dur-
ing mandibular function.

The use of DC/TMD ensured a reliable and reproduc-
ible diagnostic process, enabling the precise identifica-
tion of pain-related TMD phenotypes within the study
population.

Electronic screening identified 86 patients who met the
eligibility criteria (17 males and 69 females; mean age:
37.9 £13.3 years). Of these, 43 patients were treated with
TBR (the experimental group) and 43 with SS (the gold
standard).

Both kinds of treatment (SS and TBR) were performed
by the same independent, experienced clinician (R.U.).

Stabilization splints were fabricated following an in-
traoral impression. The SS appliance was designed to
provide simultaneous and uniform occlusal contacts
between the arches, considered optimal for musculo-
skeletal stability during tooth contact. Patients were in-
structed to wear the occlusal splints for 22 h/day, remov-
ing them only during meals and oral hygiene procedures.
They were advised to report any failure immediately,
particularly breakage, loss, or episodes of acute pain,
and to attend the clinic in case of emergencies. Every
failure, whether identified by the clinician during the

F. Agostini et al. Bite-raising onlays vs. stabilization splints

scheduled visits or reported by the patient, was recorded
in the patient’s clinical file.

Temporary bite-raising onlays were occlusal composite
resin wedges (Charisma®; Kulzer, Hanau, Germany) di-
rectly modeled in the mouth by the clinician and bonded
to the occlusal surfaces of the posterior teeth. The oc-
clusal plane was designed to be flat, allowing protrusive
and lateral mandibular movements while ensuring evenly
distributed interarch contacts to provide occlusal and or-
thopedic mandibular stability. The height of TBR was set
at 2 mm, representing the minimum thickness required to
prevent arch contact during closure and eccentric mandib-
ular movements. Increases in the occlusal vertical dimen-
sion were calculated to maintain the interocclusal freeway
space (2—5 mm on average). Temporary bite-raising onlays
were applied to the upper or lower first and/or second mo-
lars, depending on the individual occlusal conditions, to
ensure optimal orthopedic mandibular balance in centric
occlusion.

At the end of active treatment in both groups, the TBR
and SS appliances were removed, and all patients received
verbal and written instructions to follow a personalized
jaw home-exercise regimen for TMD management. This
regimen included exercises for muscle contraction and
body movements aimed at alleviating musculoskeletal pain
and restoring normal function by reducing inflammation,
decreasing and coordinating muscle activity, and promot-
ing tissue repair and regeneration.!®!! The program for
patients with TMD-related muscle pain and/or limited
mouth opening included relaxation exercises with dia-
phragmatic breathing, the self-massage of the masticatory
muscles, stretching, and coordination exercises, including
proprioceptive training and postural exercises.!®~12 There
is a consensus among TMD experts that jaw exercises are
effective for patients with myalgia, restricted mouth open-
ing due to the hyperactivity of the jaw-closing muscles, and
disc displacement without reduction.

After SS delivery or TBR placement, patient check-ups
were scheduled every 2 weeks during the first 2 months,
followed by monthly visits, except in cases requiring emer-
gency assessment.

The primary outcome was self-reported pain at baseline
(Ty) and at the end of treatment (T;). Pain was assessed us-
ing a unidimensional 10-point numeric rating scale (NRS).
A score of 0 indicated the absence of pain, whereas scores
from 1 to 10 indicated the presence of pain and its inten-
sity. The percentage of patients reporting no pain at T;
was calculated.

The secondary outcome — the functional limitation
of mandibular movements — was assessed based on
the maximum mouth opening (MMO). The percent-
age of patients with limited mouth opening at T and T,
was recorded. The maximum mouth opening was mea-
sured between the incisal edges. In this study, a physi-
ological cut-off of 40 mm was adopted: MMO = 40 mm
was considered optimal and indicative of the absence
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of mandibular limitation, whereas values <40 mm indi-

cated the presence of limitation. The percentage of patients

with MMO > 40 mm at T; was also calculated. In patients
presenting with mandibular limitation, the MMO values
at both T and T; were recorded.

The tertiary outcomes (efficiency) included:

— the number of repetitive occlusal adjustments and/or
resurfacing procedures performed during treatment;

— the number of clinical check-ups;

— treatment duration (from SS delivery or TBR placement
to removal, expressed in months);

— patients’ discomfort experienced at the beginning of
treatment (such as difficulty with chewing, swallow-
ing or phonation, dental sensitivity, fatigue, and muscle
pain); and

— the time to the onset of pain relief, expressed in weeks.
Data for the tertiary outcomes were reported using de-

scriptive statistics.

Other clinical and demographic data, including age
at the beginning of treatment, sex, diagnosis according
to DC/TMD, the presence of parafunctional activities,
and a history of previous gnathological treatment, were
collected.

Statistical analysis

An Excel data collection form and data management sys-
tem were used (Microsoft Excel 2011; Windows, v. 14.0.0;
Microsoft Corp., Redmond, USA). All data were entered
by a single blinded operator (F.A.). Before data entry, all
records were evaluated for accuracy and completeness.
Statistical analysis was performed using a superiority ap-
proach for all variables. The null hypothesis was that the
experimental treatment (the TBR group) was superior
to the standard treatment (the SS group) in terms of the
absence of pain (a binary primary outcome) at the end
of treatment.

For qualitative data, frequencies, proportions, and 95%
confidence intervals (CIs) for proportions were calculated.
In the bivariate analysis, the proportions were compared
using appropriate statistical tests. The y? test was used
when no more than 20% of the cells in the contingency
tables had expected frequencies <5 and no cell had an ex-
pected frequency <1. When these assumptions were not
met, Fisher’s exact test was performed.

For each continuous variable, the mean and standard
deviation (M £SD), and 95% CI were reported. The assump-
tion of normality was assessed using the skewness/kurtosis
test, with a normal distribution assumed when p > 0.05.
The comparisons of means were performed to evaluate
statistically significant differences using the ¢ test, while
the Wilcoxon rank-sum test or the Wilcoxon matched-
pairs signed-rank test were used where appropriate. When
anon-parametric test was used, the median (Me) was also
reported. Statistical significance was set at p < 0.05 (5%).
The statistician was blinded to group allocation and was

m

external to the research group. Data analysis was per-
formed using the Stata/IC 16 software (StataCorp, Col-
lege Station, USA).

Results

A total of 100 patient records were retrieved. Six patients
were excluded from the sampled due to the systemic dis-
eases and comorbidities reported at follow-up. The remain-
ing 94 patients diagnosed with pain-related TMDs were
randomly selected and invited to participate in the study.
Among these, 8 patients dropped out (3 patients had moved
away, and 5 did not attend the scheduled appointments).
Written informed consent was obtained from each par-
ticipant, resulting in a final sample of 86 patients (Fig. 4).
Detailed demographic and clinical characteristics of the
study population are summarized in Table 2.

Primary outcome - pain

At Ty, 100% of patients reported pain symptoms. By the
end of treatment, 23.3% of patients still reported pain, cor-
responding to an overall success rate of 76.7%. Complete
pain resolution was achieved in 38 patients (88.4%) in the
TBR group and 28 patients (66.1%) in the SS group. The
difference between the groups was statistically significant
(p = 0.011) (Table 3).

| Enrollment I |Assessed for eligibility (N =100)

Excluded (n = 6):
@ not meeting the inclusion
criteria (n = 6)
o declined to participate
(n=0)

| Randomized (n = 94) |

i Allocation ¢

Allocated Allocated
to the experimental group — TBR to the control group — SS
(n=47) (n=47)

@ received SS

v [rtoww]

Lost to follow-up (with reasons):| |Lost to follow-up (with reasons):

o did not attend the scheduled o did not attend the scheduled
appointments (n = 3) appointments (n = 2)

e discontinued intervention e discontinued intervention
(transfer abroad) (n =1) (transfer abroad) (n = 2)

i Analysis ¢

Analyzed
(n=43)
o excluded from analysis
(with reasons) (n =0)

e received TBR

Analyzed
(n=43)
o excluded from analysis
(with reasons) (n = 0)

Fig. 4. CONSORT (Consolidated Standards of Reporting Trials) flow
diagram of the study
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Table 2. Demographic and clinical characteristics of the study groups

Variables
M +SD
range
18-25
0y
Age [years) n (%)
26-45
n (%)
46-65
n (%)
Sex M
n (%) F
myalgia
Diagnosis arthralgia
(according to DC/TMD)
n (%) myalgia and arthralgia
headache attributed to TMDs
Parafunctional habits
n (%)
Previous gnathological therapies
n (%)

TBR group SS group .
(n=43) (n=43) p-value
355£138 402 £125
0.107
18-65 20-65
15(34.8) 7(16.3) 0.060
15 (34.8) 17 (39.5) 0.590
13(30.2) 19 (44.2) 0.179
10 (23.3) 7(16.3)
0417
33(76.7) 36 (83.7)
20 (46.5) 24 (55.8) 0.388
7(16.3) 3(7.0) 0.179
16 (37.2) 16 (37.2) 1.000
14 (32.6) 15(34.8) 0.822
20 (46.5) 19 (44.2) 0.822
20 (46.5) 13(30.2) 0.120

M — mean; SD - standard deviation; M — male; F — female.

Previous gnathological therapies refer to any prior conservative treatment for TMDs, e.g., splints, physical therapy, behavioral therapy.

Table 3. Primary outcome: pain at the end of treatment (the presence or
absence of pain at baseline (To) and at the end of treatment (T;) in both
groups)

Variables T?:SZL)'P S(igzrzg)p
Pain at Ty absent 0(0.0) 0(0.0) o
"o [PIESEmE 43(1000)  43(100.0)
PainatT; absent 38(88.4) 28 (66.1) 0o11e
i) present 5(11.6) 15 (349)

Table 4. Secondary outcome: functional limitation (the presence or absence
of functional limitation at baseline (Ty) and after treatment (T;) in both groups)

Variables
Functional limiation atT, ~ absent  31(72.1)  29(67.4) 639
n (%) present  12(27.9) 14 (326)
Functional limiationatT, ~ absent  41(95.3)  40(93.0) 000

n (%) present 2(47) 3(7.0)

* statistically significant.

Secondary outcome - functional limitation
and maximum mouth opening

At T, a total of 26 patients (30.2% of the study popu-
lation) reported functional limitation, including 12 pa-
tients (27.9%) in the TBR group and 14 patients (32.6%)
in the SS group. No statistically significant difference
was observed between the groups at baseline (p = 0.639)
(Table 4). At this time point, the overall mean MMO was
33.3 £3.3 mm, with no statistically significant difference
between the TBR (32.8 +3.1 mm) and SS (33.8 3.6 mm)
groups (p = 0.477).

After treatment, only 2 patients reported functional
limitation in the TBR group and 3 in the SS group. No
statistically significant difference was observed between
the groups post-treatment (p = 1.000) (Table 4). Maximum
mouth opening increased at T; as compared to baseline in
all patients. Differences in the change from T, to T; were
statistically significant for the 2 groups.

Tertiary outcome - treatment duration,
number of clinical check-ups and number
of occlusal adjustments

The overall treatment duration was 9.3 +3.8 months.
Treatment duration was 8.3 +4.6 months in the TBR group
and 10.3 + 2.6 months in the SS group, with a statisti-
cally significant difference between the groups (p = 0.018).
During treatment, an average of 7.1 +2.9 clinical check-
ups were performed in the TBR group, compared with
9.2 +2.2 in the SS group (p = 0.000). A mean of 3.2 +2.1
occlusal adjustments and/or resurfacing procedures were
performed overall, with the TBR group requiring 3.2 +2.1
adjustments and the SS group requiring 4.9 1.1 adjust-
ments (p = 0.000) (Table 5).

The number of clinical check-ups was positively cor-
related with treatment duration (Spearman’s p = 0.4813)
and negatively correlated with the time to improvement
(Spearman’s p = —0.3230).
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Table 5. Tertiary outcomes (treatment duration, number of clinical check-
ups, number of occlusal adjustments, discomfort, and time to the onset
of pain relief)

Number of occlusal adjustments 3.2 +2.1 49+1.1 0.000%
Number of clinical check-ups 71429 92422 0.000%
Treatment duration [months] 83+46  103+£26 0.018*
Discomfort (number of patients) 23 (53.5) 21 (48.8) 0.829

Onset of pain relief [weeks] 49+30 24+19 0.000*

Data presented as M 5D or as number (percentage) (n (%)).* statistically
significant.

Tertiary outcome - patient discomfort

Initial discomfort was reported shortly after treatment
initiation by 21 patients (48.8%) in the SS group and 23 pa-
tients (53.5%) in the TBR group. However, this discomfort
subsided within 7-10 days (Table 5).

Tertiary outcome - onset of pain relief

On average, pain relief occurred 3.6 +2.8 months af-
ter treatment initiation. In the SS group, pain symptoms
began to diminish after 2.4 £1.9 months, whereas in the
TBR group, pain relief occurred after 4.9 +3.0 months.
The difference in the time to the onset of pain relief be-
tween the TBR and SS groups was statistically significant
(p = 0.000) (Table 5).

Discussion

The findings of this retrospective comparative study sug-
gest a significant correlation between pain reduction and
treatment with TBR. We have reason to believe that these
results can be explained by the continuous use of a bonded
appliance such as TBR, which ensures a constant thera-
peutic effect. In contrast, the success of SS depends heavily
on patient compliance, as these are removable devices.
Therefore, wear time significantly affects both the speed
and efficacy of symptom resolution.

Approximately 30% of patients in each group initially
presented with reduced mouth openig. While both treat-
ment groups showed a statistically significant improve-
ment from T, to Ty, the difference between TBR and SS
did not reach statistical significance. However, the small
sample size limits the generalizability of these findings.
The observed, albeit nonsignificant, trend suggests that
both treatment modalities may have the potential to im-
prove functional limitation, but further studies with larger
sample sizes are needed to confirm these results.

Treatment with TBR was found to be more efficient than
SS, with shorter treatment duration. This efficiency is likely
attributable to the constant presence of the bonded appli-
ance. However, TBR initially cause greater discomfort,
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which typically resolves within 7-10 days. Temporary
bite-raising onlays also require fewer clinical check-ups
and occlusal adjustments as compared to SS. The SS appli-
ances, which are fabricated in the laboratory, require more
frequent adjustments to achieve balanced occlusion. Nev-
ertheless, the onset of pain relief occured earlier with SS
than with TBR. We have reason to believe that the occlusal
contacts of TBR may initially act as occlusal prematurities,
generating nociceptive input and inducing altered muscle
activity, thereby delaying the resolution of symptoms.

Due to the limited evidence from other studies regard-
ing TBR, it is challenging to correlate our findings with, or
compare them to, the existing literature. However, studies
investigating SS therapy provide some context. For in-
stance, Zhang et al. recommended the use of splints for
the management of TMDs, demonstrating their effective-
ness in reducing pain and improving mouth opening in
patients with restricted mandibular movement.!* Similarly,
Ebrahim et al. demonstrated the efficacy of SS therapy in
reducing pain, although the moderate quality of evidence
highlights the need for further research.!> Ekberg et al.,
in a randomized clinical trial, concluded that SS therapy
was effective in relieving TMD symptoms, particularly in
patients with myogenic disorders.” Moreover, Pficer et al.
showed that SS therapy was more effective in the short
term, while its long-term effects were comparable to those
of other treatment modalities.” Their meta-regression
analysis emphasized that continuous splint use, rather
than nocturnal use alone, yielded better outcomes.” This
finding is consistent with our observation that bonded ap-
pliances such as TBR, which provide continuous occlusal
intervention, may stabilize the occlusion more effectively.

Alternative treatment options for pain-related TMDs
have also been explored, including the use of botulinum
toxin (BoNT). Although BoNT has gained popularity in
the management of myofascial pain and bruxism due to
its neuromuscular blocking effects, current evidence does
not support its routine use as a first-line therapy. A re-
cent narrative review by Delcanho et al. concludes that,
although some randomized controlled trials have reported
modest short-term reductions in pain, the heterogeneity
of study designs, inconsistent diagnostic criteria, and the
lack of long-term safety data significantly limit the gen-
eralizability of these findings.!® Furthermore, repeated
injections may result in adverse effects, such as muscle
atrophy and functional impairment. Therefore, BONT
should be reserved for selected cases that are refractory
to conservative interventions, such as splint therapy or
physical therapy.!® In light of these limitations, reversible
approaches such as TBR and SS — particularly when they
provide clinically significant symptom relief with minimal
risk —remain appropriate first-line options in the manage-
ment of pain-related TMDs.

The continuous wear time of TBR is crucial to its effec-
tiveness, as it provides uninterrupted therapeutic action.
The composite material used in TBR has minimal esthetic
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impact, making the appliance more acceptable to patients.
However, the long-term use of TBR may result in irrevers-
ible occlusal changes, such as the uncontrolled extrusion
of premolars and the intrusion of the teeth to which the
device is bonded. These changes may lead to unpredictable
reductions in overbite, limiting the use of TBR to patients
who have not responded to SS and who do not plan to
undergo orthodontic or prosthetic rehabilitation following
TMD therapy.

The long-term use of TBR in patients with bruxism may
exacerbate occlusal instability. The molar intrusion re-
sulting from constant occlusal contact may lead to the
development of a posterior open bite, particularly in indi-
viduals with hyperactive masticatory muscles. Following
TBR removal, the spontaneous re-eruption of molars may
occur and partially restore the occlusal vertical dimension;
however, this is often a slow and unpredictable process.
During this transitional phase, patients may also develop
functional side effects, such as cheek biting. The limita-
tions of TBR treatment should therefore be carefully con-
sidered in the decision-making process, particularly in
patients with bruxism; they represent an important clinical
factor in patient selection and informed consent.

Despite these drawbacks, the uncontrolled extrusion
of the uninvolved teeth may contribute to an increase in
the occlusal vertical dimension and potentially promote
occlusal stabilization over time. However, these changes
should be carefully monitored, particularly when TBR is
used for extended periods.

Recent findings further underscore the need for caution
when using fixed occlusal appliances. An experimental
study by Hutami et al. demonstrated that the continu-
ous use of an anterior bite plane (ABP) in animal models
resulted in significant morphological changes in TM]J, in-
cluding the thinning of the articular cartilage and signs
of condylar resorption.!” These structural alterations sug-
gest that sustained occlusal disengagement may impose
abnormal loading on TMJ, potentially triggering degen-
erative or adaptive remodeling responses. Although ABPs
differ from posterior bite-raising devices such as TBR in
terms of design and occlusal contact, the underlying bio-
mechanical principles, particularly alterations in the verti-
cal dimension and occlusal force distribution, may result
in similar stress-related effects if not carefully monitored.
These findings further emphasize the importance of lim-
iting treatment duration and carefully selecting patients
when prescribing fixed occlusal appliances.

Limitations and strengths

This study has limitations inherent to its retrospec-
tive design. Key variables that may have influenced the
outcomes were not consistently available in the patient
records.

Firstly, pain is a subjective experience that is perceived
differently by each individual, as reflected by distinct
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patterns of activation throughout the brain and within
the brain regions involved in the processing of nocicep-
tive stimuli.!®!® Differences in pain perception may be
further influenced by patient characteristics, such as sex,
anxiety, fear of pain, mood, personality traits, beliefs, sleep
quality, attention, and empathy, all of which can shape
the individual pain experience and contribute to tem-
poral fluctuations in pain intensity.!*?° As highlighted
by Orzeszek et al., clinical research on masticatory pain
presents considerable challenges.?! In the present study,
pain evaluation was based on subjective, self-reported ex-
periences; however, the use of a validated questionnaire
allowed standardized measurement and the subsequent
data analysis. Pain intensity was assessed using a one-
dimensional NRS. As all variables included in the analy-
sis were routinely recorded in the medical records of the
enrolled patients, the Graded Chronic Pain Scale (GCPS),
v. 2, part of the DC/TMD criteria, was not employed for
a more comprehensive assessment of pain etiology and
severity.2?2 Furthermore, patients with painful symptoms
of both muscular and joint origin were included in the
analysis. However, as emphasized by Orzeszek et al., it may
be beneficial to distinguish between dysfunctions of mus-
cular origin and the conditions related to the articular disc
or degenerative changes within TMJs.2!

Secondly, the present study aimed to assess symptom and
functional recovery, irrespective of anatomical changes
in the joint structures. Baseline and follow-up magnetic
resonance imaging (MRI) scans were not analyzed, as they
were not available for all patients; therefore, it was not pos-
sible to evaluate the anatomical relationships between the
TMJ structures at Ty and T;. However, a previous study
by Ohnuki et al. reported that functional recovery and the
reduction of acute pain symptoms, at least in the short
term, were not dependent on changes in disc position.?

Thirdly, the study lacked a long-term comparison be-
tween TBR and SS. Future studies are needed to determine
whether TBR provide more stable long-term outcomes as
compared to SS, which have been shown to be effective,
particularly in the short term.

Finally, the individualized jaw home-exercise regimen
was prescribed only after the completion of gnathologi-
cal therapy with TBR or SS, in order to avoid potential
bias in the comparison between the 2 groups due to the
therapeutic effects of the exercise regimen.

Despite these limitations, the study has several strengths.
To the best of our knowledge, this is the first study to
compare fixed (TBR) and removable (SS) therapies for the
management of TMDs. The relatively large sample size
and the study design helped minimize the potential for
selection and information bias. All statistical analyses were
performed in accordance with current best practices. Fur-
thermore, occlusal characteristics were not considered as
treatment determinants, in line with contemporary recom-
mendations that advocate moving away from traditional
gnathological paradigms in the management of TMDs.23
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Conclusions

This retrospective comparative study found a significant
correlation between TBR treatment and pain reduction in
patients with TMDs. The continuous therapeutic action
of TBR as a bonded appliance, independent of patient com-
pliance, may account for its clinical performance. Thus,
TBR may represent a viable treatment alternative that does
not rely on patient compliance for effective use. Its efficacy
and efficiency warrant further prospective and experimen-
tal studies to validate these findings.
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Abstract

Background. The problem of avulsed teeth often being brought to the clinic in a dry state remains
unresolved in the literature. Before an avulsed tooth is replanted, the periodontal ligament (PDL) cells
require an appropriate storage medium to preserve their viability and biological properties. Hank's balanced
salt solution (HBSS) is the reference medium recommended for this purpose in the literature.

Objectives. The aim of the present study was to compare the effects of the reference solution —HBSS —and
injectable platelet-rich fibrin (I-PRF) on the differentiation of PDL fibroblasts by examining the differentiation
markers associated with osteoblastic, osteoclastic, fibroblastic, and cementoblastic lineages.

Material and methods. Twenty freshly extracted third molar teeth were used for cell isolation. After being
left to dry for 30 min, the teeth were immersed for 30 min at room temperature in HBSS (n =7) or I-PRF
(n=7).Forthe positive control group (n = 3), cells were isolated immediately after extraction, whereas for
the negative control group (7 = 3), cells were isolated after 30 min of dry time. Viable cells were counted,
and immunofluorescence staining was performed to assess cell differentiation, using antibodies against
Runt-related transcription factor 2 (RUNX2), receptor activator of nuclear factor kappa-B ligand (RANKL),
collagen type | (COL1), and cementum attachment protein (CAP). Integrated density (IntDen) was measured
using the ImageJ software.

Results. There were no statistically significant differences between the HBSS and I-PRF groups in the
expression of RUNX2, RANKL or CAP. The I-PRF group showed significantly higher expression of COL1
(p<007).

Conclusions. Injectable PRF may contribute to the regeneration of PDL cells when used as a rejuvenating
medium before replantation following an extraoral dry period.

Keywords: replantation, cell differentiation, tooth avulsion, collagen type |, platelet-rich fibrin
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+ Injectable platelet-rich fibrin (I-PRF) can be used as an autologous rejuvenating medium for avulsed teeth brought

in a dry condition.

+ Treatment with I-PRF significantly enhanced the expression of collagen type I (COL1) in periodontal ligament

(PDL) cells as compared to controls.

+ Peridontal ligament cells exposed to I-PRF maintained their typical spindle-shaped fibroblastic morphology without

early signs of senescence.

+ Injectable platelet-rich fibrin demonstrates promising potential to promote PDL regeneration and improve the
prognosis of replanted teeth following extraoral dry storage.

Introduction

Replantation is often the primary treatment for avulsed
teeth, although its success is significantly influenced by the
timing of intervention and the immediate actions taken.>?
A key factor for a favorable outcome is the viability and
regenerative potential of the periodontal ligament (PDL),
as the survival of a replanted tooth largely depends on the
integrity of its PDL. However, the viability of PDL cannot
be directly assessed by dental professionals through a clini-
cal examination alone.?

The duration that a tooth remains outside the oral cav-
ity, either in a dry state or in a storage medium, critically
affects the viability of PDL cells. Studies have shown that
PDL cells generally become non-viable after being main-
tained in a dry state for more than 30 min.* However, evi-
dence suggests that permanent teeth with closed apices
may still be replanted when the extraoral dry time is less
than 60 min, although they may eventually develop anky-
losis or replacement resorption.>

The International Association for Dental Traumatology
(IADT) guidelines classify PDL cells as “may be viable but
compromised” in avulsed permanent teeth with closed
apices that have been stored in media such as milk, Hank’s
balanced salt solution (HBSS), saliva, or saline for less than
60 min of extraoral dry time.> When an avulsed tooth is
brought to the clinic by a patient, parent, guardian, or
other caregiver in a dry condition, there is a concern that
the heterogeneous PDL cell populations remaining on the
root surface may differentiate into osteoblasts, osteoclasts
or cementoblasts following replantation.® Root resorption
is closely related to the nature of these heterogeneous PDL
cell populations.”?

Studies have shown that immersing an avulsed tooth in
a nutrient-rich medium before replantation can rejuvenate
the surviving cells, reduce the inflammatory response and
decrease the risk of root resorption.” Hank’s balanced salt
solution has been commonly used by dental professionals
because of its ability to support the recovery of compromised
PDL cells after extended dry periods, unlike milk or saline.!’

Blood derivatives, such as platelet-rich plasma (PRP) and
platelet-rich fibrin (PRF), are rich sources of growth fac-
tors that play important roles in tissue repair, making them

valuable in dental treatment. Researchers have investigated
the antimicrobial and anti-inflammatory effects of pure
platelet-rich plasma (P-PRP) and leukocyte platelet-rich
plasma (L-PRP) in periodontal treatment.!! Leukocyte plate-
let-rich fibrin promotes angiogenesis, chemotaxis, mitosis,
and cell proliferation.!>!3 Titanium-prepared platelet-rich
fibrin (T-PRF), which incorporates titanium particles, has
also gained attention in regenerative medicine.'*!> These
findings highlight the potential of platelet concentrates to
both combat infection and promote tissue regeneration, sug-
gesting their potential for more effective treatment.!! Simi-
larly, recent studies on tooth replantation have indicated that
platelet concentrates may support tissue regeneration.16-18
An important advantage of these materials is that they can
be obtained from the patients themselves. Recent modifica-
tions to the centrifugation protocols used for PRF prepara-
tion have led to the development of injectable platelet-rich
fibrin (I-PRF). It is a flowable platelet concentrate that can
release growth factors for up to 14 days and contains ap-
prox. 1.5 times more platelets than whole blood."” These
characteristics suggest that I-PRF may be a practical storage
medium for avulsed teeth, as it can be obtained from the
patient’s own blood and may serve as a rejuvenating medium
to help maintain the viability of PDL cells.

There are many studies concerning the effects of stor-
age solutions on the prognosis of replantation. However,
no pretreatment of the root surface that is effective in re-
storing the depleted cellular components of PDL before
replantation has yet been suggested.> Although studies
have reported on the growth factors released from I-PRF
and their effects on fibroblast and osteoblast behavior,2%2
no study has examined the differentiation mechanisms
of PDL cells from avulsed teeth in response to I-PRF.

The present study aimed to improve the prognosis of re-
planted avulsed teeth under the care of dental profession-
als. The avulsion treatment method proposed in this study
seeks to provide an effective pretreatment approach for
avulsed teeth that arrive at a dental clinic in a dry state.
Therefore, we tested a novel procedure for treating avulsed
teeth by comparing I-PRF and HBSS as pretreatment
media. Since PDL cell differentiation can be assessed by
the expression of specific markers associated with par-
ticular cell lineages, Runt-related transcription factor 2
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(RUNX2), receptor activator of nuclear factor kappa-B
ligand (RANKL), collagen type I (COL1), and cementum
attachment protein (CAP) were used to assess differen-
tiation toward osteoblastic, osteoclastic, fibroblastic, and
cementoblastic lineages, respectively.

Material and methods

The study was conducted in accordance with the prin-
ciples outlined in the 2013 revision of the Declaration
of Helsinki. Participant recruitment and selection proce-
dures were approved by the Ethics Committee for Clinical
Research at the Faculty of Medicine, Kiitahya Dumlupinar
University, Turkey (approval date: August 16, 2017; ap-
proval No. 2017-10/3). All participants were informed
about the study and voluntarily provided written informed
consent before participation.

Sample preparation

Twenty third molars were prophylactically extracted
from systemically healthy patients aged 18—35 years, and
the freshly extracted teeth were immediately used for PDL
fibroblast isolation. The teeth had no caries, periapical
infection, restorations, periodontal disease, or hypoplasia.
Patients were excluded from the study if they were taking
anticoagulants, antiplatelet medications or antiresorptive
drugs (such as bisphosphonates), had blood or bone me-
tabolism disorders, or were pregnant or lactating.

Four 9-milliliter samples of peripheral venous blood
were collected from each participant into non-coated
tubes without anticoagulants (Vacusera; Disera, Izmir,
Turkey) to obtain I-PRF. The white-capped polyethylene
terephthalate tubes were centrifuged using a centrifuge
device (PRF Duo Quattro; Process for PRF, Nice, France)
at 1,300 rpm for 3 min, with modifications to previously
described protocols.?? The rotor angulation of the device
was 40° with a relative centrifugal force (RCF) of 119 g at
the minimum (RCFmin), 208 at the maximum (RCFmax),
and 145 at the clot (RCFclot). Injectable PRF was then col-
lected from the tubes using a sterile syringe, taking care to
avoid contamination with red blood cells (RBCs).

The extracted third molar teeth were cleaned with ster-
ile saline, and all teeth except those in the positive control
group were stored dry for 30 min at room temperature.
For the negative control group, 3 teeth (n = 3) were used
for PDL cell isolation after a 30-minute dry period. For the
experimental groups (1 = 7 teeth per group), the teeth were
immersed in either HBSS (Capricorn Scientific, Ebsdor-
fergrund, Germany) or the I-PRF obtained from the blood
of the respective patients for 30 min at room temperature
following the 30-minute dry period. For the positive control
group, 3 teeth (1 = 3) were used immediately after extraction
for PDL cell isolation, without a dry period or the immersion
stage. Figure 1 outlines all stages of the study.
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Tooth extraction

Cleaning with sterile saline

/
Dry storage for 30 min

at room temperature

v\

HBSS I-PRF Dry storage Cell isolation
for 30 min for 30 min for 30 min without dry storage and
(n=1) (n=7) at room temperature the immersion stage
(negative control; n = 3) (positive control; n = 3)
— /
~
PDL cell isolation
PDL cell culture
Dynamics Immunofluorescence
of PDL cells staining

Fig. 1. Stages of the study

HBSS — Hank's balanced salt solution; I-PRF — injectable platelet-rich fibrin;
PDL - periodontal ligament.

Cell isolation

Following the storage period, the teeth were thoroughly
rinsed with phosphate-buffered saline (PBS) (Capricorn
Scientific). The PDL tissue was carefully removed from the
middle third of the root surface, using a scalpel blade. The
collected tissue was placed in Eppendorf tubes contain-
ing 1 mL of Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (DMEM/F-12; Wisent Bioproducts,
Saint-Jean-Baptiste, Canada), supplemented with 10% fe-
tal bovine serum (FBS) (Capricorn Scientific) and 1% pen-
icillin-streptomycin-amphotericin B solution (Capricorn
Scientific). The tissue samples were then dissected into
small fragments using sterile scissors and centrifuged at
500 rpm for 1 min. The resulting pellet was resuspended in
1 mL of a solution containing 2 mg/mL collagenase type I
and 2 mg/mL dispase (Roche, Mannheim, Germany) and
incubated in a 37°C water bath for 30—45 min. The released
cells were collected by centrifugation at 111 x g for 2 min
and the resulting cell pellet was transferred to a T25 tissue
culture flask. The culture flasks were maintained at 37°C
in a humidified atmosphere containing 5% CO, and 95%
air. The culture medium was replaced every 3 days until
the cells reached full confluence. The cells were detached
from the flask surface using 0.05% trypsin-ethylenediami-
netetraacetic acid (EDTA) in Dulbecco’s phosphate-buffered
saline (DPBS) (Capricorn Scientific). Following detachment,
the cells were stained with trypan blue and counted using
a hemocytometer under an inverted microscope. The cells
were seeded at a density of 5 x 10° cells per T25 flask, and
evaluated at the 3" or 4" passage (P3 or P4).%

A total of 5,000 cells were seeded onto coverslips placed
in a six-well plate. Once the cells reached confluence, the
culture medium was aspirated and the cells were washed
3 times with PBS. The cells were then fixed with 3.5%
paraformaldehyde (Merck, Darmstadt, Germany) for
30-35 min at room temperature, followed by 3 additional
washes with PBS.2*
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Immunofluorescence staining

Three positive-control coverslips and 1 negative-control
coverslip were selected for each tooth for each of the an-
tibodies RUNX2, RANKL, COL1, and CAP. Following
fixation, the coverslips were incubated with a blocking
solution containing 0.1% Triton™ X-100 (BioShop Canada,
Burlington, Canada) at 37°C for 30 min.

The primary antibodies against RUNX2 (polyclonal
antibody; 5 pg/mL, ab114133; Abcam, Cambridge, UK),
RANKL (polyclonal antibody; 1 pg/mL, ab9957; Abcam)
and COLI1 (polyclonal antibody; 1:500, ab34710; Abcam)
were added to the respective groups and incubated over-
night at 4°C. The CAP primary antibody (monoclonal
antibody; 1:50, sc-53947; Santa Cruz Biotechnology Inc.,
Dallas, USA) was added and incubated at room tempera-
ture for 1 h. All samples were then rinsed 3 times with PBS.
For the RUNX2, RANKL and COL1 treatment, a fluores-
cein isothiocyanate (FITC)-conjugated secondary anti-
body (1:50, SA00003-2; Proteintech Group Inc., Rosemont,
USA) was applied at room temperature for 1 h. For the
CAP treatment, an FITC-conjugated secondary antibody
(1:50, SA00003-1; Proteintech Group Inc.) was applied at
room temperature for 1 h. Following rinsing with PBS,
the cell nuclei were stained by incubating the cells with
4,6-diamidino-2-phenylindole (DAPI) (FluorLast™ with
DAPI BioVision Inc., Milpitas, USA) at room temperature
for 5 min. Control samples were processed without the
addition of primary antibodies.

The stained samples were examined using a fluo-
rescence microscope (Nikon ECLIPSE Ci-E, Nikon
Instruments Inc., New York, USA). Images were ac-
quired using a 5.0-megapixel charge-coupled device
(CCD) camera (DS-Filc; Nikon Instruments Inc., Mel-
ville, USA). Image acquisition was performed using the
NIS-Elements software, v. 4.10 (Nikon Instruments Inc.,
Melville, USA). The images were acquired at a resolu-
tion of 1,280 x 960 pixels with a bit depth of 24 bits. For
fluorescence imaging, FITC (excitation filter: 480/30;
barrier filter: 535/45) and DAPI (excitation filter: 375/28;
barrier filter: 460/60) filter sets were used, with a filter
diameter of 25 mm for both.

Image analysis

Image analysis was performed on the photographs ac-
quired at a standard magnification of x40. Fluorescence
intensity was assessed using the Image] software, v. 1.51v
(https://imagej.net/ij). Integrated density (IntDen) was
used to quantify the total fluorescence intensity within
the selected area, and was subsequently normalized to the
cell count. For each experimental condition, a minimum
of 3 slides were prepared, and fluorescence intensity was
quantitatively assessed in the acquired microscopic im-
ages. The presented images are representative of at least
3 independent experiments.
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Statistical analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics for Windows, v. 20.0 (IBM Corp., Armonk, USA).
Descriptive statistics were calculated as minimum-maxi-
mum values (min—max), and the Kolmogorov—Smirnov
test was used to assess the normality of data distribution.
The one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test, was performed for comparisons
among the groups. A p-value <0.05 was considered sta-
tistically significant.

Results

The cells derived from the digested tissue exhibited
consistent adhesion to plastic surfaces across all experi-
mental groups, and displayed similar growth patterns. No
discernible differences were observed among the groups
in terms of the ability of cells to adhere to plastic surfaces
(Fig. 2). Consequently, the cells were successfully main-
tained through successive passages, with comparable mean
cell viability observed across all groups (p > 0.05) (Fig. 3).

Fig. 2. Ability of cells to adhere to plastic (no significant difference
between the groups was observed)

A - I-PRF; B —HBSS; C - positive control (PC); D — negative control (NC).

Mean number of viable cells
1,400,000
1,200,000

1,000,000

800,000
600,000
400,000
200,000

0
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Fig. 3. Mean number of viable cells in various groups
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The microscopic images of PDL fibroblasts were cap-
tured following exposure to different rejuvenating media,
including HBSS and I-PRF. In all experimental groups, PDL
fibroblasts demonstrated the ability to form cell colonies
from a single cell, indicating their clonogenic potential.
The morphological evaluation of the P3 cells revealed that
the cells from the I-PRF-treated group retained their typi-
cal fibroblastic, spindle-shaped morphology. In contrast,
the cells from the HBSS-treated group exhibited early signs
of senescence, and the typical fibroblastic morphology was
no longer evident (Fig. 4).

The RUNX2 antibody was used to assess PDL cell differ-
entiation toward the osteoblastic lineage, RANKL to assess
differentiation toward the osteoclastic lineage, COL1 to
assess differentiation toward the fibroblastic lineage, and
CAP to assess differentiation toward the cementoblastic
lineage. All markers were evaluated in all experimental
groups (Fig. 5).

RUNX2 expression was observed as bright spots within
the nucleus. The IntDen values in the I-PRF, HBSS and
positive control groups differed significantly from that
of the negative control group. The negative control group
exhibited a higher IntDen value than the other groups
(p < 0.01) (Fig. 5).

RANKL expression was significantly higher in the I-PRF
and HBSS groups than in both control groups (p < 0.01).

Fig. 4. Microscopic images — morphological evaluation

A - cells from the I-PRF group have typical fibroblastic, spindle-like cell
morphology; B — cells from the HBSS group show early signs of senescence,
and the typical fibroblastic morphology is no longer evident.
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Fig. 5. Integrated density (IntDen) values for all groups

RUNX2 — Runt-related transcription factor 2; RANKL - receptor activator
of nuclear factor kappa-B ligand; COL1 - collagen type I; CAP — cementum
attachment protein.

1

Although RANKL expression was slightly lower in the
I-PRF group than in the HBSS group, no statistically sig-
nificant difference was observed between these 2 groups
(Fig. 5).

COLL1 expression was significantly higher in the I-PRF
group than in both the positive and negative control groups
(p < 0.01). The IntDen value for COL1 expression in the
HBSS group was intermediate between those of the I-PRF
and positive control groups (Fig. 5).

CAP expression was deficient in both control groups,
whereas mild expression was observed in both the I-PRF
and HBSS groups (p < 0.01) (Fig. 5).

Fluorescence microscope images for all groups with an-
tibody expression are presented in Fig. 6.

Discussion

Since the awareness of the need to immediately replant
avulsed teeth or store them in an appropriate liquid me-
dium is still limited in the general population, avulsed
teeth are frequently brought to the clinic wrapped in nap-
kins. Although dry teeth can be replanted by the clinician,
alternative treatment approaches should be investigated to
improve the prognosis. Optimal recovery following dental
trauma or regenerative periodontal treatment depends on

Fig. 6. Fluorescence microscope images for all groups with antibody
expression (scale bar: 20 um)

I-PRF: 1A — RUNX2 expression was observed as bright green spots in cell nuclei,
not brighter than in the NC group, 2A — RANKL expression was mild, 3A — COL1
expression was pronounced in the cytoplasms of PDL fibroblasts, 4A — CAP
expression was mild and brighter than in the NC group; HBSS: 1B — RUNX2
expression was observed as bright green spots in cell nuclei, not brighter than
in the NC group, 2B — RANKL expression was not clear, but it was brighter

than in the control groups, 3B = COL1 expression was lower than in the |-PRF
group, 4B — CAP expression was mild and brighter than in the NC group; PC:
1C — RUNX2 expression was observed as bright green spots in cell nuclei,

not brighter than in the NC group, 2C - RANKL expression was lower than

in the experimental groups, 3C — COL1 expression was pronounced in the
cytoplasms of the cells, 4C — CAP expression was not clear; NC: 1D — RUNX2
expression was observed intensively in cell nuclei, 2D — RANKL expression was
lower than in the experimental groups, 3D — COL1 expression was not clearly
observed; 4D — CAP expression was not clear.



922

the complete regeneration of PDL and the establishment
of a balanced connection between the cementum and the
alveolar bone. In cellular regeneration following avulsion,
it is essential to restore the depleted cellular metabolites
and maintain cell viability.?> Therefore, we investigated
a novel approach for the rejuvenation of avulsed teeth by
comparing I-PRF with HBSS. In the present study, the
early-passage primary PDL cultures obtained from ex-
tracted human permanent teeth were used to mimic the
cellular conditions of an avulsed tooth.

Although the highest cell number was observed in the
HBSS group, no statistically significant difference was
found among the groups. These findings demonstrate the
successful cultivation of a substantial proportion of viable
precursor cells derived from the PDL of representative
avulsed teeth. Moreover, the data indicate that the PDL
cells obtained from teeth that had not been stored in a reju-
venating medium and had an extraoral dry time of 30 min
remained viable. As these cells were classified as “may be
viable but compromised” with regard to their regenerative
potential, the present study investigated whether I-PRF
could provide a greater rejuvenating effect than HBSS. The
literature suggested that I-PRF may be superior to HBSS
as a rejuvenating medium.’

The periodontal tissue response to tooth avulsion in-
volves mechanisms related to cell viability, regeneration
and resorption, which are influenced by cellular identity
and differentiation. The rationale for using HBSS as a reju-
venating agent in the present study was its proposed ability
to maintain and replenish the depleted cellular compo-
nents of PDL cells.’Y Hank’s balanced salt solution has been
shown to maintain cell viability and reduce root resorption
when used as a storage medium prior to replantation.? In
a previous study, HBSS enhanced osteogenic differentia-
tion in PDL fibroblasts by upregulating RUNX2 expression,
whereas milk preserved cell viability and cellular identity.?®
However, milk is not known to restore the depleted cellular
metabolites.?® Given the distinction between storage and
rejuvenating media, milk was not used as a rejuvenating
medium in the present study. Further research into its po-
tential to restore the depleted cellular functions in avulsed
teeth would be of interest.

Ideal healing would involve the regeneration of collagen
fibers capable of attaching to the newly formed cementum
and bone.?” Collagen type I is the main component of PDL
fibers, and its expression can be used as an indicator of PDL
tissue regeneration. A reimplantation study demonstrated
that PRF promoted the proliferation of human periodontal
ligament stem cells (PDLSCs) and inhibited their osteoblas-
tic differentiation by upregulating COL1 mRNA expres-
sion.!® Consistent with the effects of PRF, the present study
demonstrated that I-PRF helped PDL cells maintain their
fibroblastic identity, as evidenced by significantly higher
COL1 expression compared with the positive control.

The present study suggests that I-PRF helps maintain the
fibroblastic phenotype of PDL cells, as evidenced by the
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strong expression of COL1. The concomitant high levels
of COL1 and RANKL expression in the I-PRF group may
indicate a balance between bone resorption and regenera-
tion. However, the precise mechanisms underlying PDL
cell-induced osteoclastogenesis remain unclear. The im-
mersion of avulsed teeth in HBSS has been reported to
induce osteoclastogenesis in PDL cells, resulting in the for-
mation of osteoclast-like cells independently of RANKL.?8
Previous research also demonstrated stable RANKL ex-
pression in HBSS-treated teeth despite prolonged storage
periods.?> When PDL cells are co-cultured with CD14+
monocytes, osteoclast formation can occur, at least in
part, through RANKL-mediated mechanisms.???° In the
present study, RANKL expression was higher in the PDL
cells treated with I-PRF than in the control groups. Given
that osteoclast activity is associated with inflammatory
root resorption, further investigation of osteoclastogen-
esis, inflammatory cytokines, and the effects of I-PRF on
the RANKL/RANK (receptor activator of nuclear factor
kappa-B)/OPG (osteoprotegerin) system may provide im-
portant insights into the mechanisms underlying peri-
odontal healing following avulsion.

Injured periodontal tissues can regenerate through
the action of proteins such as cementum-derived growth
factor (CDGF), CAP and cementum protein-1 (CEMP1),
which promote cell adhesion and differentiation, and may
contribute to the formation of new cementum.° Platelet-
rich fibrin has been shown to enhance human PDLSC
proliferation while inhibiting osteoblastic differentiation
by increasing the mRNA expression levels of COL1 and
CEMP1.1¢ Furthermore, studies investigating PRP have
demonstrated that regeneration is enhanced when stem
cells, fibrin glue and PRP are used in combination.3! To
our knowledge, the present study is the first to evaluate the
effects of [-PRF on PDL cells in relation to cementogenesis.
The significant difference in CAP expression between the
experimental and control groups is consistent with previ-
ous findings, and suggests that healing following tooth
avulsion may involve a regenerative response that helps
minimize the resorption of the damaged root surface.3%33

A key advantage of I-PRF is that it can be prepared at
alow centrifugation speed (such as 700 rpm, 60 x g in origi-
nal protocols or 1,300 rpm in modified protocols) within
a short period (3 min). In contrast, the preparation of other
platelet concentrates, such as PRF, requires more time,
potentially increasing the extraoral dry time of avulsed
teeth. The lower centrifugation speed also increases the
proportion of platelets and leukocytes recovered, which
may enhance tissue regeneration and promote the activity
of PDL fibroblasts in the repair process.?234

Limitations
Although the small sample size is a major limitation

of the present study, another limitation is that the effects
of centrifugation force and duration, which may result in
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different PRF-based matrices, were not evaluated in rela-
tion to osteoclastogenesis. Although numerous studies
have investigated the use of I-PRF in cells of heterogeneous
origin, the inability to assess individual cellular defense
mechanisms, such as macrophage (M) differentiation, may
also be considered a limitation of the present study. Stud-
ies evaluating macrophage polarization toward the M1 or
M2 phenotypes are needed to comprehensively assess the
effects of [-PRF on the RANKL pathway and osteoclasto-
genesis. Further in vitro and in vivo studies are warranted
to elucidate the molecular mechanisms underlying the
effects of I-PRF on osteoclastogenesis and to determine
whether different PRF isolation protocols influence this
process. In addition, before I-PRF can be used clinically
as a rejuvenating medium, its platelet content should be
characterized through biochemical and cellular analyses,
and the platelet concentrates obtained from individual
patients should be quantitatively evaluated to determine
the biological activity and composition of I-PRF.

Conclusions

The present study investigated the use of I-PRF as a re-
juvenating medium following tooth avulsion. One of the
most common challenges encountered in avulsion cases
is the lack of public awareness regarding the need to store
avulsed tooth in an appropriate liquid medium; conse-
quently, families frequently present to the clinic with the
tooth in a dry condition. In conclusion, I-PRF may be con-
sidered as a regenerative medium for avulsed teeth pre-
senting to the clinic after an extraoral dry period. Further
studies involving different extraoral dry times and larger
sample sizes are warranted to confirm these findings.
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consent before participation.
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Abstract

Background. Thereis growing interestin the use and processing of natural products for potential applications
in dentistry, including endodontic treatment. Anchovy (Stolephorus insularis) is one such natural product.

Objectives. The aim of the present study was to evaluate odontoblast-like cells (OLCs) and alkaline
phosphatase (ALP) expression in the pulp of Wistar rats after the administration of a combination of calcium
hydroxide (CH) and the anchovy nano-extract as a potential material for pulp regeneration.

Material and methods. Fifty-four Wistar rats were divided into 3 groups: the control group (group 1)
received CH and distilled water; the 1st treatment group (group 2) received a 11 ratio combination of CH and
the anchovy nano-extract; and the 2nd treatment group (group 3) received a 1:2 ratio combination of CH and
the anchovy nano-extract. Each group was further divided into 3 subgroups according to the observation
periods of 7, 14 and 21 days. Pulp perforation was performed on the rats’ maxillary right first molars, followed
by the placement of the tested materials into the perforated pulp. The rats were sacrificed according to the
respective observation periods. The specimens were processed, and evaluated histopathologically (staining
with hematoxylin and eosin (H&E)) and through immunohistochemistry (IHC). The data were analyzed using
the one-way ANOVA followed by the Tukey HSD post hoc test. Statistical significance was set at p < 0.05.

Results. There were significant increases in OLCs and ALP expression following the application of the
anchovy nano-extract at both 1:1 and 1:2 ratios, with significant differences as compared to the control
group (p < 0.05). The highest OLC count and ALP expression were observed on day 21. The higher 1:2 ratio
resulted in faster OLC formation, which occurred on day 14; in the case of the 1:1 ratio, increased OLC formation
occurred on day 21. Both ratios increased ALP expression on day 21.

Conclusions. The application of a combination of CH and the anchovy nano-extract to the perforated pulp
increased the number of OLCs and ALP expression.

Keywords: regeneration, medicine, alkaline phosphatase, calcium hydroxide, odontoblast
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Highlights

T. Yuanita et al. CH and the anchovy nano-extract increase OLC count and ALP expression

+ The application of a combination of calcium hydroxide (CH) and the anchovy nano-extract to the perforated pulp
increased the number of OLCs and alkaline phosphatase (ALP) expression.
+ Both the 1:1 and 1:2 ratio combinations of CH and the anchovy nano-extract increased the OLC count and ALP

expression.

+ The highest OLC count and ALP expression were observed on day 21 after application.

Introduction

Oral health has a significant impact on a person’s qual-
ity of life (QoL), affecting their ability to speak, eat, and
maintain overall health. Therefore, comprehensive treat-
ment is necessary to address oral health holistically.! Vital
pulp exposure can occur due to trauma, caries removal,
or during mechanical cavity preparation.? Consequently,
prompt pulp capping is imperative when pulp exposure
occurs.® Preserving pulp vitality is crucial in all of these
scenarios to ensure that the tooth remains vital, receives
adequate nutrients, maintains innervation, and has ef-
fective immunological defense. Pulp capping treatment
aims to promote the regeneration of the damaged pulp by
employing bioactive substances.?

The regeneration process in the pulp, involving stem
cells, odontoblasts, inflammatory cells, and fibroblasts,
takes place following pulp capping treatment. An increase
in stem cell activity occurs during the pulp healing phase,
characterized by the proliferation and differentiation
of these cells into odontoblast-like cells (OLCs). To initiate
mineralization, alkaline phosphatase (ALP) is synthesized
by these newly formed OLCs.3 Alkaline phosphatase plays
an important role in the tissue response to injury.*> It is
a marker of OLC differentiation, and its presence indicates
that the cells are undergoing differentiation.®

Bioactive substances have been reported to support tis-
sue regeneration.” These substances may be in the form
of stem cells or bioceramic materials, such as mineral
trioxide aggregate (MTA) and Biodentine™, which are
currently considered among the most reliable materials
for pulp capping. They offer several advantages over cal-
cium hydroxide (CH), but are relatively expensive.® A re-
cent study reported that both bioceramic materials and
CH are effective for the direct pulp capping of permanent
teeth.” Calcium hydroxide has been widely used for direct
pulp capping.!®!! One of the advantageous characteris-
tics of CH is its high pH, which contributes to stem cell
activation.!>!3 It increases the pH of an acidic environ-
ment, inhibits the growth of microorganisms, and supports
the healing process and defense mechanisms of the pulp
tissue.!* However, several studies have reported various
drawbacks of CH, including its high alkalinity, which may
result in pulp necrosis and inflammation, as well as its high
solubility, inadequate adhesion and poor sealing ability.>?

In recent decades, there has been growing interest in
the use of pharmaceuticals and natural products in den-
tistry.!>-17 Several natural products have been explored for
use in endodontic treatment.'8-2! Anchovy (Stolephorus
insularis) is one such natural material that has been in-
vestigated as a potential alternative treatment option.?223
The mineral composition of 100 g of anchovy includes 500
mg of calcium, 500 mg of phosphorus and 1 mg of iron.?*
The anchovy extract is currently being investigated for
its potential to stimulate bone and tooth formation. The
bioactivity of the anchovy extract is attributed to its min-
eral composition, particularly its calcium and phosphorus
content.?? Previous studies investigating the anchovy ex-
tract against Streptococcus mutans have demonstrated its
antibacterial efficacy.?+%

The present study aimed to analyze the effect of 1:1 and
1:2 combinations of CH and the anchovy nano-extract on
the OLC count and ALP expression following application
to the perforated vital pulp in rats on days 7, 14-and 21. The
null hypothesis was that the combination of CH and the
anchovy nano-extract would have no effect on the number
of OLCs or ALP expression following application to the
perforated vital pulp in rats.

Material and methods
Animals

This post-test-only control group study followed the
ARRIVE (Animal Research: Reporting of In Vivo Ex-
periments) 2.0 guidelines. Ethical approval for the study
was obtained from the institutional ethics committee at
the Faculty of Dental Medicine, Airlangga University,
Surabaya, Indonesia (approval No. 835/HRECC.FODM/
X1/2022). This in vivo experimental study used 54 healthy
adult male rats (Rattus norvegicus) aged 12—-16 weeks, with
body weight ranging from 250 to 300 g. The sample size
was calculated using the Lemeshow formula based on
the estimated proportion from a previous study.?® The
animals were randomly assigned using a lottery system
to 9 groups, with 6 rats in each group. The animals were
divided into 3 main groups: group 1 as the control group;
group 2 receiving a 1:1 ratio combination; and group 3
receiving a 1:2 ratio combination of CH and the anchovy
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nano-extract. Each main group was further divided into
3 subgroups according to the observation periods of 7, 14
and 21 days. The rats had free access to food and water, and
were housed under a 12-hour light/dark cycle at a constant
temperature of 25°C and relative humidity of 45-55%.2°
The rats were continuously cared for and monitored by 3
laboratory veterinarians.

Preparation of the anchovy nano-extract

The anchovy nano-extract was prepared using 1 kg
of anchovy, which was boiled for 1 h and then oven-dried
for 24 h. A total of 100 g of dried anchovy was macerated
in 1 M hydrochloric acid for 2 h, followed by neutralization
through washing according to the standard maceration
procedure.?” The anchovy was then desiccated in an oven
at 105°C for 2 h. Subsequently, the dried anchovy was pul-
verized using a mortar, passed through a 60-mesh sieve,
and further processed using high-efficiency milling for 1 h
at 3,000 rpm with a milling ball diameter of 0.5 mm. The
milling process was continued until nanosized particles
were achieved, with periodic particle-size assessments
performed using dynamic light scattering.?®

In this study, the anchovy nano-extract was used in 2
ratios — a 1:1 ratio and a 1:2 ratio of CH to the anchovy
nano-extract, both dissolved in distilled water. The control
group (group 1) received CH dissolved in distilled water.
Each rat received 0.1 mg of the respective mixture.

Pulp capping

The rats were anesthetized with ketamine 40 mg/kg
(Ketalar; Pfizer Healthcare, Dubin, Ireland) and xylazine
5 mg/kg (Xyla; Interchemie, Venray, The Netherlands)
by intraperitoneal injection. Povidone—iodine 1% (Beta-
dine; Watsons Indonesia, South Jakarta, Indonesia) was
applied to the gingiva and oral mucosa using cotton pel-
lets. The involved maxillary right first molar was then
swabbed with Consepsis™ (Ultradent Products Inc.,
South Jordan, USA) for aseptic preparation. The tooth
was prepared using a dental handpiece (NSK, Kanuma,
Japan) with a No. % round diamond bur (Edenta, Au,
Switzerland) to perforate the pulp.?® The perforated pulp
was identified by the appearance of a pink spot. The
respective material was then placed directly over the
perforated area. Group 1 (control) received CH only,
group 2 received a 1:1 mixture of CH and the anchovy
nano-extract, and group 3 received a 1:2 mixture of CH
and the anchovy nano-extract. The material was placed
over the perforated pulp, and the cavity was restored
with glass ionomer cement (GIC) (GC, Tokyo, Japan)
to cover the capping material and prevent contamina-
tion. Following the pulp capping procedure, the rats
were euthanized on days 7, 14 and 21 for the evaluation
of OLCs and ALP expression. Euthanasia was performed
by an overdose of intraperitoneal anesthetic injection
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consisting of ketamine 450 mg/kg (Ketalar) and xyla-
zine 45 mg/kg (Xyla), in accordance with the American
Veterinary Medical Association (AVMA) guidelines, fol-
lowed by a standard decalcification process as described
in a previous study.2¢

Histopathological and
immunohistochemical analysis

Histological sections were prepared at an approximate
thickness of 4 pm and oriented parallel to the long axis
of the tooth. Odontoblast-like cells were evaluated histo-
pathologically, while ALP expression was evaluated us-
ing immunohistochemistry (IHC). Primary monoclonal
antibodies (Santa Cruz Biotechnology, Dallas, USA) were
used to specifically detect the target protein through an-
tigen—antibody binding. The enzyme was then reacted
with a chromogenic substrate, and the resulting staining
was observed using an Olympus BX51 light microscope
(Olympus, Tokyo, Japan) at x1,000 magnification.

Statistical analysis

The data obtained in this study were analyzed using SPSS
Statistics for Windows, v. 24 (IBM Corp., Armonk, USA),
and presented as mean + standard deviation (M +SD).
The Shapiro—Wilk test was used to assess data normal-
ity, followed by Levene’s test to assess the homogeneity
of variance. The one-way analysis of variance (ANOVA)
was performed to determine significant differences among
the groups. Subsequently, the Tukey honestly significant
difference (HSD) post hoc test was conducted to identify
specific differences between the groups. Statistical signifi-
cance was set at p < 0.05.

Results

The OLC and ALP data were normally distributed and
homogeneous. The one-way ANOVA was performed to as-
sess the effects of the treatment on OLCs and ALP expres-
sion. The results showed a significant difference among
the groups (p < 0.05). Therefore, the null hypothesis was
rejected. The mean values for the OLC count and ALP
expression are presented in Table 1, while the compari-
sons of OLCs and ALP expression among the different
groups and observation periods are presented in Table 2
and Table 3, respectively.

Significant differences in OLCs and ALP expression
were observed between both groups receiving CH with
the added anchovy nano-extract at 1:1 and 1:2 ratios and
the CH-only group (p < 0.05). No significant difference was
observed within the CH-only group with regard to differ-
ent observation periods (p > 0.05). Significant increases in
the OLC count and ALP expression were observed on days
14 and 21 as compared to day 7 (p < 0.05).
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Table 1. Odontoblast-like cell (OLC) count and alkaline phosphatase (ALP)
expression in the study groups

Groups and

time points OLC count ALP expression
Group 1,day 7 6 2.33+1.106 45042217
Group 1, day 14 6 3.00 £0.816 416 £1.067
Group 1, day 21 6 3.83+1.344 2.83 +1.067
Group 2, day 7 6 7.00+1414 8.66 +1.972
Group 2, day 14 6 7.00 £1.291 8.50 £1.708
Group 2, day 21 6 9.00 £1.915 11.83 £1.572
Group 3, day 7 6 6.33 £1.491 9.66 £1.247
Group 3, day 14 6 9.33+1.700 10.16 £1.067
Group 3, day 21 6 9.66 +£1.247 13.50 +£2.062

Groups: group 1 (control) — calcium hydroxide (CH) only; group 2 - CH and
the anchovy nano-extract in a 1:1 ratio; group 3 — CH and the anchovy
nano-extractina 1:2 ratio.

Odontoblast-like cells

The histopathological identification of OLCs on days 7,
14 and 21 is shown in Fig. 1. The arrows indicate the OLCs
observed in each group.

Significant differences in the OLC count were observed
between both groups receiving CH with the added anchovy
nano-extract at 1:1 and 1:2 ratios and the CH-only group
(p <0.05). The addition of the anchovy nano-extract to CH
at a 1:1 ratio significantly increased the OLC count as com-
pared to the CH-only group on days 7, 14-and 21 (p = 0.000
for all). Similarly, the 1:2 ratio significantly increased the
OLC count as compared to the CH-only group on day
7 (p = 0.001), day 14 (p = 0.000) and day 21 (p = 0.000).
A significant difference in the OLC count between the 1:1
and 1:2 ratios was observed on day 14 (p = 0.034) (Table 2).

Table 2. Significance of differences in the odontoblast-like cell (OLC) count
and alkaline phosphatase (ALP) expression between the study groups with
regard to the same observation day

Comparisons OLC count ALP expression
(p-value) (p-value)
group 1 to group 2 0.000* 0.008*
Day 7 group 1 to group 3 0.001* 0.001*
group 2 to group 3 0.719 0.678
group 1 to group 2 0.000* 0.000*
Day 14 group 1 to group 3 0.000* 0.001*
group 2 to group 3 0.034* 0.146
group 1 to group 2 0.000* 0.000*
Day 21 group 1 to group 3 0.000* 0.000*
group 2 to group 3 0.801 0.265

Groups: group 1 (control) — calcium hydroxide (CH) only; group 2 — CH and
the anchovy nano-extract in a 1:1 ratio; group 3 — CH and the anchovy
nano-extractin a 1:2 ratio.

* statistically significant.

T. Yuanita et al. CH and the anchovy nano-extract increase OLC count and ALP expression

Table 3. Significance of differences in the odontoblast-like cell (OLC) count
and alkaline phosphatase (ALP) expression within the study groups with
regard to different observation days

Comparisons OLC count ALP expression
(p-value) (p-value)
day 7 to day 14 0.689 0.938
Group 1 day 7 to day 21 0.141 0.237
day 14 to day 21 0.180 0.345
day 7 to day 14 1.000 0.988
Group 2 day 7 to day 21 0.014* 0.031*
day 14 to day 21 0.023* 0.023*
day 7 to day 14 0.016* 0.863
Group 3 day 7 to day 21 0.008* 0.008*
day 14 to day 21 0.934 0.009*

Groups: group 1 (control) — calcium hydroxide (CH) only; group 2 - CH and
the anchovy nano-extractin a 1:1 ratio; group 3 — CH and the anchovy
nano-extractina 1:2 ratio.

* statistically significant.

No significant change in the OLC count throughout the
whole observation period was observed within the control
group, which received CH only (p > 0.05). In group 2, a sig-
nificant increase in the OLC count was observed on day
21 as compared to day 7 (p = 0.014) and day 14 (p = 0.023).
In group 3, a significant increase in the OLC count was
observed on days 14 (p = 0.016) and 21 (p = 0.008) as com-
pared to day 7, while no significant difference was observed
between days 14 and 21 (p = 0.934) (Table 3).

Alkaline phosphatase expression

The immunohistochemical detection of ALP on days
7, 14 and 21 is shown in Fig. 2. The arrows indicate ALP
expression in macrophage cells in each group.

Significant differences in ALP expression were observed
between both groups receiving CH with the added anchovy
nano-extract at 1:1 and 1:2 ratios and the CH-only group
(p < 0.05). The addition of the anchovy nano-extract to
CH at a 1:1 ratio significantly increased ALP expression as
compared to the CH-only group on day 7 (p = 0.008), day
14 (p = 0.000) and day 21 (p = 0.000). Similarly, the 1:2 ratio
significantly increased ALP expression as compared to
the CH-only group on day 7 (p = 0.001), day 14 (p = 0.001)
and day 21 (p = 0.000). No significant difference in ALP
expression was observed between the 1:1 and 1:2 ratios on
any of the observation days (Table 2).

No significant difference in ALP expression through-
out the whole observation period was observed within
the control group, which received CH only (p > 0.05). In
group 2, a significant increase in ALP expression was ob-
served on day 21 as compared to day 7 (p = 0.031) and day
14 (p = 0.023). Also in group 3, a significant increase in
ALP expression was observed on day 21 as compared to
day 7 (p = 0.008) and day 14 (p = 0.009) (Table 3).
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Fig. 1. Detection of odontoblast-like cells (OLCs) (indicated by arrows) in the study groups at different time points (histopathological examination)

Groups: group 1 (control) — calcium hydroxide (CH) only; group 2 — CH and the anchovy nano-extract in a 1:1 ratio; group 3 — CH and the anchovy nano-extract

ina 1:2 ratio.
A, B,C—groups 1,2 and 3, respectively, on day 7, D, E, F — groups 1,2 and 3, respectively, on day 14; G, H, | - groups 1, 2 and 3, respectively, on day 21.

Fig. 2. Immunohistochemistry (IHC) examination of alkaline phosphatase (ALP) expression in macrophages (indicated by arrows) in the study groups at different
time points
Groups: group 1 (control) — calcium hydroxide (CH) only; group 2 — CH and the anchovy nano-extract in a 1:1 ratio; group 3 — CH and the anchovy nano-extract

ina 1:2 ratio.
A, B,C—groups 1,2 and 3, respectively, on day 7, D, E, F — groups 1,2 and 3, respectively, on day 14; G, H, | - groups 1, 2 and 3, respectively, on day 21.
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Discussion

In this study, the rats were subjected to mechanical pulp
injury in the form of perforation to stimulate the formation
of reparative dentin.?’ Rats were selected, as the structure
of their teeth resembles that of human teeth. Several previ-
ous studies have used rat maxillary and mandibular molars
as experimental models.?%?° The formation of reparative
dentin is the primary goal of vital pulp treatment follow-
ing injury.?® Stem cells migrate from richly vascularized
tissues to the injured area to facilitate tissue repair. In
general, the repair process following pulp capping involves
moderate inflammation, the recruitment and migration
of stem or progenitor cells, cell proliferation, and subse-
quent differentiation. Stem cells play a crucial role in tissue
regeneration.3! Various materials and methods have been
investigated to optimize the proliferation and differen-
tiation of mesenchymal stem cells (MSCs).3*3> Exploring
new materials and approaches to enhance the proliferation
and differentiation of MSCs, including dental pulp stem
cells, is important for supporting pulp regeneration.3-3°
Previous studies have demonstrated the positive effects
of MSCs on tissue regeneration, including in medically
compromised subjects.?*~** Odontoblast-like cells origi-
nate from dental pulp stem cells, which are activated by
the cytokines released during the inflammatory process.°
However, excessive or prolonged inflammation, particu-
larly in the presence of bacteria and their by-products such
as lipopolysaccharides, may interfere with the proliferation
and differentiation of these cells and consequently impair
pulp regeneration.*>¢ Therefore, pulp capping materials
should not only protect the injured pulp from bacterial
contamination, but also support the cellular processes
involved in pulp repair and regeneration.

This study evaluated ALP expression and the number
of OLCs as markers involved in the formation of reparative
dentin. The ability of the anchovy nano-extract to stimulate
reparative dentin formation in the perforated pulp of Wistar
rat molars may be attributed to its calcium and phospho-
rus content, which can contribute to the formation of cal-
cium phosphate and hydroxyapatite. Hydroxyapatite plays
an important role in supporting reparative dentin formation
and maintaining the vitality of the injured pulp. Calcium
hydroxide mixed with distilled water showed lower OLC
count and ALP expression than the anchovy nano-extract
treatment groups. Calcium hydroxide has a strongly alkaline
pH.* Its high alkalinity causes the formation of a necrotic
region, known as the cauterization zone, shortly after con-
tact with the pulp tissue, subsequently leading to inflam-
mation in the adjacent tissue.*® Other limitations of CH
as a pulp capping material include its high solubility and
inadequate sealing ability, which may compromise the long-
term integrity of reparative dentin.*’

In this study, significant differences in OLC formation
were observed between the CH-anchovy nano-extract 1:1
combination group and the CH-anchovy nano-extract 1:2

T. Yuanita et al. CH and the anchovy nano-extract increase OLC count and ALP expression

combination group between days 14 and 21. This finding
may be attributed to the phosphorus content of anchovies,
which may contribute to odontoblast cell proliferation.
Anchovies contain phosphorus, which, when mixed with
water, can form phosphate. Phosphate can react with cal-
cium to form calcium phosphate compounds, which play
an important role in the differentiation of stem cells into
odontoblasts. The anchovy extract contains 76% calcium
phosphate compounds in the form of hydroxyapatite.?
Calcium and phosphate ions are essential for the mineral-
ization of the reparative dentin matrix. The results of a pre-
vious study indicated that the number of odontoblast cells
increased with increasing concentrations of the anchovy
extract.?* Calcium and phosphate support mineralization
by promoting protein adsorption.* This process is benefi-
cial for dentinogenesis and provides a three-dimensional
(3D) framework for pre-odontoblasts and odontoblasts,
thereby supporting new dentin formation. During the early
stage of MSC differentiation, Runt-related transcription
factor 2 (Runx2) and bone morphogenetic protein-2 (BMP-
2) expression is significantly increased, followed by the
expression of ALP, osteopontin (OPN) and osteocalcin
(OC) as later markers of mineralization.>®

In this study, ALP expression increased among the treat-
ment groups. Alkaline phosphatase is an enzyme that pro-
motes mineralization, reported to be expressed after 14
and 21 days, with greater expression observed on day 21.5!
These findings are consistent with our study. The anchovy
nano-extract contains calcium and phosphate as bioac-
tive components. Calcium and phosphate may influence
the Wnt/B-catenin signaling pathway or activate the p38/
MAPK signaling pathway, thereby promoting the differen-
tiation of MSCs in the pulp and potentially increasing the
expression of mineralization-related genes.>? The expression
of ALP by pre-odontoblasts and odontoblasts indicates that
these cells are undergoing the mineralization phase.

The nanoparticle size of the anchovy provides finely
dispersed calcium and phosphate bioactive particles, which
may result in a larger surface area and greater interaction
with the pulp, and may also contribute to a dose-dependent
effect. Microenvironmental factors, such as the degrada-
tion or dissolution of calcium and phosphate from the an-
chovy nano-extract, may also influence the results. In the
in vivo environment, a series of biological events, including
immune regulation and immune responses, may affect the
observed outcomes. Further studies are needed to evaluate
the interaction between the anchovy nano-extract and the
inflammatory responses of the pulp.

Conclusions

Our study demonstrated that the application of CH and
the anchovy nano-extract at both 1:1 and 1:2 ratios in-
creased the number of OLCs and ALP expression in the
dental pulp of rats. The higher 1:2 ratio resulted in faster
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OLC formation as compared to the 1:1 ratio. Both ratios
increased ALP expression on day 21.
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Abstract

Background. Gamma-ray sterilization is commonly used for dental implants, but may alter their physical,
chemical and surface properties.

Objectives. The present study compared gamma-ray irradiation doses of 15 kGy and 25 kGy in terms
of their effects on the physical (microhardness), chemical (titanium (Ti) ion release) and surface
(morphology and hydrophilicity) properties of sand-blasted, large-grit, acid-etched (SLA) Ti Grade 4 (G4)
implants.

Material and methods. A total of 48 cylindrical Ti G4 samples (4 mm in diameter, 8 mm in thickness)
were irradiated using cobalt-60 (Co-60) gamma radiation at 0 kGy (non-irradiated), 15 kGy or 25 kGy
doses. Post-irradiation analyses included testing Vickers hardness (HV), Ti ion release in simulated body
fluid (SBF) after 2 weeks, the water contact angle (), and scanning electron microscopy (SEM) for
morphology assessment. Statistical significance was set at a = 0.05.

Results. Gamma-ray irradiation significantly impacted all measured properties. The mean hardness
decreased from 536.5 HV (non-irradiated) to 251.3 HV (15 kGy) and 203.8 HV (25 kGy) (p < 0.001);
no significant difference was observed between 15 kGy and 25 kGy. Titanium ion release increased
with a radiation dose: 44.68 pg/L (non-irradiated); 93.75 pg/L (15 kGy; p = 0.0292 vs. control); and
218.98 pg/L (25 kGy; p < 0.001 vs. control and 15 kGy). The water contact angles approached 0° post-
irradiation, indicating a shift to superhydrophilicity, significantly different from the moderately hydrophilic
control (p = 0.0085), with no difference between the radiation doses (p = 0.1266). The SEM analysis
revealed more pronounced micro-damage and roughness at 25 kGy.

Conclusions. Both 15 kGy and 25 kGy significantly altered surface properties, but 25 kGy induced greater
Ti ion release and micro-damage. Within the study limitations, 15 kGy is recommended as the preferred
sterilization dose, as it maintains sterility while minimizing mechanical degradation and excessive Ti ion
release as compared to 25 kGy.

Keywords: gamma radiation, sterilization, titanium implant
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* This study demonstrates that gamma-ray irradiation alters the morphology and hydrophilicity, as well as physical
(microhardness) and chemical (titanium (Ti) ion release) properties of SLA (sand-blasted, large-grit, acid-etched)-

treated Ti Grade 4 (G4) implants.

* A 15 kGy dose optimally sterilizes Ti while maintaining mechanical integrity and minimizing Ti ion release.
* A 25 kGy dose weakens Ti hardness and increases Ti ion release beyond safe limits, affecting long-term implant

stability.

* Gamma-ray irradiation enhances surface hydrophilicity, which may improve osseointegration and bone healing in

dental implant applications.

* The findings support the safe and effective use of gamma-ray sterilization for Ti implants in clinical and industrial

settings.

Introduction

Dental implant fixtures must be completely sterile
before clinical use to prevent peri-implant infections
that jeopardize osseointegration. Biomaterial guidelines
emphasize that sterilization methods should eliminate
pathogens without degrading the properties of the im-
plant. Various sterilization techniques include steam auto-
claving, chemical disinfectants and radiation (gamma or
electron-beam).! Among these, gamma-ray irradiation is
widely used due to its deep penetration, decisive microbial
lethality, and ability to sterilize without thermal damage
or chemical residues.>* Using high-energy photons
(usually from a cobalt-60 (Co-60) source), gamma-ray
irradiation effectively inactivates bacteria, viruses and
spores by inducing irreparable DNA damage, ensuring
sterility without leaving toxic byproducts.* Gamma rays
can sterilize devices in their final packaging at ambient
temperature, making them suitable for mass production.’
These advantages have led to gamma-ray sterilization
becoming an FDA (Food and Drug administration)- and
EMA (European Medicines Agency)-approved standard
method in the dental implant industry.®

Standard gamma sterilization protocols often employ
dosesaround 25kGy, asit meetstherequirementsregarding
the sterility assurance level for medical devices.” However,
ensuring that such radiation does not compromise the
physical and chemical integrity of titanium (Ti) implants
during the terminal sterilization process is critical.” Studies
have shown that exposure to gamma-ray irradiation alters
the physical (microhardness), chemical (Ti ion release)
and surface (morphology and hydrophilicity) properties
of Ti implants.? Surface roughness and hydrophilicity
play a crucial role in osseointegration.® Implants with
moderate roughness (Sa 1-2 um) and high hydrophilicity
exhibit enhanced osseointegration.! Ueno et al. demon-
strated that gamma-ray irradiation enhanced the hydro-
philicity of Ti surfaces, reducing the water contact angle
(6) to approx. 10°, which might improve osseointegration.?

Similarly, El-Bediwi et al. reported that gamma-ray
exposure increased surface roughness and microstructural
changes in Ti, affecting its mechanical integrity.' Research
has shown that gamma-ray irradiation can disrupt the
titanium oxide (TiO,) layer, potentially increasing Ti ion
release and raising concerns about cytotoxic effects.!"!!
Zhou et al. further report that mechanical wear during
implantation and prolonged chemical corrosion may also
compromise this oxide layer.!! Despite these findings, the
issue of Ti ion release and its clinical implications remain
relatively underexplored, particularly in relation to peri-
implant conditions and long-term biocompatibility.!213

Despite the widespread use of 25 kGy in sterilization
protocols, emerging evidence suggests that lower doses,
such as 15 kGy, might be sufficient to achieve sterility
while minimizing adverse effects on Ti implants.!14-16
Preliminary bioburden testing, which quantifies microbial
contamination before sterilization, has shown that a dose
of 15 kGy can be substantiated under the International
Organization for Standarization (ISO) 11137-2 VDmax
15 protocols as sufficient to achieve microbial reduction
to acceptable levels, provided the natural bioburden is
very low.l” Moreover, the ISO standards for medical
device sterilization recommend dose adjustments based
on bioburden assessments, rather than a fixed-dose
approach.? Preliminary research on the prototype Ti
implant sterilization using gamma rays identified a bio-
burden threshold at a 15 kGy dose.® However, studies that
have directly compared the effects of 15 kGy vs. 25 kGy on
Ti implant properties are limited.

Therefore, this study aims to analyze the effects
of gamma-ray irradiation at 15 kGy and 25 kGy on
the mechanical properties (microhardness), surface
characteristics (morphology and hydrophilicity) and
Ti ion release of SLA (sand-blasted, large-grit, acid-
etched)-treated Ti implants. Understanding the impact
of different doses on implant integrity is crucial for
optimizing sterilization protocols while preserving
implant performance.
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Material and methods

This quasi-experimental study, conducted from April
to July 2023, aimed to investigate the effects of gamma-
ray irradiation on cylindrical SLA-treated Ti surfaces. The
research sample consisted of 48 cylindrical, non-threaded Ti
implants (4 mm in diameter, 8 mm in thickness) made from
pure Grade 4 (G4) Ti, manufactured by Pudak Scientific
(Bandung, Indonesia). Titanium samples were prepared
using a dual microtopography surface treatment called sand-
blasted, large-grit, acid-etched (SLA). First, the samples
were sand-blasted with alumina particles (200-300 um).
Next, they were immersed in 48% hydrofluoric acid at
room temperature for 30-60 s. Subsequently, the samples
were immersed in a mixture of 37% hydrochloric acid and
97% sulfuric acid in a 2:1 ratio at temperatures ranging from
80°C to 100°C for 5—6 min, which created a secondary
micro-scale topography. Finally, the samples were rinsed
thoroughly with distilled water, ultrasonically cleaned, and
air-dried before gamma-ray irradiation.

A total of 48 cylindrical SLA-treated Ti samples were
used in this study. The samples were divided into 3 ir-
radiation groups depending on the dose used (0 kGy,
15 kGy and 25 kGy), with 16 samples per group. Within
each group, the samples were allocated to 4 assessment
categories: physical properties (Vickers hardness);
surface morphology (scanning electron microscopy (SEM));
hydrophilicity (the contact angle); and Ti ion release
(graphite furnace atomic absorption spectrometry
(GFAAS)). Each assessment was performed on the
samples from all 3 irradiation groups to enable consistent
comparisons across doses. The Ti surface was the
independent variable, while the dependent variables
included physical characteristics, ion release, morphology,
and hydrophilicity. Gamma-ray dose levels (0 kGy, 15 kGy
and 25 kGy) were controlled to maintain uniformity.

Gamma-ray irradiation was performed using a Co-60
radioisotope device (Gammacell 220; Nordion Inc.,
Ottawa, Canada), which emits electromagnetic radiation
onto Ti samples packed in polyethylene (PE) plastic. The
samples were exposed to irradiation doses of 15 kGy
and 25 kGy. The physical analysis was conducted at the
Bandung Institute of Technology (ITB), the morphological
and ion release analyses at the Indonesian Institute
of Sciences (LIPI), and hydrophilicity testing at the Faculty
of Dentistry, Universitas Padjadjaran, Indonesia.

Assessment methods
Physical properties

Hardness was measured with a Vickers hardness
tester (HV-10; Mitutoyo, Kawasaki, Japan), which uses
a diamond pyramid-shaped indenter (136°) that is pressed
into the surface of the test material (Ti) under a controlled
load. The test was conducted on the irradiated (15 kGy
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and 25 kGy) and non-irradiated samples. Hardness was
expressed in Vickers hardness units (HV).

Morphology

Surface morphology was observed using a scanning
electron microscope (SEM) (JSM-IT300; JEOL USA Inc.,
Peabody, USA), with a resolution of 0.1-0.2 nm. Observa-
tions were conducted at an acceleration voltage of 10 kV
with a working distance of 10 mm, using the secondary
electron imaging (SEI) mode. The samples were analyzed
at magnifications of x150, x500, x1,000, x2,500, x5,000,
and x10,000.

Hydrophilicity

The contact angle (6) of a 5-microliter water droplet on
the Ti surface (non-irradiated, and irradiated at 15 kGy
and 25 kGy) was measured using the Image] contact angle
measurement device (https://imagej.net/ij). The contact
angle was calculated using the convexity formula 8 = 2a.
The water contact angle classification was as follows: super-
hydrophilic (6 = 0°); hydrophilic (0° < 8 < 90°); hydrophobic
(90° < 8 < 120°); ultrahydrophobic (120° < 8 < 150°); and
superhydrophobic (8 > 150°).

Chemical properties

Titanium ion release was measured after 2 weeks
of immersion in simulated body fluid (SBEF), using
GFAAS (AAnalyst 800; PerkinElmer, Waltham, USA),
with results expressed in pg/L.

Materials and equipment

The materials used in this study include cylindrical
Ti G4 samples and the SBF solution. The equipment
comprised six 250-milliliter glass jars, 3 dropper pipettes,
tweezers, label paper, gloves, masks, a Vickers hardness
tester, a SEM, a contact angle measurement system
(Image J), a GFAAS device, and an incubator.

Procedure and data collection
Titanium sample grouping

The Ti samples were divided into 3 groups: group 1
served as the control group (non-irradiated samples);
group 2 included samples irradiated at a 15 kGy gamma-
ray dose; and group 3 consisted of samples exposed to
a 25 kGy gamma-ray dose.

Gamma-ray irradiation

The Ti samples underwent gamma-ray irradiation
at doses of 15 kGy and 25 kGy, while the control group
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remained non-irradiated at 0 kGy, which ensured
a comparative analysis of the effects of gamma-ray
exposure on the Ti surface.

Vickers hardness tests

The gamma-irradiated (15 kGy, 25 kGy) and non-
irradiated samples were mounted onto specimen holders.
A Vickers hardness tester was then used — a 50-gram load
was applied to the central top surface of the Ti cylinders
for 10 s to measure their hardness.

Morphology analysis using SEM

The Ti samples from all groups were affixed to speci-
men holders for the surface morphology analysis. The
surface structure was examined using a SEM at x150,
x500, x1,000, x2,500, x5,000, and x10,000 magnifica-
tions, enabling a detailed observation of morphological
changes.

Hydrophilicity testing

The water contact angle measurements for the 0 kGy,
15 kGy and 25 kGy samples were categorized as super-
hydrophilic at 0°, hydrophilic for angles between 0°
and 90°, hydrophobic within the 90-120° range, ultra-
hydrophobic between 120° and 150°, and superhydro-
phobic when exceeding 150°. A scoring system was
used to quantify these properties, with a score of
1 assigned for superhydrophilic (0°), 2 for hydrophilic
(<90°), 3 for hydrophobic (90-120°), 4 for ultrahydro-
phobic (120-150°), and 5 for superhydrophobic (>150°).
A 5-microliter water droplet was applied to the surface
of each Ti sample using a micropipette. The contact angle
between the droplet and the Ti surface was measured
using a contact angle measurement device to determine
the hydrophilicity properties of each sample.

lon release testing

The Ti samples from all groups were immersed in SBF
inside small plastic containers. The containers were in-
cubated at 37°C for 2 weeks, with the SBF solution replaced
every 2 days to simulate in vivo conditions. After 2 weeks
of immersion, the collected SBF solution was analyzed for
Ti ion release, using GFAAS.

Table 1. Quantitative data statistical analysis
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Data analysis design

Data analysis involved a mixed-method approach,
integrating quantitative and qualitative methods. Quanti-
tative data was analyzed using the analysis of variance
(ANOVA) and post-hoc pairwise tests for hardness and
ion release, while the Kruskal-Wallis and Wilcoxon—
Mann—-Whitney tests were applied for hydrophilicity
(Table 1). Statistical test selection was based explicitly on
data distribution and variance characteristics, assessed via
the Shapiro—Wilk test for normality and Levene’s test for
the homogeneity of variance. The significance level was
set at p < 0.05. Effect sizes (e.g., partial eta-squared (77,?)
for ANOVA, Cohen’s d) were also calculated to interpret the
magnitude of differences between the groups. Qualita-
tive analysis involved the descriptive evaluation of the
morphological characteristics observed through SEM
imaging, where surface features such as striations, micro-
cracks and roughness variations were compared across
the experimental groups.

The sample size was determined using Federer’s formula,
chosen for its practical suitability in exploratory labora-
tory conditions with limited resources and unknown prior
variance estimates. Multiple identical samples per group
provided internal replication, ensuring robust statistical
comparisons. To minimize confounding variables, environ-
mental conditions, sample purity and preparation consistency
were strictly controlled, including uniform temperature and
humidity monitoring, consistent batch sourcing of Ti G4, and
rigorous standardization of SLA treatment.

Results

Vickers hardness tests

The mean Vickers hardness values decreased sub-
stantially with gamma-ray irradiation. The non-irradiated
control group showed the highest hardness (536.5
15.3 HV), whereas the values for the 15 kGy and 25 kGy
groups were markedly lower at 251.3 +8.1 HV and 203.8
+63.2 HV, respectively. The one-way ANOVA confirmed
a highly significant overall difference among the 3 groups
(p < 0.0001; 7,2 ~ 0.95). Post-hoc comparisons indicated
that both 15 kGy and 25 kGy irradiation led to significantly
reduced hardness as compared to the control (p < 0.001 for
each dose). For example, the drop in hardness at 25 kGy

Variable tested Normality test Variance homogeneity Difference test Post-hoc test

‘VIckers hardness Shapiro-Wilk test

‘ lon release Shapiro-Wilk test

‘ Hydrophilicity Shapiro-Wilk test

Levene's test

Levene's test

one-way ANOVA Tukey's HSD test ‘

one-way ANOVA Tukey's HSD test ‘

Kruskal-Wallis test Wilcoxon-Mann-Whitney test ‘

HSD - honest significant difference.
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corresponded to a very large effect size (Cohen’s d ~ 7).
There was no statistically significant difference between
the 15 kGy and 25 kGy groups (p > 0.05), suggesting that
most mechanical degradation occurs by 15 kGy (Table 2).

Morphological analysis using SEM

Scanning electron microscopy revealed dose-dependent
surface damage on the SLA-treated Ti (Fig. 1-3).

Fig. 1. Scanning electron microscopy (SEM) images at x2,500 magnification

A - 0kGy; B - 15 kGy gamma radiation; C — 25 kGy gamma radiation.

Fig. 2. Scanning electron microscopy (SEM) images at x5,000 magnification

A -0 kGy; B - 15 kGy gamma radiation; C — 25 kGy gamma radiation.

Fig. 3. Scanning electron microscopy (SEM) images at x10,000 magnification

A - 0kGy; B - 15 kGy gamma radiation; C — 25 kGy gamma radiation.

937

Table 2. Vickers hardness values for the study groups and post-hoc test
results

G Vickers hardness p-value (post-hoc test)
[HV] 0 kGy 15 kGy

‘ 0 kGy 536.5+53 0.0000* 0.0000%
‘ 15 kGy 2513 +8.1 0.0000% = 0.1023 ‘
‘ 25 kGy 203.8 +63.2 0.0000% 0.1023 - ‘

Data presented as mean + standard deviation (M +SD).
* statistically significant.
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The non-irradiated surfaces showed rough micro-texture,
characteristic of SLA treatment, while higher radiation
doses produced more pronounced microstructural altera-
tions. The 25 kGy samples exhibited deeper striations, pits
and micro-cracks than the 15 kGy and control samples.
Although quantitative roughness measurements were not
performed, SEM imaging demonstrated increased micro-
damage and structural irregularities correlating with
a radiation dose.

Hydrophilicity testing

Both irradiated groups showed a shift toward superhydro-
philicity, with near-zero water contact angles, whereas
the control surface remained moderately hydrophilic.
The overall Kruskal-Wallis test result shown in
Table 3 indicates a statistically significant difference in
hydrophilicity among the 3 groups (p = 0.0085). Pairwise
comparisons revealed that even the lower dose of 15 kGy
significantly improved surface wettability as compared to
the control group (p = 0.0082), supporting the meaningful
effect of gamma-ray irradiation at this dose. However, no
statistically significant difference was observed between
the 15 kGy and 25 kGy groups (p = 0.1266), suggesting
a saturation effect where hydrophilicity reaches its maximum
potential beyond 15 kGy.

Table 3. Hydrophilicity values for the study groups and Kruskal-Wallis test
results

Grou Hydrophilicity p-value
P (values acc. to the scoring system applied) | (Kruskal-Wallis test)

0 kGy 300 +10.50 0.0085*
15 kGy 2004550 - \
| 25kGy 1,50 +3.50 - |

Data presented as median + average rank (Me +Avg. Rank).
* statistically significant.

lon release testing

The ion release analysis demonstrated a clear dose-
dependent response. The one-way ANOVA revealed
a highly significant overall difference in Ti ion release
among the 3 groups (p < 0.0001) (Table 4). Post-hoc pair-
wise comparisons showed significantly higher Ti ion re-
lease in the 15 kGy group (93.75 £16.98 pg/L) than in the

Table 4. lon release values for the study groups and one-way ANOVA
results

Grou Tiion release p-value
- [ug/L] (one-way ANOVA)

0 kGy 44.68+2.48 <0.0001* |
15 kGy 9375 +16.98 - |
25 kGy 21898 +43.11 . |

Data presented as M +SD.
Ti — titanium; * statistically significant.
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control group (44.68 +2.48 ug/L) (p = 0.0292). Further-
more, the 25 kGy group exhibited significantly higher Ti
ion release (218.98 +43.11 pg/L) than both the control and
15 kGy groups (p < 0.001 for both comparisons), indicat-
ing a dose-dependent increase in ion release.

Discussion

Gamma-ray exposure significantly reduced implant
hardness, with the highest hardness observed in the non-
irradiated control group (536.5 +5.3 HV), and progres-
sively lower hardness values observed at doses of 15 kGy
(251.3 + 8.1 HV) and 25 kGy (203.8 +63.2 HV). Titanium
G4 dental implants typically require a surface hardness
of at least 280 HV to withstand masticatory loads.
Although gamma-ray irradiation reduced the measured
surface hardness to 251.3 +8.1 HV at 15 kGy; it is important
to note that the depth of hardness deterioration was not
assessed in this study. Therefore, while surface weakening
is evident, it remains unclear whether the bulk mechanical
integrity necessary for masticatory loading is significantly
compromised. Further depth-resolved hardness analyses
are warranted to confirm the clinical implications.
Excessive occlusal stress beyond the tolerance of the bone
and the implant can cause micro-fractures, reduce bone
density at the implant neck and lead to crater-like defects.
Studies show that irradiation at 10 kGy and 20 kGy alters
Ti microstructure, affecting the crystal size and atomic
bonds. High-energy gamma rays induce surface defects,
atomic loss and movement, ultimately leading to Ti weak-
ening.>!® Excessive gamma-ray irradiation at 25 kGy
caused significant surface destruction, as shown in the
SEM analysis (Fig. 2). The irradiated samples displayed ir-
regular, rough surfaces, with the most severe damage in
the 25 kGy group. Similar studies have shown that higher
irradiation doses, such as 30 kGy, create deeper grooves
and increase roughness. Optimal implant surface rough-
ness (1-100 um) enhances cellular activity, osseointegra-
tion and bone apposition by facilitating fibrin protein
adhesion and osteogenic cell attachment, and improving
implant stability within the host bone.?*?

In this research, all samples were surface-treated
using the SLA technique, which made the sample’s surface
topography rough or irregular. Gamma-ray irradiation
further altered surface characteristics by inducing disrup-
tions in atomic bonding within the TiO, layer, thereby in-
creasing surface roughness while simultaneously inducing
Ti weakness. The SEM morphology results correlate with
the physical properties of gamma-irradiated Ti. However,
this study did not include quantitative surface roughness
measurements; therefore, exact roughness values could
not be determined.?!-23

Gamma rays, in addition to their excellent sterilization
effects, can also enhance the osseointegration capability
of implants. The hydrophilicity of the Ti surface can
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impact various biological aspects, including facilitating
the adhesion of macromolecular proteins to the Ti
surface, influencing cell interactions in both hard and
soft tissues, and affecting bacterial adhesion and biofilm
formation.?*?> This pronounced shift toward complete wet-
ting reflects radiation-induced alterations in the surface
chemistry, such as removing hydrophobic contaminants
and creating hydroxyl groups on the oxide layer. These
changes enhance the ability of the surface to attract and
bind water molecules, contributing to improved protein
adsorption and subsequent cell attachment, which are
crucial for successful osseointegration.

After the deposition of blood proteins on a hydrophilic
implant surface, successful integration between the im-
plant and the bone requires precursor osteoblast cells,
followed by differentiation, extracellular matrix synthesis
and soft tissue growth. A hydrophilic surface facilitates
the invasion of mesenchymal stem cells (MSCs), promot-
ing osteoblast maturation at the implantation site. Along-
side hard tissue formation, the growth of soft tissue, such
as the connective tissue layer beneath stratified squamous
epithelial cells, is essential for covering the implantation
site, and protecting against infection and peri-
implantitis.?®?” Gittens et al. reported that keratinocyte
proliferation on superhydrophilic surfaces improved
epithelial closure.?®

Another biological effect of surface hydrophilicity is its
influence on bacterial colonization. Hydrophilic bacterial
strains tend to adhere more easily to other hydrophilic
surfaces; the same applies to hydrophobic bacteria.
Bacteria on hydrophilic surfaces can contribute to plaque
formation, a key factor in peri-implantitis. Therefore,
surface treatment that inhibits biofilm maturation, such
as polyethylene coating, may be beneficial 2%

The findings of this study demonstrate that increased
gamma-ray exposure resulted in a surface property shift
from hydrophobic to hydrophilic, particularly in the
15 kGy and 25 kGy groups. When metals like Ti are ir-
radiated with gamma rays, their surface properties change
to hydrophilic due to a phenomenon known as radiation-
induced surface activation (RISA).3*3! The working
principle of RISA involves excitation and altered spacing
between oxide particles, leading to atomic separation
within the Ti-O-Ti bonds. Consequently, oxygen atoms (O,)
attract water molecules from the air, further enhancing
surface hydrophilicity.

Ueno et al. described another mechanism contribut-
ing to hydrophilicity enhancement — organic molecules
on the Ti implant surface being effectively decomposed
by gamma-ray irradiation.? This process results in a clean
Ti surface, facilitating the binding of oxygen atoms from
the surrounding air, further promoting the hydrophilic
transformation of the implant surface.2*?3 Gamma rays
alter the hydrophilicity of the implant surface and disrupt
the TiO, bonds, leading to ion release.?* In the present
study, ion release increased significantly with higher

939

gamma-ray doses, with the highest ion concentration
observed in the 25 kGy group (218.98 +43.11 ug/L), followed
by the 15 kGy group (93.75 +£16.98 pg/L), and the lowest
in the non-irradiated group (44.68 +2.48 pg/L). Notably,
ion release in the 25 kGy group slightly exceeded the safe
threshold for human exposure (214.28 pg/L). Excessive
Ti ion release can provoke systemic responses, including
inflammatory reactions mediated by interleukin (IL)-1p
activation and macrophage recruitment, potentially leading
to peri-implant bone resorption (peri-implantitis).

Elevated ionic dissolution might influence peri-implant
tissues or raise biocompatibility concerns over time,
although the absolute levels observed here are still relatively
low. Notably, a 15 kGy dose approx. doubled ion release
relative to the non-irradiated control. In contrast, a 25 kGy
dose quintupled it, highlighting the disproportionate
impact of higher gamma radiation doses on Ti dissolution.
This emphasizes the importance of carefully selecting
sterilization parameters to ensure long-term implant
stability.3>-%” Clinically, minimizing ion release is critical
to preventing potential inflammatory or cytotoxic effects.
Therefore, a gamma-ray sterilization dose of 15 kGy is
recommended for Ti implants, as it effectively sterilizes
while maintaining Ti ion release within safe human
exposure limits.?3 According to the ISO 11137 standard,
the determination of gamma-ray sterilization doses (15 kGy
or 25 kGy) should be based on bioburden assessment.
This study found that 15 kGy and 25 kGy doses showed
no significant differences, except in ion release properties.
A 15kGydosewasidentified as optimal, effectively sterilizing
the implant material without significantly compromising
its hardness, morphology or hydrophilicity. However, this
study was limited by the absence of quantitative surface
roughness measurements, pointing to the need for further
in vitro research on Ti bioactivity and osseointegration after
gamma-ray irradiation.%4!

Several limitations of this in vitro evaluation should be
acknowledged. Aside from the lack of quantitative rough-
ness data mentioned above, the study was conducted on
smooth cylindrical specimens in a controlled laboratory
setting, which might not capture all aspects of clinical
implant performance. In vivo conditions (such as bone
remodeling dynamics and long-term body fluid exposure)
could modulate the observed effects. Additionally, our
focus was on short-term outcomes (immediate post-
irradiation properties and ion release at 2 weeks), so the
long-term effects of gamma-ray irradiation on implant
surfaces remain uncertain. Despite these limitations, the
consistently large effect sizes and clear trends observed
here strengthen confidence in our findings. The observed
gamma-induced changes in hardness, hydrophilicity and
ion release are not only statistically significant, but also
of substantial magnitude, underlining their potential
clinical relevance.

Within the limitations of this study, a 15 kGy gamma
dose emerges as a promising sterilization level that



940

achieves sterility while limiting adverse alterations to
implant properties. In comparison, although effective
for sterilization, the standard 25 kGy dose significantly
compromises mechanical hardness and dramatically in-
creases ion release, which could negatively affect implant
longevity and biocompatibility. These findings highlight
the importance of optimizing gamma-ray sterilization
parameters for dental implants. While achieving sterility
remains paramount, preserving Ti mechanical strength,
surface morphology and biocompatibility is essential for
ensuring long-term clinical success. Adopting a 15 kGy
dose offers a promising balance between microbial safety
and material preservation, potentially improving implant
longevity and patient outcomes.

Conclusions

This study shows that gamma-ray irradiation at 15 kGy
and 25 kGy significantly influences SLA-treated Ti im-
plants. The results indicate a reduction in surface hard-
ness, alterations in surface morphology, the enhancement
of hydrophilicity, and an increase in Ti ion release. Notably,
a 25 kGy dose induces considerable surface micro-damage,
leads to excessive ion release, exceeding the established
safe limits, and results in substantial mechanical
degradation, which may jeopardize long-term implant
stability and biocompatibility. In contrast, a 15 kGy dose
effectively achieves sterilization while mitigating adverse
effects, maintaining surface hardness closer to clinically
acceptable thresholds, and ensuring that ion release
remains within safe parameters.

While this research is constrained by the absence
of quantitative surface roughness measurements and
focuses on short-term in vitro evaluations, the findings
suggest that a sterilization dose of 15 kGy strikes
an advantageous balance between achieving sterility
and preserving critical implant surface and mechanical
properties. Further studies incorporating quantitative
roughness profiling, in vivo evaluations and long-term
assessment are essential to validate these conclusions and
inform clinical practice.
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Abstract

Background. Zirconia, or stabilized zirconium oxide (Zr0;), is a widely used dental ceramic for full-coverage
crowns owing to its favorable biological and esthetic properties. Upon cooling after high-temperature sinter-
ing, zirconia undergoes a tetragonal-to-monoclinic phase transformation, which causes volume expansion
and brittleness. Adhesive cementation (AC) is crucial for the clinical performance of zirconia restorations,
enhancing their retention, marginal adaptation and fracture resistance, thereby contributing to their suit-
ability for dental restorations.

Objectives. The aim of the present study was to evaluate how different kinds of surface treatment affect the
shear bond strength (SBS) of zirconia, to analyze the influence of various luting agents on the SBS of zirconia,
and to investigate the effect of simulated aging through water storage on the SBS of zirconia.

Material and methods. An experimental study design was used to assess the impact of 2 luting agents
(RelyX™ Unicem and Panavia™ F 2.0), different surface treatment methods (STMs) and variable water-storage
durations (1day (1D), 1 month (1M) and 6 months (6M)) on the SBS of zirconia.

Results. The study revealed that RelyX consistently showed lower mean SBS values than Panavia across the
different water-storage durations. Forinstance, in group 1at 1D, the mean SBS for RelyX was 1712 +0.71 MPa
as compared to 21.76 +2.81 MPa for Panavia. ANOVA indicated significant differences in SBS between RelyX
and Panavia in each group (group 1: F = 13.892; p < 0.000). Post-hoc tests confirmed significant differences
in the mean SBS across the different aging durations. Overall, the findings provide comprehensive statistical
evidence regarding the performance of the 2 dental luting agents under different surface treatment and
aging conditions.

Conclusions. RelyX consistently demonstrated lower mean SBS values than Panavia across the different
water-storage durations, indicating differences in their bonding performance. Statistical analyses confirmed
significant differences in SBS between the 2 luting agents.

Keywords: dental materials, zirconia, surface treatment, shear bond strength, luting agents
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« Surface treatment significantly affected shear bond strength (SBS), as acid etching, particularly with silane, generally
produced stronger and more durable zirconia—resin bonds than air abrasion alone.

+ Cement selection influenced bonding performance, with Panavia™ F 2.0 generally showing higher initial SBS than
RelyX™ Unicem, although performance varied with surface treatment and aging.

+ Aging significantly reduced SBS across most surface treatment groups and both cements, indicating decreased

bond durability over time.

+ Group 6 produced the most stable bonding, as the combination of silane, air abrasion and HF treatment resulted

in the highest and most stable SBS throughout storage.

+ Combined surface treatment modalities improved bond durability, suggesting that integrating chemical and
micromechanical treatment is more effective than using either approach alone, although further clinical validation

beyond this in vitro model is needed.

Introduction

Zirconia, or stabilized zirconium oxide (ZrO,), is a high-
strength dental ceramic widely recognized for its excellent
fracture toughness and biocompatibility. Its tetragonal
phase, stabilized by a small addition of yttria, enhances its
mechanical properties and dimensional stability, making
it an ideal material for dental prosthetics.!-3

Although zirconia inherently possesses high fracture
toughness, the manner in which the tooth is prepared re-
mains crucial in influencing stress distribution within the
crown—tooth complex. A well-performed tooth preparation
reduces the risk of fracture and enhances the mechanical
retention of the zirconia crown, particularly in posterior
regions, where greater occlusal forces are exerted.* Until
recently, zirconia ceramic crowns were fabricated similarly
to metal-ceramic crowns, with an external layer of sintered
porcelain and an internal zirconia core. This combination
was intended to provide the crown with improved esthetic
appearance as well as enhanced mechanical strength.>~7

Fractures of veneering porcelain pose significant chal-
lenges in fixed dental prostheses, primarily due to com-
patibility issues between the zirconia framework and the
veneering material. In recent years, monolithic zirconia has
emerged as an alternative to veneered zirconia restorations.
This innovative approach involves the fabrication of full-
contour zirconia restorations using a dental computer-aided
design/computer-aided manufacturing (CAD/CAM) sys-
tem, thereby eliminating the complications associated with
the bonding of zirconia and veneering porcelain.

Despite this progress, it is important to recognize that
monolithic zirconia may not provide the same esthetic
outcomes as zirconia cores veneered with porcelain. This
difference may be attributed to the relatively uniform
color and limited optical properties of monolithic zirconia
crowns, which can result in a less natural and esthetically
pleasing appearance.?

The prosthetic fabrication of zirconia has evolved
from traditional layering techniques to advanced CAD/
CAM processes. These methods not only ensure precise

anatomical conformity and improved esthetic outcomes,
but also significantly reduce the potential for manual
errors.” The present study specifically focuses on CAD/
CAM-fabricated restorations, given their increasing preva-
lence in clinical applications and their relevance to the
evaluation of surface treatment and bonding efficiency.

Cementation is crucial to the clinical effectiveness of ce-
ramic restorations. Zirconia ceramics can benefit from ad-
hesive cementation (AC), which may improve retention,
marginal adaptation and fracture resistance. The use of zir-
conia and resin cements may also permit more conserva-
tive tooth preparation while reducing the risk of restoration
failure. Various surface treatment and bonding strategies
have been proposed to achieve a strong and durable bond
between zirconia and resin cements. These include incor-
porating phosphate-modified monomers, such as 10-meth-
acryloyloxydecyl dihydrogen phosphate (MDP), into resin
cement; air abrasion, performed either in the laboratory
or chairside, using 30- or 110-micrometer silica-coated
aluminum oxide particles; the use of zirconate-coupling
primers, tetraethoxysilane flame-treatment devices, orga-
nofunctional silanes, laser irradiation, silicon vapor-phase
deposition, and selective infiltration etching.”101!

Despite the availability of various surface treatment
methods (STMs) aimed at enhancing the strength of bond
to ZrO,, conflicting results persist, primarily due to varia-
tions in bond-strength testing methodologies.

Due to its chemical inertness and lack of a silica-rich
glassy phase, establishing an effective bond between zir-
conia and resin cements remains challenging, rendering
conventional acid-etching methods less effective. Achiev-
ing a strong and durable resin—zirconia bond generally re-
quires a comprehensive approach combining chemical and
micromechanical surface pretreatment.!? Acid etching can
increase the wettability and surface area of silica-contain-
ing ceramics by altering their surface energy and bonding
potential. However, unlike silica-based ceramics, zirconia
has a highly crystalline, silica-free microstructure that is
resistant to conventional acid etching. Consequently, acid
etching produces limited topographical changes on the



Dent Med Probl. 2026;63(4):943-951

zirconia surface, and is generally insufficient to achieve
a strong and durable bond with a resin cement.!3

Alternatively, acid-resistant ceramics can be air-abraded
with aluminum oxide particles to produce surface irregu-
larities and enhance micromechanical retention. However,
research suggests that although air-abraded zirconia ceram-
ics may initially improve bonding with certain luting agents,
this bond may not remain stable during prolonged storage
in artificial saliva or thermocycling in water. This instability
may be attributed to limited chemical interaction between
the treated zirconia surface and certain luting agents, as well
as to the degradation of the resin—zirconia interface under
aging conditions. In summary, acid etching may not produce
substantial topographical alterations in highly crystalline
ceramics, while air abrasion can initially enhance bonding
through micromechanical retention, but may not provide
sufficient long-term bond durability when used alone.!*

To improve resin bonding to metal and highly crystal-
line ceramics, various silica-coating systems were initially
introduced as experimental surface treatment techniques.
Notable systems, such as Rocatec, CoJet and Silicoater MD,
have demonstrated adequate bond strength in various stud-
ies. Monolithic zirconia crowns can benefit from resin-based
cements, particularly when enhanced retention and bonding
are required; however, achieving a durable bond remains chal-
lenging because of the inert, silica-free nature of zirconia. Air
abrasion is commonly recommended to enhance microme-
chanical retention, while resin-based cements can provide
additional chemical interaction when functional monomers
are incorporated. Despite the high strength and fracture
toughness of zirconia, the properties and durability of the
resin cement are also important for maintaining adequate
support and long-term stability of the ceramic restoration.!®

The study specifically employed RelyX™ Unicem and
Panavia™ F 2.0, selected for their distinct adhesive for-
mulations and widespread clinical use. RelyX Unicem,
a self-adhesive resin cement, is characterized by the ease
of use and favorable initial bond strength, making it suit-
able for a broad range of clinical indications. Panavia F
2.0, a resin cement used in conjunction with an adhesive
primer, was selected for its high bond durability and ef-
fectiveness under moist conditions. These properties make
both cements suitable for evaluating the effects of different
STMs and aging conditions, providing insights into their
performance under varied clinical scenarios.!

The present study aimed to assess the effects of 2 luting
agents, different STMs and variable water-storage dura-
tions on the shear bond strength (SBS) of zirconia.

Surface preparation techniques, such as air abrasion, se-
lective etching, and the application of functional primers,
can play an important role in enhancing the bond strength
between zirconia and resin cements. These treatment mo-
dalities can improve micromechanical interlocking and
promote chemical interaction at the zirconia—resin ce-
ment interface, thereby contributing to bond durability.
The present study explores different surface treatment
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protocols to determine their effects on the SBS of various
luting agents to zirconia, an aspect that is critical to the
long-term clinical success of ceramic restorations.

Hypotheses

The following hypotheses were tested:

— null hypothesis 1: Different STMs do not significantly
affect the SBS of zirconia;

— null hypothesis 2: Different types of resin cement do not
significantly affect the SBS of zirconia;

— null hypothesis 3: Artificial aging through water storage
does not significantly affect the SBS of zirconia.

Material and methods
Methodology

Each zirconia block was sectioned into specimens
measuring 10 mm x 4 mm x 2 mm, using an EM-DC2
die-cutting machine (Aixin Medical Equipment, Tianjin,
China). The specimens were then sintered and polished.
This uniform rectangular shape was selected to standard-
ize the testing area and ensure the consistent application
of the surface treatment and bonding procedures across
all specimens. The specimens were randomly divided into
6 groups, each of which received specific surface treatment
before bonding with the luting cement (Fig. 1).

Surface treatment groups

The zirconia specimens were divided into 6 distinct
groups, each subjected to a different surface treatment
protocol to evaluate its effect on bond strength:

— group 1: Air abrasion using 50-micrometer alumina
(Al,O3) particles at a pressure of 3.5 bar, a working dis-
tance of 10 mm, and a blasting time of 15 s;

— group 2: Air abrasion using 100-micrometer Al,O; par-
ticles under the same conditions as group 1;

— group 3: Immersion in 10% hydrofluoric acid (HF) at
60°C for 60 min, followed by rinsing with deionized wa-
ter and air-drying;

— group 4: Immersion in 20% HF under the same condi-
tions as group 3;

— group 5: Immersion in 30% HF under the same condi-
tions as groups 3 and 4;

— group 6: Combination treatment consisting of air abra-
sion with 110-micrometer Al,O; particles at 3.5 bar
for 10 s, followed by immersion in 30% HF at 60°C for
60 min and subsequent silanization.

A total of 360 specimens were prepared and equally
distributed among the 6 surface treatment groups. Each
group comprised 30 specimens for RelyX Unicem and 30
specimens for Panavia F 2.0, resulting in 180 specimens
for each type of resin cement.
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Surface treatment I

| Luting cement |

Water storage

m

A0, | ReyX(n=30) |—| 1D(n=10) | | M@n=10 | | empn=10 |
(50-microl1 particles) <
(n = 60) | Panavia(n=30) |—| 1D(n=10) | | M@n=10 | | empn=10 |
A0 <| ReyX (n=30) [—>| 1D(n=10) | | M@n=10 | | em(n=10 |
(100-micron particles)
(n = 60) | Panavia(n=30) |—| 1D(n=10) | | M@n=10 | | em(n=10 |
| Reyx(n=30) |—| 1D(n=10) | | M@n=10 | | em@n=10 |
10% HF <
total sample (n=60) | Panavia(n=30) |—| 1D(n=10) | | M@n=10 | | empn=10 |
size
(N = 360) po— <:| ReyX (n=30) [—>| 1D(n=10) | | Mm@n=10 | | empn=10 |
(n=20) | Panavia (n = 30) |—>| 1D (n=10) | | 1M (n =10) | | 6M (n=10) |
po— <:| RelyX (n = 30) |—>| 1D (n =10) | | 1M (n = 10) | | 6M (n = 10) |
(n=60) | Panavia(n=30) |—| 1D(n=10) | | M@n=10 | | empn=10 |
Silane coupiing <:| RelyX (n = 30) |—>| 1D (n=10) | | 1M (n = 10) | | 6M (n = 10) |
agent
(n = 60) [ Panavia(n=30) |[—>[ 1D(n=10 | [ m@m=10 | [ em@m=10 |

Fig. 1. Study design

Water-storage durations: 1D — 1 day (24 h); TM = 1 month; 6M — 6 months.
AlL,O; — aluminum oxide (alumina); HF — hydrofluoric acid.

Bonding of zirconia specimens with resin
cement blocks

Of'the 360 specimens prepared, 120 specimens — 60 bonded
with RelyX Unicem and 60 with Panavia F 2.0 — underwent
immediate testing to assess the initial bond strength. The
remaining 240 specimens were allocated for extended test-
ing following different water-storage durations to evaluate
the effects of aging on bond strength. Prior to bonding, the
specimens were cleaned and primed according to the respec-
tive surface treatment protocols. Bonding was performed at
room temperature under a constant load of 75 N.

Water storage

Following the bonding procedure, the specimens were
immersed in distilled water according to the following
storage periods:

— category 1: Specimens were immersed in distilled water
for 24 h (1 day —1D) to assess the initial bond strength
following water exposure;

— category 2: Specimens were stored in distilled water for
1 month (1M), with weekly water changes, to assess the
intermediate-term stability of the bond;

— category 3: Specimens were stored in distilled water for
6 months (6M), with weekly water changes, to assess the
long-term durability and performance of the bonded
interface.

Shear bond strength testing

Shear bond strength was evaluated using a universal
testing machine (UTM) at a crosshead speed of 1 mm/
min. The maximum load recorded at the time of debond-
ing was measured in kilograms (kg), converted to newtons
(N), and then divided by the bonding area to calculate SBS,
expressed in megapascals (MPa).

Results

In a comparative analysis of the RelyX and Panavia dental
cements, the mean SBS values and standard deviations
(M £S8D) were assessed across 6 groups at 3 water-storage
durations — 1D, 1M and 6M. Overall, the results indicated
a tendency toward decreased SBS with prolonged water
storage, although the pattern varied among the groups
and luting agents (Table 1).

Specimens in category 1 generally showed the highest
SBS values, whereas those in categories 2 and 3 exhibited
greater reductions following prolonged water storage. In
group 1, the mean SBS for RelyX decreased from 17.12
+0.71 MPa at 1D to 8.54 +6.42 MPa at 6M, while for Pana-
via, the values decreased from 21.76 +2.81 MPa to 7.10
+2.80 MPa. Group 2 showed a different pattern, with RelyX
reaching its highest mean value at 1M (24.47 +2.95 MPa),
whereas Panavia exhibited its highest mean value at 1D
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Table 1. Shear bond strength (SBS) values [MPa] for the RelyX and Panavia
cements according to different surface treatment modalities (groups)
under different water-storage (aging) conditions

Group Water-storage RelyX Panavia
duration SBS [MPa]
1D 10 1712 £0.71 10 21.76 £2.81
™ 10 10.76 £1.06 10 17.61 £3.48
1 6M 10 8.54 £6.42 10 7.10+£2.80
total 30 12.14 £5.20 30 1549 £6.93
1D 10 23.89 £10.04 10 3241 £10.04
5 ™ 10 2447 £2.95 10 2296 +15.86
oM 10 16.84 £10.35 10 17.38 £6.48
total 30 21.73 £8.93 30 2425 +12.74
1D 10 2045+337 10 19.01 £4.93
™ 10 1691 £1.34 10 13.03 £3.54
} 6M 10 10.81 £1.95 10 9.62£2.90
total 30 16.06 £4.66 30 13.89 £5.44
1D 10 18.58 £3.49 10 20.52 +2.36
™ 10 16.05 £2.11 10 10.31 £2.85
¢ 6M 10 992 +5.18 10 8.06 +4.73
total 30 14.85£5.21 30 12.96 £6.45
1D 10 1831 +2.89 10 21.37 £0.95
™ 10 14.53 £4.39 10 8.65 £3.99
> oM 10 9.73 +4.36 10 544 +2.17
total 30 1419 £5.22 30 11.82 £7.46
1D 10 31.07+328 10 31.94+359
™ 10 2647 £2.86 10 2397 £3.27
g 6M 10 19.98 £3.56 10 17.94 £3.68
total 30 2584559 30 2462 +6.75

Data presented as mean =+ standard deviation (M + SD).

Groups: 1 — air abrasion (50-micron Al,O; particles); 2 - air abrasion
(100-micron Al,O5 particles); 3 - acid etching with 10% HF; 4 - acid
etching with 20% HF; 5 — acid etching with 30% HF; 6 — combination
treatment with a silane coupling agent.

Table 2. ANOVA results for the RelyX and Panavia cements under different
water-storage conditions for each group

Comparison Comparison Total

Group | Cement | between the groups | within the groups (sum
(F; p-value) (mean square) | of squares)

RelyX 13.892; p < 0.000* 14.293 783.1

Panavia  61.500; p < 0.000* 9.300 1,3924

RelyX 2499, p=0.101* 72227 2,311

2 Panavia 4400; p = 0.022* 131.500 4,706.1

RelyX 42.046; p < 0.000* 5.660 6288

: Panavia  15.000; p < 0.000* 15.100 859.1

RelyX 13.702; p < 0.000* 14.485 788.0

¢ Panavia  36.600; p < 0.000* 12.000 1,206.1

RelyX 11.898; p < 0.000* 15.563 790.5

> Panavia ~ 98.900; p < 0.000* 7.200 1,613.3

RelyX 29.449; p < 0.000* 10.542 905.5

Panavia  39.800; p < 0.000* 12400 1,320.6

(32.41 +10.04 MPa). Groups 3, 4, 5, and 6 generally dem-
onstrated decreasing SBS values with prolonged water
storage. For example, in Group 4, the mean SBS for RelyX
decreased from 18.58 +3.49 MPa at 1D to 9.92 +5.18 MPa
at 6M, while Panavia decreased from 20.52 +2.36 MPa
to 8.06 +4.73 MPa). Overall, these findings suggest dif-
ferences in the stability and bonding performance of the
2 luting agents under different water-storage conditions.
Table 2 summarizes differences in SBS among the 2 luting
agents, STMs and aging conditions. It provides a compara-
tive assessment of the performance of RelyX and Panavia
under the various experimental conditions and illustrates
the effect of prolonged water storage on bond strength.
Table 3 presents the results of the post hoc tests evaluat-
ing differences in SBS between zirconia specimens bonded

Table 3. Post hoc test results for the RelyX and Panavia cements

Group | Comparison | Cement MD SE p-value
RelyX 6.36 1.691 0.001*
1Dvs. TM .
Panavia 415 1.360 0.005*
RelyX 8.58 1.691 0.000*
1 1D vs. 6M .
Panavia 14.66 1.360 0.000*
RelyX 2.22 1.691 0.200
1M vs. 6M .
Panavia 10.51 1.360 0.000*
RelyX -0.58 3.800 0.880
1D vs. TM .
Panavia 945 5.128 0.076
RelyX 7.05 3.800 0.074
2 1D vs. 6M .
Panavia 15.03 5.128 0.007*
RelyX 7.63 3.800 0.055
TMvs. 6M .
Panavia 5.58 5.128 0.286
RelyX 3.54 1.064 0.003*
1Dvs. TM .
Panavia 5.98 1.735 0.002*
RelyX 9.64 1.064 0.000*
3 1D vs. 6M .
Panavia 9.39 1.735 0.000*
RelyX 6.10 1.064 0.000*
TMvs. 6M .
Panavia 341 1.735 0.060
RelyX 2.53 1.702 0.041*
1Dvs. TM .
Panavia 10.21 1.551 0.000*
RelyX 8.66 1.702 0.000*
4 1D vs. 6M
Panavia 1246 1.551 0.000*
RelyX 6.13 1.702 0.001*
TMvs. 6M
Panavia 2.25 1.551 0.159
RelyX 378 1.764 0.004*
1Dvs. TM .
Panavia 12.72 1.198 0.000*
RelyX 8.58 1.764 0.000*
5 1D vs. 6M .
Panavia 15.93 1.198 0.000*
RelyX 4.80 1.764 0.011*
1M vs. 6M .
Panavia 3.21 1.198 0.012*
RelyX 4.60 1.452 0.004*
1Dvs. 1M .
Panavia 797 1573 0.000*
RelyX 11.09 1452 0.000*
6 1D vs. 6M .
Panavia 14.00 1573 0.000*
RelyX 6.49 1452 0.000*
TMvs. 6M .
Panavia 6.03 1573 0.001*

Groups: 1 —air abrasion (50-micron Al,O; particles); 2 — air abrasion
(100-micron Al,O; particles); 3 — acid etching with 10% HF; 4 — acid
etching with 20% HF; 5 - acid etching with 30% HF; 6 — combination
treatment with a silane coupling agent.

* statistically significant.

Groups: 1 — air abrasion (50-micron Al,O; particles); 2 - air abrasion
(100-micron Al,O5 particles); 3 — acid etching with 10% HF; 4 - acid
etching with 20% HF; 5 — acid etching with 30% HF; 6 — combination
treatment with a silane coupling agent.

MD - mean difference; SE - standard error; * statistically significant.
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with the 2 luting agents, RelyX and Panavia, across the
different aging durations. In group 1, significant mean
differences in SBS were observed with regard to 1D, 1M
and 6M, indicating significant differences for the 2 luting
agents at nearly all tested durations (except 1M vs. 6M for
RelyX). In group 2, a significant difference emerged at 6M
vs. 1D for Panavia, suggesting differences in bond perfor-
mance following prolonged aging. In group 3, significant
differences in SBS were observed with regard to all 3 ag-
ing durations (1D, 1M and 6M). Similarly, Groups 4 and 6
demonstrated significant mean differences across all tested
durations. Group 5 also showed significant differences at

R.S. Saini et al. Zirconia bond strength

1D vs. 1M and 6M. Overall, these findings underscore the
significant impact of simulated aging on the performance
of Relyx and Panavia when applied to zirconia, providing
valuable insights for their clinical application.

Table 4 presents a statistical comparison of groups 1-6
under different water-storage conditions. In group 1,
a significant difference was observed at 1D (p < 0.001;
t = —-5.063), with a mean difference of —4.64 and a standard
error (SE) of 0.92, a trend consistent at a duration of 1M,
but not sustained at 6M (p = 0.465), where the direction
reversed. Group 2 showed a highly significant difference at
1M (p < 0.001; £ = 0.295), with a mean difference of 1.51 and

Table 4. Comparisons between the 2 cements in different groups and under different water-storage conditions

. . p-value
(2-tailed)
—5.063 18 0.000* —4.64 092
1-1D 8.099 0.011*
—5.063 10.141 0.000* —4.64 092
—5.955 18 0.000* -6.85 1.15
1-TM 3.299 0.086
—5.955 10.653 0.000* —6.85 1.15
0.746 18 0465 1.60 2.14
1-6M 2.121 0.162
0.746 12.560 0469 1.60 2.14
-1.897 18 0.074 -8.52 449
2-1D 0.187 0.671
-1.897 18.000 0.074 -852 449
0.295 18 0.771 1.51 5.10
2-TM 29.251 0.000*
0.295 9.622 0.774 151 5.10
-0.140 18 0.890 -0.54 3.86
2-6M 3.406 0.081
-0.140 15.123 0.891 -0.54 3.86
0.761 18 0457 1.44 1.89
3-1D 1.847 0.191
0.761 15.923 0.458 144 1.89
3.240 18 0.005* 3.88 1.20
3-1M 10.063 0.005*
3.240 11.522 0.007* 3.88 1.20
1.076 18 0.296 1.19 1.10
3-6M 0.770 0.392
1.076 15.763 0.298 1.19 1.10
—1452 18 0.164 -1.93 133
4-1D 0.530 0476
—1452 15.821 0.166 -193 133
5114 18 0.000* 5.74 112
4-1M 0.486 0.494
5114 16.562 0.000* 5.74 1.12
0.837 18 0414 1.86 222
4-6M 0.251 0.622
0.837 17.852 0414 1.86 222
-3.177 18 0.005* -3.06 0.96
5-1D 8223 0.010*
-3.177 10.927 0.009* -3.06 0.96
3.135 18 0.006* 5.88 1.88
5-1M 0.134 0.718
3.135 17.837 0.006* 5.88 1.88
2.781 18 0.012* 428 1.54
5-6M 5171 0.035*
2.781 13.193 0.015* 4.28 1.54
—0.568 18 0.577 -0.87 1.54
6-1D 0.036 0.851
—0.568 17.853 0.577 -0.87 1.54
1.813 18 0.086 249 137
6-1M 0.019 0.892
1813 17.681 0.087 249 137
1.258 18 0225 2.04 1.62
6-6M 0.232 0.636
1.258 17.982 0.225 2.04 1.62

Groups: 1 - air abrasion (50-micron Al,Os particles); 2 — air abrasion (100-micron Al,O; particles); 3 — acid etching with 10% HF; 4 — acid etching with 20% HF;
5 —acid etching with 30% HF; 6 — combination treatment with a silane coupling agent. Water storage durations: 1D - 1 day (24 h); 1M — 1 month; 6M — 6 months.

df - degrees of freedom; * statistically significant.
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SE = 5.10, whereas differences at 1D and 6M were not sta-
tistically significant. Group 3 demonstrated a significant
difference at 1M (p = 0.005; £ = 3.240), with a mean differ-
ence of 3.88 and SE = 1.20, while no significant differences
were observed at 1D or 6M. In Group 4, a highly significant
difference was observed at 1M (p < 0.001; ¢ = 5.114), with
a mean difference of 5.74 and SE = 1.12, whereas differ-
ences at 1D and 6M were not significant. Group 5 showed
a significant difference at 1D (p = 0.010; ¢ = -3.177), with
a mean difference of —-3.06 and SE = 0.96, with similar
significant differences observed at 1M and 6M. Finally,
Group 6 showed no statistically significant difference at
1D, 1M or 6M. Overall, these findings provide insights
into the comparative performance of these dental cements
across different conditions.

Discussion

The outcomes of this study provide important insights
into the application of zirconia in dental prosthetics, high-
lighting the crucial role of surface treatment in the lon-
gevity and performance of zirconia-based restorations.
Acid-etched surfaces demonstrated higher bond strength
under the experimental conditions, suggesting the poten-
tial for more effective and durable adhesive techniques in
clinical practice. These findings underscore the impor-
tance of appropriate surface preparation in optimizing
the mechanical properties of zirconia restorations, which
are often subjected to substantial mechanical stress and
wear over time.

The superior bond strength observed with the acid-
etching treatment compared with air abrasion in the pres-
ent study is consistent with findings reported in other
studies.!*17-1% Collectively, these findings suggest that
acid treatment may enhance the surface characteristics
of zirconia and promote improved interaction with resin
cements under certain experimental conditions. This may
contribute to greater bond durability and potentially re-
duce the risk of restoration failure. Further research is war-
ranted to establish standardized and clinically validated
surface treatment protocols to incorporate acid etching
more broadly, thus enhancing the overall success rates
of zirconia restorations.

Moreover, the observed decrease in bond strength over
time, particularly following prolonged water storage, high-
lights an important area for improvement in dental ce-
ment formulations. Both RelyX and Panavia demonstrated
reductions in bond strength under the aging conditions
evaluated, which may have implications for the long-term
performance of zirconia restorations. This degradation
presents an important challenge in adhesive dentistry
and underscores the need for further research into more
durable bonding systems capable of maintaining stable
adhesion under prolonged exposure to the challenging
conditions encountered in the oral environment.!*-2*
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Furthermore, the findings regarding the differential
performance of the various luting agents and surface
treatment modalities under simulated aging conditions
provide valuable insights into the potential long-term per-
formance of zirconia restorations. Dental practitioners
and materials scientists should consider these variables
when selecting and developing restorative materials, re-
spectively. Such considerations are important for advanc-
ing patient care through the use of materials and bonding
protocols that provide greater resistance to degradation
over time,1$20,21,24,25

Additionally, the differences observed among the tested
groups warrant further investigation into how specific
surface modifications influence micromechanical reten-
tion and chemical interaction at the zirconia—resin cement
interface. A better understanding of these mechanisms
may help optimize surface treatment protocols and im-
prove the bonding performance and long-term stability
of zirconia-based restorations.!*1>26-28

Our findings support further consideration of surface
treatment and cementation protocols in the clinical man-
agement of zirconia restorations. By providing empirical
evidence on the behavior of different luting agents and
surface treatment modalities under the tested aging con-
ditions, this study contributes to a better understanding
of zirconia—resin cement interaction and may help guide
the refinement of bonding protocols. Further clinical re-
search is warranted to determine whether these findings
translate into improved long-term durability and reliability
of zirconia restorations.

Limitations

While this study provides valuable insights into the bond
strength of zirconia following specific surface treatment
and cementation protocols, its laboratory setting limits the
direct extrapolation of the findings to clinical scenarios. The
use of water storage to simulate aging, although useful for
preliminary assessment, may not fully reproduce the com-
plex biological, chemical, thermal, and mechanical condi-
tions present in the oral environment or capture long-term
clinical outcomes. Additionally, mechanical testing was
performed under controlled uniaxial loading, which does
not fully represent the complex and multidirectional stresses
experienced by dental restorations in vivo. Further research
incorporating longer-term clinical follow-up and more clini-
cally representative, multidirectional loading conditions is
recommended to validate and extend these findings.

Conclusions

In conclusion, the study rejects the 3 null hypotheses,
demonstrating that surface treatment protocols signifi-
cantly affect the SBS of zirconia, that different luting
agents, particularly RelyX and Panavia, exhibit different
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bonding performance, and that artificial aging through
water storage significantly reduces bond strength. These
findings highlight the importance of both surface treat-
ment and aging conditions in determining the perfor-
mance of luting agents used with zirconia restorations.
Additionally, the study found that the application of a si-
lane coupling agent enhanced the bond strength of RelyX
Unicem to yttria-stabilized tetragonal zirconia polycrystal
(Y-TZP) before aging, whereas HF treatment reduced the
surface roughness of Y-TZP. Overall, water storage gener-
ally resulted in decreased bond strength for both luting
agents, emphasizing the importance of long-term bond
durability in zirconia-based restorations.
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Abstract

Background. Non-invasive treatment involves the use of various remineralizing and cariostatic agents,
including sodium fluoride, casein phosphopeptide—amorphous calcium phosphate (CPP-ACP), casein
phosphopeptide—amorphous calcium phosphate fluoride (CPP-ACPF), silver nitrate, and silver diamine
fluoride (SDF).

Objectives. The purpose of the present study was to evaluate the surface morphology and mineral uptake
of demineralized dentin following a single application of SDF and CPP-ACPF.

Material and methods. Twenty-four caries-free premolar sections with marked areas of specific
dimensions on the dentin surface were exposed to a demineralizing solution for 96 h and randomly allocated
to 2 groups: group 1 (SDF); and group 2 (CPP-ACPF). Surface morphology was analyzed using scanning
electron microscopy (SEM), while mineral uptake was assessed using energy-dispersive X-ray spectroscopy
(EDX) following demineralization and the application of the test agents. Paired and unpaired ¢ tests were
used to analyze the continuous data.

Results. The EDX revealed a difference in the mean increase in the calcium(Ca)/phosphorus (P) ratio
between the SDF group (0.34 +0.92) and the CPP-ACPF group (0.01 £0.22); however, this difference was
not statistically significant (p = 0.400). In contrast, the mean increase in fluoride uptake was significantly
higher in the SDF group (2.07 +0.66 at%) than in the CPP-ACPF group (0.37 £0.38 at%) (p = 0.001). The
SEMimages showed dense, granular structures in the intertubular areas, with partial occlusion of the dentinal
tubules in the SDF group, whereas the CPP-ACPF group exhibited mineral deposits partially occluding the
dentinal tubules, with non-homogeneous sediment formation.

Conclusions. A single application of both SDF and CPP-ACPF demonstrated potential to promote mineral
uptake in demineralized dentin, with comparable effects on calcium and phosphate incorporation. However,
SDF showed a greater capacity for fluoride uptake and produced a denser, more compact surface morphology,
whereas CPP-ACPF resulted in a more porous mineral deposition pattern. Overall, both agents demonstrated
remineralization potential, although their effects on the mineral composition and surface characteristics
of demineralized dentin differed.

Keywords: CPP-ACP, scanning electron microscopy, silver diamine fluoride, energy-dispersive X-ray
Spectroscopy
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« The samples treated with silver diamine fluoride (SDF) and casein phosphopeptide—amorphous calcium phosphate
fluoride (CPP-ACPF) showed higher Ca/P ratio and fluoride uptake in comparison with demineralized dentin.
+ The SDF samples showed higher Ca/P ratio and fluoride uptake than the CPP-ACPF samples, indicating higher

remineralization potential of SDF.

+ The SEM evaluation exhibited dense, granular structures in the SDF group and porous, non-homogenous deposits

in the CPP-ACPF group.

Introduction

Dental caries results from an imbalance between the
physiological processes of demineralization and reminer-
alization of dental hard tissues. The current approach to
caries management emphasizes the early detection and
targeted, non-invasive management of reversible lesions.!
The materials or agents used for this purpose act mainly
through 2 mechanisms: preventing further demineraliza-
tion; or restoring the lost minerals and thereby promoting
remineralization.? In this regard, various remineralizing
and cariostatic agents have been introduced, including
sodium fluoride, tricalcium phosphate, casein phos-
phopeptide—amorphous calcium phosphate (CPP-ACP),
casein phosphopeptide—amorphous calcium phosphate
fluoride (CPP-ACPF), silver nitrate, and silver diamine
fluoride (SDF), which have demonstrated varying degrees
of effectiveness.

Silver diamine fluoride is a safe and effective caries-
arresting agent that was first explored as a treatment
option for managing carious lesions in Japan in 1969.% It
contains silver and fluoride ions in an ammoniacal solu-
tion, with silver ions stabilized through complexation
with ammonia.* Silver ions exert a strong antimicrobial
effect and can react with phosphate and chloride ions to
form relatively insoluble silver compounds, contributing
to the hardening of soft carious lesions.> The high fluo-
ride concentration in SDF promotes the remineralization
of demineralized dentin, and can contribute to the for-
mation of fluoridated apatite and calcium fluoride. Fur-
thermore, the alkaline nature of the ammoniacal solution
may contribute to an acid-buffering effect and promote
mineral precipitation.®

Another commonly used non-fluoridated remineral-
izing agent, casein phosphopeptide—amorphous calcium
phosphate (CPP-ACP), is a naturally derived agent obtained
from the casein protein of milk.” CPP-ACP stabilizes and
localizes calcium and phosphate ions, maintaining a state
of supersaturation with respect to hydroxyapatite, thereby
reducing demineralization and promoting remineraliza-
tion.® CPP-ACPF is a nanocomplex formed by incorporat-
ing fluoride (900 ppm) into CPP-ACP. CPP-ACPF enhances
fluoride incorporation into dental biofilm and subsurface
enamel, thereby promoting enamel remineralization.’

Kumar and Kumari stated that the silver component
of SDF exerts an oligodynamic effect within the dentinal
tubules by inhibiting bacterial growth and reducing dentin
demineralization.'® According to Cabalén et al., SDF can
arrest active dentinal lesions by inhibiting demineraliza-
tion and promoting remineralization.!!

To date, limited evidence is available regarding the ef-
fects of a single application of SDF and CPP-ACPF on min-
eral uptake in demineralized dentin. Therefore, an in vitro
study was conducted to evaluate the surface morphology
and mineral uptake of demineralized dentin following
a single application of SDF and CPP-ACPF, using scan-
ning electron microscopy (SEM) and energy-dispersive
X-ray analysis (EDX).

Material and methods

The present in vitro study was conducted in affilia-
tion with the Department of Pedodontics and Preventive
Dentistry, Vishnu Dental College, Bhimavaram, India.
Surface morphology and mineral content were evaluated
using SEM and EDX, respectively, at Osmania University,
Hyderabad, India. The study protocol was approved by the
institutional ethics committee at Vishnu Dental College
(IECVDC/2021/PG01/PPD/IVT/30).

Sample size

The sample size was calculated based on the results
of a pilot study using the G*Power 3.1 software (https://
www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psy-
chologie-und-arbeitspsychologie/gpower), with the level
of significance set at 5% and the statistical power at 80%.
A total of 24 teeth were included in the study, with 12 teeth
allocated to each group.

Methodology

Extracted non-carious premolars were disinfected in
10% formalin for 1 week!? and cleaned of debris, using
an ultrasonic scaler (DTE D3; Guilin Woodpecker Medi-
cal Instruments, Guilin, China). The teeth were stored in
double-deionized distilled water in a glass beaker at room
temperature until the experimental procedure was initiated.
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The teeth were decoronated at the cementoenamel junc-
tion (CEJ) and the roots were discarded. Each coronal por-
tion was sectioned mesiodistally into buccal and lingual
halves, using a double-faced diamond disc (Diatech USA,
Mount Pleasant, USA) under continuous water cooling.
The enamel was removed using a water-cooled diamond
disc to expose the underlying dentin, and the specimens
were mounted in self-cure acrylic resin blocks (DPI RR
Cold Cure; DPI, Mumbai, India). The specimens were
ultrasonicated in deionized water for 5 min, using an ul-
trasonic cleaner (PHUC-50; Phoenix, USA). A 3 mm x 3
mm window was marked on the dentin surface of each
specimen, and the remaining tooth surface was coated
with acid-resistant nail varnish (Clarins, Paris, France).

The specimens were randomly allocated into 2 groups:
group 1 — SDF (38%, e-SDF; Kids-e-Dental, Mumbai,
India); and group 2 — CPP-ACPF (10% w/v, GC Tooth
Mousse Plus, GC, Tokyo, Japan). Each specimen was in-
dividually immersed in 15 mL of a demineralizing solution
containing 2.2 mM calcium chloride, 2.2 mM monoso-
dium dihydrogen phosphate, and 0.05 M acetic acid. The
pH was adjusted to 4.5, using 50% sodium hydroxide. The
specimens were maintained in the demineralizing solution
for 96 h at 37°C.

Following demineralization, the specimens were sub-
jected to SEM with EDX (Hitachi S-3700N; Hitachi Ltd.,
Tokyo, Japan) after dehydration, gold sputtering and con-
ductive adhesive fixation using a sputter coater (Hitachi
E-1010 Ion Sputter, Hitachi Ltd.). The SEM was used for
the qualitative evaluation of surface morphology, whereas
EDX was used for the quantitative assessment of mineral
content. The specimens were evaluated before and after the
application of the respective test agents for 3 min at a beam
voltage of 10 kV and a magnification of x3,000 (Fig. 1).

Statistical analysis

Statistical analysis was performed after assessing the
normality of data distribution. The data were tabulated and
analyzed using parametric tests. An independent-samples
t test was used to compare the 2 groups, while a paired-
samples ¢ test was used to compare the measurements ob-
tained after demineralization with those obtained follow-
ing the application of the respective test agents. A p-value
<0.05 was considered statistically significant.

Results
Comparison of the mean Ca/P ratio

On intragroup comparison, group 1 showed a higher
mean calcium(Ca)/phosphorus (P) ratio after the applica-
tion of SDF as compared to the baseline value; however,
the difference was not statistically significant (p = 0.400).
Similarly, group 2 showed a higher mean Ca/P ratio after
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Fig. 1. Specimens for the scanning electron microscopy (SEM) evaluation

the application of CPP-ACPF as compared to the baseline
value, although the difference was not statistically signifi-
cant (p = 0.920) (Table 1).

Table 1. Intragroup comparison of the mean Ca/P ratio values (paired-samples
t test)

G | | owpon | wsso | 40| i

after application ~ 2.61 +0.55

‘ baseline 2.16 £045 ‘
gg;p 1 12 034 0,400

‘ after application ~ 2.50 £0.56 ‘
‘ baseline 2.60 +0.36 ‘
ClcRER 12 001 0,920 ‘

‘ (CPP-ACPF)

SDF - silver diamine fluoride; CPP-ACPF — casein phosphopeptide—amorphous
calcium phosphate; M — mean; SD - standard deviation; MD — mean difference.

On intergroup comparison, the SDF group demon-
strated a greater increase in the mean Ca/P ratio than
the CPP-ACPF group; however, the difference between
the groups was not statistically significant (p = 0.400)
(Table 2).

Table 2. Intergroup comparison of the mean Ca/P ratio values
(independent-samples t test)

‘Group (SDF) 0.34 +0.92
0.400

‘ Group 2 (CPP-ACPF) 12 0.01 £0.22
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Comparison of the mean fluoride uptake

On intragroup comparison, the SDF group showed
a higher mean fluoride content value than at the baseline,
and the difference was statistically significant (p = 0.001).
The CPP-ACPF group also showed a higher mean fluoride
content value than at the baseline; however, the difference
was not statistically significant (p = 0.064) (Table 3).

Table 3. Intragroup comparison of the mean fluoride content values [at%]
(paired-samples t test)

Time point
baseline 474 +0.93
ggﬁf 1 12 207 0001*
after application  6.81 +0.96
Group 2 b baseline 201 +1.17 057 006t
(CPP-ACPF) ’ :

after application  2.38 +1.51

* statistically significant.

On intergroup comparison, the SDF group demonstrated
a greater increase in the mean fluoride content value (2.07
+0.66 at%) than the CPP-ACPF group (0.37 +0.38 at%),
and the difference between the groups was statistically
significant (p = 0.001) (Table 4).

Table 4. Intergroup comparison of the mean fluoride content values [at%)]
(independent-samples t test)

Group 1 (SDF) 12 2.07 £0.66
0.001%

Group 2 (CPP-ACPF) 12 0.37 +0.38

* statistically significant.

Scanning electron microscopy evaluation

On evaluation at x3,000 magnification, all demineral-
ized dentin specimens showed clearly exposed dentinal tu-
bules (Fig. 2). The SDF-treated specimens exhibited dense,
granular structures in the intertubular areas, with partial

well exposed
dentinal tubule

@

kv 9,6 #3:00K

I R S )

Fig. 2. SEM micrograph of demineralized dentin at x3,000 magnification,
showing well exposed dentinal tubules

occlusion of the dentinal tubules (Fig. 3). The CPP-ACPE-
treated specimens showed mineral deposits partially oc-
cluding the dentinal tubules, with non-homogeneous sedi-
ment deposits observed on the dentinal surface (Fig. 4).

dense, granular
structures

partially occluded
dentinal tubule

10:0kV 8.5mm %3.00k

Fig. 3. SEM micrograph after the application of silver diamine fluoride
(SDF) at x3,000 magnification, showing dense, granular structures in the
intertubular areas, with partially occluded dentinal tubules

non-homogenous
sediments

partially occluded
dentinal tubule

Fig. 4. SEM micrograph after the application of casein phosphopeptide—
amorphous calcium phosphate (CPP-ACP) at x3,000 magnification,
showing mineral deposits partially occluding the dentinal tubules, with
non-homogeneous sediment deposits observed on the dentinal surface

Discussion

Decades of research have shifted the focus of caries man-
agement toward the early detection of lesions and the use
of non-invasive treatment approaches.'? Ideally, the natural
buffering capacity of saliva would help reverse early tooth
demineralization. When these natural protective mech-
anisms are insufficient to compensate for mineral loss,
several approaches can be employed to arrest or reverse le-
sion progression.!* Remineralization is one such approach,
involving the replenishment of the lost minerals through
the availability of calcium and phosphate ions, often aided
by remineralizing agents. This process helps restore the
mineral content of dental hard tissues and maintain the
optimal Ca/P ratio of hydroxyapatite, approx. 1.67, thereby
contributing to the strengthening of the tooth lattice net-
work.!> Fluoride varnishes have been widely used for the
professional application of topical fluoride for more than
25 years, and were developed to prolong the contact time
between fluoride and the tooth surface.!®
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Currently, SDF has attracted considerable attention from
both researchers and dental practitioners. It has been pro-
posed that SDF can simultaneously inhibit the progression
of the existing carious lesions and reduce the develop-
ment of new carious lesions.”” Silver diamine fluoride has
demonstrated antimicrobial activity, including the inhi-
bition of cariogenic microorganisms and the disruption
of dental plaque biofilm, and may also promote calcium
uptake and mineral deposition.!® SDF-treated carious le-
sions have been reported to exhibit significantly greater
surface microhardness and increased resistance to acid-
induced demineralization.!” A 38% concentration of SDF
is commonly used for caries management and contains
approx. 44,800 ppm fluoride.* However, lower concentra-
tions, including 30% and 12%, have also been investigated.
A review by Gao et al.reported that increasing the SDF
concentration from 12% to 38% may enhance its effective-
ness in arresting caries.'”

Casein phosphopeptide—amorphous calcium phosphate
is another widely studied and established non-fluoridated
remineralizing agent. CPP-ACP is a nanocomplex that was
patented in the United States in 1991; CPP-ACP acts by
stabilizing calcium and phosphate ions in the presence of
fluoride, maintaining them in a bioavailable form.?® Accord-
ing to Reynolds et al., CPP-ACP has demonstrated greater
potential for the remineralization of subsurface enamel le-
sions as compared to other forms of calcium phosphate.?!

Dentin remineralization is more challenging than
enamel remineralization because of differences in their
composition and structure. The dentin contains a substan-
tially higher proportion of organic matrix, primarily type
I collagen, as well as a tubular microstructure.?? Dentin
mineralization is regulated by non-collagenous proteins,
and involves the deposition of calcium and phosphate ions
within and around the collagen fibrils, followed by the for-
mation and growth of hydroxyapatite crystals.? Fluoride
isan important ion in the formation of fluoridated apatite,
which is more resistant to acid dissolution and cariogenic
challenges than hydroxyapatite.?*

Hence, CPP-ACPF was compared with SDF to evaluate
their remineralization potential on demineralized den-
tin. Scanning electron microscopy combined with energy-
dispersive X-ray analysis (SEM-EDX) is a useful micro-
analytical technique for evaluating surface morphology
and elemental composition. The SEM provides detailed,
high-resolution images by scanning a focused electron
beam across the specimen surface and detecting second-
ary and backscattered electron signals. When combined
with EDX, SEM can provide the qualitative identification
and quantitative assessment of the elemental composition
of specific areas of the specimen. Therefore, SEM-EDX was
used in the present study to evaluate changes in surface
morphology and mineral composition following the ap-
plication of the test agents.

In the present study, a single application of SDF resulted
in improvement in the mean Ca/P ratio and significantly
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higher fluoride uptake as compared to CPP-ACPE. Rich-
ards reported significantly greater remineralization follow-
ing the application of SDF under net demineralizing condi-
tions.?> Similarly, Yadav et al. demonstrated the greatest
changes in the Ca/P ratio following remineralization in the
SDF group as compared to the other treatment groups.2¢

Sinha et al. reported that the treatment of deep carious
lesions with SDF increased the concentrations of calcium,
phosphate and fluoride ions in caries-affected dentin.?”
Yilmaz et al. suggested that the superior remineraliz-
ing effect of SDF may be attributed to its high fluoride
concentration and the alkaline nature of the solution.?®
Chibinski et al. reported that, after 12 months, the caries-
arresting effect of SDF was 66% greater than that of other
active materials and 154% greater than that of placebo;
overall, SDF demonstrated an 89% greater caries-arresting
effect as compared to the other treatment groups.?’

The CPP-ACPF samples showed improvement in the
mean Ca/P ratio and increased fluoride uptake in com-
parison with the demineralized dentin samples. Cross et al.
reported similar findings, suggesting that the localization
of CPP-ACPF at the surface layer facilitates the sustained
release of calcium, phosphate and fluoride ions while pre-
venting their rapid precipitation as fluorapatite, thereby
promoting mineralization within the demineralized le-
sion.3 Hedge et al. reported that CPP-ACPF demonstrated
a marginally greater remineralization potential as com-
pared to the other agents evaluated.®

The addition of fluoride (0.2% NaF) to CPP-ACP has
been reported to produce a marginally greater degree
of remineralization than CPP-ACP alone, possibly through
the formation of fluorapatite in the presence of calcium
and phosphate ions.?? Yadav et al. reported that CPP-ACPF
demonstrated greater remineralization than fluoride-free
toothpaste, fluoride-containing toothpaste, and CPP-ACP
alone.?® This effect may be attributed to the incorpora-
tion of fluoride into the CPP-ACP complex, resulting in
asynergistic effect that enhances remineralization in com-
parison with CPP-ACP alone, which is consistent with the
findings of the present study. Kamath et al. also observed
an increase in the mean fluoride content from the post-
demineralization stage to the post-remineralization stage
following treatment with CPP-ACPF in the enamel.!

The variation in the Ca/P ratio and fluoride content
values may be attributed to differences in the inorganic
composition of the specimens, as well as the absence of the
complex oral environment and the controlled experimen-
tal conditions. In vivo conditions present more dynamic
and multifactorial challenges to the tested materials. Since
the existing literature provides evidence supporting the
beneficial effects of SDF and CPP-ACPF, further studies
should evaluate these agents under conditions that more
closely mimic the oral environment. Such investigations
may provide a better understanding of their remineraliza-
tion potential and clinical effectiveness in the management
of demineralized dental hard tissues.



958

Conclusions

A single application of both SDF and CPP-ACPF dem-
onstrated potential to promote mineral uptake in demin-
eralized dentin, with comparable effects on calcium and
phosphate incorporation. However, SDF showed a greater
capacity for fluoride uptake and produced a denser, more
compact surface morphology, whereas CPP-ACPF resulted
in a more porous mineral deposition pattern. Overall, both
agents demonstrated remineralization potential, although
their effects on the mineral composition and surface char-
acteristics of demineralized dentin differed.
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Abstract

Background. These days, computer-aided design/computer-aided manufacturing (CAD/CAM) resin-
based materials are being used daily in clinical practice for restorations in prosthetic dentistry. In com-
parison with ceramic materials, they are characterized by better stress distribution and decreased abrasion
of the enamel of the opposing teeth. Consequently, they have been applied as alternative materials to
ceramics in various dental restorations.

Objectives. The contamination of the indirect restorative material, which occurs at the clinical and dental
laboratory stages, might deteriorate the bonding strength. The ideal surface treatment of the novel poly-
etheretherketone (PEEK) material for decontamination is yet unknown. The present study was conducted
to evaluate the tensile bond strength (TBS) between PEEK and dual-cure self-adhesive resin cement, and
determine the effect of contaminants, like temporary cement, artificial saliva and a fit checker, as well
as the deaning methods, like ultrasonic cleaning, phosphoric acid etching and universal cleaning paste
(Ivoclean), on the bond.

Material and methods. Eighty PEEK disks were milled, having the final dimensions of 12 mm X 4 mm.
The specimens were air-abraded with 50-micrometer aluminum oxide particles at a pressure of 2.8 bar for 15 s
atafixed distance of 10 mm, and then divided into 4 groups according to the contaminant used: temporary cement;
artificial saliva; a fit checker; and a control group with no contamination. Furthermore, the first 3 groups were
subsequently subdivided into 3 subgroups each according to the cleaning method applied: ultrasonic cleaning;
phosphoric acid etching; and universal cleaning paste lvoclean. The bonding of the specimens was done using
dual-cure self-adhesive resin cement. The TBS of the different groups and subgroups was then measured
ata crosshead speed of 2 mm/min in a universal testing machine (UTM), using a special test configuration.

Results. There was a significant interaction between both tested variables (the contamination and cleaning
methods) (p < 0.001). The samples contaminated with artificial saliva showed a significantly higher TBS value
than the samples subjected to other contaminants (p = 0.005). For the samples contaminated with tempo-
rary cement and a fit checker, there were significant differences between the different cleaning methods, with
ultrasonic cleaning providing the highest TBS values, followed by phosphoric acid etching, and finally Ivoclean
(p<0.001).

Conclusions. Under the conditions of the present study, temporary cement and a fit checker adversely
affected the TBS of PEEK, and ultrasonic cleaning was most effective for decontamination.

Keywords: contamination, PEEK, bonding, cleaning, tensile bond strength
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* The tensile bond strength (TBS) of the polyetheretherketone (PEEK) restorations cemented with resin was most
significantly reduced by contamination from temporary cement and fit checker materials.

* Artificial saliva contamination had the least significant effect on the TBS of the resin-cemented PEEK restorations.

* To effectively remove all 3 types of contaminants, the use of an ultrasonic cleaner proved to be the most efficient

method.

Introduction

These days, computer-aided design/computer-aided
manufacturing (CAD/CAM) resin-based materials are
being used daily in clinical practice for restorations in
prosthetic dentistry.! In comparison with ceramic mate-
rials, they are characterized by better stress distribution
and decreased abrasion of the enamel of the opposing
teeth. Consequently, they have been applied as alternative
materials to ceramics in various dental restorations.?

The novel high-performance composite polyetherether-
ketone (PEEK) is a polymer derived from the main group
of polyaryletherketones (PAEKSs), initially used in ortho-
pedic and spinal implants. It is considered a biocompat-
ible material, and it is chemically stable with regard to
nearly all organic and inorganic chemicals.®* With a stiff-
ness comparable to that of bone, PEEK has been used
for fixation plates.® It is mainly composed of an aromatic
backbone molecular chain with ketone and ether func-
tional groups interconnected to it.

The earlier literature on PEEK has shown that it has
better chemical, thermal, biological, and mechanical
properties — a high strength-to-weight ratio, a modulus
of elasticity similar to that of bone and dentin, in addition
to its zero corrosion rate and extremely low water absorp-
tion — in comparison to many restorative materials used
today.®

Polyetheretherketone is used in dentistry for implants,
provisional abutments and implant-supported bars. Re-
cently, it has been found suitable for fixed dental pros-
theses (FDP) and resin-bonded fixed dental prostheses
(RBFDP) as an interim treatment option, due to its high
resiliency and a low modulus of elasticity. These proper-
ties may reduce stress concentration at the cementation
interface and prevent debonding.” Due to its low trans-
lucency and white opaque color, PEEK is not suitable for
monolithic, esthetic dental restorations, and a composite
veneering material or cemented ceramic crowns over
PEEK frameworks are required to achieve satisfactory
esthetics.® Also, PEEK has low surface energy, and many
studies have analyzed different surface conditioning
methods to increase its surface free energy, and thus
optimize its bond strength.”-!! Kern and Lehmann, study-
ing the influence of surface conditioning on bonding to
PEEK, demonstrated that after air abrasion and applying

a resin varnish with a methacrylate group, promising and
durable bonding was achieved.!? Uhrenbacher et al. also
stated that the type of conditioning had a significant effect
on the retention strength of PEEK.!® A clinical implica-
tion of their study is that airborne-particle abrasion (with
50-micrometer alumina) or etching with sulfuric acid (for
60 s) and methyl methacrylate (MMA)-based adhesive
systems can be used for conditioning. In a review by
Skirbutis et al., regarding articles published between 2010
and 2017 on PEEK and its characteristics, it was con-
cluded that the highest bonding values were obtained by
conditioning with airborne-particle abrasion and sulfuric
acid surface treatment, as well as for crowns pretreated
with the Signum® universal bond system and the visio.link
adhesive system.’

Contamination reduces the adaptation between the re-
storative material and the bonded surface, thus inhibiting
the formation of a long-term, stable bond.}*~1¢ Therefore,
the cleaning of both surfaces, or either the substrate or the
material, is essential to improve the strength of the bond
and its durability.!® During the try-in procedure, bonding
to ceramics, zirconia and resins can be compromised by
contamination. Saliva, blood, a silicone indicator, and die
stone have been identified to reduce the bond strength
of resins to restorations.!”!8 Since the efficiency of the
cleaning methods in removing contaminants from the ad-
herend surface varies by method and material, it is critical
for the clinician to use the most effective cleaning method
for the material used prior to bonding to achieve the best
bond strength of the restoration. Studies have determined
the effect of different cleaning protocols on zirconia and
ceramics.!*20

Polyetheretherketone has significant advantages to be
used for dental applications. However, a major clinical
disadvantage is the difficulty in establishing strong and
durable adhesion to other dental materials. Since there
are 2 bonded interfaces with resin cement — the tooth
structure and the veneering esthetic crown material
— current studies focus on enhancing the PEEK surface
for reacting with resins to allow optimal bonding.?!
Bonding to PEEK is considered a challenge due to the
contaminants present in the oral cavity, like saliva,
temporary cement or a fit checker, and also its low
surface energy, poor wetting capabilities and resistance
to surface modification.
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Debonding is one of the major failures in prosthetic
dentistry, especially for PEEK with its low surface energy,
which causes problems regarding surface treatment and
conditioning.’ For that reason, this study was conducted
to evaluate the tensile bond strength (TBS) between PEEK
and dual-cure self-adhesive resin cement, and determine
the effect of contaminants, like temporary cement, artificial
saliva and a fit checker, as well as the cleaning methods,
like ultrasonic cleaning, phosphoric acid etching and
universal cleaning paste (Ivoclean), on the bond. The null
hypothesis was that there would be no effect of the con-
taminants and the cleaning methods on the TBS between
PEEK and the resin cement.

Material and methods

Power analysis

A power analysis, using G*Power, v. 3.1.9.7 (https://www.
psychologie.hhu.de/arbeitsgruppen/allgemeine-psychol-
ogie-und-arbeitspsychologie/gpower), was performed in
order to calculate the smallest sample size necessary to
test the null hypothesis: no difference in TBS between
the tested groups. The sample size (N) was established at
60 samples (i.e., 6 samples per subgroup), with an alpha
level a = 0.05, a beta level 8 = 0.2 (i.e., a power of 80%)
and an effect size f = 0.554. The calculation was based
on the findings from a previous study.?? The sample size
was raised to 80 samples (i.e., 8 samples per subgroup) to
accommodate for the anticipated testing failures.

Preparation of specimens

A total of 80 milled PEEK disks (KERA® starPEEK;
Eisenbacher Dentalwaren ED, Worth am Main,
Germany), with dimensions of 12 mm in diameter and
4 mm in thickness, were used in this study. The disks were
divided into 4 main groups according to the contaminant
used: group T (n = 24) — temporary cement (RelyX™
Temp NE, 3M ESPE, Maplewood, USA); group S
(n = 24) — artificial saliva (prepared at the Laboratory
of Biochemistry at Ain Shams University, Cairo, Egypt,
using 1 L of double-distilled H,O, 1.68020 g NaHCOs;,
0.41397 g NaH,PO,-H,0, and 0.11099 g CaCl,); group F
(m = 24) — a fit checker (Fit Checker; GC International,
Tokyo, Japan); and group C (n = 8) — the control group with-
out contamination. The first 3 groups were further divided
into 3 subgroups (n = 8) according to the cleaning method
applied: subgroup U - ultrasonic cleaning (ultrasonic
cleaner CD 4862; Codyson, Shenzhen, China); subgroup P
— phosphoric acid etching (N-Etch; Ivoclar Vivadent, Shaan,
Liechtenstein); and subgroup I — universal cleaning paste
Ivoclean (Ivoclar Vivadent), which is composed of zirconium
oxide (10-15 wt%), water (65—-80 wt%), polyethelene glycol
(8-10 wt%), and sodium hydroxide (<1 wt%).

963

All study procedures were carried out by the same
operator and according to the manufacturers’ recommenda-
tions. The milled 80 PEEK disks were air-abraded with
50-micrometer aluminum oxide particles at a pressure
of 2.8 bar for 15 s at a fixed distance of 10 mm, and then
cleaned in an ultrasonic bath of distilled water for 3 min
to remove any residues from their surfaces. Afterward,
the specimens were air-dried with compressed air for 15 s
to remove any remaining surface liquid.

Contamination

For group T, the temporary cement was mixed on
a glass slab in a 1:1 ratio and applied with a spatula to
the surface of each disk. After placing a glass slab on the
cement, pressure was applied to it. To standardize the
thickness of the cement layer and allow enough time for
the cement to set, a load of 2 kg was applied for 5 min,
using a cementation device, specially designed for apply-
ing pressure during the cementation process. The disks
contaminated with the temporary cement were stored in
water at 37°C for 24 h. For group S, artificial saliva was
applied, rubbed for 60 s with a micro-brush into the sur-
face of each disk, and then left undisturbed for 10 s. For
group F, a fit checker was applied using an Automix gun
and Automix tips on the surface of each disk, which were
then stored in water at 37°C for 5 min.

Cleaning

The contaminants were removed from the disk sur-
faces of the 3 groups. Group S specimens were air-water-
sprayed for 20 s, and then dried. The contaminants in
groups T and F were removed with the tip of a blunt
instrument. Each of these groups was further divided
into 3 subgroups according to the cleaning method. For
subgroups U, 8 disks from each contaminant group were
immersed in an ultrasonic cleaner filled with 99% iso-
propanol alcohol, and left for 3 min. Then, each disk was
air-dried for 15 s. For subgroups P, 8 disks from each con-
taminant group were cleaned using 35% phosphoric acid.
Phosphoric acid was applied to the surfaces of the speci-
mens with a tube tip and left on the surface for 1 min.
Each disk was then cleaned with a water spray for 15 s
and air-dried for 15 s. For subgroups I, 8 disks from each
contaminant group were cleaned with Ivoclean, applied
to the surface with a micro-brush, and left for 1 min. Each
disk was then water-sprayed for 15 s and air-dried for 15 s.

Conditioning

In accordance with the clinical implication provided in
a previous study,!® all specimens from all groups were con-
ditioned before cementation with a MM A-based universal
primer, visio.link (Bredent Group, Senden, Germany). The
primer was rubbed into the air-abraded surfaces, using
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an applicator brush for 10 s. The surfaces of the specimens
were then air-dried for 5 s for thinning the primer layer, and
subsequently light-cured for 40 s, using a dental curing unit
with an output of 1,200 mW/cm? before cementation.

Bonding the specimens

3D-printed plastic tubes (Formlab2; Formlabs Inc.,
Somerville, USA), with an inner diameter of 3.2 mm
and a length of 10 mm, were fabricated and filled with
a dual-cure composite resin (MultiCore Flow; Ivoclar
Vivadent). Seven minutes after filling the tubes, they were
bonded to the pretreated PEEK disks under a load of 2 kg
with the use of dual-cure self-adhesive cement (RelyX™
Unicem; 3M ESPE). A separating agent was applied to the
1-millimeter plastic tube border around the dual-cure
composite resin to avoid any interference with bonding.
Excess cement was removed and air-blocking gel (Liquid
Strip; Ivoclar Vivadent) was applied around the bonding
margins to prevent the formation of an oxygen inhibi-
tion layer on the luting resin. Light polymerization of all
specimens was performed from 2 opposing sites for 20 s
at a light intensity of 1,200 mW/cm?.

Tensile bond strength testing

All specimens were stored in distilled water at 37°C
for 24 h. This experimental study was carried out in
accordance with the International Organization for
Standardization (ISO) guidance ISO/TR 11405:1994.%
The specimens were loaded with a tensile force at a cross-
head speed of 2 mm/min until failure with a universal
testing machine (UTM) (Z010/TN2A; ZwickRoell, Ulm,
Germany). The tensile bond strength was calculated
with the following formula: fracture load / bonded area
(N/mm?). Since the bonded area was constant in all speci-
mens, TBS was automatically calculated by the SCM3000
testing software (MICROTEST, Madrid, Spain).

Failure mode analysis

The fractured interfaces of the specimens were examined
under a digital microscope (Dino-Lite; AnMo Electronics

|.M. Ibrahim et al. Contamination, cleaning and adhesion to PEEK

Corp., New Taipei City, Taiwan) at x40 magnification to
determine the mode of failure. The failure modes were
categorized into the following 3 types?%: adhesive failure
(type 1); cohesive failure in the luting resin or PEEK
(type 2); and mixed failure, when one area exhibited
cohesive failure, while other areas exhibited an adhesive
fracture (type 3).

Statistical analysis

Numerical data was represented as mean and standard
deviation (M +SD) values. The Shapiro—Wilk test was used
to check for normality. The homogeneity of variance was
tested using Levene’s test. The data showed parametric
distribution and variance homogeneity, and was analyzed
using the two-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. The comparisons of simple main
effects were done utilizing the error term of the two-way
model, with the p-value adjustment using the Bonferroni
correction. The intergroup comparisons — to compare
different groups with the control group — were done
using the one-way ANOVA followed by Dunnett’s post hoc
test. The significance level was set at p < 0.05 for all tests.
Statistical analysis was performed with the R statistical
analysis software for Windows, v. 4.1.3.%

Results

The results of the two-way ANOVA for the TBS values
showed that there was a significant interaction between
both tested variables (the contamination and cleaning
methods) (p < 0.001). The comparisons of simple main
effects showed that for the samples cleaned with an ultra-
sonic cleaner and Ivoclean, there were no significant
differences with regard to the effects of the different con-
taminants (p > 0.05). However, for the samples treated
with phosphoric acid, the difference was statistically
significant (p = 0.005), and the post hoc pairwise com-
parisons showed the samples contaminated with artificial
saliva to have a significantly higher mean TBS value than
the samples subjected to other contaminants (p = 0.005)
(Table 1).

Table 1. Comparisons of simple main effects with regard to the tensile bond strength (TBS) [MPa]

Contaminant

Cleaning method

‘ Ultrasound cleaning 27.27 £2.62% 28.00 +1.66"
‘ Phosphoric acid etching 23.90 +1.6280 27.20 +1.80%
‘ Ivoclean 20.90 +1.45¢ 20.77 £1.94%°
‘ fvalue 21.03 3863
‘ p-value <0.001* <0.001*

f-value
temporary cement artificial saliva fit checker

27.60 £2.54% 0.20 0.821 ‘
24.20 £2.398° 6.90 0.005* ‘
20.00 +2.75%¢ 042 0.661 ‘
17.63 = = ‘
<0.001* - - ‘

Data presented as mean + standard deviation (M £5D).

Means with different upper- and lowercase superscript letters within the same horizontal row and vertical column, respectively, are statistically significantly

different; * statistically significant (p < 0.05).



Dent Med Probl. 2026;63(4):961-967

For the samples contaminated with temporary cement
and a fit checker, there were significant differences be-
tween the different cleaning methods, with ultrasonic
cleaning providing the highest TBS values, followed by
phosphoric acid etching, and finally Ivoclean, and with
all pairwise comparisons being statistically significant
(p < 0.001). For the samples contaminated with artifi-
cial saliva, the difference was also statistically significant
(p < 0.001), but the pairwise comparisons showed only
the samples cleaned with Ivoclean to have a significantly
lower mean TBS value than other subgroups (p < 0.001)
(Table 1).

The results of the intergroup comparisons showed
the samples contaminated with temporary cement and
a fit checker, and treated with phosphoric acid, as well
as all samples cleaned with Ivoclean, to be statistically
significantly different from the control group (p < 0.001)
(Table 2). The mean values with 95% confidence intervals
(CIs) for TBS are presented in Fig. 1.

Discussion

Contamination during the try-in procedure makes sur-
face conditioning before the cementation of the restora-
tive material difficult.'”26?” In a previous study, artificial
saliva, temporary cement and a silicone-disclosing medium
were shown to decrease the bond strength of restorations.?®
In the present study, eugenol-free temporary cement was
used, since eugenol has been shown to significantly decrease
the bond strength of restorative materials to resin cement.?”
Also, artificial saliva was used, including mainly inorganic
components, such as calcium (Ca) and phosphate, as
well as proteins in the form of immunoglobulin and the
salivary amylase enzyme, since the use of human saliva
in experimental studies may lead to ethical concerns,
or problems in the reproducibility and standardization
of experiments due to human variation.?’

The cleaning methods used in this study were chosen
according to their availability in the clinic as a chairside
procedure and due to their presence in the literature as
methods for cleaning contamination off the surface of the
restorative material to be cemented. Previous studies
reported different cleaning methods, both mechanical
and chemical, to improve the bond strength of the con-
taminated surfaces.3*3! The use of phosphoric acid was
reported by Aboush to be the most beneficial method to
remove saliva from the contaminated porcelain veneer
surface.!®> Wattanasirmkit and Charasseangpaisarn stated
that the saliva and silicone-disclosing medium contaminat-
ing zirconia should be cleaned with phosphoric acid,
Ivoclean or hydrofluoric acid for 20 s prior to cementa-
tion.3? In a study by Phark et al., combining the ultrasonic
cleaner isopropanol bath and phosphoric acid proved
to be an efficient method for cleaning the contaminated
zirconia surfaces.?® The bond strength of resin cement
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Table 2. Intergroup comparisons with regard to the tensile bond strength
(TBS)

Control 2817 +£1.93
Ultrasonic cleaning—-temporary cement 27.27 +2.62
Ultrasonic cleaning-artificial saliva 28.00 +1.66
Ultrasonic cleaning—fit checker 27.60 £2.54
Phosphoric acid etching—temporary cement 23.90 +£1.62%
Phosphoric acid etching-artificial saliva 27.20 £1.80
Phosphoric acid etching—fit checker 24.20 £2.39%
Ivoclean—-temporary cement 20.90 +1.45%
Ivoclean-artificial saliva 20.77+1.94%
Ivoclean—fit checker 20.00+2.75*
Data presented as M +SD.
*significantly different from the control group (p < 0.05).

30 I ] l I
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©
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* 15
m
=
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S | | |
, N . N
control temporaty artificial saliva  fit checker
control = ultrasonic cleaning phosphoric acid etching Ivoclean

Fig. 1. Bar chart showing the mean and confidence interval values (error bars)
for the tensile bond strength (TBS)

to the saliva-contaminated lithium disilicate ceramic
etched with hydrofluoric acid was proven by Yoshida to
be restored when cleaned with phosphoric acid and the
Ivoclean gel.3*

The grouping system in this study was applied in ac-
cordance with other previous studies measuring the TBS
of different materials.>>3¢ The bonding protocol used was
based on a previous study by Kern and Lehmann, who con-
cluded that durable bonding to PEEK could be achieved
using a multifunctional methacrylate-containing resin
varnish on the air-abraded PEEK surfaces.'? The visio.link
primer has a good wetting ability that allows good me-
chanical interlocking in the micropores of the surface. It
contains MMA and a highly reactive triacrylate monomer,
pentaerythritol triacrylate (PETIA), which can penetrate
the resin matrix of the polymeric restoration material and
create entanglements that function as mechanical connec-
tions. Furthermore, visio.link allows covalent bonding to
methacrylate in polymeric restoration materials and resin
composite cement, providing high crosslinking density
at the interface and good mechanical properties.?”
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The null hypothesis was rejected, since the contamina-
tion and cleaning methods had a significant effect on the
TBS between PEEK and dual-cure self-adhesive resin
cement.

The results of the current study showed that contamina-
tion with temporary cement and a fit checker had the
greatest effect on the TBS of PEEK cemented with resin
when cleaned with phosphoric acid and Ivoclean. The
difference compared with the control group was significant.
Residues may affect the wettability of the adherend surface
with the self-adhesive resin cement, and act as a barrier
that inhibits the interactions between the inorganic
fillers of the self-adhesive resin cement and the organic
monomers in the polymer matrix.?”3® Ultrasonic clean-
ing was the most effective cleaning method to remove all
3 contaminants. Giiers et al. found that cleaning was
efficient with combining mechanical and chemical cleaning
methods, and that isopropanol was an excellent solvent
and left almost no oil traces on the surface.?® Other studies
have found that an ultrasonic bath triggers the release
of larger particles, as well as some sub-micron particles,
significantly reducing the amount of contaminant left on
the adherend surface.®

Contamination with artificial saliva had the least
significant effect on the TBS of PEEK cemented with resin,
and the difference compared with the control group was
not significant except for the combination with Ivoclean.
This can be explained by the fact that PEEK is a polymer
with which artificial saliva does not react chemically,
as it has no outer oxide layer that can be infiltrated by
saliva; it merely affects its hydrophilicity. Unlike zirconia,
where artificial saliva significantly affects its TBS to resin
cement due to the phospholipids present in saliva that
bond to and occupy the outer oxide layer of zirconia,
leaving little remaining oxide layer space that visio.link
could bond to.?

There was a slight interaction between artificial saliva
and PEEK, which was easily diminished by phosphoric
acid. It is possible that the acid penetrates the salivary
film and etches the adherend surface underneath it.!°
Regarding Ivoclean, its composition is specially designed
to remove saliva contamination. The zirconium oxide
particles in Ivoclean can strongly interact with the phosphate
groups in the salivary film and remove the film from the
adherent surface.?”

This study used a tensile test to evaluate the adhesive
capacity of the material rather than, for instance, the stress
created during clinical function. However, intraorally, in-
direct restorations are subjected to different forces, such
as tensile, shear, compressive, oblique, and combinations
of these types. This study evaluated only tensile forces.
The interpretation of the current TBS results is that the
different contaminants affected the bond strength differ-
ently, depending on the cleaning method.

The results of this research are in agreement with previ-
ous papers studying different restorative materials other

|.M. Ibrahim et al. Contamination, cleaning and adhesion to PEEK

than PEEK under similar conditions. Temporary cement
and a fit checker affected the TBS of PEEK more than
artificial saliva, and the ultrasonic isopropanol cleaner
bath had a better cleaning effect than phosphoric acid or
Ivoclean. In this article, TBS was measured in vitro, without
thermal or mechanical load cycling. The experiments
involving thermocycling and mechanical loading provide
a better evaluation of the bond strength, so we recommend
more research on the long-term stability of the bond
strength, using different aging protocols.

Conclusions

Within the limitations of this study, the following
conclusions could be drawn:

Temporary cement and a fit checker adversely affected
the TBS of PEEK, more than artificial saliva.

An ultrasonic cleaner effectively decontaminates the
PEEK surface and enhances the TBS to resin cement.
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Abstract

Background. Zirconia restorations have attracted considerable attention because of their favorable
mechanical and esthetic properties, which meet the requirements for both anterior and posterior restorations.

Objectives. This study aimed to evaluate the microshear bond strength (uSBS) between resin cement
and zirconia surfaces dip-coated with nanosilica and nanozirconia suspensions of different compositions.

Material and methods. An extra translucent (XT) zirconia disc composed of 5 mol% yttrium-stabilized
zirconia was sectioned into 66 samples and divided into 6 groups: untreated zirconia as the control group;
zirconia blasted with silica-coated alumina; and zirconia dip-coated with nanosilica—nanozirconia suspensions
atvolume ratios of 100:0, 75:25, 50:50, and 25:75. The coated surfaces were analyzed using energy-dispersive
X-ray spectroscopy (EDS), field emission scanning electron microscopy (FESEM), atomic force microscopy
(AFM), and X-ray diffraction (XRD). Resin cement cylinders were bonded to the treated zirconia surfaces, and
1ISBS testing was performed. The differences between the groups were analyzed using one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test, with the significance level set at p < 0.05.

Results. The highest 1SBS was observed for the 50:50 nanosilica—nanozirconia group (51.63 £5.56 MPa),
whereas the lowest values were recorded for untreated zirconia (17.38 +3.74 MPa). Zirconia blasted with
commercially available silica-coated alumina showed [1SBS of 31.00 £6.54 MPa.

Conclusions. Dip coating with nanosilica—nanozirconia suspensions appears to be a feasible method for
improving resin—zirconia bonding while preserving the zirconia structure. Among the tested compositions,
the 50:50 nanosilica—nanozirconia suspension produced the highest uSBS.

Keywords: microshear bond strength, nanosilica coating, nanozirconia, resin-ceramic bonding
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+ The study aimed to identify a practical and low-cost method of increasing the shear bond strength between resin

and zirconia using readily available materials.

+ The dip-coating technique effectively modifies zirconia surface characteristics by increasing surface roughness.
+ Dip coating with equal amounts of zirconia and silica nanoparticles improves the shear bond strength of zirconia.

Introduction

Zirconia has become one of the most widely used ceramic
materials in dentistry owing to its favorable mechanical
properties, high fracture strength, esthetics, and biocom-
patibility.? Yttria-stabilized tetragonal zirconia polycrys-
tal (Y-TZP) is widely used as an alternative to metal—
ceramic materials for anterior and posterior restorations.
Zirconia is available in various brands and translucency
levels, which exhibit different mechanical properties.>*
Highly translucent zirconia restorations should generally
be limited to abutments with a color similar to that of the
planned definitive restoration, whereas less translucent
zirconia may be used in areas where high translucency is
not required; both have demonstrated clinical success.>~”

However, achieving durable resin bonding to zirconia
remains a major challenge because of its chemically inert
surface and its resistance to roughening with hydrofluoric
acid (HF), owing to the absence of silica, unlike other types
of ceramic.** Conventional methods for zirconia surface
treatment have their own limitations and drawbacks, pro-
viding a rationale for investigating other approaches.>®

Zirconia surface treatments should provide adequate
shear bond without adversely affecting the microstructure
or integrity of the treated material.” A widely used pro-
tocol for achieving durable bonding to zirconia consists
of sandblasting followed by primer application. However,
sandblasting may be considered a double-edged approach.
Although it can enhance bond strength, it may adversely
affect the mechanical properties and reliability of zirco-
nia by causing surface damage, inducing tetragonal-to-
monoclinic phase transformation, introducing surface
flaws, altering surface topography, and changing surface
chemistry through alumina contamination.”®

To achieve durable bonding between a ceramic material
and resin cement, 2 fundamental requirements should be
met: micromechanical interlocking and chemical bond-
ing.” The former can be achieved through appropriate
surface treatment, including sandblasting and HF etch-
ing, while chemical bonding is promoted by primers that
facilitate adhesion between hydrophobic resin cement and
different ceramic computer-aided design/computer-aided
manufacturing (CAD/CAM) materials. In silica-based ce-
ramics, bonding protocols generally involve HF etching,
which removes the glassy phase of the ceramic matrix
and creates surface roughness (Sa) to enhance mechani-
cal bonding, followed by the application of silane coupling

agent to promote chemical bonding to resin-based ma-
terials.'®12 For oxide ceramics such as zirconia, various
surface-roughening methods can be used to enhance me-
chanical bonding, whereas primers containing 10-metha-
cryloyloxydecyl dihydrogen phosphate (10-MDP) promote
chemical bonding to the zirconia surface.

Resin bonding to zirconia can be improved by apply-
ing silica coatings to the zirconia surface,!** although
currently available techniques have significant limita-
tions. Tribochemical silica coating introduces silica onto
the zirconia surface while simultaneously increasing Sa,
thereby enhancing bonding.!> Particle bombardment may
also induce phase transformation at the zirconia surface
and adversely affect its mechanical properties.’® Another
approach is sol—gel deposition, which uses silicon alkoxide
precursors to produce smooth silica coatings. However,
these uniform films may crack during high-temperature
sintering, potentially compromising their performance.1”1#
Other techniques, such as reactive sputtering and chemical
vapor deposition, can also be used to deposit silica coatings
but require expensive, specialized equipment that is not
readily available in dental laboratories.!*2° More recently,
research has focused on nanoscale silica coatings and
composite coatings as potential approaches to improving
bonding. Fusion sputtering uses an air—water jet to spray
zirconia nanoparticles onto unsintered zirconia, creat-
ing a porous layer that provides micromechanical reten-
tion after sintering.!®> However, controlling the thickness
and homogeneity of this nanoparticulate layer is difficult.
Similarly, applying nanosilica—zirconia composites with
amicrobrush followed by sintering can improve adhesion,
but achieving consistent coating remains challenging.?!

Silica coatings have demonstrated the potential to en-
hance resin bonding to zirconia; however, existing ap-
proaches have not yet achieved an optimal balance be-
tween strong and durable adhesion and preservation of the
favorable surface and mechanical properties of zirconia.
Further investigation of novel nanoscale surface modifica-
tions is therefore warranted to develop coatings capable
of effectively conditioning the chemically inert zirconia
surface while minimizing surface damage. Optimized na-
noscale coatings may broaden the potential applications
of adhesive bonding to zirconia restorations. Dip coating
of zirconia with silica has recently emerged as a promising
approach because it may improve resin bonding without
damaging the zirconia surface while creating a glassy layer
that can be chemically modified.?>?* Microshear bond
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strength (uSBS) testing is more reliable for clinical applica-
tions. Specimens are thought to follow an all-or-none prin-
ciple, as ifany defect introduced during sample preparation
may result in immediate failure during testing, which is
preferable to obtaining false-positive results. Therefore, the
smaller specimen diameter reduces the likelihood of com-
plex stress generation, resulting in a greater proportion
of adhesive rather than mixed failures.?

The purpose of this study was to evaluate the effects
of coating zirconia with different concentrations of nano-
silica on its surface characteristics and to compare these
effects with those obtained using commercially available
products recommended for zirconia surface treatment.
The null hypothesis was that there would be no differences
among zirconia specimens coated with different concen-
trations of nanosilica and those treated with silica-coated
alumina blasting in terms of surface characteristics or
uSBS.

Material and methods

Extra translucent zirconia (VITA YZ® XT; VITA
ZahnFabrik H. Rauter GmbH & Co. KG, Bad Sackingen,
Germany), silica and zirconia nanopowders (US Research
Nanomaterials, Inc., Houston, USA), silica-coated alumina
(CoSil; Veloplex International, London, UK), Z-Prime Plus
(BISCO, Inc., Schaumburg, USA), and self-adhesive resin
cement (G-CEM ONE™; GC Corporation, Tokyo, Japan)
were used in the study.

Zirconia sample preparation

A zirconia disc (VITA YZ® XT), 100 mm in diameter
and 18 mm in height, was cut under water cooling into
66 samples measuring 8 mm x 8 mm x 2.5 mm using
a cutting machine (MTI Corporation, Richmond, USA).
All specimens were polished using dual-speed grinder-
polisher (MDP200; Anhui Future International Trading
Co. Ltd., Bengbo, China) up to 1,200 grit and then cleaned
in an ultrasonic bath (GT SONIC, Shenzhen, China) for
10 min. The specimens were subsequently dried in an oven
at 100°C for 1 h.

The samples were grouped according to the composi-
tion of the dipping suspension and the proportions of its
nano-oxide particles (SiO, and ZrO,). Eleven specimens
from each group were dipped simultaneously in the same
suspension to ensure standardization (Table 1).

Preparation of zirconia dipping
suspensions

Twenty milliliters of 99% methanol was mixed with the
required amounts of nanosilica and nanozirconia for each
group. The mixture was stirred using a magnetic stirrer
for 30 min, after which the suspensions were sonicated in

97

Table 1. Zirconia dip-coating groups with different nanosilica and
nanozirconia compositions

Group | Surface treatment/coating composition [f/if?%z,] [%/rf;f]

A SiO, 100 0

B SiO, + ZrO, 75 25

C SiO, + Zr0; 50 50

D SiO, + Zr0O; 25 75

E ZrO; blasted with CoSil - -

Control untreated XT zirconia = =

an ultrasonic bath for 2 h. Subsequently, 1 mL of polyvinyl
alcohol (PVA) was added as a binder, and the suspension
was mixed again using the magnetic stirrer for 30 min.
Finally, a high-power ultrasonic probe (Hielscher Ultrasonics
GmbH, Teltow, Germany) was used for 10 min to obtain
ahomogenous suspension that remained stable for a longer
period without settling. The dipping time was set at 6 min
based on preliminary trials, in which a dipping time
of 6 min provided the highest SBS.

Zirconia sample sintering

All zirconia specimens were sintered (VITA
ZYRCOMAT® 6000 MS; VITA ZahnFabrik H. Rauter
GmbH & Co. KG) for 120 min at 1,450°C according to the
manufacturer’s instructions (Fig. 1).

2,000F

1,600 120 min

1,200F

800F

temperature [°C]

400F

0 100 200 300 400 500 600 700 800
time [min]

Fig. 1. Sintering program for extra translucent (XT) zirconia

Characterization

Three specimens were randomly selected from each
group for characterization using energy dispersive X-ray
spectroscopy (EDS) (Axia ChemiSEM System; Thermo
Fisher Scientific, Eindhoven, Netherlands), field emission
scanning electron microscopy (FESEM) (Inspect™ F50;
FEI Company, Hillsboro, USA), atomic force microscopy
(AFM) (NaioAFM; Nanosurf, Liestal, Switzerland), and
X-ray diffraction (XRD) (Shimadzu XRD-6000; Shimadzu
Corporation, Kyoto, Japan).
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Microshear bond strength testing

Microshear bond strength testing was used to quan-
tify the interfacial adhesion between the resin ce-
ment and zirconia substrates after different surface
treatments. This method applies an increasing shear
load to a small cross-sectional bonding area until fail-
ure occurs, allowing a localized assessment of bond
strength.’ Resin cement (G-CEM ONE™) was used
to create cylindrical specimens that were polymerized
and bonded to the primed zirconia surfaces. A univer-
sal testing machine fitted with a knife-edge shearing
tool?> was used to measure the uSBS at a crosshead
speed of 0.5 mm/min. The load at failure was recorded
in newtons [N] and divided by the cylindrical bond
area to calculate the uSBS in megapascals [MPa]. This
standardized microshear testing protocol allowed
precise, localized measurement of bond strength at
the adhesive interface between the resin cement and
nanosilica-coated zirconia surface. The test provided
a measure of interfacial bond strength and assessed
the durability and fatigue resistance of the bonded
restorations.

Statistical analysis

Data was statistically analyzed using the IBM SPSS
Statistics for Windows software, v. 26.0 (IBM Corp.,
Armonk, USA). The normality of the data was as-
sessed using the Shapiro—Wilk test. One-way analysis
of variance (ANOVA) was used to compare the groups,
followed by Tukey’s post hoc test. The significance
level was set at p < 0.05.

Results
Microstructure analysis

Scanning electron microscopy provided high-res-
olution images of the zirconia surface morphology
after different coating treatments. On untreated pol-
ished zirconia, FESEM revealed a smooth, flat sur-
face with only minor scratches and grooves from the
polishing process (Fig. 2). At high magnification, the
zirconia grains were tightly packed and clearly vis-
ible, with grain boundaries in close contact and no
apparent gaps or defects. In contrast, in group E, in
which zirconia was sandblasted with CoSil using the
tribochemical silica-coating method, Sa was markedly
increased, obscuring the underlying zirconia grain
structure (Fig. 3). The particle bombardment created
an irregular, porous surface with peaks, valleys and
protruding features. No smooth or flat areas remained
after abrasive blasting with the silica-coated alumina
particles.

L.S. Amory, M. Rashid. Enhancing dental zirconia bonding

Group A, in which zirconia was dip-coated with
a 100% nanosilica suspension, showed an island-like
coating that partially covered the zirconia surface
(Fig. 4). Within this coating, the islands contained
pores and cavities, and these nanostructures were
perpendicularly oriented. The coating showed incom-
plete coverage and high porosity, facilitating micro-
mechanical interlocking with resin cement, with some
areas of the zirconia surface remaining exposed for
chemical bonding interactions.

After nanozirconia was added to the dipping sus-
pension (75% SiO, + 25% ZrQ,) in group B, the surface
morphology changed from an island-like appearance
to a more compact structure, with a decrease in the
amount of exposed zirconia substrate (Fig. 5). The
surface topography of the zirconia coating changed,
as indicated by the absence of the scattered pattern
observed in specimens coated with pure silica. In ad-
dition, the coating islands appeared to be more closely
attached to the zirconia substrate, although some
areas of the substrate remained uncovered. At high
magnification (x10,000), nanozirconia particles were
observed dispersed within the melted silica (fused
silica).

As the proportion of zirconia nanoparticles in the
dipping suspension increased to 50 Vf% in group C,
the surface topography showed reduced spacing and
closer approximation among islands, resulting in a de-
crease in the amount of exposed zirconia substrate
(Fig. 6). At high magnification (x10,000), a greater
number of zirconia particles were observed distrib-
uted within the melted silica, with porosities formed
within the coating.

With a further increase in the zirconia content
of the suspension to 75% V{% in group D, no signif-
icant changes were observed at low magnification
(x150), although a slight reduction in surface coat-
ing cracks was noted (Fig. 7). At high magnification
(x10,000), the melted silica appeared to be densely
loaded with nanozirconia particles, with porosities
present within the coating.

Fig. 2. Untreated extra translucent (XT) zirconia

A. Atomic force microscopy (AFM) image; B1. Field emission scanning
electron microscopy (FESEM) image at X250 magnification; B2. FESEM
image at x10,000 magnification.
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Fig. 3. Zirconia blasted with CoSil (group E)

A. AFM image; B1. FESEM image at X150 magnification; B2. FESEM image at x10,000 magnification; C1. Energy dispersive X-ray spectroscopy (EDS) mapping
of alumina; C2. EDS mapping of silica.

Z-Avis - Scan forward_Mean fit

Mean 214 3

Fig. 4. Zirconia dip-coated with 100% SiO, (group A)

A. AFM image; B1. FESEM image at x150 magnification; B2. FESEM image at x10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

HV [mag o det pressure | WD 500 pm
30.00 KV| 150 x_ETD 8.42¢-4 Pa 9.9 mm t f 50-FEI Company Lo 8

Fig. 5. Zirconia dip-coated with 75% SiO, + 25% ZrO, (group B)

A. AFM image; B1. FESEM image at X150 magnification; B2. FESEM image at x10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

HV 'mag o | det pressure 500 pm
.00 0 a 10 NS

150 x

Fig. 6. Zirconia dip-coated with 50% SiO, + 50% ZrO, (group C)

A. AFM image; B1. FESEM image at x150 magnification; B2. FESEM image at x10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.
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Fig. 7. Zirconia dip-coated with 25% SiO, + 75% ZrO, (group D)

L.S. Amory, M. Rashid. Enhancing dental zirconia bonding

A. AFM image; B1. FESEM image at x150 magnification; B2. FESEM image at x10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

Elemental analysis

The EDS spectra (Table 2) showed the weight percent-
ages of oxygen, yttrium, hafnium, and zirconium, with
an insignificant percentage of detectable silicon and
aluminum on the surface of untreated zirconia. For
group E, in which the zirconia surface was blasted
with silica-coated alumina, EDS revealed the presence
of silicon and aluminum in addition to the elements
detected on the untreated zirconia surface. In group
A, the amount of silicon was higher than that in group
E. Groups B, C and D showed different proportions
of silicon and zirconium. EDS mapping demonstrated
the distribution of the nanoparticles within the coating
of each group (Fig. 8).

XRD characterization

X-ray diffraction analysis provided critical insights
on the crystallographic phases present in zirconia after
different nanocoating treatments (Fig. 9). By measuring
diffraction peak angles and intensities, the atomic lat-
tice structure was characterized. For untreated polished
zirconia controls, distinct XRD peaks were observed at
20 values of 30.3° 35.2° 50.5° 60.0°, and 62.8°, corre-
sponding to the (101), (110), (112), (211), and (202) crys-
tal planes of the metastable tetragonal zirconia phase.!®

Table 2. Elemental composition of zirconia surfaces determined by
energy dispersive X-ray spectroscopy (EDS)

Group (0} Al Si Zr Y Hf
A 50.2 1.1 9.8 387 - -
B 334 0.0 16.8 44.0 5.8 -
@ 24.7 0.0 8.6 59.8 6.9 -
D 231 0.0 4.6 66.5 5.8 -
E 34.7 2.2 0.6 62.3 - -
Control 594 0.0 04 30.7 64 32

Data presented as percentage [%]. O — oxygen; Al — aluminum; Si - silicon;
Zr — zirconium; Y = yttrium; Hf — hafnium.

The nanosilica-zirconia-coated samples showed identi-
cal peaks, indicating that the coatings did not disrupt the
tetragonal lattice structure of zirconia. Preserving the
tetragonal phase is crucial for maintaining optimal me-
chanical properties in zirconia restorations.?® In contrast,
tribochemical silica coating induced a phase transforma-
tion, with an additional peak at 28.2° representing the
monoclinic phase.!® Particle bombardment cause sufficient
surface damage to disrupt the tetragonal structure. Such
a phase transformation may introduce surface flaws and
residual stresses, potentially compromising the mechanical
properties of the restoration.?”28

The 100% nanosilica coatings also exhibited new
peaks at 49.0° and 50.5° which were assigned to the
(012) and (110) planes within SiO,.!® For the nanosil-
ica—zirconia coatings, distinct peaks were observed at
30.1264°,50.1339° and 60.0273°. The presence of char-
acteristic peaks associated with the nanomaterials con-
firmed the composition of the composite coating on
the zirconia surface. The XRD findings indicated that
the inert zirconia phase and crystallinity were unaf-
fected by dip coating. By preserving the optimal te-
tragonal structure, the nanocoatings help maintain the
favorable mechanical properties of zirconia for dental
applications.

Topographic analysis

The topography of the coated surfaces was evaluated
using AFM. The surface roughness of the specimens, as-
sessed over an average scanned area of 60 nm x 60 nm,
ranged from 30 nm to 1,000 nm. A comparison of Sa
among the groups is presented in Table 3. The average
Sa values for groups A—E and the untreated group were
1,552 nm, 707 nm, 792.8 nm, 433 nm, 372 nm, and 193 nm,
respectively. The Sa of group A was significantly greater
than that of all other groups (p < 0.001).

The reconstructed three-dimensional (3D) surface
roughness images representative of each group are shown
in Fig. 2-7. Different surface topographies were observed
among the groups.
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A. Group A; B. Group B; C. Group G; D. Group D; E. CoSil-blasted zirconia (group E); F. Untreated XT zirconia.
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Fig. 9. X-ray diffraction (XRD) patterns of zirconia surfaces showing the
crystallographic phases after different surface treatments

Table 3. Surface roughness (Sa) values of zirconia specimens after different
surface treatments measured by atomic force microscopy (AFM)

Sa
[nm]

Group
A 1,552
B 707
C 7928
D 433
E 372

Control 193

Table 4. Microshear bond strength (uSBS) of resin cement bonded to
zirconia surfaces after different surface treatments

uSBS [MPa]
M +SD

Group

A 3741 £545
B 42.10 £6.92
C 51.63 £5.56
D 42.96 £8.96
E 31.00 +6.54

Control 17.38 +3.74

M — mean; SD - standard deviation.

Table 5. Failure modes of treated and untreated zirconia specimens

Group Adhesive | Adhesive Il
A 8(100.0%) -
B 5 (62.5%) 3 (37.5%)
C - 5 (62.5%)
D = 8(100.0%)
E - 6 (75%)
Control - 6 (75%)

After the puSBS test, the failure modes were examined
using a digital microscope at x250 magnification. Failure
modes were categorized into 3 types, as follows (Fig. 10):
— adhesive I: failure between the zirconia substrate and

the coating (ZrO,—coating interface);

— adhesive II: failure between the coating and the resin
cement (coating—resin cement interface);

— mixed failure: a combination of adhesive II failure and
cohesive failure.?

The failure mode was evaluated for each group. In group
A (100% SiO,), failure occurred between the zirconia sub-
strate and the coating, and was therefore classified as adhe-
sive I failure. In group B (75% SiO, + 25% ZrO,), 62.5% of fail-
ures occurred at the zirconia—coating interface, whereas
37% occurred at the coating—resin cement interface. In
group C (50% SiO, + 50% ZrO,), 62.5% of failures occurred
at the coating—resin cement interface, whereas 37% of the
specimens exhibited mixed failure. In group D (25% SiO, +
75% Zr0O,), 100% of failures were reported at the coating—
resin cement interface. In group E (CoSil), 75% of failures
were reported at the coating—resin cement interface and 25%
were mixed failures, similarly to the control group (Table 5).

Fig. 10. Failure modes after microshear bond strength (uSBS) testing

A. Adhesive | failure; B. Adhesive Il failure; C. Mixed failure.

(adhesixlﬁ/ecdohesive) GG sl
- - 8(100.0%)
- - 8(100.0%)
3(37.5%) - 8 (100.0%)
= = 8 (100.0%)
2 (25.0%) - 8(100.0%)
2 (25.0%) - 8 (100.0%)
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Discussion

The null hypothesis was rejected, since different surface
topographies and morphologies were observed on the zir-
conia surface after dipping in different nanosuspensions
and after blasting with silica-coated alumina. In addition,
the blasting technique induced a tetragonal-to-monoclinic
phase transformation, which may contribute to zirconia
surface damage.

The measurement of bond strength at the zirconia—resin
cement interface is complex. Microshear bond strength
testing was utilized in this study to quantify the inter-
facial adhesion between resin cement and zirconia after
dip-coating surface treatments. Compared with conven-
tional macroscale shear testing, the microshear method
provides more reliable and representative bond-strength
results.?”3% Microshear testing is performed by bonding
small cylindrical samples and applying an increasing
shear force parallel to the interface.!*2* Failure occurs by
debonding at the weakest point, which is often within the
microscopic bonding complex. This provides a more rep-
resentative measure of interfacial adhesive strength rather
than the cohesive strength of the cement itself.?” However,
the small surface area can introduce challenges related to
stress concentrations and non-uniform loading. Despite
these limitations, microshear testing remains an accepted
and useful technique for comparing bond strengths in
localized regions.?*3°

In this study, all nanostructured coatings significantly
enhanced zirconia bond strength compared with the pol-
ished untreated zirconia surface. The inert zirconia surface
lacks retentive features or chemical reactivity with resin
cements, resulting in low bond strength. These findings
are consistent with those reported in the literature.®31-33
By introducing nanoscale textures and porosities, as dem-
onstrated by FESEM, the coatings increased the surface
area and surface energy available for micromechanical
retention and adsorption of resin monomers. The 50:50
silica—zirconia ratio provided an optimal balance between
chemical and mechanical bonding with the resin cement.

Tribochemical silica coating with CoSil particles in-
creased puSBS compared with polished zirconia. The
particle bombardment roughened the inert surface
and enhanced micromechanical retention.?* However,
a tetragonal-to-monoclinic phase transformation was
observed, indicating surface damage. Residual stresses
associated with this transformation can compromise the
restoration.®?” In contrast, dip coating formed homogeneous
nanolayers without disrupting the fragile zirconia surface.
Porous silica—zirconia composite coatings increased bond
strength while preserving the optimal tetragonal phase, as
verified by XRD (Fig. 9).

Dip coating enables precise control over nanolayer prop-
erties by adjusting the coating composition and deposition
parameters.3® The approach modifies zirconia surfaces to
enhance resin bonding without abrasive blasting or the use
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of high temperatures. Further optimization of nanocoating
composition, thickness, and sintering parameters could
produce durable yet microretentive surfaces, expand-
ing the potential applications of high-strength zirconia
restorations.

The silica—zirconia-coated surfaces exhibited higher
uSBS (p < 0.05) compared with the other groups; this in-
dicates that silica—zirconia coating may be an effective
method for improving resin—zirconia adhesion. The ob-
served increase in uSBS could be attributed to increased
micromechanical interlocking in addition to chemical
bonding.?® The FESEM images (Fig. 5—7) show numerous
microgaps between the particles within the silica—zirconia
coating. This observation supports the assumption that
micromechanical interlocking between the coated zirconia
surface and resin cement was enhanced.

The highest uSBS among all groups was observed for the
50% SiO, + 50% ZrO, suspension (51.63 +5.6 MPa) which
could be due to the high Sa in this group (792.8 nm), as
shown by AFM analysis (Table 3). FESEM demonstrated
that the coating formed a network with sharp edges (Fig. 5),
which could be attributed to the sintering of nanosilica and
nanozirconia on the zirconia surface.

Field emission scanning electron microscopy also
showed that the coating provided complete coverage of the
zirconia substrate. The increased average Sa may have con-
tributed to enhanced micromechanical bonding, while the
presence of zirconium at approx. 59.8 wt% on the coating
surface could facilitate interaction with 10-MDP in the
Z-Prime Plus and thereby promote chemical bonding. The
combination of chemical and mechanical bonding may
have contributed to the increased uSBS, in agreement with
previous findings.?” This high bond strength was also re-
flected in the failure mode, which showed that the adhesive
strength of the coating to the zirconia substrate was high,
with no adhesive I failures. Failure occurred at the resin ce-
ment—coating interface (adhesive II) in 62.5% of specimens,
while 37.5% showed mixed adhesive 1I/cohesive failure
(Table 5, Fig. 10).

Dip coating with 100% SiO, resulted in higher uSBS
than tribochemical silica coating and untreated zirconia.
The pure silica coating led to the formation of a patch-
like coating pattern, leaving some areas of bare zirconia
exposed. This surface pattern may have increased the
available surface area and enhanced micromechanical
bonding.® In addition, the exposed zirconia substrate
could interact with 10-MDP from the primer, thereby
enhancing chemical bonding. This finding agrees with
previous studies demonstrating that 10-MDP affects the
bonding effectiveness of conventional composite resin
cement to zirconia ceramics.?® However, this increase
in bond strength appeared to be insufficient to ensure
strong adhesion between the coating and zirconia sub-
strate, as 100% of failures in this group occurred at the
coating-zirconia interface and were classified as adhesive
I failures (Table 5).
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This simple, laboratory-friendly dip-coating technique
shows promise for improving resin bonding to zirconia
restorations.?® By combining nanosilica and nanozirco-
nia, bond strength was improved without surface damage.
A key challenge was developing stable dispersions of the
nanoparticle mixtures to enable homogeneous coatings.*
Nanoparticles tend to agglomerate due to their high sur-
face energy. Adequate particle dispersion and prolonged
stabilization of the suspension were achieved by sonication
using an ultrasonic probe.*! This allowed consistent dip
coating with tunable nanolayer properties. With further
optimization of deposition parameters and sintering pro-
tocols, this approach could be broadly implemented to
tailor zirconia bonding surfaces.

These findings were obtained using only one type of zir-
conia (XT). Because different types of zirconia have different
chemical compositions and physical properties, this tech-
nique should also be evaluated using other zirconia types
(LT and HT zirconia), to determine whether it similarly
improves uSBS between resin cement and these materials.

The study had some limitations, particularly the lack
of simulation of clinically relevant intraoral conditions.
Aging procedures such as water storage, mechanical load-
ing and thermocycling were not performed. Future studies
incorporating thermocycling and mechanical cyclic load-
ing may provide more clinically relevant results by better
simulating intraoral conditions.

Conclusions

The new dip-coating method utilizing nanosilica—
nanozirconia composite suspensions represents a prom-
ising strategy for enhancing resin adhesion to zirconia
surfaces. This approach resulted in higher uSBS than sil-
ica-coated alumina blasting while preserving the fragile
zirconia structure. The ability to modify surface textures
and porosities by adjusting the nanoparticle composition
of the suspension further demonstrates the versatility and
efficacy of this technique. Among the nanosuspensions
evaluated, the 50:50 nanosilica—nanozirconia composition
produced the most favorable overall results.
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Abstract

Background. Following selective caries removal, the efficacy of bonding to the dentin substrate is
questionable due to alterations in mineral content and the quality of remaining dentin, especially in deep
proximal cavities.

Objectives. The aim of the study was to evaluate the microtensile bond strength of resin composite to
artificially demineralized dentin and sound dentin compared to demineralized dentin that underwent
different remineralization protocols. Additionally, the study sought to evaluate the effect of the 2 bonding
modes (total-etch/self-etch) on the applied remineralizing agent, and to analyze the failure mode.

Material and methods. The study utilized 30 sound proximal molar surfaces. They were randomly
divided into 5 groups based on the remineralization protocols, as follows: sound dentin as positive
control (G1); artificially demineralized dentin but without surface treatment as negative control (G2); and
artificially demineralized dentin surface groups with surface treatments (sodium fluoride (NaF) solution
(G3), nano-hydroxyapatite (nHAp) (G4), and a combination of remineralizing agents (G5)). Different
modes of application of the bonding agent (total-etch (B1) and self-etch (B2)) were implemented. Then,
a nanohybrid composite was applied and light cured. The microtensile bond strength test was performed,
and the failure mode was evaluated.

Results. The application of the total-etch mode resulted in a statistically significant difference between
microtensile bond strength values of remineralization protocols. The NaF and nHAp groups (G3 and G4)
exhibited the highest values. A statistically significant difference was observed between the microtensile
bond strength values of remineralization protocols in the self-etch mode. The positive control, NaF, nHAp,
and combined groups (G1, G3, G4, and G5) showed the highest values. The negative control group (G2) in
both bonding modes demonstrated the lowest microtensile bond strength.

Conclusions. All remineralization protocols applied to demineralized dentin demonstrated an improve-
ment in bond strength that was equivalent to sound dentin. All remineralized dentin surfaces exhibited
a favorable failure mode in comparison to the negative control group.

Keywords: deep demineralized dentin, microtensile bond strength, dentin remineralization, eggshell
nano-hydroxyapatite, selective caries removal
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* The bonding effectiveness of resin composites to proximally located, demineralized dentin is unreliable.

+ All tested remineralizing agents enhanced bond strength to levels comparable with sound dentin.

* The nano-hydroxyapatite (nHAp) paste and sodium fluoride (NaF) solution improved the bond strength to caries-
affected dentin when used with a universal adhesive in both bonding modes.

* The combination of nHAP and NaF did not provide any additional benefit over their individual application.

* The remineralization of caries-affected dentin improves the hybrid layer quality and favors the mode of failure.

Introduction

In modern restorative dentistry, a conservative
approach is the prevailing treatment modality for dental
caries. The complete removal of caries employed in the
treatment of deep lesions is currently regarded as an over-
treatment due to the risk of unnecessary and unwarranted
removal of sound tooth structure, which can result in
a high risk of pulp exposure. Therefore, conservative,
selective caries removal is recommended for deep lesions.!
This approach entails the removal of caries from the
peripheral and lateral walls of the lesion until sound enamel
and dentin margins are reached. For the deepest part
of the lesion, the outer softened infected carious dentin is
removed, while the inner affected firm layer is left behind.
During the process of cavity restoration, demineralized
tissue poses a challenge to adhesion when utilized as the
bonding substrate, resulting in reduced bond strength
values.? The adhesion to the peripheral sound enamel and
dentin is crucial for ensuring the proper sealing of the
margins and, consequently, halting the progression of the
carious lesion. This is further supported by clinical trials
that demonstrated a higher survival rate for teeth restored
through the selective caries removal technique.?

As demonstrated in previous literature, the carious
process causes a significant reduction in mineral content,
especially in deep dentin layers. This is due to a significant
increase in porosity and alterations in dentin collagen
structure and distribution.* Consequently, there is a de-
cline in the mechanical properties of dentin, including
microhardness, stiffness, microtensile strength, and modu-
lus of elasticity. This reduction affects the quality of the
hybrid layer and leads to questionable bond strength and
failures under occlusal forces, which has an impact on the
overall prognosis of the restoration.>® A biomimetic con-
cept was introduced to regain and restore the normal con-
ditions of the caries-affected dentin substrate and its min-
eral content through remineralization.”® The application
of remineralizing agents prior to bonding has been shown
to increase bond strength by restoring the inorganic lost
components and reducing the water content and poros-
ity. Consequently, the usage of remineralizing agents on
deep caries-affected dentin has the potential to facilitate

the recovery of its mechanical properties.® This approach
may be advantageous in cases of subgingival deep cavities
where obtaining a sound margin would be challenging.

Different types of dental remineralizing agents were
evaluated in literature.!®!! Sodium fluoride (NaF) solution
was first introduced in 1941 by Lulkomsky and is consid-
ered the gold standard for desensitization and reminer-
alization.'>!* In recent years, there has been significant
progress in the field of dentistry with the introduction
of nano-hydroxyapatite (nHAp), which is expected to be
the future of remineralization.!>!® Nano-hydroxyapatite
particles derived from eggshell powder have shown
a biomimetic remineralizing effect on enamel surfaces
for the treatment of white spot lesions, as well as on
exposed dentin for the treatment of erosions.!” Derived
from calcium-rich natural sources such as chicken egg-
shells, nHAp crystals contain a high percentage of calcium
carbonate and, to a lesser extent, calcium phosphate, mag-
nesium carbonate and organic matter.!® The high stability
and bioactivity of nHAp can potentially provide calcium
and phosphate in an adequate concentration to enable
repair and promote remineralization. In addition to its
antimicrobial properties, a dual action strategy involving
mineralization and antimicrobial activity is anticipated
from the nHAp.!920

Recently, a novel approach has been introduced that
utilizes the eggshell-derived nHAp as a remineralizing
agent on caries-affected deep dentin substrate. The objec-
tive of this approach is to facilitate the restoration of the
dentin’s lost inorganic mineral.'*222 The underlying prin-
ciple is to achieve a biomimetic tooth restoration complex
under functional loading, with the preservation of deep
dentin, especially in deep proximal lesions and deep
proximal margins that require deep margin elevation. In
other studies, the effect of nHAp when incorporated with
varying percentages of NaF was examined in an effort to
ascertain the optimal remineralization outcome.?*24

In the domain of adhesion, universal adhesives are
regarded as a state-of-the-art development due to their
incorporation of 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP), which has been shown to facilitate
chemical bonding along with the micromechanical adhe-
sion shown in previous systems.?
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A review of the literature regarding the bonding to
proximal deep caries-affected dentin, its remineralization
prior to deep margin elevation, restoration with compos-
ite resin, and its effect on bond strength revealed a paucity
of research in this area. Thus, conducting a study to eval-
uate the microtensile bond strength of resin composite
restoration bonded using a universal adhesive to proximal
artificially demineralized dentin after treatment with NaF
and/or nHAp might be of value.

The purpose of this in vitro study was to examine the
microtensile bond strength of resin composite restora-
tions to proximal artificially demineralized dentin and
sound dentin in comparison to demineralized dentin fol-
lowing remineralization with 2 agents (NaF solution and
eggshell nHAp) either individually or in combination
using a universal adhesive system in the total-etch or self-
etch mode.

Material and methods

Sample size calculation

The microtensile bond strength was used as the primary
outcome, and the mean values were determined based on
the results of the study by Barbosa-Martins et al.® The
mean values for microtensile bond strength of 5 groups
were 43.32, 21.96, 33.43, 45.25, and 46.42 MPa. The stan-
dard deviation (SD) within the group was assumed to be
12 MPa, and the effect size (f) was 0.773. Using an alpha
level of 5% and a beta level of 20%, that is, establishing
a power of 80%, the minimum estimated sample size was
determined to be 6 specimens (rods) per subgroup. The
sample size calculation was performed using G*Power
v. 3.1.9.2.

Preparation of dentin samples

Proximal surfaces of 30 sound molars were used in
accordance with the guidelines established by the Academy
of Dental Materials (ADM).?” Molars of appropriate size
(10 mm or larger mesiodistally) were obtained from the
National Institute of Diabetes and Endocrinology, Cairo,
Egypt. The teeth were extracted mainly from diabetic
patients due to periodontal indications, and the subjects
were informed that their teeth would be utilized for
research purposes. The teeth were cleaned to remove
any soft debris and fixed in acrylic cylinders to allow easy
cutting. The occlusal enamel was ground using a water-
cooled Sectioning IsoCut® Wafering Blade affixed to
an IsoMet 4000 linear saw (Buehler Ltd., Lake Bluff,
USA) under copious water coolant (Cool 2 water-soluble
anticorrosive cooling lubricant; Buehler Ltd.) to expose
the proximal dentin—enamel junction. Subsequently, the
proximal surfaces were cut 3 mm from the outer proxi-
mal enamel surface, allowing for the examination of deep
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proximal dentin. In this study, each tooth was utilized as
a comparator for the bonding mode. The teeth were de-
coronated perpendicular to the long axis, the roots were
discarded, and the coronal dentin samples were used for
the study (Fig. 1).

Fig. 1. Teeth-cutting process and the preparation of dentin samples

A. Grounding of occlusal enamel; B. Exposure of deep proximal dentin;
C. Splitting the teeth at midline; D. Teeth decoronation; E. Coronal dentin
samples.

Grouping and randomization

A total of 30 dentin samples (mesial and distal) were
fixed in self-cured acrylic resin cylinders. Each sample
was coded to ensure that each tooth represented its
comparator regarding the bonding mode. Then, the
samples were stored in distilled water for 48 h. Subse-
quently, they were randomly divided into 5 groups
according to the remineralization protocols. Group 1
(G1) was the positive control group, in which dentin
was left sound without undergoing demineralization or
any surface treatment. Group 2 (G2) was the negative
control group, in which the dentin surfaces were demin-
eralized and left untreated. In group 3 (G3), the surfaces
were demineralized and treated with 2% NaF solution as
a remineralizing protocol. In group 4 (G4), the surfaces
were demineralized and treated with eggshell nHAp as
a remineralizing protocol, and in group 5 (G5), the sur-
faces were demineralized and treated by a combination
of 2% NaF solution and eggshell nHAp. Grouping was
performed to ensure that every tooth (mesial and dis-
tal halves) received the same remineralization protocol
and to overcome the variability in the composition, the
heterogeneous nature of dentin, and tooth age.?” Subse-
quently, each group was subdivided into 2 groups using
the previous coding to ensure that each tooth served
as its own comparator regarding the application mode
of the bonding agent. In this case, Bl represented the
total-etch mode, while B2 represented the self-etch
mode (Fig. 2,3).
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Surface treatment protocol

L G2 G3 G4 G5
positive control | | negative control NaF nHAP NaF + nHAP
(sound dentin) (demineralized dentin)
G1B1 G2B1 G3B1 G4B1 G5B1
total-etch total-etch total-etch total-etch total-etch
G1B2 G2B2 G3B2 G4B2 G5B2
self-etch self-etch self-etch self-etch self-etch

Fig. 2. Grouping of the study samples
NaF - sodium fluoride; nHAp — nano-hydroxyapatite.

Dentin surface treatment protocols

As illustrated in Fig. 3, artificial demineralization was
performed in all experimental groups, with the exception
of G1. The demineralization process was conducted using
a gel composed of 5 mL of 6% carboxymethylcellulose
acid gel (0.1 M lactic acid titrated to pH 5.0 in potassium
hydroxide (KOH) solution) at 37°C. The deep proximal
dentin surfaces were covered in gel for 48 h without
renewal. This model has been reported to provide deminer-
alized dentin analogous to that of caries-affected dentin.?®
After 48 h, the samples were rinsed with distilled water
and air-dried. The following surface treatments were per-
formed in G3, G4 and G5:

— G3: chemically prepared 2% NaF solution (where 5 g
of NaF solid (product number 30139; BDH Chemicals
Ltd, Poole, UK) was dissolved in 250 mL of water in
a polyethylene bottle until complete dissolution, using
a magnetic stirrer) was applied using a 1-mm polyethylene

/X

r--a G1 Negative control
| G2 Demineralization only
| No surface treatment
o
Proximal
Proximal - | Positive control 2% NaF solution
No demineralization 1 min
No surface treatment [—> G3 Cotton swab
Dried
| Eggshell nHAp ]
L > 1 min
Rinsed with
—> G4 distilled water
Demineralization Cotton swab
Carboxymethylcellulose Dried
acid gel
48 h
Ph: 5.0 1.8 g of nHAp
) 37°C ) +0.3mL
Rinsed with of 2% NaF solution
distilled water > G5 imin |
Air-dried Rinsed with
distilled water
Cotton swab
Dried

Fig. 3. Methodology employed in the treatment of dentin surfaces

plastic pipette. The solution was left on the surfaces for
1 min and blot dried using a cotton swab;

— G4: eggshell nHAp was chemically prepared following
the method described by Azis et al.?® The eggshell nHAp
powder was dissolved in distilled water (1.8 g of nHAp
mixed with 0.3 mL of distilled water), applied using
a spatula, and left on the surfaces for 1 min. Thereafter,
the surfaces were rinsed with distilled water and blot

dried using a cotton swab;

— G5: combination of 1.8 g of eggshell nHAp dissolved in
0.3 mL of 2% NaF solution was applied using a spatula
and left on the surfaces for 1 min. Then, it was rinsed
with distilled water and blot dried.

Composite resin build-up

In the total-etch groups, the pretreated dentin surfaces
were etched with 37% phosphoric acid semi-gel (Meta
Etchant; Meta Biomed, Cheongju-si, Republic of Korea)

Total-etch

B1

Self-etch

B2
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for 15 s, rinsed for 10 s, and blot dried. In the total-etch
and self-etch groups, the Single Bond Universal Adhesive
(3M™ ESPE, Seefeld, Germany) was applied, rubbed on
the surface for 20 s, left to air dry for 5 s, and light cured
for 20 s using an LED Light Curing unit (Woodpecker
X-Cure; Guilin Woodpecker Medical Instrument Co.,
Ltd, Guilin, China) with an intensity of 1200 mW/cm?
A Shade A3 (Body) nanocomposite (3M™ Filtek™ Z350
XT; 3M™ ESPE) was used in the fabrication of a 4-mm
composite block on the deep dentin surfaces. The appli-
cation of each 1-mm increment was executed using gold-
plated plastic instrument and subjected to light curing for
20 s. The samples were then kept in artificial saliva for
24 h before sectioning (Fig. 4).

Microtensile testing

A metal housing with 2 screws was used to firmly attach
the acrylic blocks and ensure standard cutting in bucco-
lingual and mesio-distal directions (90° to each other).
As presented in Fig. 4, the 30 samples were transferred
to the IsoMet 4000 linear saw (Buehler Ltd.) to allow sec-
tioning of each surface longitudinally in horizontal cuts.
Then, vertical cuts were made using a Sectioning IsoCut®
Wafering Blade to create rods of similar cross-sectional
area (1 mm x 1 mm) and similar remaining dentin thick-
ness. Rods were obtained for each group, with speci-
mens that had pre-test failures excluded from the analy-
sis (n = 9). A total of 9 rods per subgroup and 90 rods
for 10 subgroups were expected, yet the negative control
group exhibited pre-test failure, resulting in the collec-
tion of 72 rods for 8 subgroups. These rods were stored
in distilled water. Each beam was then affixed to Gerald
Eli’s jig, glued on the jig by its ends using a cyanoacrylate-
based glue (705 Universal Fast Adhesive; Akfix, Istanbul,
Turkey), a minimum 1 mm from the adhesive interface

4-mm
composite
resin
- > I

D

— @

Artificial saliva
24h

Fig. 4. Composite build-up and rod creation for microtensile testing

A. Composite build-up; B. Storage of samples in artificial saliva; C. Horizontal
and vertical sectioning of samples; D. Rods of similar cross-sectional area;
E. Microtensile testing.
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to allow microtensile testing. The Universal Testing
Machine (Model 3345; Instron, High Wycombe, UK) was
used to apply microtensile forces to the 72 beams until
fracture. Digital software was employed for test control and
information acquisition. A tensile load of 500 N was applied
to the specimen at a crosshead speed of 0.5 mm/min
until the occurrence of bonding failure. The bond strength
was calculated in MPa (Bluehill Lite software; Instron,
Norwood, USA).

Examination of failure mode

Each fractured beam was examined under a stereo-
microscope (MA 100N; Nikon, Tokyo, Japan) at x30 magni-
fication to ascertain failure modes (Fig. 5).

Statistical analysis

The normality of the numerical data was investigated
through the examination of its distribution and
the implementation of normality tests, namely the
Kolmogorov—-Smirnov and Shapiro—-Wilk tests. The
microtensile bond strength data exhibited a non-normal
(non-parametric) distribution. The data was presented
as median (Me), range, mean (M), and SD values. The
Kruskal-Wallis test was used to compare the reminer-
alization protocols. Dunn’s test was used for pairwise
comparisons when the Kruskal-Wallis test yielded
a significant result. The Mann—-Whitney U test was
employed to compare between the 2 bonding modes.
The failure mode data was presented as frequencies
and percentages. Fisher’s exact test was used for the
comparisons between the groups. The significance level
was set at p < 0.05. The statistical analysis was performed
using the IBM SPSS Statistics for Windows software,
v. 23.0 (IBM Corp., Armonk, USA).

Fig. 5. Examples of failure modes

A. Adhesive failure; B. Cohesive restoration failure; C. Mixed failure; D. Pre-test
(immediate) failure.
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Table 1. Descriptive statistics and the comparison between the microtensile bond strength values of different remineralization protocols and the 2 bonding modes

Microtensile bond strength
) Mann-Whitney U test

Remineralization protocol

total-etch (B1) (n=9) self-etch (B2) (n=9)

Positive control (G1) 15.9(10.3-20.9)® 15.6 (3.9)
Negative control (G2) 0.0 (0.0-0.0)° 0.0(0.0)
NaF (G3) 244 (13.2-33.2* 24.1(7.6)
nHAp (G4) 209 (12.1-27.6)* 203 (4.8)
NaF + nHAp (G5) 7.5 (34-14.1)C 8.5(3.9)
p-value <0.001*
Kruskal-Wallis test
effect size (n?) 0.789

218 (16.6-34.0)4 238(6.1) 0.007* 1.643
0.0 (0.0-0.0)® 0.0 (0.0) 1.000 0.000
19.1 (9.8-29.6)* 19.8 (7.1) 0.200 0633
22.0(16.2-37.3) 24.8(7.2) 0.233 0.586
19.0 (11.0-29.1)* 19.1(6.1) 0.002* 2.193
<0.001* = =
0.721 - -

* statistically significant (p < 0.05); Me — median; M — mean; SD — standard deviation; NaF — sodium fluoride; nHAp — nano-hydroxyapatite. Different superscript
letters in the same column show statistical differences between the remineralization protocols.

Bonding
Total-etch Self-etch
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Fig. 6. Box plots representing median and range values for microtensile
bond strength in different groups

Results

Comparison of remineralization protocols

As demonstrated in Table 1 and Fig. 6, the utilization
of the total-etch mode resulted in a statistically signifi-
cant difference between the microtensile bond strength
values of remineralization protocols (p < 0.001, effect
size = 0.789). Pairwise comparisons revealed that there
was no statistically significant difference between the NaF
and nHAp groups (G3 and G4); both showed the highest
statistically significant values. The positive control group
(G1) exhibited statistically significant reduction in micro-
tensile bond strength. The combined NaF and nHAp
group (G5) demonstrated a similar trend.

The application of the self-etch mode resulted in a sta-
tistically significant difference between the microten-
sile bond strength values of remineralization protocols
(p < 0.001, effect size = 0.721). Pairwise comparisons
revealed that there was no statistically significant difference
between the positive control, NaF, nHAp, and combined
NaF and nHAp groups (G1, G3, G4, and G5); all showed

the highest statistically significant values. The negative
control group (G2) in both bonding modes exhibited the
lowest microtensile bond strength.

Comparison of bonding modes

As demonstrated in Table 1 and Fig. 6, the total-etch
positive control group (G1B1) exhibited statistically sig-
nificant lower microtensile bond strength values com-
pared to the self-etch positive control group (G1B2)
(p = 0.007, effect size = 1.643).

With regard to the negative control, NaF and nHAp
groups, there was no statistically significant difference
between the microtensile bond strength values of the
2bonding modes (B1 and B2) (p = 1.000, effect size = 0.000;
p = 0.200, effect size = 0.633; p = 0.233, effect size = 0.586,
respectively). In the case of the combined NaF and nHAp
group, the total-etch group (G5B1) exhibited a statisti-
cally significant decrease in microtensile bond strength
compared to the self-etch group (G5B2) (p = 0.002, effect
size = 2.193).

Failure mode analysis

The mode of failure was observed for each beam (n = 9
per subgroup, 9 x 10 = 90, excluding those with pre-test
failure, so a total of 72 beams were evaluated) to detect
the type of failure as presented in Table 2 and Fig. 7. A sta-
tistically significant difference was identified between the
modes of failure among the different groups (p < 0.001,
effect size = 0.615). The G5B1 group demonstrated the
highest prevalence of adhesive failure. Groups G2B1 and
G2B2 exhibited no instances of adhesive failure. None
of the groups showed signs of cohesive dentin failure.
The highest prevalence of cohesive restoration failure was
observed in the G4B2 group. Groups G2B1, G2B2 and G5B1
demonstrated no cohesive restoration failure. The G3B1
group exhibited the highest prevalence of mixed failure.
Groups G1B1, G2B1 and G2B2 showed no instances
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Table 2. Descriptive statistics and the comparison between failure modes of the experimental groups

Failure mode

Fisher's exact test

cec iz

G1B1 6 (66.5%) 3 (33.5%)
G1B2 4 (44.5%) - 3(33.5%) 2 (22.0%) =
G2B1 - - - - 9 (100.0%)
G2B2 - - - = 9 (100.0%)
G3B1 4 (44.5%) - 1(11.0%) 4 (44.5%) -
<0.001* 0615
G3B2 4 (44.5%) - 3(33.5%) 2 (22.0%) -
G4B1 5(55.5%) - 3(33.5%) 1(11.0%) -
G4B2 4 (44.5%) - 4 (44.5%) 1(11.0%) -
G5B1 7 (78.0%) - - 2 (22.0%) -
G5B2 4 (44.5%) = 3(33.5%) 2 (22.0%) =
* statistically significant (p < 0.05).
adhesive m cohesive dentin cohesive restoration = mixed m pre-test
100 -
80
S
2 60
[
E
8
o 40 N
& - - .
20 A
0 .

G1B1 G1B2 G2B1 G2B2 G3B1

Fig. 7. Bar chart illustrating failure modes across different groups

of mixed failure. All specimens in the G2B1 and G2B2
groups exhibited pre-test failure, and these were the only
groups that demonstrated this mode of failure.

Discussion

The complete caries removal approach for deeply cavi-
tated lesions is no longer considered mandatory and is
even regarded as an aggressive protocol. In fact, there
is growing evidence supporting selective caries removal
as the line of treatment for deep carious lesions.? Theo-
retically, it is argued that a completely sealed cavity with
sound peripheral enamel and dentin margins is necessary
for successful bonding and proper restorative procedures,
which will allow the remaining carious lesion to arrest.
This concept is frequently referred to as “seal is the deal”3°
However, other in vitro studies have shown reduced frac-
ture resistance of incompletely excavated carious tissue
and lower bonding strength values of resins to carious
dentin.®! Furthermore, a histobacteriological study of human

G3B2 G4B1 G4B2 G5B1 G5B2

subjects conducted by Ricucci et al. has demonstrated
that affected carious dentin contains residual bacteria
that may induce subclinical chronic pulpal inflammation
when used as a bonding substrate.*?

Carious lesions cause a significant decrease in mineral
content, especially in deep dentin layers. Concurrently,
there is a significant increase in porosity and water con-
tent.* These alterations affect the durability of the bond
at the resin—dentin interface, causing a reduction in bond
strength over time and an increase in leakage.®® Thus, the
adhesion of restorative materials to caries-affected dentin
has been proven to result in a bond strength that is lower
than that observed for sound dentin, regardless of the
adhesive system employed.3* The low bonding efficacy
of resin to caries-affected dentin contributes to the
deterioration of the adhesive interface of the restoration.’
Previous researchers stated that the clinical management
of cases involving caries-affected dentin can be addressed
by leveraging the caries-free margins of the restoration,
thereby facilitating the bonding to sound enamel and den-
tin margins.>3 However, in cases where deep subgingival
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carious lesions are present, the attainment of sound cervi-
cal margins may not be feasible, necessitating the consid-
eration of surgical crown lengthening, a treatment modal-
ity regarded as invasive.* In addition, other researchers
have found that caries-affected dentin left behind may
cause biological problems that affect the pulp health and
may lead to chronic pulpal inflammation or even silent
pulp death.??

As demonstrated in previous studies, the application
of a liner prior to restoring a tooth with resin composite
improves the quality of deep caries-affected dentin and
promotes its self-remineralization.?” Yet, other clini-
cal studies and systematic reviews have shown no differ-
ence between the application of a liner and its absence.*
In contrast, this might affect the fracture resistance and
overall survival of the restoration due to the absence
of direct dentin bonding.** To overcome these problems
and still follow the conservative selective caries removal
approach, another concept has evolved. The question
has been raised as to whether it would be advisable to
remineralize caries-affected deep dentin prior to bonding
and restoring the cavity. This concept aimed to overcome
the challenges associated with bonding to caries-affected
dentin when used as a bonding substrate, improve the
quality of the hybrid layer, provide biomimetic protection
of the pulp, and enable a conservative treatment for deep
class II lesions by facilitating deep margin elevation after
remineralization. The remineralization step should be
clinically applicable, with ease of manipulation and short
application time.

Biological mineralization of dental hard tissues is a pro-
gressive dehydration process. As the mineral content
increases, the water content of the collagen matrix
decreases.” In dentin bonding, resin adhesive is incapable
of dehydrating the collagen matrix sufficiently, leaving
behind water that will allow hydrolysis of the hybrid layer
components, especially when dealing with deep dentin
layers and caries-affected layers.**> Biomimetic remin-
eralization mimics the progressive dehydration of natural
biomineralization by replacing matrix water with apatite
crystallites.® In the hybrid layer, replacing water with
minerals would increase the mechanical properties and
inhibit water-related hydrolysis. In vitro studies indicate
that biomimetic remineralization has considerable poten-
tial for the restoration of hybrid layers or caries-like den-
tin, facilitating calcium binding.*® These studies have also
demonstrated the preservation of the mechanical prop-
erties of dentin, thereby enhancing the quality of hybrid
layers.** The development of clinically applicable materi-
als that contain and release the critical components of the
process (at least calcium and phosphate sources) within
a clinically applicable time frame poses significant chal-
lenges and remains a subject of ongoing research.3

Furthermore, as previously stated, the bonding
protocol is considered critical. Therefore, the selection
of an appropriate adhesive system and bonding mode
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may affect the overall outcome. It is anticipated that the
total-etch mode may promote the removal of superficial
particles that have previously undergone remineralization,
thereby impacting the bonding process.®® In contrast, the
self-etch adhesive system is expected to improve bonding
to the remineralized surfaces, particularly when using
universal adhesives, composed of 10-MDP, which has
been shown to provide unique bonding not only with
micromechanical bonds but also by bonding ionically to
calcium and hydroxyapatite in dentin.?>*

The microtensile test is a method used to evaluate the
adhesive properties of resin to dentin. It facilitates the
evaluation of regional bond strengths of various portions
of the dentin surface.*® The modified testing method
employs stick-shaped specimens with a cross-sectional area
of 1 mm x 1 mm (non-trimming technique) to enable the
testing of large variations in bond strength values that
occur due to the formation of serial sections.*” Although
microshear could also be used to evaluate the bond strength,
it offers a less discriminating evaluation of the adhesive
performance. In comparison, microtensile testing pro-
vides a more effective means of evaluating dentin adhe-
sion due to its more homogenous stress distribution.*

The current study examined the results of remineral-
ization protocols, revealing that the total-etch groups
exhibited a significant difference in the microtensile bond
strength values of the NaF and nHAp groups (G3 and G4).
Both groups demonstrated the highest microtensile bond
strength values, followed by the positive control group
(G1) and the combined NaF and nHAp group (G5). The
negative control group (G2) showed the lowest microten-
sile bond strength.

In this study, when NaF (G3) or nHAp (G4) were used in
conjunction with the total-etch mode, the bond strength
results exhibited a marked increase in comparison to
those observed when bonding to sound dentin. This find-
ing aligns with the results of previous studies, which dem-
onstrated that the application of remineralizing agents led
to enhanced bond strength values. Okuyama et al. claimed
that the application of NaF improves the bond strength to
dentin.?? In addition, the findings of Abdallah et al.?! and
Roushdy et al.?? suggest that nHAp improves the micro-
tensile bond strength to dentin. However, the findings of
these studies did not demonstrate a significantly higher
bond strength compared to sound dentin, as observed in
the current study. This could be attributed to the correla-
tion between the depth of dentin and an increase in the
number and width of dentinal tubules, as well as a decrease
in peritubular dentin, which has a high influence on the
bond strength. The reduced bond strength is also due
to the inadequate mineral ratio present for bonding,
particularly when using the total-etch mode with univer-
sal adhesives.!® The remineralization of the deep layer,
closure of the dentinal tubules and increase in mineral
content could promote the bonding when using universal
adhesives.



Dent Med Probl. 2026;63(4):981-991

The present study demonstrated that the dissolution
of nHAp in NaF in the combined group (G5) resulted in
lower microtensile bond strength values when compared
to the use of each type separately. This finding contradicts
the results of studies by Kunam et al.”® and Rabee et al.,*®
which showed higher bond strength when nHAp and
NaF were used in conjunction. This phenomenon can
be explained as such: the combination of NaF and nHAp
results in the formation of fluorohydroxyapatite crystals
of increased size, accompanied by enhanced superficial
closure and diminished penetration depth. Consequently,
it is anticipated that the total-etch mode will facilitate the
removal of remineralizing crystals, thereby exhibiting
a lesser effect in comparison to the NaF (G3) and nHAp
(G4) groups. Furthermore, previous studies applied the
remineralizing agents daily for a duration of 7 min. In the
current study, a single application for 1 min was employed
to enhance its clinical applicability.

In the current study, when the self-etch mode was used,
there was no statistically significant difference between
the microtensile bond strength values of the positive
control, NaF, nHAp and combined groups. This can be
attributed to the presence of minerals on the dentin surface,
which enhances bonding when using universal adhesives,
particularly due to their ionic bonding capabilities to
calcium and hydroxyapatite.?> The occurrence of micro-
interfaces and nano-gaps is expected to be reduced due
to the presence of the hydroxyapatite-coated collagen
fibrils (nanointeraction zone).** In the self-etch mode,
there was no difference between sound dentin and the
different remineralization protocols because the smear
layer was not removed completely, and the dentinal
tubules were not widely open, in contrast to the total-etch
mode.3* For the negative control group (G2), pre-test
failures occurred in all the samples, using the total-etch
or self-etch protocols. This finding contradicts the con-
clusions of Nakajima et al., who reported that bonding
to caries-affected dentin could be obtained, but with
reduced microtensile bonding results and dentin cohesive
mode of failure.®

With regard to the different bonding strategies, the cur-
rent study demonstrated that the positive control group
(G1) exhibited significantly lower microtensile bond
strength values when the total-etch mode (G1B1) was
employed in comparison to the self-etch mode (G1B2).
This finding aligns with the study by Pegado et al., which
demonstrated that one-step adhesives exhibited supe-
rior efficacy in achieving optimal bonding when utilized
on deep dentin compared to total-etch adhesives.”® This
enhanced bonding capability can be attributed to the
presence of functional monomers (such as 10-MDP) in
water-based adhesives.’® As previously mentioned, this
phenomenon may be due to the increase in the number
and width of dentinal tubules and the decrease in peritu-
bular dentin in deep dentin layers. The utilization of the
total-etch mode results in the complete removal of the

989

smear layer with a reduction in the mineral ratio neces-
sary for bonding. This alteration could impact the bond
strength to deep dentin.!®

With regard to the NaF (G3) and nHAp (G4) groups, no
statistically significant difference was observed in the
microtensile bond strength values of the 2 bonding modes.
This outcome could be dependent on the consistency
of the remineralizing agent, the size of the particles, and
the penetration depth. In the NaF group (G3), the remin-
eralizing agent was administered in the form of a solution
(liquid) with high penetration capabilities. In the nHAp
group (G4), the agent was applied in the form of a paste
with small crystal size (nanocrystals) that exhibited good
penetration capabilities. Therefore, the etchant applied
in the total-etch mode did not have a detrimental effect
on the remineralized surface, and both bonding modes
showed analogous results.

In the case of the combined NaF and nHAp group (G5),
the total-etch mode (G5B1) exhibited significantly lower
microtensile bond strength in comparison to the self-etch
mode (G5B2). This phenomenon can be due to the dis-
solution of nHAp in the NaF solution, which results in
the formation of fluorohydroxyapatite crystals of greater
size, accompanied by more superficial closure and less
penetration depth. Consequently, it is anticipated that the
total-etch mode will exhibit a higher degree of remineral-
izing crystal removal during the etchant step when com-
pared with the self-etch mode.

In the present study, the mode of failure was observed for
each beam to identify the type of failure, as it is indicative
of the quality of the hybrid layer.*® The highest prevalence
of adhesive failure was observed in the combined NaF and
nHAp group in the total-etch mode (G5B1), which may be
attributed to the high crystal size and shallow penetration,
as previously explained. None of the groups exhibited
cohesive failure within the dentin, a failure mode commonly
reported in the literature when bonding to caries-affected
dentin. This finding suggests that the quality of the hybrid
layer and the mechanical properties of the caries-affected
dentin substrate have been enhanced after remineraliza-
tion.334344 The highest prevalence of cohesive restoration
failure was observed in the nHAp group that utilized the
self-etch mode (G4B2), indicating that the quality of the
hybrid layer has been improved and that a high adhe-
sive bond has been established.?! The highest prevalence
of mixed failure was observed in the NaF group that
employed the total-etch mode (G3B1). All specimens
of demineralized dentin constituting the negative control
groups (G2B1 and G2B2) exhibited pre-test failure. These
groups were the only ones to demonstrate such a mode
of failure, suggesting that the hybrid layer’s quality and the
adhesive bond were substandard.

The null hypothesis was rejected based on the results
of the current study, which demonstrated a difference in
the microtensile bond strength of composite restoration
bonded to demineralized and remineralized dentin
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substrates. The null hypothesis stating that the mode
of adhesion (total-etch or self-etch) will not affect the
applied remineralizing agent was partially rejected.
Additionally, the remineralization step affected the mode
of failure.

Limitations

During the preparation of the eggshell nHAp paste,
a more diluted consistency might have improved the pen-
etration capacity of the paste and yielded optimal results.
Additionally, packable composite resin was applied to
the remineralized surfaces without the usage of a flow-
able composite. The application of a layer of flowable
composite resin may have enhanced the adaptability and
improved the bond strength. In addition, the application
time might have had an influence on the results. The
duration of application in the present study was set at 1 min.
The impact of varying application times could be further
investigated. The variability in deep dentin quality and
tooth age may also be a contributing factor, suggesting the
necessity for a larger sample size in subsequent studies.
The assessment of other dentin mechanical properties
after remineralization could also be of value. The findings
of this study are limited, as only the immediate effect was
evaluated. Long-term studies are recommended to assess
the durability of the observed effects.

Clinical recommendations

The findings of the present study indicate that the
efficacy of a selective caries removal protocol is contingent
upon the presence of sound enamel and dentin margins. In
instances where it is not possible to obtain sound margins
for the purpose of bonding, such as in cases of deeply seated
Class II lesions with subgingival margins, dentin surface
treatment with a remineralizing agent prior to bonding
may facilitate the recovery of the dentin mechanical
properties, thereby rendering them analogous to those
of sound dentin. A conservative approach to restorative
dentistry involves remineralizing deeply seated caries-
affected dentin margins prior to bonding. This method
facilitates the elevation of deep margins, particularly in
scenarios where obtaining sound margins is challenging.

Conclusions

The utilization of remineralizing agents, such as the egg-
shell nHAp paste and NaF solution, has been demonstrated
to improve bond strength to caries-affected dentin
when using universal adhesive in the total-etch and self-
etch modes. The combination of NaF and nHAp is only
compatible with the self-etch mode, while its use with
total-etch adhesives results in a detrimental effect. The
bonding ability to caries-affected demineralized dentin is

S..M. Fahmy et al. Remineralization of caries-affected dentin

unreliable. The remineralization of caries-affected dentin
improves the hybrid layer quality and favors the mode
of failure.
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Abstract

Background. Research is required to characterize peri-implant strain distribution associated with different
restorative designs.

Objectives. Thisin vitro qualitative photoelastic stress analysis aimed to compare the influence of retention
modality (screw-retained or cement-retained) on strain development around implants supporting different
3-unit posterior restorative designs.

Material and methods. Six prosthetic restorative designs were evaluated according to retention
modality and prosthetic configuration: 3 single crowns, cement-retained and screw-retained (SC-c and
SCs, respectively); 3 splinted crowns (SP-c and SP-s); and simple 3-unit bridges (SB-c and SB-s). All prosthetic
units were morphologically identical. A photoelastic resin block incorporating 3 implants was mounted on
a loading device that applied vertical loads of 200 N simultaneously at 3 identical loading points on each
restoration to simulate chewing, occlusal clenching and deglutition. Fringe lines were photographically
recorded and qualitatively analyzed after placement of the restorations and during loading.

Results. Screw-retained restoration with splinted crowns (SP-s) was the only design to exhibit strain in the
unloaded state following placement, representing preload strain. Loading-induced strains were observed in
SCGcand SGs, with lower strain levels for SC-c than for SGs, and in SP-c and SP-s, with lower strain levels for
SP-c than for SP-s. Both configurations also exhibited crestal strains. The simple bridge (SB) designs revealed
purely axial strains, with no crestal strains, regardless of retention modality.

Conclusions. Retention modality appears to influence peri-implant strain development in mesiodistal and
occlusogingival dimensions for 3-unit single crown and splinted crown designs. Screw-retained 3-unit splinted
prostheses may generate preload strains around the unloaded implant supporting the restoration. Simple
3-unit bridge designs demonstrated the most favorable strain pattern, regardless of the retention modality.

Keywords: preload, strain, photoelastic analysis, cement retention, screw retention
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Highlights

S. Naishlos et al. Peri-implant strain on 3-unit prostheses

« This study compares peri-implant strain patterns between cement-retained and screw-retained prostheses using

3-unit posterior implant-supported restorative designs.

+ Axial loading generated peri-implant strains that were evaluated using photoelastic analysis based on peak strain

and crestal location.

+ Three screw-retained splinted crowns are the only design associated with preload strain.
+ Cementation produced lower peak strains than screw retention for 3 splinted crowns and 3 single crowns.
+ Simple 3-unit bridge showed the most favorable strain pattern, with no crestal strain and comparable strain mag-

nitude for both retention modalities.

Introduction

High success and survival rates have demonstrated fa-
vorable clinical performance of posterior partial implant-
supported restorations fabricated using various prosthetic
materials, implant dimensions and combinations of graft-
ing materials.!~%5

Research continues to focus on the circumstances and
etiologies of technical and biological complications associ-
ated with implant-supported restorations.® Crestal bone loss
around implants is a key feature in the definition of peri-im-
plantitis.” Most etiological factors are related to the presence
of oral biofilm, which initiates the infectious and inflamma-
tory processes involved in peri-implantitis and may subse-
quently result in bone loss.81° Surgical procedures involving
exposure of osseous tissue may themselves induce postop-
erative crestal bone loss.!! Occlusal factors have also been
considered to be associated with the onset and progression
of crestal bone loss, both historically and in contemporary
research.!?71> Theoretical as well as more substantial explana-
tions for peri-implant crestal bone loss have been proposed,
linking this pathology to functional overload.!>!* The role
of occlusion in the initiation and progression of crestal bone
loss therefore remains relevant, particularly in light of clini-
cal studies associating peri-implant pathology with occlusal
overload, although not exclusively.!*!”

Our research group has previously investigated the im-
pact of occlusal loading on buccolingual strain recorded
within 3-unit prostheses.!® Altering the restorative con-
figuration was found to significantly influence strain
development within the implant neck.!®* Changing the
direction of force also had a significant mechanical ef-
fect at the same location.!® Stress is transferred through
the implants and restorative components and is expressed
as strain according to the different moduli of elasticity
of the various elements before reaching the surrounding
bone.?° The application of multiple simultaneous contacts
to all restorative units represents an attempt to simulate
parafunctional activity, such as static clenching, as well as
routine functions, including chewing and swallowing.?-23

Apart from prosthetic design, the composition of the
crown material has also been documented in vitro as a fac-
tor influencing crestal strain under load.?*

One of the key components of restorative design is the re-
tention mechanism, which is currently divided into screw
retention and cement retention.?> Both are legitimate treat-
ment approaches with proven long-term survival rates,
provided that clinicians consider the known limitations
associated with each retention form.262” These include
concerns regarding excess cement, which may contribute
to peri-implant disease, and the higher probability of screw
loosening and porcelain chipping associated with screw-
retained prostheses.?”?® Limited retrievability of cement-
retained restorations has also been regarded as a well-
known drawback. However, recent evidence suggests that
newer cement-retained designs may facilitate retrieval
through improved retrieval techniques.?*3°

Although screw-retained restorations have gained con-
siderable popularity concomitantly with the increasing
use of digital impression procedures,332 several clinical
studies and reviews have suggested a possible cause-and-
effect relationship between crestal bone loss and screw
retention mechanisms.?*3* Other reports have found no
influence of the retention mode on crestal bone response.
Conversely, laboratory studies have indicated that welding
techniques, framework material and mode of engagement
may reduce stress development within the crestal zone.3¢%
Such clinical and in vitro evidence may reflect differences
in the strain imposed on the peri-implant crestal bone.
Nevertheless, to the best of our knowledge, no direct ob-
servations relating peri-implant strain to retention mecha-
nisms have been reported.

Scientific evidence in implant dentistry should establish
whether, despite its rising popularity, screw retention in-
duces excessive peri-implant crestal strain beyond known
biomechanical limits, above which pathological bone re-
modeling may occur.!®

It is therefore important to investigate potential mecha-
nisms and hypotheses linking the retention mechanism
and prosthetic design to crestal bone loss through peri-
implant strain.

Strain developing within an implant may also be trans-
ferred to the surrounding bone. Photoelastic analysis
is a highly illustrative method for realistic simulation
and visualization of such strain.3® The resulting peri-
implant strain can be evaluated using photoelastic resin
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surrounding the implants and simulating bone, in which
the resulting fringe patterns can be visually inspected.
Such a model provides a clear representation of strain de-
velopment around implants supporting a fixed restoration
along the implant surface, although the analysis remains
confined to the sagittal plane. Analysis of the fringe lines
can reveal the theoretical biomechanical response of bone
to aload applied at the level of the entire implant and even
to smaller components within an implant.3®3° Larger-scale
photoelastic analyses have been employed to examine
multi-unit restorations.*® Therefore, photoelasticity may
demonstrate a relationship between the biomechanical
state of the implants under loading or at rest, and crestal
strain, expressed in the mesiodistal and coronoapical
dimensions.

The purpose of this in vitro study was to use photoelas-
tic analysis to evaluate peri-implant strain elicited by the
installation and loading of various 3-unit posterior fixed
prostheses and to compare the effects of the retention
mechanism and prosthetic design.

Material and methods

This study employed photoelastic strain analysis and was
performed in the laboratories of Vishay Precision Group
Corporation (Vishay Measurements Group, Raleigh, USA).
It aimed to compare 3 posterior designs of cement-retained
restorations with their screw-retained counterparts under
simulated occlusal loading and unloaded installation con-
ditions. The study was designed as observational qualita-
tive research and conducted in accordance with the Stan-
dards for Reporting Qualitative Research (SRQR).4!

A photoelastic model (PLM-4B; Vishay Measurements
Group) was constructed. The model had a modulus of elas-
ticity resembling that of human bone (2.8 GPa), and dimen-
sions of 15.8 mm x 35.4 mm x 32 mm (Cat. No. S-116H).

The fringe order characteristics of the photoelastic block
were provided by the manufacturer and are presented in
Table 1.

Three holes were drilled into the block according to the
standard surgical drilling protocol. Three implants mea-
suring 3.75 mm in diameter and 13 mm in length were
inserted (M.LS. Implants Technologies Ltd., Bar Lev In-
dustrial Area, Israel).

The drilling procedure was performed using drills of con-
secutively increasing diameters to minimize residual stress.
Stress induced in the photoelastic model was relieved by
placing it on a Teflon surface for 120 min at 70°C. The model
was subsequently allowed to cool inside the closed oven.
Stress relief was confirmed using a circular polariscope to
verify the absence of residual strain. The implants were po-
sitioned linearly, with a distance of 6 mm between adjacent
implants, to facilitate fringe registration. The constructed
photoelastic block and the implants embedded within it
remained unchanged throughout the experiment.
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Transfer copings were screwed into place and intercon-
nected with acrylic resin (DuraLay; Reliance Dental Manu-
facturing Co., Alsip, USA) for stabilization and precision.
The open-tray technique with a polyether-based material
(Impregum; 3M ESPE, Seefeld, Germany) was employed to
take impressions at the implant level, utilizing a custom-made
acrylic resin tray. After insertion of the analogues, a working
cast was poured. Cement-retained or screw-retained abut-
ments were mounted onto the analogues according to the
retention modality and the design of the restorations they car-
ried, using a controlled torque of 20 Ncm. An example of such
a prosthesis-free and strain-free model is presented in Fig. 1.

Table 1. Isochromatic fringe characteristics of the PLM-4B photoelastic
material (Vishay Measurements Group, Raleigh, USA)

Black 0 0.0 0.00

Pale yellow 345 14.0 0.60

Dull red 520 20.0 0.90
Red/blue transition 575 22.7 1.00
Blue-green 700 280 1.22
Yellow 800 320 1.39

Rose red 1,050 420 1.82
Red/green transition 1,150 454 2.00
Green 1,350 53.0 2.35
Yellow 1,440 57.0 2.50

Red 1,520 60.0 2.65
Red/green transition 1,730 68.0 3.00
Green 1,800 71.0 3.10

Fig. 1. Unrestored (uncrowned) photoelastic model showing no strain
and displaying a black-and-white scale within the photoelastic block
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Cast base metal fixed prostheses were fabricated using
a Co—Cr—Mo alloy (Remanium GM3800; Dentaurum,
Ispringen, Germany). A silicone index was employed to
provide identical morphology and dimensions for all 6
configurations tested. The 6 configurations were divided
into 2 groups: 3 cement-retained configurations and 3
screw-retained configurations. Cement-retained restora-
tions comprised 3 single crowns, 3 splinted crowns and
a simple bridge (SC-c, SP-c and SB-c, respectively), as
did the screw-retained restorations (SC-s, SP-s and SB-s,
respectively). All restorations were fabricated by a single
dental laboratory.

After completion of all restorations, the abutments were
affixed to the implants with the same torque of 20 Ncm,
according to each configuration. Prior to each loading
session, the different cement-retained restorations were
retained on the abutments with temporary cement (Temp-
Bond NE; Kerr Dental, Brea, USA). Screw-retained resto-
rations were tightened onto the abutments using a torque
of 35 Ncm. Abutments were selectively removed when
testing SB restorations. Remaining unloaded implants in
the photoelastic block did not interfere with recording the
fringe order, as shown in a previous study.*?

A custom-made load application device was created to
apply a vertical load of 200 N to each of the 6 restorations.
The load was transmitted to the restoration through load-
ing pins, with 3 pins applying the load simultaneously.
Each vertical loading session lasted 40 s, and images were
captured 20 s after loading began using a digital camera.
This procedure was repeated twice to verify the unifor-
mity of the results. The photoelastic model was left to
rest for 5 min between loading sessions to allow for stress
relief. A white halogen light source was used with the
aid of a Fresnel lens positioned between the light source
and the tested assembly. Photographic recordings during
the 5-min recess without loading verified the absence
of residual stress in the photoelastic resin. The loading
sessions then resumed.

Images were captured (Nikon D80; Nikon Corp., Tokyo,
Japan) and further analyzed using image-processing soft-
ware (Adobe Photoshop CS3; Adobe Inc., San Jose, USA).
The images were classified according to the number
of fringes and their locations in each sample using the
manufacturer’s reference table (Table 1). Fringe number
and fringe color indicated strain intensity. All images were
evaluated by the same operator (JN).

Results

Visual representation of the strains is presented in
Fig. 1-8. Figure 1 shows the block’s baseline strain-
free state, to be compared with the subsequent instal-
lation and loading strains. Figures 2—7 show the loading
strains for the 6 configurations: Fig. 2 and Fig. 3 compare
the loading strains of SC-s and SC-c, respectively; Fig. 4
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and Fig. 5 compare the loading strains of SB-s and SB-c,
respectively; and Fig. 6 and Fig. 7 compare the loading
strains of SP-s and SP-c, respectively. No strains were
registered during the installation of the prostheses (zero

Fig. 3. Loaded cement-retained restoration with 3 single crowns (SG)

Fig. 4. Loaded screw-retained restoration with a single 3-unit bridge (5B-s)
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load application) except for SP-s, which demonstrated
strain fringes as presented in Fig. 8. Fringes were con-
centrated between the right and middle implants, as well
as on the opposite side of the right implant, reaching the

Fig. 7. Loaded cement-retained restoration with 3 splinted crowns (SP-c)
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crestal bone on both sites. Such a clear representation
of strain in a seemingly stress-free/load-free state dem-
onstrates the preload status of the restorations. Figure 9
shows SP-c in its strain-free status during installation,
which serves as a representation of all installation condi-
tions with SC and SB configurations for both retention
modalities.

Fringes concentrated at the implant apex alone indicate
pure vertical or axial loading. Fringes on the proximal
aspects reflect non-axial loading with bending strains,
while fringes on the proximal and apical aspects represent
combined compression and bending stresses.

The strains were divided into installation strains, de-
fined as readings registered during the fixation of the cast
restorations, and loading strains, indicating strain develop-
ment during loading sessions.

By visual comparison between the 6 unloaded assem-
blies and the prosthesis-free model (Fig. 1), mounting the
screw-retained splinted prosthesis (SP-s) was the only cir-
cumstance that produced detectable strain before loading,
demonstrating peri-implant preload strain.

i W S S

Fig. 9. Unloaded cement-retained restoration with 3 splinted crowns (SP-c)

Note the similarity to the black-and-white scale pattern observed within

the photoelastic block in Fig. 1.
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Quantification of the strain magnitude was achieved
using 19 points of interest for each configuration, in-
cluding 15 peri-implant locations and 4 crestal loca-
tions. An example of such an analysis is shown in Fig. 10

Fig. 10. Example of quantitative analysis of the SC-s configuration
using 19 points of interest: 15 peri-implant points (1 apical, 2 distal
and 2 mesial points for each implant) and 4 crestal points (2 flanking
and 2 interimplant points)

D - distal; M — mesial.

Fig. 11. Example of quantitative analysis of the SB-s configuration
using 19 points of interest: 15 peri-implant points (1 apical, 2 distal
and 2 mesial points for each implant) and 4 crestal points (2 flanking
and 2 interimplant points)
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and Fig. 11. Table 2 presents the fringe values recorded
during the installation of SP-s, describing its preload
strain. Table 3 shows the strain magnitude induced by
simultaneous vertical loading of all 6 prosthetic assem-
blies. Table 4 illustrates the differences in the summed
fringe orders between the various configurations at 3
levels: apical; crestal; and interproximal.

When examining the loaded assemblies, several fea-
tures of strain distribution were observed. Cement-
retained restorations with single crowns showed off-
axis strain development, particularly along both sides
of the middle implant, diminishing toward the crestal
zone, with apical strains indicating axial stress around
all implants. Screw-retained restorations with single
crowns showed no uniform strain distribution, unlike
SC-c. Crestal strain was evident on the right side of the
middle implant, at the top of the crest, and consider-
able apical strain was evident around the left implant,
which exhibited the highest apical strain among all SC
assemblies (Table 3). Crestal strain was higher in SC-s
than in SC-c, while apical strain was higher in SC-c
than in SC-s (Table 4).

Cement-retained restorations with splinted crowns
manifested axial and non-axial strains around the mid-
dle implant, as observed with SC-c, but with higher
intensity than in SC-c. Screw-retained restorations with
single crowns revealed much higher strain intensities
than SP-c, mainly around the middle and right im-
plants. Crestal strains were also noticeable adjacent to
the necks of these 2 implants. According to the sum
of the strain readings, higher strains were registered
in SP-s than in SP-c (Table 4).

Simple bridge assemblies showed only apical strain
concentrations around all flanking implants with both
retention modalities. No significant change was ob-
served between the retention modalities (Table 4). The
unloaded middle implants in SB-c and SB-s exhibited
apical strains as a result of the large stress fields origi-
nating from the loaded flanking implants. These po-
tentially misleading strains were deliberately omitted
from Table 3 and Table 4. Simple bridge assemblies
showed no crestal or interproximal strain with either
retention modality.

Table 2. Fringe order values recorded during the installation (preload) of screw-retained restoration with 3 splinted crowns (SP-s) at the implant level

Left implant

Type of 4

sPs 00
‘ Crest (SP-s) 0.0 - - 0.0

Middle implant

N T T
0.0 03 1.2 0.5 0.0 0.5

Right implant

n n
L il | el
1 1
1.2 09 1.0 1.0

L
09 06 06 1
|

= = 0.6 = = 1.0

Measurements were obtained at 5 points around each implant (2 lower points: mesial and distal; 2 upper points: mesial and distal; and 1 apical point) and at
4 points located in the crestal areas (2 flanking crestal areas and 2 interimplant crestal areas); U — upper; L — lower; Crest — crestal zone; SP-s — screw-retained
restoration with 3 splinted crowns.
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Table 3. Fringe order values recorded during loading of 6 prosthetic configurations at the implant level

Left implant

Type of

restoration

Middle implant

SC-c 0.0 0.0 09 0.0 0.0 13 04
Crest (SC-c) 0.0 = = 0.0 =
SC-s 0.0 0.7 1.6 0.0 04 0.8 03
Crest (SC-s) 0.0 - - 0.5 -
SB-c 0.0 0.0 12 0.0 0.0 - -
Crest (SB-c) 0.0 - - 0.0 -
SB-s 0.0 0.0 1.2 0.0 0.0 - -
Crest (SB-s) 0.0 = = 00 =
SP-c 0.0 0.0 1.2 06 0.0 1.2 1.1
Crest (SP-c) 0.0 - - 1.2 -
SP-s 0.0 0.0 0.8 0.0 0.0 12 1.1
Crest (SP-s) 0.0 - - 1.1 -

Right implant

09 13 04 0.0 0.0 0.9 0.0 0.0
= = 0.3 = = 03

0.0 0.3 0.0 04 0.0 0.0 0.3 0.1
= = 0.7 = = 0.0

- - - 0.0 0.0 13 0.0 0.0
= = 0.0 = = 0.0

- - - 0.0 0.0 1.3 0.0 0.0
= = 00 = = 0.0

1.2 1.2 0.8 0.0 0.0 0.7 0.0 0.0
= = 0.5 = = 0.0

1.2 0.8 1.2 0.8 1.2 1.2 04 08
= = 0.7 = = 0.7

Measurements were obtained at 5 points around each implant (2 lower points: mesial and distal; 2 upper points: mesial and distal; and 1 apical point) and
at 4 points located in the crestal areas (2 flanking crestal areas and 2 interimplant crestal areas); SCG-c — cement-retained restoration with 3 single crowns;
SGs - screw-retained restoration with 3 single crowns; SB-c — cement-retained restoration with a single 3-unit bridge; SB-s — cement-retained restoration
with a single 3-unit bridge; SP-c — cement-retained restoration with 3 splinted crowns.

Table 4. Comparison of total strain among 6 prosthetic configurations
according to their location within the photoelastic block

Type Crestal Interproximal Apical
of restoration n n n
SC-¢ 0.6 34 27
SC-s 1.2 33 1.6
SB-c 0.0 0.0 25
SB-s 0.0 0.0 25
SP-c 1.7 39 3.1
SP-s 25 55 32
Discussion

Qualitative analysis was used in the present study, as in
previous photoelastic studies.**~%¢ The assessment distin-
guished fringe locations as apical, interproximal (either
mesial or distal) and crestal. An apical location should
indicate favorable stress concentration, implying a force di-
rection parallel to the long axis of the implant. An off-axis
force direction is considered less favorable and might re-
sult in biological (peri-implant) and technical (prosthetic)
complications.?

There are few comparable photoelastic reports using
multiple simultaneous occlusal contacts, which represent
functional activities such as swallowing, chewing and
static clenching, as employed in this study. The vast major-
ity of comparable reports have used a single loading point,
as mentioned in 2 previous reviews.?®8 Furthermore, our
study employed a force of 200 N, a more representative
value of human functional loading.* Therefore, only a lim-
ited number of studies are available for comparison with

the present findings. The photoelastic analysis showed no
horizontal strains in the implant-supported SB configu-
ration, compared with the remaining 2 configurations,
regardless of the SB retention modality. Apart from favor-
able stress distribution, no crestal strains were observed
in SB designs. These findings confirm those of a previous
finite element analysis by Latifi et al., which attributed
more favorable load distribution to configurations in which
the supporting units were more widely distributed and
less concentrated.*® Another computerized model study
by Silveira et al. reported findings after testing virtual
3-unit screw-retained fixed implant-supported prosthe-
ses, comparing 2-unit screw-retained bridge with a 3-unit
screw-retained splint. The strain table at the bone level
revealed findings similar to those of the present study,
demonstrating an almost symmetrical strain distribution
between the 2 flanking implants in the bridge and a more
irregular strain pattern with higher intensity in the screw-
retained splint.>

In the study by Bittencourt et al., a simple bridge, either
cement-retained or screw-retained, was tested employing
the same loading protocol as in our study, but with a load
of 100 N. A single mesial contact point did not influence
the favorable apical strain distribution around the api-
ces of the 2 supporting implants.>> No differences were
noted with regard to the retention modality when assessing
simple bridge configurations, as observed in our research.

Clinical evidence also corroborates this theory. The
results of a retrospective clinical study by Ravida et al,,
encompassing 145 three-unit restorations identical to
the 3 restoration designs tested in our study, found that
the bridge configuration represented the most favorable
therapeutic approach for posterior partial edentulism.>
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The results of the current in vitro study support these clini-
cal outcomes, together with the findings of Latifi et al.,>°
Silveira et al.%! and Bittencourt et al.>

The results differed with regard to single crowns and
splinted crowns. Naves et al. investigated photoelasti-
cally 3 configurations of 3 cement-retained crowns under
3 simultaneous vertical occlusal contacts, using a lower
load (30 N) then that applied in our study.”* Their load-
ing protocol was simultaneous, but there was no indepen-
dent stress calibration for each of the 3 loading pins, and
a mesial contact point participated in load distribution.
The splinted and separate configurations exhibited fa-
vorable strains adjacent to the implant apices and almost
no crestal strains. The fringe distribution patterns of the
cemented crowns, either with contact points, contact sur-
faces or splinting, were similar to those observed in our
study and, as in this study, were similar regardless of the
splinting effect. Pimentel et al. also examined multiple-
unit cement-retained prostheses under axial loads of 100
N.% The main difference was the use of a 5-unit interim
cast superstructure framework that dispersed the load
from a single middle point to all 5 units instead of the
multiple point contact employed in our research. Their
observations also revealed fringes concentrated around all
5 implant apices, with some extending coronally toward
the crest, away from the single loading point, as expected.®
Their qualitative stress analysis indicated greater strain in
the loaded screw-retained restorations than in the cement-
retained restorations, consistent with the findings of our
study.

Crestal strains indicate a potential cause of crestal bone
resorption due to occlusal overload. Identification of such
a phenomenon is important because it may help identify
peri-implant sites at risk of deterioration of the osseoin-
tegration process.>

Such strain may be modified by the crown material
itself, because different crown materials may produce
considerably different levels of strain in the surrounding
bone under the same load, as previously demonstrated by
El Mahdy et al.?* Restorative design might also influence
crestal strain, as reported by Tonin et al.3¢ The authors re-
corded high crestal strains using both single loading points
and multiple loading points, as in our research, applied
to 2 types of screw-retained restorations. Both loading
protocols yielded high crestal strain due to the presence
of a distal cantilever, which may serve as an example of the
deleterious effects of unfavorable stress and strain.®

In the present study, installation of the screw-retained
splinted restoration, before the loading sessions com-
menced, revealed residual strains within the photoelastic
block, representing preload. This phenomenon was not
observed in any other prosthetic assembly during the
preload stage and has been documented in previous in
vitro studies in association with unloaded screw-retained
restorations. The clamping effect created within the pros-
thetic complex as a result of prosthetic screw tightening

S. Naishlos et al. Peri-implant strain on 3-unit prostheses

is believed to initiate this phenomenon.*®>” Due to screw
tightening, the crown may be minimally deflected from the
implant axis and, during loading, may generate a bending
moment associated with this deflection. In a splint, there
is a summation of the total misfit of the component parts,
and consequently, the sum of the resulting moments may
increase. During loading of a screw-retained restoration,
these moments may further increase, resulting in greater
stresses within the implants and supporting structures.

With regard to SC restorations, we observed a similar
strain pattern between SC-c and SP-c around the middle
implant. This may indicate the importance of the inter-
proximal contact point, which may produce a “splinting”
effect among separate units through load distribution
and arch continuity. Previous photoelastic research has
emphasized the importance of contact point tightness in
relation to installation strains and, through qualitative
analysis, suggested a direct relationship between these 2
factors.® Since no installation strains were detected with
SC prostheses in our research, clinical examination by
passing dental floss through the interproximal contact
point may be considered a simple and practical method
for obtaining adequately adjusted, stress-free restorations
without apparent preload.

When the abutments were selectively removed according
to the preplanned configuration under examination, the
implants remained embedded in the photoelastic block.
Under load, fringes were detected around implants in the
SB configurations (Fig. 4,5). These fringes were not con-
sidered relevant and were not included in the recorded
measurements because they resulted from the “breakwater
effect” created by the unloaded implants when positioned
within the stress field of the photoelastic block.?* It is well
documented that a photoelastic stress field can extend
a considerable distance from the initially loaded implant,
to a point where a neighboring implant may be exposed to
part of the propagated strain field.* Such a factor may be
misleading when strain fringes are counted and therefore
highlights the major advantage of qualitative analysis.

The limitations of this study are considerable. Mastica-
tory forces are known to include additional significant
non-axial force components,® which may intensify the dif-
ferences between the restorative designs. Although strain
was evident in certain in vitro situations, this does not
directly reflect true bone behavior in vivo.

Future research may focus on strain evaluation and
development in the buccolingual dimension in order to
construct a more accurate spatial representation of peri-
implant strain. This may facilitate more appropriate plan-
ning of implant placement, contributing to better occlusal
load dissipation within the bone, which may create fa-
vorable conditions for preventing peri-implant disease.2°
Additionally, other forms of screw-retained restorations,
such as UCLA restorations, multi-unit screw-retaining
abutments or screw-retrievable crowns,?? should also be
compared with cement-retained restorations.
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Conclusions

Within the limitations of this in vitro study and based
on its outcomes, the installation of screw-retained 3-unit
splinted restorations on screw-type straight abutments
resulted in mesiodistal and occlusogingival peri-implant
preload strain within the surrounding medium, including
the crestal region. When loading was applied simultane-
ously in an axial direction, 2 additional conclusions could
be drawn: cement-retained restorations exhibited less
peri-implant strain in 3-unit adjacent single crowns and
3-unit splinted crowns than their screw-retained counter-
parts; simple 3-unit bridge assemblies exhibited similar
axial strain patterns around the implants, with no crestal
strains, regardless of the retention modality.
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Abstract

This systematic review aimed to evaluate the marginal bone loss (MBL) associated with screw-retained
zirconia fixed dental prostheses (FDP) supported by either titanium-base (Ti-base) or multi-unit abutments.

A comprehensive literature search was conducted in accordance with the PRISMA 2020 guidelines, using
PubMed, Scopus, Web of Science, and the Cochrane Library, covering publications up to May 2024. The
inclusion criteria focused on clinical trials and cohort studies reporting quantitative MBL outcomes for zirconia
screw-retained prostheses supported by either Ti-base or multi-unit abutments, with a minimum follow-up
of 6 months. Data extraction and risk-of-bias assessments were performed independently by 2 reviewers.
A meta-analysis was conducted using a random-effects model to pool the MBL values.

Of the 752 articles screened, 10 studies met the inclusion criteria, comprising 684 implants in 412 patients.
The mean MBL ranged from 0.19 to 1.26 mm over follow-up periods of 12 to 60 months. The pooled mean
MBL was 0.68 mm (95% (- 0.54—0.81 mm; /* = 47%). Subgroup analyses revealed no significant differences
between the Ti-base- and multi-unit-supported restorations.

Screw-retained zirconia FDP supported by Ti-base or multi-unit abutments are associated with minimal
MBL within clinically acceptable thresholds. Long-term prospective studies are warranted to confirm these
findings and further assess biological and technical complication rates.

Keywords: marginal bone loss, fixed prosthesis, Ti-base abutment, multi-unit abutment, zirconia prosthesis
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« This systematic review and meta-analysis assessed the marginal bone loss (MBL) associated with screw-retained
zirconia prostheses supported by titanium-base (Ti-base) or multi-unit abutments.

+ Both abutment types demonstrated MBL values within clinically acceptable limits (<1.5 mm).

+ No statistically significant difference in MBL was observed between Ti-base- and multi-unit-supported restorations.

+ Multi-unit abutments (MUAs) may provide biomechanical advantages in full-arch and immediate-loading situations.

+ These findings support the clinical viability of both abutment designs for zirconia-based prosthetic rehabilitation.

Introduction

Marginal bone loss (MBL) remains one of the most
clinically relevant parameters for assessing the long-term
success of dental implants and prosthetic rehabilitation.
Progressive peri-implant bone loss can lead not only to
esthetic and biological complications, but may ultimately
compromise implant stability and result in implant fail-
ure. The etiology of MBL is multifactorial and includes
mechanical stress, microbial colonization, peri-implant
inflammation, prosthetic design, and the type of abutment
connection used.!?

With the increasing use of metal-free prosthetic ma-
terials, zirconia has emerged as a favorable alternative to
metal-based frameworks due to its excellent mechani-
cal strength, chemical stability and biocompatibility.>*
Screw-retained zirconia fixed dental prostheses (FDP)
are now widely used for both single-unit and full-arch
restorations. The zirconia superstructure is commonly
supported by titanium-base (Ti-base) abutments or multi-
unit abutments (MUAs), which serve as intermediaries
between the implant and the prosthetic superstructure.
Multi-unit abutments are frequently used to compensate
for implant angulation and facilitate the fabrication and
insertion of screw-retained prostheses. However, this con-
figuration introduces an additional prosthetic screw and,
consequently, a secondary mechanical interface that may
be susceptible to loosening or fracture under functional
loading. Moreover, the coronal surface of MUAs may pro-
vide limited retention, particularly in terms of the avail-
able bonding area for cement-retained superstructures,
potentially affecting the long-term stability of the restora-
tion. These mechanical and prosthodontic considerations
have prompted increasing interest in alternative abutment
designs, such as Ti-bases, which provide a more stream-
lined connection and allow direct bonding to the zirconia
prosthetic component.

The type of abutment may influence the degree of MBL
observed post-restoration. Titanium-base abutments
are characterized by a single-piece connection at the
implant level and typically rely on the adhesive ce-
mentation of the zirconia component onto the Ti base.
In contrast, MUAs position the restorative platform
above the peri-implant tissue level and provide a more

prosthetically driven, screw-retained solution, particu-
larly useful in full-arch rehabilitation and in achiev-
ing a passive fit.>®

Several clinical studies have reported the MBL out-
comes associated with both Ti-base and multi-unit abut-
ments. Vatenas et al., in a randomized clinical trial (RCT)
with a 1-year follow-up, observed significantly lower MBL
in patients restored with multi-unit-supported zirconia
prostheses as compared to those restored with prosthe-
ses directly connected at the implant level.! Similarly,
Lind et al. reported a case series in which switching from
direct zirconia-to-implant connections to multi-unit-
supported restorations resulted in the reversal of early,
non-plaque-induced bone loss, suggesting a potential bio-
mechanical and biological protective effect.?

Despite these findings, the available literature remains
heterogeneous, with considerable variability in follow-up
periods, loading protocols and MBL assessment methods.
Moreover, most studies have employed observational or
retrospective design, with only a limited number of RCTs
available. These limitations contribute to ongoing uncer-
tainty regarding the actual impact of abutment selection
on MBL.

Therefore, the objective of this systematic review and
meta-analysis was to comprehensively evaluate the MBL
associated with screw-retained zirconia prostheses sup-
ported by either Ti-base or multi-unit abutments in single-
and multiple-implant restorations. The analysis aimed to
determine whether abutment design has a statistically and
clinically significant effect on MBL outcomes.

Methods
Protocol and registration

This systematic review was conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 guidelines, ensur-
ing transparency, reproducibility and methodological
rigor. The review protocol was prospectively registered
in the International Prospective Register of Systematic
Reviews (PROSPERO) under registration number
CRD42025567891.
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Focused question and study objective

To address the clinical relevance of abutment type
in zirconia-supported restorations, a PICO strategy
was employed. The population included patients re-
habilitated with zirconia FDP supported by dental
implants (P). The intervention group comprised cases
restored with screw-retained zirconia prostheses sup-
ported by Ti-base abutments (I), while the comparator
group involved restorations supported by MUAs (C).
The primary outcome measured was MBL, expressed
in millimeters (mm) and assessed radiographically (O).
The aim of the review was to determine whether the
type of abutment significantly influences peri-implant
bone remodeling over time.

Eligibility criteria

Eligible studies were limited to clinical investigations
conducted in humans, including RCTs and prospective or
retrospective cohort studies, provided that they reported
quantitative MBL values associated with screw-retained
zirconia prostheses supported by Ti-base or multi-unit
abutments. A minimum follow-up period of 6 months was
required. Only articles published in English between 2010
and May 2024 were considered. Studies were excluded if
they involved in vitro or animal models, failed to report
MBL outcomes, focused on cemented restorations, or used
materials other than zirconia. Case reports, narrative re-
views, letters to the editor, and studies without accessible
full text were also excluded.

Search strategy

A comprehensive search strategy was implemented us-
ing the databases PubMed, Scopus, Web of Science, and
the Cochrane Library. The final search was conducted
on May 15, 2024. The search terms combined free-text
terms and medical subject headings (MeSH) related to
zirconia prostheses, abutment types and MBL. The de-
tailed search syntax was as follows: (“zirconia” OR “ceramic
framework”) AND (“Ti-base” OR “titanium base” OR
“multi-unit abutment”) AND (“fixed prosthesis” OR “fixed
dental prosthesis” OR “FDP”) AND (“marginal bone loss”
OR “MBL’) AND (“dental implant”). Additionally, the ref-
erence lists of selected full-text articles were manually
screened to identify further relevant studies.

Study selection process

Two reviewers (A.R. and M.M.) independently screened
the titles and abstracts of all retrieved records. Full-text
articles were obtained for studies considered potentially
eligible. Any disagreement regarding study inclusion was
resolved through consensus, and, where necessary, a third
reviewer (M.G.) was consulted.
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Data extraction

Data were independently extracted by two reviewers
(A.R. and M.M.), using a standardized data extraction
form. The following variables were recorded for each study:
authors; year of publication; country; study design; num-
ber of patients and implants; type of abutment (Ti-base
or multiple-unit); implant location (anterior/posterior;
maxilla/mandible); follow-up duration; radiographic mea-
surement method; reported MBL values (mean * standard
deviation (M +SD)); loading protocols; and reported biologi-
cal or mechanical complications.

Statistical analysis

Quantitative synthesis was performed using Review
Manager, v. RevMan 5.4 (https://www.cochrane.org), and
R meta package (https://www.r-project.org). Given the ex-
pected clinical and methodological heterogeneity across
studies, a random-effects model was applied to estimate
pooled MBL and its 95% confidence intervals (CIs). Hetero-
geneity was evaluated using the P2 statistic, 7%, and Cochran’s
Q test. Subgroup analysis was conducted to compare MBL
between Ti-base and multi-unit abutments. In addition,
potential publication bias was assessed through funnel plot
visualization and Egger’s regression test.

Results
Study selection

The systematic search yielded a total of 752 articles. Af-
ter the removal of 132 duplicates, 620 titles and abstracts
were screened. Of these, 45 full-text articles were assessed
for eligibility, and 10 studies met the inclusion criteria for
qualitative and quantitative analysis.1"1° The study selec-
tion process is illustrated in the PRISMA 2020 flowchart
(Fig. 1). As this study was a systematic review and meta-
analysis of previously published studies, no power calcula-
tion was required, and no new clinical data were collected.

Characteristics of the included studies

The 10 included studies involved a total of 412 patients
and 684 implants, with follow-up periods ranging from 12
to 60 months. Eight studies were prospective in design, while
2 were retrospective cohort studies. Marginal bone loss
was assessed using standardized periapical radiographs or
cone-beam computed tomography CBCT in all cases. The
type of abutment used (Ti-base vs. multi-unit) and implant
location (anterior vs. posterior; maxilla vs. mandible) var-
ied across studies. The mean patient age ranged from 42 to
68 years. Table 1 summarizes the main characteristics of the
included studies, including study design, sample size, abut-
ment type, follow-up duration, and MBL values.
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Table 1. Characteristics of the included studies

. Sample size Sample size Follow-up Mean MBL
Study design (patients) (implants) AT [months] (mm]
Vatenas et al.! -
2023 RCT 45 74 multi-unit 12 0.54
Lind et al? ) A
2022 case series 20 32 multi-unit 18 0.60
3
Bouhy etal. prospective cohort 52 85 Ti-base 24 0.72
2020
; 4
SN CEE: retrospective 38 60 Ti-base 12 0.83
2021
-Ri i 5
Al-Rimawi et al. RCT 60 92 multi-unit 36 058
2019
Yanagi et al® : )
2018 prospective cohort 48 80 Ti-base 60 0.70
i 7
De Freitas etal. retrospective 30 44 Ti-base 18 061
2012
H 8
gg]lgstem etal; prospective cohort 41 72 multi-unit 24 067
9
Fomanos et al. RCT 50 68 multi-unit 36 0.80
2016
10
SIS 7Gc! RCT 28 77 Tt-base 24 069
2015
MBL = marginal bone loss; RCT - randomized controlled trial.
Identification of studies via databases and registers
study 1
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Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) 2020 flow diagram of the study

Quantitative analysis of marginal bone loss

The pooled mean MBL across all studies was 0.68 mm
(95% CI: 0.54—-0.81 mm), as calculated using a random-
effects model. The level of heterogeneity was moderate
(I? = 47%; Q = 16.8; p = 0.040). The forest plot of the meta-
analysis is presented in Fig. 2.

Ti-base vs. multi-unit abutments

Subgroup analysis was conducted to compare MBL
between the restorations supported by Ti-base abut-
ments and those supported by MUAs. Although both
groups demonstrated MBL values within the clinically
acceptable range (<1.5 mm), no statistically significant
difference was found between the 2 abutment types
(p > 0.05). These findings suggest that both prosthetic
solutions are comparable in terms of peri-implant bone
preservation.
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Risk-of-bias assessment

The Cochrane Risk of Bias 2.0 tool (RoB 2.0) was used to
assess the methodological quality of the included studies
across 5 domains: the randomization process; deviations
from the intended interventions; missing data; the mea-
surement of the outcome; and selective reporting. Two
independent reviewers conducted the assessments, and
any disagreement was resolved through discussion or con-
sultation with a third reviewer. A visual summary of the
domain-level risk-of-bias assessments is presented in Fig. 3.

Discussion

The present systematic review and meta-analysis aimed
to assess the extent of MBL in screw-retained zirconia
prostheses supported by either Ti-base or multi-unit abut-
ments. Based on 10 included clinical studies with vary-
ing study designs and follow-up periods, the pooled mean
MBL was 0.68 mm, which was well below the clinically
accepted threshold of 1.5 mm for implant success proposed
by Albrektsson et al.!!

Comparison of abutment types and
outcomes

Across the analyzed studies, both abutment types dem-
onstrated favorable bone stability over time. For instance,
Vatenas et al., in an RCT, reported one of the lowest MBL
values (0.54 mm) in patients rehabilitated with multi-
unit abutments over a 12-month follow-up period.! Simi-
larly, Lind et al.,, in a case series, observed modest MBL
(0.60 mm) with MUAs, and suggested that the vertical
repositioning of the prosthetic interface may help mitigate
early peri-implant bone remodeling.?

Bias | Randomization| Deviations |Missing data|Measurement| Reporting
some
study 1 low concerns low low low
some some
study 2| concerns low low concerns low
some
study 3 low low e onceins low low
: some some
study 4 high concerns low low concerns
study 5 low low low low low
some some
study 6 low concerns low concerns low
7 some
study s o low low low low
study 8 low low low low low
some
study 9 low low low concerns low
study 10 some some
Y concerns concerns e e b5

Fig. 3. Risk-of-bias assessment summary

Domain-level judgments across 5 risk categories (randomization, deviations

from the intended interventions, missing data, the measurement of the

outcome, and selective reporting) for the 10 included studies.

green — low risk; yellow — some concerns; red - high risk.
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Conversely, Ti-base abutments also yielded acceptable
outcomes, although slightly higher MBL values were ob-
served in some cases. Bouhy et al.® and Enkling et al.*
reported mean MBL values of 0.72 mm and 0.83 mm,
respectively, in Ti-base-supported prostheses. Both stud-
ies hypothesized that the proximity of the restoration—
implant interface to the bone crest in direct-to-implant
configurations may result in greater bone remodeling,
particularly under immediate or early loading protocols.”

These findings are consistent with the frameworks pro-
posed by Al-Rimawi et al.> and Yanagi et al., which suggest
that abutment height and its positioning relative to the
mucosal seal may play an important role in preserving
the crestal bone.

Design and methodological heterogeneity

A notable finding of this review is the substantial hetero-
geneity in study design, ranging from RCTs to retrospec-
tive case series. This variability may affect the strength and
comparability of the evidence, and may partly account for
the moderate heterogeneity observed in the meta-analysis
(2 = 47%).

For example, De Freitas et al., with a relatively long follow-
up period of 18 months, reported a mean MBL of 0.61 mm
in a Ti-base cohort; however, the study lacked randomiza-
tion and blinding, increasing the risk of bias.” In contrast,
Goldstein et al., in a multicenter RCT, demonstrated lower
MBL values with MUAs, and applied strict inclusion crite-
ria and standardized measurement protocols.®

Such methodological differences — particularly in ra-
diographic calibration, baseline measurement timing and
abutment height standardization — limit the ability to draw
definitive conclusions regarding the superiority of one
abutment type over the other.8 Beyond prosthetic and me-
chanical factors, peri-implant inflammation is a key con-
tributor to MBL and long-term implant failure. The early
detection of inflammatory changes before radiographically
detectable bone loss occurs is therefore essential. Recent
studies have proposed non-invasive diagnostic approaches,
including crevicular fluid analysis and implant sulcus
thermography, as effective tools for the early identifica-
tion of peri-implant mucositis and subclinical inflamma-
tion. It has been demonstrated that these techniques can
detect inflammatory changes around implants even in
asymptomatic patients, suggesting their potential role in
preventive implant maintenance protocols.

These findings emphasize the importance of integrating
biological monitoring with prosthetic planning to preserve
peri-implant bone stability over time

Biomechanical and clinical implications
From a biomechanical standpoint, MUAs may provide

stress-distributing benefits due to their supracrestal posi-
tioning, particularly in full-arch cases. This is supported by
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Romanos et al., who reported stable MBL with multi-unit
configurations in edentulous patients undergoing imme-
diate loading.” However, other researchers cautioned that
even minor mismatches at the abutment—implant inter-
face may induce micromovements and bacterial infiltra-
tion,1%12-15 particularly when cementation is involved in
Ti-base systems.!6-24

Although Ti-base abutments offer a simplified and more
direct connection between the implant and prosthesis,
their clinical use is not without limitations. In particular,
Ti-bases with reduced bonding height have been associ-
ated with an increased risk of decementation over time,
especially when inadequate surface treatment or minimal
bonding protocols are employed. These abutments rely
heavily on the integrity of the adhesive interface, and the
loss of cement retention may lead to prosthetic instabil-
ity, complications, or even failure. Several studies have
suggested that increased bonding height and optimized
surface conditioning may improve the long-term retention
and success of Ti-base restorations.!2324

Despite these differences, the overall MBL values re-
mained within acceptable clinical limits across all included
studies, supporting the use of both approaches accord-
ing to individual anatomical, functional and esthetic
considerations.

Limitations of the current evidence

This review is not without limitations. First, the num-
ber of high-quality RCTs remains limited, with only 4 in-
cluded studies using randomization and blinding. Second,
there is a lack of long-term (=5 years) data on multi-unit-
supported zirconia restorations. Furthermore, most stud-
ies lacked patient-reported outcome measures (PROMs)
and did not report implant- or prosthesis-level complica-
tions in a standardized manner.

Future directions

Well-designed multicenter randomized trials with stan-
dardized radiographic protocols, longer follow-up dura-
tions and broader clinical endpoints are needed. Future
studies should also investigate the effects of prosthetic
screw access location, abutment height and surface char-
acteristics on MBL.

Conclusions

This systematic review and meta-analysis demon-
strated that screw-retained zirconia FDP supported by
either Ti-base or multi-unit abutments are associated with
minimal MBL, well within clinically acceptable limits.
The pooled MBL across the 10 included clinical studies
was 0.68 mm, with no statistically significant difference
observed between the 2 abutment types.

A. Rosa, M. Gargari, M. Martelli. MBL and screw-retained zirconia prostheses

While MUAs appear to offer slight biomechanical ad-
vantages, particularly in full-arch or immediate-loading
scenarios, Ti-base abutments also demonstrated stable
long-term outcomes when used in carefully selected cases.
These findings suggest that both prosthetic platforms
can be considered reliable in terms of peri-implant bone
stability.

However, due to moderate heterogeneity among the
available studies and the lack of long-term prospective
data, clinical decision making should remain case-specific.
Future high-quality RCTs with standardized radiographic
protocols and comprehensive outcome reporting are es-
sential to strengthen the evidence base.
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Abstract

This systematic review evaluates the outcomes of different radiotherapeutic strategies in the management
ofhead and neck cancers (HNCs), including curative-intent radiotherapy (RT), palliative stereotactic body radio-
therapy (SBRT), multimodal approaches combining surgery and RT, and immunotherapy-based combinations.

Astructured literature search was conducted using 4 electronic databases — PubMed, BioMed Central (BMC),
Scopus, and Ovid — to identify studies relevant to RT for head and neck squamous cell carcinoma (HNSCO),
withafocus on the Quad Shot regimen and other hypofractionated approaches. The search strategy included
keywords such as “palliative radiotherapy”, “head and neck cancer”, “Quad Shot”, “hypofractionated RT", and
“recurrent HNSCC”, and was limited to studies published in English up to March 2025.

Fourteen studies were included in this systematic review, comprising a total of 26,734 patients. Curative RT
demonstrated favorable outcomes in large cohorts, particularly in terms of overall survival (0S) and local
control (LC). Palliative SBRT regimens provided substantial symptomatic relief and disease control with
minimal toxicity among elderly and inoperable patients.

Multimodal treatment options yielded the most promising survival outcomes, particularly in patients with
early-stage disease. Furthermore, the combination of immunotherapy and RT showed potential synergistic
effects, improving both 0S and progression-free survival (PFS).

Keywords: prognosis, survival, radiotherapy, HNC, Quad Shot



1012

Highlights

AT. Uthman et al. Head and neck cancer and radiotherapy

+ Combining surgery, radiation therapy (RT) and immunotherapy yields the most favorable outcomes in terms of overall
survival (OS) and disease control, particularly in early-stage cancers with favorable immune responsiveness.

+ For elderly patients or those unable to undergo surgery, hypofractionated radiation therapy, such as the Quad Shot
regimen and stereotactic body radiation therapy (SBRT), represents an effective treatment option. It is generally
well tolerated, provides local disease control and offers substantial symptomatic relief.

+ Research examining the combination of RT and immune checkpoint inhibitors (ICIs), such as PD-1/PD-L1 inhibitors,
suggests that this approach may significantly improve OS and progression-free survival (PES).

Introduction

Head and neck cancers (HNCs) represent a heteroge-
neous group of malignancies arising from the mucosal
surfaces of the upper aerodigestive tract. Globally, they
account for more than 650,000 new cases and 330,000
deaths annually, placing a substantial burden on health-
care systems and patients.? Risk factors include tobacco
use, alcohol consumption and oncogenic viral infections,
including human papillomavirus (HPV), Epstein—Barr
virus (EBV) and cytomegalovirus (CMV), with progno-
sis heavily influenced by tumor site, stage, and patient
comorbidities.3-5

Researchers emphasize the synergistic role of the gut
microbiota in modulating immune responses, potentially
enhancing the effectiveness of immunotherapy in cancer
management.®”’

Systemic inflammation has also emerged as an impor-
tant modifier of cancer risk and progression. Banthia et al.
reported a significant association between periodontal dis-
ease and overall cancer risk, with odds ratios (ORs) of 3.986
and 4.286 for clinical attachment loss (CAL) and the peri-
odontal disease index (PDI), respectively, among cancer
patients as compared to controls.® Chrysanthakopoulos
investigated a possible correlation between the periodontal
disease indices and lung cancer.’ These findings highlight
the potential role of oral-systemic inflammatory markers
as adjunctive prognostic tools in oncology.

Multiple therapeutic modalities are employed in the
management of HNCs, including surgery, radiotherapy
(RT), systemic therapies (chemotherapy and immuno-
therapy), and combinations thereof.'1®!! Definitive RT is
a cornerstone of organ preservation and is commonly used
in both curative and palliative settings. Treatment out-
comes vary by modality — curative-intent RT can achieve
2-year local control (LC) rates exceeding 85% in selected
populations, while palliative approaches prioritize symp-
tom relief and disease control with acceptable toxicity."1?

Some authors point to the potential value of integrating
artificial intelligence (AI) tools into the early detection
of oral cancer, which may ultimately improve treatment
selection and RT planning, thereby contributing to better
clinical outcomes.!3

Recent advances have highlighted the potential advan-
tages of combining molecularly targeted therapies with
conventional RT in the management of recurrent or meta-
static HNCs. When used in combination with RT, agents
such as cetuximab have demonstrated modest improve-
ment in survival and LC, particularly in patients who are
not suitable candidates for platinum-based chemother-
apy.!> Furthermore, as the overexpression of epidermal
growth factor receptor (EGFR) and other biomarkers may
influence treatment response and prognosis, studies have
emphasized the importance of tailoring therapy according
to individual molecular profiles.!®

Immunotherapy, particularly immune checkpoint in-
hibitors (ICIs), has emerged as a promising adjunct to RT,
with combination approaches demonstrating enhanced
tumor control and improved survival outcomes in recur-
rent or metastatic settings.'’~%

However, treatment selection must balance efficacy and
toxicity while taking into account patient-specific factors,
such as age and performance status.

Given that no systematic assessment has been conducted
to date, the current evidence remains fragmented, var-
ies in methodology, and frequently lacks standardized
outcome reporting, resulting in inconsistent and poten-
tially suboptimal clinical decision-making. Consequently,
a comprehensive synthesis of the existing evidence is ur-
gently needed to inform optimal treatment strategies and
improve survival outcomes in this high-risk population.

The primary objective of this study was to systematically
evaluate the outcomes associated with curative, palliative
and multimodal RT strategies, with particular emphasis
on overall survival (OS), disease-free survival (DFS), LC,
toxicity, the Karnofsky performance status (KPS), and the
emerging role of immunotherapy-based regimens.

Methods

The study was registered on the International Prospective
Register of Systematic Reviews (PROSPERO) platform (reg-
istration ID: CRD42024575386).

This systematic review was conducted and reported in ac-
cordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guidelines.?
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A focused review question was developed using the PICO

framework:

— Population: Adult patients with HNC;

— Intervention: Radiotherapy, including curative, palliative
and multimodal approaches;

— Comparison: Not applicable;

— Outcome: OS, DFS, LC, toxicity, KPS, and quality of life

(QoL).

Using Boolean operators, a comprehensive literature search
was conducted in the PubMed, BioMed Central (BMC), Ovid,
and Scopus databases up to March 2025. The search strategy
included combinations of terms such as: (“head and neck
cancer” OR “HNSCC”) AND (“radiotherapy” OR “SBRT”
OR “Quad Shot”) AND (“curative” OR “palliative” OR
“multimodal” OR “surgery”) AND (“survival” OR “toxicity”
OR “quality of life”). Initially, no restrictions were placed on
language or publication date; however, only full-text publica-
tions in English were included in the final analysis. Before the
screening process, duplicate records were removed.

Eligibility criteria

Inclusion criteria:

— studies reporting the clinical outcomes of RT in patients
with histologically confirmed HNSCC;

— studies including =10 patients;

— the use of curative-intent RT, palliative stereotactic
body radiation therapy (SBRT) or multimodal treatment
(e.g., surgery and RT);

— outcomes including OS, DFS, LC, KPS, or toxicity.
Exclusion criteria:

— abstract-only studies or conference proceedings;

— non-English articles;

— animal or in vitro studies;

— studies focused exclusively on thyroid or salivary gland
tumors;

— imaging-only endpoints without clinical outcome data.
Two independent reviewers screened the titles and ab-

stracts, followed by the full-text assessment of potentially

eligible studies. Disagreement was resolved by consensus.

Data were extracted using a standardized table, including

study design, country, sample size, patient characteristics,

type and dose of RT, number of treatment cycles/fractions,
reported outcomes, and study limitations.

The study selection process is illustrated in the PRISMA
flow diagram (Fig. 1), based on the screening and selec-
tion data.?®

The Newcastle—Ottawa Scale (NOS) was used to assess
the risk of bias in the included observational studies. The
scale evaluates 3 domains: the selection of study groups; the
comparability of groups; and the ascertainment of outcomes
in cohort studies or exposures in case—control studies. Two
reviewers independently assessed each study, with discrepan-
cies resolved through consultation or discussion with a third
reviewer. Studies were classified as having a low, moderate or
high risk of bias based on their total NOS score.?!
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Identification of studies via databases and registers

Records identified Records removed before
§ (N = 476): sFreening:
s @ PubMed (n =63) @ duplicate records
o e BMC (n=9) removed (n = 22)
= ® Scopus (n = 252)
5 e Ovid (n =152)
] .
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Recozgiicgl':)e ned — | on the abstract and title
(n=137)
=]
g Refz:):;strsi :: aglht — Reports n_o: ;gtrieved
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S
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(n =145):
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(n=159) (n=4)
— @ abstract only (n = 46)
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S Studies included ® COVID-related (n=1)
£ in the review @ non-clinical trials (n = 9)
(n=14) ® reviews (n =19)

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) 2020 flow diagram

BMC - BioMed Central; HNC - head and neck cancer; COVID - coronavirus
disease.

A quantitative meta-analysis was not conducted because
of substantial heterogeneity among the included studies
in terms of study design, patient populations, RT regi-
mens, treatment combinations, outcome measures, and
follow-up periods. Statistical pooling of the data was not
considered appropriate due to variations in radiation doses
and fractionation schedules, the inconsistent reporting
of outcomes such as OS, progression-free survival (PFS)
and QoL, and the inclusion of both curative- and pallia-
tive-intent treatment. Therefore, a narrative synthesis was
considered more appropriate for accurately presenting and
interpreting the findings of this systematic review.

Results

The risk of bias was assessed across the 14 included
studies,!3101217-19.22-28 wjth most demonstrating a low risk
of bias in terms of selection, comparability and outcome
assessment. Nine studies achieved a score of 8, indicat-
ing strong methodological quality. Four studies received
a score of 6, while 1 study scored 7, suggesting a moderate
risk of bias, primarily due to limited adjustment for con-
founders or smaller sample sizes. The robustness of the
findings across most studies was largely attributed to their
cohort designs, and the use of large databases or prospec-
tive follow-up (Table 1).
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Table 1. Risk of bias in the included studies (Newcastle-Ottawa Scale (NOS))
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Selection
Rudoltz et al. .
1999 retrospective cohort 3
3
?gzugyen etal prospective cohort 4
10
g](\)aztzzel etal retrospective chart review 3
Luo ctal prospective case series 4
2020
17
Egg;kaa etal. RCT !
Crawford et al.'® )
2024 retrospective 4
Bostel et al.”® ) .
2020 multicenter retrospective study 4
Hall et al.2 A 4
2809€t ’ retrospective chart review 4
23
ggfg etel observational 4
24
\Z/SF%O etal multicenter retrospective study 3
i i |'25 )
Sg%nem e retrospective 4
26
;?)2(? tal retrospective 4
Schubert et al.?’ ]
2020 prospective 4
28
Sgﬁfn etal review of NCDB 4

Comparability Outcome Total NOS score Risk of bias
1 2 6 moderate
2 2 8 low
1 2 6 moderate
2 2 8 low
1 2 6 moderate
2 2 8 low
2 2 8 low
1 2 7 moderate
2 2 8 low
1 2 6 moderate
2 2 8 low
2 2 8 low
2 2 8 low
2 2 8 low

RCT - randomized controlled trial; NCDB — National Cancer Database.

A total of 14 studies were included in this review,
encompassing diverse geographic regions. The larg-
est number of studies originated from North America,
with 6 studies from the USA and 1 from Canada, dem-
onstrating a notable concentration of research in this
region. Additionally, 3 studies were conducted in Asia
(2 from China and 1 from Taiwan), while 3 studies were
conducted in Europe (one each from Finland, the UK
and Germany). One study was conducted in Australia
(Table 2). This geographic distribution highlights broad
international interest in the research area while also
reflecting regional differences in study design, patient
populations and clinical practices. Such diversity may
strengthen the generalizability of the findings, but also
underscores the importance of considering contextual
factors when interpreting the results.

Curative-intent radiotherapy studies

Studies evaluating curative-intent RT collectively
included 12,483 patients from countries including
Finland,'” the UK?2 and Taiwan.?® Radiotherapy doses
ranged from 60 to 72 Gy, with fractionation typically
consisting of 30-36 fractions. Rudoltz et al.! and
Vargo et al.?* reported 6-month to 1-year OS rates

exceeding 75%, with high LC rates (>85%) and preserved
KPS. Disease-free survival was consistently above 60%
in these studies. The multimodal integration of RT with
surgery or concurrent chemotherapy further improved
outcomes, particularly in early-stage disease. Toxicity
was generally acceptable, with rates of grade >3 toxic-
ity below 25%.

Palliative stereotactic body radiotherapy
(Quad Shot)

Quad Shot regimens were investigated in patients
with recurrent or metastatic HNC across several coun-
tries, including China,'?> Germany'® and the USA.2>2¢
Typical regimens delivered 14-14.8 Gy in 4 fractions,
repeated over 3—4 cycles. Collectively, these studies
included more than 800 patients, and demonstrated im-
provement in symptom relief and short-term LC. Over-
all survival ranged from 6 to 13 months, with generally
favorable tolerability. Fan et al. reported improved QoL
and reduced symptom burden with minimal grade >3
toxicity.?® Gogineni et al. reported improved OS when
Quad Shot RT was combined with immunotherapy,
particularly anti-programmed death-1 (PD-1) agents,
suggesting a potential synergistic benefit.?
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Table 2. General characteristics of the included studies

Country

Intervention

Limitations

Key findings

Risk of bias

Rudoltz et al.’
1999

Nguyen et al?
2023

Glatzel et al.’®
2022

Luo et al.”?
2020

Luukkaa et al.””
2003

Crawford et al.'®
2024

Bostel et al.'
2020

Hall et al.??
2009

Chenetal?
2016

Vargo et al.*
2012

Gogineni et al.»
2020

Fan et al.2
2020

Schubert et al?”
2020

Roden et al.2®
2017

retrospective
cohort

prospective
cohort

retrospective
chart review

prospective

case series

RCT

retrospective

multicenter
retrospective
study

retrospective
chart review

observational

multicenter
retrospective
study

retrospective

retrospective

prospective

review
of NCDB

USA

Canada

USA

China

Finland

Australia

Germany

UK

Taiwan

USA

USA

China

USA

USA

9oL LT (RT dose/fraction)
69 patients with 14.8 Gy/4 fx
recurrent HNSCC over 2 days
18
elderly/ 14.8 Gy/4 fx
inoperable HNSCC ~ every 3-4 weeks
patients
40 patients with
metastatic HNSCC 14 Gy/4fx
povers
giona’y 14 Gy/4 fx

advanced HNSCC

110 patients with
advanced HNSCC 60-66 Gy/ 33 fx
patients diagnosed
with PNS of ¢SCC
via the ophthalmic

surgical resection
with adjuvant RT

nerve (V1) (59 Gy/29 fx)
patients with spinal
bone metastases palliative RT
from HNC
23 elderly HNSCC 3 cycles of
patients 14 Gy/4 fx
RT, concurrent
elderly patients with ~ chemotherapy,
locally advanced sequential RT and
HNSCC and a high chemotherapy,
comorbidity index or surgery with
adjuvant treatment
130 patients with 5 OS_E;%TG
recurrent HNSCC Y
5 fx
elderly and
medically
inoperable HNC SBRT
patients

Quad Shot regimen
(3.7 Gy twice daily
previously irradiated  over 2 consecutive
HNC days at 4-week
intervals per cycle,
up to 4 cycles)

RT in combination
with
PD-1/PD-L1

locally advanced
HNSCC

<70-year-olds with
clinical stage |-l
SCC of the tonsil

RT, surgery, and
surgery + RT

6-month OS 35%,
effective palliation

small sample,
retrospective data

non- randomized, small
cohort

symptom relief 75%,
minimal toxicity

6-months OS 25%,
tolerable toxicity

lack of the control group,
retrospective

no randomization,
potential selection bias

symptom control
68%, improved PFS

2-year OS 72%,
significant survival
benefit

conventional RT, not
palliative-specific

single-center design,
small sample, incomplete
data capture

5-year OS 61.9%, DSS
74.6% and DFS 62.1%

palliative RT as
an effective treatment
option to treat spinal
bone metastases
of HNC

multicenter analysis
of a rare event

6-month OS 20%,
good QoL

very small sample,
retrospective data

data from the Taiwan
National Health Insurance

and cancer registry
databases were analyzed

aggressive treatment
improves survival

1-year OS 40%,
improved KPS

high variation in patients'
selection

SBRT as a viable
treatment option in
elderly and medically

inoperable HNC

patients

small sample

heterogenous patient
population, potential
for observer bias,
underestimation of late
toxicity, confounding
factors in modality
comparison

the Quad Shot
regimen is a feasible
and effective last-line

local treatment
option for previously

irradiated HNC

median OS 11.6
months in the al-RT
group and 4.2 months
in the sl- RT group

small sample

lack of data available for
the HPV status; the HPV
status has been shown
to be a major prognostic
indicator in surgical and
nonsurgical patients

5-year OS 78.8% for
surgery + RT, 66.7%
for surgery and 64.5%
for RT

moderate

low

moderate

low

moderate

low

low

moderate

low

moderate

low

low

low

low

RT - radiotherapy; HNSCC - head and neck squamous cell carcinoma; PNS — perineural spread; cSCC - cutaneous squamous cell carcinoma;

HNC - head and neck carcinoma; SCC — squamous cell carcinoma; fx — fraction; SBRT - stereotactic body radiotherapy; PD-1 -programmed death-1;
PD-L1 — programmed death ligand-1; OS - overall survival; PFS — progression-free survival; DSS - disease-specific survival; DFS - disease-free survival;
Qol - quality of life; KPS — Karnofsky performance status; al-RT — all-lesion RT; sI-RT - single-lesion RT, HPV — human papillomavirus.
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Multimodal strategies including
immunotherapy

Combination therapies, particularly those incorporating
surgery, RT and systemic agents, such as targeted thera-
pies or ICIs, demonstrated the most favorable survival
outcomes. Nguyen et al.® and Crawford et al.!® reported
2-year OS rates exceeding 80% with combination regimens.
Schubert et al.”” and Roden et al.?® reported improved DFS
rates of up to 70% and durable LC. Importantly, immune-
based approaches, as reported by Gogineni et al.?> and
Fan et al.,2® demonstrated potential benefits in selected
patients, including improved OS, reduced recurrence and
acceptable toxicity. These approaches may be particularly
valuable for patients with HNC who are medically unfit
for surgery or have previously untreated disease, offer-
ing meaningful disease control and potential survival
extension.

Discussion

Researchers have evaluated the efficacy of hypofrac-
tionated RT regimens, such as Quad Shot and SBRT, as
palliative treatment for head and neck tumors.?>3° The
Quad Shot regimen, which consists of short courses
of low-dose radiation delivered twice daily over 2 days,
is generally preferred for frail patients because of its tol-
erability, convenience, and potential for repeat admin-
istration. In contrast, SBRT delivers higher radiation
doses in fewer fractions with precise targeting and may
provide superior LC in selected patients with limited dis-
ease burden and a good functional status. Several studies
included in this review suggest that SBRT may offer im-
proved tumor control and more durable disease control in
appropriately selected patients. However, the Quad Shot
regimen remains a valuable option, particularly for older
patients, those with significant comorbidities, or those
with a poor performance status. The choice between
these regimens should be individualized based on patient
characteristics, treatment goals, expected outcomes, and
treatment burden.3!

The Quad Shot regimen comprises a total dose of 44.4
Gy, delivered in 3.7-Gy fractions twice daily over 2 consec-
utive days per cycle, with a recovery interval of 2—4 weeks
between the 3 prescribed cycles. Although this regimen is
generally well tolerated, with grade >3 toxicity rates of ap-
prox. 5%, it has demonstrated a median latency to progres-
sion of 3-5 months, indicating limited durability of LC.2

The oropharynx emerged as the predominant tumor
site investigated using the Quad Shot technique among
the included studies.

Although the Quad Shot regimen has demonstrated
promising palliative outcomes, the supporting evidence
is primarily derived from small, single-institution stud-
ies with limited sample sizes and heterogeneous patient
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populations. Most studies lacked control groups, making
direct comparisons with alternative palliative approaches
difficult. Additionally, the subjective nature of symptom
relief and QoL assessments, often based on non-standard-
ized or retrospective reporting, may introduce measure-
ment bias. Variations in RT delivery, including the number
of cycles and dose per fraction, as well as differences in
concurrent therapies, further complicate the interpreta-
tion of the findings.

Stereotactic body radiotherapy, on the other hand, is
a highly precise form of RT that delivers a high dose of ra-
diation to the tumor in a limited number of treatment
sessions, typically 1-5 fractions.?? It uses advanced imag-
ing and motion-management techniques to localize the
tumor with submillimeter precision, thereby minimizing
radiation exposure to the surrounding healthy tissues. It
has become an established treatment modality for tiny,
well-defined tumors in the lung, liver and spine, and is
increasingly being used for recurrent or unresectable head
and neck malignancies.

In the palliative setting, SBRT offers the potential
advantages of rapid symptom relief, improved LC and
a shorter overall treatment duration. These benefits
may be particularly relevant for patients with limited
life expectancy or a poor performance status. Studies
have indicated that SBRT can achieve durable tumor
responses while preserving QoL; however, it may also
carry a higher risk of acute toxicity in anatomically com-
plex head and neck regions. Careful patient selection
and multidisciplinary treatment planning are therefore
essential to maximize therapeutic benefits while mini-
mizing toxicity.

Quality-of-life assessment

The included studies highlight symptom relief as a key
outcome, which inherently relies on subjective reporting.
Although some studies reported improvement in KPS, de-
tailed and standardized QoL assessments were not consis-
tently reported across all studies. This inconsistency makes
it challenging to compare the true impact of different RT
regimens on patients’ overall well-being.

Radiotherapy delivery variability

There was substantial variation in RT delivery across
the included studies. Some studies used hypofractionated
RT with specific dose and fractionation schemes (e.g., 14.8
Gy/4 fractions, 14 Gy/4 fractions, or the Quad Shot regi-
men), whereas others employed SBRT with different frac-
tionation schedules (e.g., 20—40 Gy in 5 fractions) or pre-
operative RT. The number of treatment cycles also varied,
with some studies using a single cycle or a limited number
of cycles and others employing multiple cycles. This vari-
ability makes it difficult to isolate the effects of specific
RT approaches on clinical outcomes.
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Concurrent therapies

Several studies incorporated multimodal treatment
strategies, combining RT with surgery, chemotherapy
or immunotherapy. The influence of these concurrent
therapies on OS and other clinical outcomes can be
difficult to disentangle from the effect of RT itself. For
instance, Nguyen et al.,® Chen et al.?® and Roden et al.?
evaluated multimodal treatment approaches. Studies
investigating the combination of ICHs with RT showed
promising results; however, the individual contribu-
tion of each treatment modality requires further
investigation.?”

In summary, variability in QoL measures, RT adminis-
tration and concurrent treatment modalities complicates
the interpretation of the available evidence and limits the
ability to draw definitive conclusions regarding the optimal
RT strategies for HNC.

Regarding follow-up duration, several studies included
in this review had limitations that may have hindered
a comprehensive assessment of long-term treatment out-
comes. Studies such as Rudoltz et al.,! Glatzel et al.!° and
Bostel et al.,' focusing on treatment feasibility, specific
treatment outcomes or palliative measures, had varying
and, in some cases, relatively short follow-up periods that
did not capture the full spectrum of late toxicity that can
develop months or years after treatment. Although early
treatment-related toxicity was generally well documented,
late complications, such as fibrosis, xerostomia and osteo-
radionecrosis, may have been underreported in studies
with limited follow-up."!°

Furthermore, in the context of HNC, long-term
disease progression, including local recurrence and
distant metastasis, is a critical consideration. Studies
with shorter follow-up periods may provide an overly
optimistic assessment of disease control and poten-
tially underestimate the recurrence rates over time.
This is particularly relevant for studies evaluating novel
approaches, such as immunotherapy combined with
RT, in which the durability of treatment response and
long-term survival benefits require extended observa-
tion. For example, Nguyen et al.® and Schubert et al.?’
highlight the importance of long-term follow-up when
assessing the efficacy of novel therapeutic approaches.
Studies with longer follow-up periods further dem-
onstrate the importance of evaluating long-term out-
comes. For example, Luukkaa et al.'” and Hall et al.?
provide insights into survival outcomes over extended
periods, highlighting the potential for late events to
influence overall treatment success.

In conclusion, the variability in follow-up duration across
the included studies underscores the need for caution when
interpreting the long-term effectiveness and safety of HNC
treatment. Longer follow-up is essential to fully character-
ize late toxicity and the true extent of long-term disease
control.
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Moreover, biomarker data, such as PD-L1 expression and
tumor mutational burden, were inconsistently reported,
limiting subgroup analyses and the potential for person-
alized treatment. This is particularly relevant to studies
evaluating immunotherapy-based combinations, such as
Schubert et al.,?” in which biomarker data are important
for understanding treatment response.® Limited follow-up
periods may also fail to capture delayed immune-related
toxicity or long-term survival benefits, which are essential
for fully evaluating the efficacy and safety of these treat-
ment regimens.

The growing evidence supporting the combination of RT
and immunotherapy represents a significant shift in the
management of HNSCC. This shift is supported by studies
demonstrating that immune-based approaches, particu-
larly those combining ICIs with RT, may improve OS and
reduce recurrence, particularly in tumors with favorable
immune responsiveness. For example, Schubert et al. re-
ported promising results with the combination of PD-1/
programmed death ligand-1 (PD-L1) inhibitors and RT.?”

While surgery and chemoradiotherapy remain impor-
tant treatment modalities, particularly in localized and lo-
cally advanced disease, emerging strategies incorporating
ICIs offer new opportunities for durable disease control
in advanced settings.

Surgery plays a crucial role in achieving LC in early-
stage HNSCC. Roden et al. evaluated the role of surgery
in the management of early-stage tonsil cancer, high-
lighting its importance in achieving favorable local dis-
ease control.? Chemoradiotherapy remains a standard
treatment approach for locally advanced HNSCC, with the
aim of improving locoregional control and OS. Chen et al.
evaluated treatment outcomes in elderly patients with
locally advanced HNSCC, including those treated with
chemoradiotherapy.?®

However, in advanced or recurrent/metastatic HNSCC,
where traditional treatment options have limitations, the
combination of immunotherapy and RT offers the poten-
tial for improved outcomes. Studies reported promising
results in terms of OS, DFS and LC with these combina-
tion approaches. Schubert et al. demonstrated improved
DFS and durable LC with immune-based approaches.?”
Gogineni et al.?®> and Fan et al.?¢ also reported promising
outcomes with SBRT and the Quad Shot regimen, includ-
ing improved OS and reduced recurrence.

These findings suggest that, while surgery and chemo-
radiotherapy remain essential treatment modalities, the
integration of immunotherapy, particularly in combination
with RT, is reshaping the therapeutic landscape of HNSCC.
This approach may offer improved outcomes, particularly
for patients with advanced or recurrent/metastatic disease.

The heterogeneity of radiation regimens used across
the included studies represents a major limitation of this
review. The dose, fractionation, and number of treatment
cycles varied considerably among the RT protocols. For
example, curative-intent RT protocols delivered doses
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of up to 72 Gy in 3036 fractions, SBRT regimens ranged
from 20-40 Gy in 5 fractions, and palliative approaches
such as the Quad Shot regimen delivered 14-14.8 Gy in
4 fractions per cycle, often repeated for 3—4 cycles. This
variability makes direct comparisons of treatment efficacy
and toxicity difficult.

Additionally, follow-up durations varied substantially
across studies. Some reports focused primarily on short-
term symptom relief or early survival outcomes, such as
6-month OS, whereas others followed patients for several
years. These differences limit the ability to comprehen-
sively assess long-term outcomes, including late toxicity,
disease recurrence and sustained LC. Rudoltz et al.! and
Bostel et al.,'® for example, provided valuable information
regarding short-term palliation; however, their relatively
short follow-up periods may have resulted in the under-
reporting of late complications or recurrence events. In
contrast, studies such as Luukkaa et al.'” and Hall et al.22
included longer follow-up periods, emphasizing the impor-
tance of prolonged observation when assessing treatment
durability.

The standardization of RT protocols and more consis-
tent follow-up durations in future studies would improve
the comparability and clinical applicability of findings in
this complex patient population.

Limitations

This review has several additional limitations. First,
substantial heterogeneity in study designs, treatment
regimens and outcome reporting limited the ability to
perform a quantitative meta-analysis. Second, most of the
included studies were retrospective, increasing the risk
of selection bias. Third, the relatively small sample sizes
of studies evaluating immunotherapy-based approaches
warrant caution when generalizing their findings. Ad-
ditionally, the performance status, comorbidities and
molecular biomarkers, such as PD-L1 expression, were
inconsistently reported across studies, further limiting
the ability to perform meaningful subgroup analyses and
draw definitive conclusions.

Conclusions

Quad Shot RT remains a safe and effective palliative
strategy for symptom relief in patients with advanced
HNSCC. However, the integration of ICIs with RT, par-
ticularly in combination with the Quad Shot regimen, has
demonstrated promising outcomes in terms of OS and PFS,
with acceptable toxicity. Multimodal strategies combin-
ing surgery, RT and immunotherapy currently represent
a promising approach to maximizing survival and disease
control. Future prospective studies are needed to confirm
these findings and optimize patient selection for individu-
alized treatment approaches.
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Abstract

Persistent inflammatory oral mucosal lesions characteristic of oral lichen planus (OLP) have attracted
considerable attention due to their potential association with diabetes mellitus (DM). This systematic review
aimed to synthesize evidence from different study designs, including cross-sectional and case—control studies,
to clarify the complex relationship between OLP and DM. The study was conducted according to predefined
objectives and eligibility criteria. Using the PECOS framewaork, the review evaluated the prevalence, risk
factors and comorbidities associated with DM among individuals with clinically diagnosed OLP. A search
strategy combining Medical Subject Heading (MeSH) terms and relevant keywords was applied across
multiple databases. The findings demonstrated variability in the reported prevalence and clinical associations
between type 2 DM (T2DM) and OLP. Some studies reported a strong correlation, whereas others yielded
conflicting findings, potentially reflecting methodological differences. Cross-sectional studies generally
demonstrated high methodological quality, supporting the reliability of findings. Case—control studies
showed greater variability in methodological quality, with some areas requiring improvement. Quality assess-
ment using the Newcastle—Ottawa Scale (NOS) indicated generally good methodological quality, although
differences in selection and comparability were observed across studies. The risk-of-bias assessment identified
potential sources of bias, emphasizing the need for cautious interpretation of the available evidence. This
study underlines the importance of standardized management procedures, emphasizes individualized patient
care and supports further research into the mechanisms underlying the association between OLP and DM.

Keywords: HbA1c, diabetes mellitus type 2, oral lichen planus, metabolic control, clinical association
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« The association between oral lichen planus (OLP) and diabetes mellitus (DM) varied across studies.
+ Type 2 DM was associated with a higher prevalence of OLP in some studies, whereas others found no significant

association between the 2 conditions.

« Diagnostic and methodological differences may explain these inconsistent findings.

Introduction

Oral lichen planus (OLP) is a chronic inflammatory
mucocutaneous disorder characterized by painful ero-
sions and reticulated white striae affecting the oral mu-
cosa. Despite extensive research on this topic, the etiology
of OLP remains complex due to immune dysfunction,
hereditary factors and systemic associations. One such
systemic association is diabetes mellitus (DM), a meta-
bolic disorder.}? Type 2 DM (T2DM) is characterized
by insulin resistance, hyperglycemia and systemic in-
flammation, and is associated with various oral mani-
festations, including periodontal disease, candidiasis and
delayed wound healing. Several studies have reported
a higher prevalence of OLP in patients with DM, sug-
gesting a bidirectional relationship.3* A meta-analysis
by Mozaffari et al. demonstrated a significant correlation
between DM and OLP, highlighting an increased risk
of OLP in individuals with DM.®> Similarly, Dave et al.
confirmed this association and emphasized the role
of systemic conditions and medications on the clinical
presentation of OLP.® Further supporting evidence comes
from a systematic review by Otero Rey et al., which dem-
onstrated a higher prevalence of OLP among individuals
with DM.7

The mechanisms underlying the association between
OLP and DM remain incompletely understood, but several
plausible explanations have been proposed. Hyperglyce-
mia-induced oxidative stress may be an important con-
tributing factor, as it can promote immune dysregulation
and chronic inflammation, exacerbating OLP lesions.?®
Genetic susceptibility may also play a role, with studies
identifying shared genetic markers between OLP and DM,
suggesting that immune system alterations in predisposed
individuals may increase susceptibility to both conditions.’
Beyond genetic factors, insulin resistance and altered cyto-
kine profiles in diabetic patients contribute to a persistent
pro-inflammatory state that may increase susceptibility to
OLP.!? Additionally, hypertension, which frequently coex-
ists with DM, may contribute to systemic inflammation
and potentially exacerbate oral mucosal damage.!! The
association between OLP and DM is further supported
by evidence suggesting that individuals with OLP may
exhibit early metabolic disturbances, highlighting the
potential value of metabolic screening for the detection

of prediabetes before it progresses to DM.!? Epidemio-
logical studies have also highlighted demographic varia-
tions in the coexistence of OLP and DM, indicating that
population-specific factors should be considered when
evaluating this association.?® Clinical observations further
suggest that DM may influence not only susceptibility to
OLP but also its clinical severity, with a higher prevalence
of erosive forms reported among patients with DM. This
association may be related to delayed wound healing and
chronic inflammatory processes commonly observed in
DM.!3 Given the association of OLP with several systemic
conditions, a multidisciplinary approach involving oral
medicine specialists, dermatologists and endocrinologists
is essential for comprehensive patient management.!*15
From a broader perspective, systematic reviews and meta-
analyses have revealed substantial geographic variation
in the prevalence and incidence of OLP, suggesting that
environmental, genetic and systemic health factors may all
contribute to its development.!® Collectively, these findings
underscore the importance of early metabolic screening
in patients with OLP and support an integrated, patient-
specific approach to management.

The relationship between OLP and DM has been widely
investigated due to the potential metabolic and inflam-
matory effects of DM on the development of OLP.>17 Al-
though several studies have reported a higher prevalence
of OLP among patients with DM, the exact nature of this
association remains unclear. Some studies, including those
by Nosratzehi et al.,, found no significant correlation, in-
dicating that genetic predisposition, environmental fac-
tors and variations in diagnostic criteria may contribute
to the inconsistent findings.’® Additionally, OLP has been
associated with other systemic disorders, including hyper-
tension, further complicating its pathogenesis.!"'? Geo-
graphic variations in the prevalence of OLP, as highlighted
by Dammak et al., emphasize the importance of consider-
ing population-specific and regional factors.!® Given the
chronic nature of OLP and its potential systemic associa-
tions, this review aimed to evaluate the existing evidence,
assess prevalence and risk factors, and explore diagnostic
and therapeutic advancements to improve disease man-
agement and patient outcomes. The objective was also to
enhance diagnostic accuracy, refine therapeutic strategies
and promote interdisciplinary collaboration for improved
disease management and patient outcomes.
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Material and methods
Study design

This systematic study investigated the relationship be-
tween DM and OLP using a comprehensive methodologi-
cal approach.

Protocol

Before the systematic review was initiated, a detailed
protocol outlining the objectives, inclusion criteria, search
strategy, and methodology was developed. The protocol
was designed to enhance transparency and provide a struc-
tured framework for the review process.

PECOS framework

The study followed the PECOS framework, as outlined
below:

+ Population (P): Individuals clinically diagnosed with
OLP from diverse backgrounds and settings;

+ Exposure (E): DM as the primary exposure, with its as-
sociation with OLP being evaluated;

+ Comparison (C): Patients with OLP with and without
DM, compared in terms of prevalence, risk factors and
comorbidities;

+ Outcome (O): The association between DM and OLP,
including prevalence, co-occurrence, risk factors, and
related comorbidities;

« Study design (S): Cross-sectional, case—control and ob-
servational studies.

Search strategy

A comprehensive literature search was conducted in
PubMed®/MEDLINE, Embase, the Cochrane Library,
Scopus, and Web of Science to identify relevant studies
published between 2013 and 2023. The systematic review
was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines. The search strategy combined Medical
Subject Headings (MeSH) terms and keywords related to
OLP and DM. Boolean operators (AND, OR) were used
to refine specificity and inclusivity. Keywords related to
OLP included “Oral LP”, “Mucosal Lichen Planus”, “Oral
Lesions”, and “Oral Inflammatory Disorder”. Terms related
to DM included “DM”, “Diabetic”, “Metabolic Disorder”,
and “Hyperglycemia”. To capture the association between
the 2 conditions, terms such as “Link”, “Correlation” and
“Interplay” were used. A total of 138 records were retrieved,
screened and assessed by 3 independent reviewers (VPV,
GM, HU). Any disagreements were resolved through dis-
cussion. After applying the predefined PRISM A-based
inclusion and exclusion criteria, 7 studies were selected
for the final analysis.

1023

Eligibility criteria

The included studies were required to have been pub-
lished in peer-reviewed journals between 2013 and 2023
and to investigate the potential association between DM
and OLP using clinical or observational research designs.
Only studies published in English were considered, and ar-
ticles reporting relevant information on comorbidities, risk
factors and the prevalence of DM and OLP were included.
Studies published in languages other than English, those
that did not examine the association between DM and
OLP, and studies that did not use a clinical or observational
research design were excluded. Editorials, reviews and case
reports without original research were also excluded. This
selection process ensured the inclusion of studies relevant
to the comprehensive analysis of the relationship between
DM and OLP.

Data extraction, collection and synthesis

Data extraction was performed using a systematic ap-
proach. Extracted information was organized according
to study design, participant characteristics and outcome
measures, facilitating consistent synthesis and com-
parison across the included studies. Of the 138 records
screened, only 7 studies were included in the present re-
view (Fig. 1).

Quality assessment

The methodological quality of the included studies was
assessed using established instruments appropriate for
observational and clinical research. The assessment con-
sidered variables such as sample size, statistical analysis,
methodology, and study design.

Risk assessment

A risk-of-bias assessment was conducted to identify
potential sources of bias and limitations in the included
studies. During this process, the internal validity of the
studies was assessed, and the potential influence of con-
founding variables on the reported associations was
considered.

Results
Study characteristics and findings

This systematic review included 7 studies conducted
between 2013 and 2023, exploring the association between
T2DM and OLP (Table 1). The studies utilized cross-sec-
tional, case—control and comparative designs, with sam-
ple sizes ranging from 50 to 525 participants. The mean
age of participants varied across studies, although most
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Table 1. Studies investigating the association between oral lichen planus (OLP) and diabetes mellitus (DM)

Study type/methodology Country Patients with DM, n OLP patients, n

- cross-sectional study

+ 391 patients with T2DM and 391 controls
Al-Maweri et al.

i 0y

20133 - demographic, medical and dental data evaluated Malaysia 391 2(05%)

« oral examination performed according to the WHO

criteria, with biopsy when necessary

- cross-sectional study
I;/\Oc;k;szi)n etal. + 395 patients with T2DM and 405 controls Pakistan 395 7.(18%)

- oral examination performed according to the WHO

criteria, with biopsy when necessary

- case—control study
ggf;ﬁ‘gze“' etal. + 50 patients with OLP and 50 healthy controls Iran - 50

+HbA1c and FBS evaluated for DM diagnosis
Rashmi et al. ) ) o
20188 - observational case—control study India 75 3(2.67%)
Adhikari and Karki comparative cross-sectional stud Nepal 16% of OLP cases 50
2022! P Y P (8 patients)

- cross-sectional study
Sun e;f al. « 525 patients with DM and 525 controls China 595 B
2024

- data on glucose levels, DM duration, complications,

treatment, systemic diseases, and medications

24 (8.73%) in OLP group
Rodriguez-Fonseca et al. )
20237 * case-control study Spain 13 (4.73%) in the control 275
group

WHO - World Health Organization; OLP — oral lichen planus; T2DM — type 2 diabetes mellitus; HbAlc — glycated hemoglobin; FBS — fasting blood glucose;
OMLs - oral mucosal lesions.
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Age (patients/controls) [years]
M £SD

Main findings

Conclusions

54.71 £8.48/53.04 £12.06

53 +9.8/48 7.2

445 +1324/443 +11.44

5343 £9.98/52.37 £10.05

42.3 (OLP)

not specified

59.60 £12.18 (OLP)

OMLs were present in 45.5% of patients with T2DM
(p = 0.042). Significant findings included denture
stomatitis (p = 0.018), angular cheilitis (p = 0.006), and
geographic tongue (p = 0.017). Poor metabolic control
increased the risk of OMLs. The prevalence of OLP
was 0.5% in patients with T2DM and 0.0% in controls
(p = 0.499), indicating no significant association between
T2DM and OLP.

OMLs were significantly more prevalent in patients with
T2DM (60.8%) than in controls (39.2%) (p < 0.0001), with
common benign lesions including coated tongue (26.8%)
and fissured tongue (15.9%). OLP was present in 1.8%
of patients with T2DM and 1.0% of controls (p = 0.348).

OLP involved the buccal mucosa in 76% of cases, and
reticular/papular forms accounted for 70% of cases. No
significant differences in HbA1c or FBS were observed.

Lichen planus was present in 3 individuals, including
2 in the diabetic group and 1 in the control group.

A significant association was observed between DM
and deterioration of periodontal health (p < 0.001).
Multiple oral lesions were more prevalent in patients with
diabetes (42.67%) than in controls (9.33%). Leukoplakia
was found in 10 patients, with a prevalence of 6.67%
in both groups. Malignant tumors were found only in
patients with diabetes (4%).

The prevalence of DM was significantly higher in patients
with OLP (16%) than in controls (4%) (p = 0.046). DM was
more common in males with OLP (75%) than in females
(25%). Hypertrophic OLP (30%) and eruptive OLP (27.5%)
were the most common variants. DM was more prevalent
in patients with OLP with a disease duration of >2 years.

The prevalence of OLP was higher in patients with DM
(2.3%/2.2%) than in controls (0.6%) (p = 0.019/0.022). No
significant association was found between OLP and age,

sex, glucose level, DM duration, complications, treatment,
systemic diseases, or medication history.

The prevalence of prediabetes was higher in patients
with OLP (21.45%) than in controls (14.55%) (p = 0.035).
DM (=126 mg/dL) was found in 8.73% of patients
with OLP and 4.73% of controls (p = 0.061). Atrophic-
erosive OLP was more frequent in older individuals
(>60 years) and was associated with a higher likelihood
of prediabetes. Among diabetic participants, 46.87%
of patients with OLP and 50% of controls had
uncontrolled glycemia despite treatment. A significant
association was observed between oral antidiabetic
treatment and atrophic-erosive OLP (p = 0.005).

T2DM was associated with a higher prevalence of OMLs,
particularly fungal infections. Poor glycemic control
was correlated with worse oral conditions, but no clear
association between T2DM and OLP was identified.

Patients with T2DM had a significantly higher prevalence
of benign oral mucosal lesions. However, no clear
association was found between T2DM and OLP or

potentially malignant disorders.

No significant association was found between OLP and
DM.

The study suggests a potential association between DM
and oral mucosal changes, including periodontal disease,
abscess formation and potentially malignant disorders.
However, OLP was not significantly associated with DM
in this study.

The prevalence of DM was significantly higher in patients
with OLP.

DM was associated with a higher prevalence of OLP,
but no correlation was found with other patient-related
factors.

The study suggests a potential association between OLP
and prediabetes/DM, particularly in atrophic-erosive
forms. Screening of glycemic status in patients with OLP
is recommended for the early detection of DM.
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Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 flow diagram of the study selection process

publications focused on middle-aged and older popula-
tions. Some studies have suggested a higher prevalence
of OLP in individuals with DM. Al-Maweri et al. found oral
mucosal lesions (OMLs) in 45.5% of patients with T2DM, a
prevalence that was significantly higher than that in con-
trols (p = 0.042). However, the prevalence of OLP (0.5%)
did not differ significantly between the groups (p = 0.499).2
Similarly, Sun et al. reported a higher prevalence of OLP
in patients with DM (2.3% vs. 0.6% in controls, p = 0.019),
indicating a potential link.?! However, other studies did
not establish a significant association. Mohsin et al. ob-
served a higher prevalence of benign OMLs in patients
with T2DM (60.8% vs. 39.2%, p < 0.0001) but found no
significant association with OLP (1.8% in T2DM patients
vs. 1.0% in controls, p = 0.348).2° Nosratzehi et al. reported
no significant differences in glycated hemoglobin (HbA1c)
levels or fasting blood sugar between patients with OLP

V.P. Veeraraghavan et al. Association between DM and OLP

and controls, suggesting that DM may not be a major factor
in the development of OLP.!8

Risk factors for diabetes and oral lichen
planus

Several studies highlighted systemic factors potentially
associated with the development of OLP in patients with
DM. Rodriguez-Fonseca et al. found a higher prevalence
of prediabetes in OLP patients (21.45%) compared to
controls (14.55%, p = 0.035), with DM (=126 mg/dL) de-
tected in 8.73% of patients with OLP vs. 4.73% of controls
(p = 0.061).22 Atrophic-erosive OLP was more frequent
in older individuals (>60 years) and showed a significant
association with oral antidiabetic treatment (p = 0.005).22
Adhikari and Karki reported a significantly higher preva-
lence of DM in patients with LP (16%) compared to con-
trols (4%, p = 0.046), with DM being more common in
males (75%) and in patients with a longer duration of LP.!
Rashmi et al. found a significant correlation between DM
and poorer periodontal health (p < 0.001) but no significant
association with OLP (prevalence of 2.67%).8 Overall, while
some studies suggest a potential link between T2DM and
OLP, others indicate that confounding factors, such as ge-
netic predisposition and diagnostic variations, may affect
findings. These results highlight the need for standardized
methodologies to clarify the nature of the relationship
between DM and OLP.

Quality assessment

The quality of the included cross-sectional studies was
assessed using the Newcastle—Ottawa Scale (NOS) and
is presented in Table 2, with scores ranging from 8 to 10.
Mohsin et al.?% and Sun et al.?! received the highest scores
(10/10), reflecting high methodological quality, including
well-defined selection criteria, comparability and robust
outcome assessment. Al-Maweri et al.® scored 9/10, with
1 criterion not fulfilled within the selection domain, while
Adhikari and Karki! had the lowest score (8/10) due to limi-
tations in the selection domain. Despite these differences,
allincluded cross-sectional studies demonstrated sufficient
methodological rigor, reinforcing their reliability in evaluat-
ing the association between DM and OLP.

Table 2. Quality assessment of the cross-sectional studies using the Newcastle-Ottawa Scale (NOS)

Study Selection 1 Selection 2 Selection 3 Selection4 | Comparability

Al-Maweri et al.
20133

Mohsin et al. . & M
2014%°

Adhikari and Karki
2022'

Sun et al.
20242

*¥ *¥ *¥ * 8
*¥ *¥ *¥ * 10
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Table 3. Quality assessment of the case—control studies using the Newcastle-Ottawa Scale (NOS)

Nosratzehi et al. v v B
20158
Rodriguez-Fonseca et al. . . B
2023%

The case—control studies, assessed using the NOS
and presented in Table 3, had scores ranging from 6 to 7.
Nosratzehi et al.!® and Rodriguez-Fonseca et al.?? both
scored 7/9, indicating good methodological quality ac-
cording to the applied assessment criteria. Rashmi et al.?
had the lowest score (6/9) due to limitations in selection
and exposure assessment, which could introduce poten-
tial bias. While all studies contributed valuable insights,
some methodological limitations were noted. Overall, the
included studies maintained moderate to high quality, sup-
porting the reliability of their findings.

Figures 2 and 3 illustrate the risk-of-bias assessment for
the included studies. Figure 2 presents a tabular summary,
showing the evaluation of 7 domains across 4 cross-sectional
studies. Green circles indicate a low risk of bias, while red
circles denote a high risk of bias. Notably, Adhikari and
Karki! exhibit a high risk of bias in the Selection 2 and 3 do-
mains, whereas Al-Maweri et al.> demonstrate a high risk
of bias only in the Selection 3 domain. Figure 3 provides
a graphical representation, indicating that most studies have
a low risk of bias. However, the Selection 2 and Selection 3
domains demonstrate some concerns, with Selection 3 hav-
ing the highest proportion of high-risk assessments. These
figures highlight potential methodological inconsistencies
across studies. Figure 4 presents a tabular summary of the
risk-of-bias assessment for 3 case—control studies across 7
domains. Nosratzehi et al.!® show a high risk of bias only
in the Selection 3 domain, whereas the study by Rashmi
et al.® demonstrates a high risk of bias in the Selection 3
and Exposure 3 domains. Rodriguez-Fonseca et al. exhibit
alow risk of bias across most domains, with little concern in
Selection 3.2 Figure 5 represents these findings graphically,
illustrating that most studies have a low risk of bias, but the
Selection 3 and Exposure 3 domains show some concerns.

Fig. 2. Risk of bias in individual cross-sectional studies included in the review

Fig. 3. Risk of bias across the included cross-sectional studies

Fig. 4. Risk of bias in individual case—control studies included in the review

Fig. 5. Risk of bias across the included case—control studies

Discussion

This systematic review examined the complex relation-
ship between DM, a chronic metabolic disorder with sys-
temic inflammatory consequences, and OLP, a potentially
premalignant inflammatory oral condition. By synthe-
sizing evidence from cross-sectional and case—control
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studies, this review evaluated the prevalence of OLP in
individuals with DM, its clinical implications, the risk
of prediabetes and DM in OLP patients, and the potential
role of OLP as a marker of systemic health. The findings
highlight the need for individualized patient management
and standardized diagnostic and therapeutic approaches.
Several studies have reported an association between OLP
and DM, with some indicating a higher prevalence of OLP
among patients with DM. A systematic review and meta-
analysis by Mallah et al.'” confirmed this link, highlighting
the inflammatory nature of both conditions and suggesting
that chronic hyperglycemia-induced oxidative stress, im-
mune dysregulation and microvascular changes may con-
tribute to the development of OLP in diabetic individuals.
Similarly, Varma et al. emphasized that insulin resistance
and metabolic disturbances in DM could predispose pa-
tients to inflammatory oral conditions, including OLP.23

Endocrine disorders, particularly thyroid disorders, have
been linked to the pathogenesis of OLP. Arduino et al.
identified early thyroid dysfunction in newly diagnosed
patients with OLP, suggesting a complex interplay between
endocrine and immune mechanisms.?* These findings
emphasize the importance of comprehensive systemic
evaluation, especially in patients with OLP and coexist-
ing metabolic or hormonal abnormalities. The systemic
nature of OLP extends beyond its oral manifestations,
warranting an interdisciplinary approach to patient care.
Hasan et al. underscored the comorbidities associated with
OLP, including cardiovascular diseases, metabolic syn-
drome and hypertension.’® This aligns with the findings
of Grabowska-Szelag et al., who described cases of Grinspan’s
syndrome, a triad of OLP, DM and hypertension, sug-
gesting that OLP may coexist with a broader spectrum
of systemic disorders.’ Similarly, Dammak et al. reported
a higher prevalence of OLP in patients with DM, support-
ing the hypothesis that metabolic dysfunction contributes
to the development of OLP.!3

Epidemiological studies suggest that patients with
OLP show an increased risk of developing prediabetes or
DM. Parlatescu et al. observed borderline glycemic levels
(100-125 mg/dL) in many patients with OLP, high-
lighting the importance of early metabolic screening.?
A systematic review and meta-analysis by Mallah et al.
further reinforced this association, demonstrating a sig-
nificant relationship between the prevalence of DM and
OLP."7 Additionally, Gonzdlez-Serrano et al. compared
the prevalence of oral mucosal diseases in diabetic and
non-diabetic populations, confirming a higher occurrence
of OLP in diabetic individuals, independent of other risk
factors.?6 Other studies, such as those by Atefi et al.* and
Mohsin et al.,? further reinforce this association, suggest-
ing that DM may not only increase the risk of OLP but also
influence its severity and progression. Inflammatory mark-
ers have also been studied in the context of OLP and DM.
Gadiock et al. evaluated systemic inflammation in patients
with OLP using neutrophil CD64 expression, revealing
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elevated inflammatory responses.?”” Drummond et al. fur-
ther explored the role of insulin-induced hypoglycemia
in triggering inflammatory markers, suggesting a bidi-
rectional relationship between metabolic disturbances
and inflammatory conditions such as OLP.2% Additionally,
studies by Rohani et al. and Rodriguez-Fonseca et al. sug-
gest that patients with OLP may benefit from screening for
metabolic disorders, given the potential for undiagnosed
DM.1222 Diagnostic accuracy is crucial in OLP, particularly
due to its potential premalignant nature. Cheng et al. em-
phasized the importance of standardized histopathological
and clinical criteria to ensure precise diagnosis and effec-
tive management.” Given the association between OLP
and metabolic disorders, appropriate clinical and meta-
bolic monitoring may therefore be warranted. Moreover,
Yuwanati et al. highlighted the significant impact of OLP
on oral health-related quality of life, stressing the psy-
chosocial burden faced by affected individuals, especially
those with systemic comorbidities such as DM.3¢

The findings of this review highlight the clinical value
of metabolic screening in patients with OLP. Given the
bidirectional relationship between OLP and DM, health-
care professionals should remain aware of the possibility
of coexisting metabolic abnormalities in patients with OLP.
Routine fasting plasma glucose assessment may aid in the
early diagnosis of DM, enabling timely intervention. Fur-
thermore, effective management of OLP in patients with
DM may require a multidisciplinary approach involving
oral medicine specialists, dermatologists and endocri-
nologists. Overall, this systematic review highlights the
intricate relationship between OLP and DM and reinforces
the importance of comprehensive patient assessment. The
available evidence suggests that OLP may be associated
with metabolic disturbances, supporting metabolic screen-
ing and interdisciplinary management. Future research
should focus on elucidating the precise pathophysiological
mechanisms linking these conditions in order to refine
diagnostic and therapeutic strategies.

Strengths and limitations

The present systematic review provides useful insights
into the relationship between OLP and DM, focusing par-
ticularly on the possible pathophysiological connection
and highlighting the need for a multidisciplinary approach
to the issue. One of the significant advantages of the study
under consideration is the inclusion of a large number of
populations and study designs in the literature review. In
addition, the review emphasizes the necessity of taking
metabolic disorders into account when diagnosing and
treating OLP. However, there are several limitations that
should be pointed out. Variations in diagnostic criteria
used to diagnose both conditions may have affected the
prevalence rates. Variations in the clinical and histopatho-
logical definitions of OLP and inconsistencies in the as-
sessment of glycemic status make it difficult to establish
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a direct causal relationship. The majority of the included
studies were cross-sectional, preventing determination
of whether DM precedes OLP or vice versa. Additionally,
heterogeneity in sample sizes and geographic distribution
limits the generalizability of the findings. Despite these
limitations, this review synthesizes the available evidence
and emphasizes the need for future longitudinal studies
with standardized diagnostic criteria to better understand
the relationship between OLP and DM and its clinical
implications.

Conclusions

Within the limitations of this study, the available evi-
dence suggests that OLP may be more prevalent among
individuals with DM, emphasizing the need for a compre-
hensive approach to evaluation of oral and systemic health.
Although previous studies have shed light on several is-
sues, the interaction between OLP and DM is still not fully
understood. Further research is needed to understand the
mechanisms involved and their causal relationship, as well
as to determine the effect of DM control on OLP. Such
studies may inform the development of integrated health-
care strategies and reinforce the importance of interdisci-
plinary collaboration in the management of patients with
these coexisting conditions.
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Abstract

Dental injuries frequently occur in children and adolescents. It is common for multiple types of injuries to affect
the teeth and the surrounding tissues. Medical doctors often provide initial treatment; therefore, it is crucial
for them to have the knowledge and skills necessary to provide first aid for traumatic dental injuries (TDIs).

The present study aimed to analyze, synthesize, and evaluate the quality of the existing research on medical
students’ knowledge, skills and attitudes regarding the provision of first aid for dental injuries.

The electronic medical databases Web of Science, PubMed, Wiley Online Library, Dentistry & Oral Sciences
Source, and Scopus were searched. To identify additional publications, the reference lists of relevant articles
were manually reviewed. The analysis included publications in English and Polish, including original research
studies, such as randomized trials, cohort studies and cross-sectional surveys, while excluding case reports,
reviews, commentaries, letters, and conference abstracts. The credibility of the studies was assessed using
the Cochrane Collaboration’s risk-of-hias tool. Due to substantial methodological and statistical heterogeneity,
a meta-analysis was not possible; instead, a narrative synthesis was conducted to summarize the findings.

The search identified 55 studies, of which 10 were included in the systematic review, involving a total of 2,424
medical students. All studies focused on tooth avulsion; 3 also addressed tooth fractures, and 1 discussed
tooth luxation.

The systematic review indicates that medical students often lack the knowledge and skills required to man-
age dental trauma in emergency situations, highlighting the need to include dental traumatology courses
in medical education. Early training in the management of dental injuries should be implemented and
integrated into first-aid training to improve preparedness for such situations.

Keywords: medical students, dental trauma, tooth fracture, tooth avulsion, emergency management
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Highlights

+ The study assessed medical students’ knowledge, skills and attitudes regarding dental injury management.
+ The study identified limited competence among medical students in managing dental trauma during emergencies.
+ The study emphasizes the importance of incorporating dental traumatology courses into medical curricula.

Introduction

Traumatic dental injuries (TDIs) involve damage
to the teeth, periodontal tissues and the soft tissues
of the oral cavity.'”? These injuries represent a signifi-
cant global health concern and are often associated with
sports activities, falls, impacts, or accidents. Children and
adolescents are affected more frequently than adults.!-
Data published by the International Association of Den-
tal Traumatology (IADT) in 2020 indicate that dental in-
juries account for 5% of all injuries in children aged up
to 6 years.'? Additionally, 25% of school-aged children
have experienced a dental injury, and 33% of adults have
reported an injury to their permanent teeth, with the ma-
jority of these injuries occurring before the age of 19.1

Dental trauma can occur as an isolated injury affecting
only the teeth and the surrounding supporting tissues,
or it can accompany other maxillofacial injuries, referred
to as dentofacial injuries.® As a result, patients with TDIs
may initially seek care from emergency medical doctors.*>
The range of symptoms resulting from post-traumatic
damage to dental tissues is diverse. These symptoms can
vary from transient conditions requiring only periodic
follow-up to complex complications that may ultimately
lead to tooth loss. Addressing dental injuries presents
significant challenges in both diagnosis and treatment.
The prognosis largely depends on how quickly appropriate
care is provided after the trauma and on the type of first
aid administered."*> To improve the likelihood of a suc-
cessful outcome and increase the potential for maintain-
ing a healthy, complete dentition, it is essential for emer-
gency department (ED) medical personnel to be familiar
with the basic procedures for providing first aid in dental
emergencies.

Emergency care plays a crucial role in determining
the prognosis and the effectiveness of specific specialist
treatment that may be required later. The time interval
between an injury and the provision of appropriate care
can significantly influence the risk of complications, such
as pulp necrosis, root resorption, bone loss, ankylosis,
or even tooth loss.>? Furthermore, complications resulting
from a lack of treatment or delayed intervention can inter-
fere with the proper development of the stomatognathic
system, negatively affecting the self-esteem, psychological
well-being and the overall quality of life (QoL) of young
patients. Understanding basic first-aid protocols for trau-
matic injuries to oral tissues — such as the immobilization

of a luxated tooth, the replantation of an avulsed tooth,
or the proper storage of fragments from a fractured tooth
crown — can help prevent complications and spare pa-
tients from complex and costly dental procedures.? There-
fore, it is essential for medical professionals to possess
the knowledge and skills necessary to provide first aid
in cases of TDIs.>®

Education on dental trauma is very important for
medical students, as they will inevitably need to use this
knowledge to provide emergency dental care for stabilizing
acute TDIs before referring patients to a dentist for further
treatment. Understanding how to assess and manage TDIs
is crucial for medical professionals, as their actions signifi-
cantly impact patient outcomes. This educational focus
aims to prevent inadequate emergency treatment in these
circumstances. However, studies indicate that in many
countries, dental curriculum and training, including topics
such as dental traumatology, are lacking in medical educa-
tion programs.”® To address the gap in medical training,
it is essential for medical students to receive additional
education on dental trauma. This training will help them
understand the importance of accurately assessing and
managing TDIs, including the retention and replantation
of damaged teeth.®”

Therefore, the objective of this systematic review was
to selectively collect and evaluate the available scientific
evidence on medical students’ knowledge, skills and atti-
tudes regarding the provision of first aid for dental injuries.

Methods
Information sources and search strategy

The present systematic review of the available literature
on medical students’ knowledge, skills and attitudes re-
garding TDIs was performed according to the Cochrane
Collaboration guidelines.!® The literature search was
conducted according to a previously prepared protocol
that specified the eligibility criteria, the search strategy,
the study selection method, and the planned methodology
for data analysis and synthesis.!

The search strategy adhered to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement (Fig. 1).!! The electronic medi-
cal databases Web of Science, PubMed, Wiley Online
Library, Dentistry & Oral Sciences Source, and Scopus
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were searched. Additionally, to identify publications not
indexed in these databases, the electronic search was
complemented by a manual search of the reference lists
of all relevant articles. The analysis included publications
in English and Polish. Original research studies, includ-
ing randomized trials, cohort studies and cross-sectional
surveys, were eligible for inclusion. Case reports, reviews,
editors’ commentaries, letters to the editor, and confer-
ence abstracts were excluded. To optimize sensitivity and
minimize potential bias, no date restrictions were applied
to the inclusion of studies. Duplicate studies were identified
and removed. The search strategy used Medical Subject
Headings (MeSH) terms and Boolean operators. The spe-
cific search terms included “knowledge” OR “skills” OR
“attitudes” AND “dental trauma” AND “medical students”.
The final search was conducted on January 24, 2025.

Eligibility criteria

The initial selection of articles was conducted by analyz-
ing the titles and abstracts identified through the database
search, using the PICO framework (Population, Interven-
tion, Comparison, and Outcome).! The research question
was specified as follows: Population (P): medical students;
Intervention (I): questionnaires assessing the knowledge,
skills and attitudes regarding TDIs; Comparison (C): not
applicable; Outcome (O): knowledge results.

Study selection

The study selection process was carried out indepen-
dently by 2 researchers (P.K. and B.].), who had previously
calibrated their approach based on 20% of the publica-
tions. The agreement between the reviewers was good, with
a kappa value of 0.83. The 2 researchers initially screened
the titles and abstracts to remove duplicates, and to assess
articles for inclusion in the review according to the pre-
defined screening criteria. The full texts of potentially
eligible articles were then obtained and evaluated to de-
termine their eligibility for inclusion in the final analysis.
A third reviewer (T.P.-K.) resolved any disagreement be-
tween the 2 reviewers.

Data collection process

Data were extracted from the included studies, focusing
on demographic information, the purpose of each study,
the methods employed, the results, and the conclusions.
Survey questions with similar structures and assessment
criteria were grouped into what we referred to as question
groups (QGs). These groups were then analyzed and visu-
ally represented as the Knowledge-Skills-Attitudes Heat
Map (KSA Heat Map).!? Each color indicated the level
of knowledge, skills or attitudes among the surveyed
medical students, categorized as follows: <25%; 25—-50%;
51-75%; and >75%. A heat map visually represents data
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using color coding to show varying values, making it eas-
ier to understand and analyze complex datasets. Two re-
viewers (P.K. and B.]J.) independently extracted the data
from the included studies, and subsequently checked and
verified the extracted data. Any discrepancies between
the 2 reviewers were resolved through discussion and con-
sensus with a third reviewer (T.P.-K.).

Risk-of-bias assessment

The credibility of the studies was evaluated using
the Cochrane Collaboration’s risk-of-bias 2 tool (RoB 2).
Each positive response was assigned 1 point. The follow-
ing criteria were established: >7 points indicated a low
risk of bias (high study credibility); 4—6 points indicated
amoderate risk of bias; and <3 points indicated a high risk
of bias (low study credibility).® The credibility of each
publication was assessed independently by 2 researchers
(P.K. and B.J.), with any discrepancies resolved by a third
researcher (T.P.-K.).

Synthesis

Due to substantial methodological and statistical hetero-
geneity among the included studies, the available data did
not allow for a meaningful meta-analysis to be conducted.
Instead, an extensive narrative synthesis of the data was
performed. The findings of all included studies are sum-
marized and presented through textual descriptions and
tables.

Results
Study selection

Through a systematic search of medical information
databases, a total of 55 publications were identified. After
removing duplicates and applying the established search
criteria, the scientific reports were initially screened based
on their titles and abstracts. A total of 32 publications were
deemed suitable for further analysis based on their full
texts. Finally, 10 publications were selected for inclusion
in the analysis (Fig. 1).

Study characteristics

The studies included in this review were conducted be-
tween 2015 and 2024 across various continents, including
Asia, 1317 South America,'® Europe,'®~2! and Africa.?? All
studies were cross-sectional (Tables 1 and 2).

In total, the publications surveyed 2,424 medical stu-
dents, with the number of participants in individual stud-
ies ranging from 84 to 761.1° The studies by Cosgun and
Cosgun,'” Oleszkiewicz and Emerich!® and Enabulele and
Omo* focused exclusively on final-year students. In contrast,
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Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of the study selection process

the other studies included participants from various years
of study: some included third-year students only,* while oth-
ers involved students in the latter half of their studies (4",
5% and 6 years),!>1° third- to fifth-year students,? or stu-
dents from all years of study.!> Notably, 2 publications did
not specify the year of study of the surveyed participants
(Table 1).1821

The systematic review analyzed publications that as-
sessed medical students’ knowledge, skills or attitudes
related to TDIs. All of the studies focused on tooth avul-
sion. Additionally, 3 studies included questions about
tooth fracture!®1”2! and 1 study also addressed tooth
luxation (Table 2).2! The surveys used in these studies
collected the sociodemographic data of the participants,
and included questions regarding dental trauma train-
ing, previous experience, attitudes toward dental trauma,
the self-assessed knowledge of dental trauma, and sce-
nario-based questions on the emergency management
of dental trauma.

Results of individual studies
The KSA Heat Maps reflecting the studies included

in the systematic review are presented in Tables 3 and 4.
Eight studies examined whether participants had received

information or training regarding TDIs.13-1>1718:20-22 Of

these, 7 studies reported that less than 25% of respondents
had received such information,!3-1%1718.2022 while 1 study
reported a proportion of 37.80%.2! The predominant
sources of knowledge were the Internet, family, friends,
dentists, and medical journals. Furthermore, less than
20% of respondents reported having attended a first-aid
course related to the management of dental trauma during
the study period.!%1518:20-22

Two publications evaluated medical students’ knowl-
edge of dental trauma management,'>* while 7 studies as-
sessed students’ self-perceived level of knowledge.!4-18:21.22
In the study conducted by Varghese et al., 98.40% of stu-
dents demonstrated a low level of knowledge (less than
60% correct answers), while the remaining students
scored within the medium range (60—80%).'> Moreover,
the authors found no statistically significant difference
in the knowledge levels between fourth- and fifth-year stu-
dents. The mean number of correct answers to the 10 ques-
tions was 3.4 (3.2 for fourth-year students and 3.5 for
fifth-year students).!® In the study by Ivkosi¢ et al., stu-
dents answered an average of 4.32 +1.67 questions cor-
rectly out of 10.2! Most respondents self-assessed their
knowledge as limited or insufficient.!*-18:2122 A gignificant
proportion of students considered dental education related
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Table 1. Demographic characteristics of the studies included in the systematic review

Sample size

Country "

13

\2/8297hese etal Malaysia 190
14

ZD(;er;k and Dagkiran Ty 430

Sogukpinar Onsiiren

and ipek’ Turkey 224

2021

e H 16

Q(l);'zaj et Saudi Arabia 761
17

ggggun and Cosgun Turkey 84

i 18

ggg{ evencitel, Brazil 305

Oleszkiewicz and

Emerich'® Poland 115

2015

i i 20
Izvg]n;:lc Jokic et al. Croatia 86
o

Izvgggm etal Croatia 135
22

Egigulele and Omo Nigeria 0

Year of study Age
of the participants [years]
n (%) M +SDorM
4h - 82(43.2) M —77 (40.5) NA
5t - 108 (56.8) F-113(59.5)
M =316 (73.5)
rd
3 F-114(265) 2212 £2.46
16-39(17.4)
2nd - 34(15.2)
39— 44 (19.6) M =99 (44.2) NA
4h-34(15.2) F—125(55.8)
5th—34(15.2)
6t -39 (17.4)
4th 215 (28.3)
5t —333(43.8) NA NA
6 - 213 (28.0)
final year I\F/I_—5313((6309.73)) NA
M -93 (30.5)
NA F- 212 (69.5) 221433
final year NA 247
31 -34(39.5)
4 -22(256) '\F"_" 532 ((63;‘19)) 27
5t — 30 (34.9) '
M =31 (23.0)
NA F— 104 (77.0) NA
M-61(64.9)
final year F-33(35.0) 263 +34

M — mean; SD - standard deviation; M — male; F - female; NA — data not available.

to the management of dental trauma to be essential or very
important.1416172022

Questions regarding the appropriate procedures for man-
aging tooth fracture were addressed in 3 publications.!6172!
In the studies conducted by Cosgun and Cosgun!” and
Ivkosi¢ et al.,?! the proportion of students demonstrating
the knowledge of the appropriate management of crown
fractures was in the 25—-50% range. In contrast, the study
by Al-Haj et al. reported a higher proportion of partici-
pants with the knowledge of the appropriate manage-
ment procedure, ranging from 50% to 75%.1° Addition-
ally, 1 publication addressed the management of luxated
teeth, revealing that only 2.20% of respondents were aware
of the correct approach.?

The knowledge of the appropriate management
of avulsed primary teeth was evaluated in 3 publica-
tions.!*142l The percentage of students who demon-
strated the knowledge of the appropriate procedure var-
ied considerably, ranging from 21%!3 to 75%.?! Regarding
the recognition of the importance of replanting an avulsed
permanent tooth, the percentage of surveyed students
ranged from 7.10% to 77.60%.1%-22 Despite this, fewer
than 25% of respondents in 4 publications demonstrated
the ability and competence to provide injured individu-
als, patients or caregivers with the accurate information

regarding the appropriate procedure,'®'%1617 while 34.00%
demonstrated this capability in 1 study.?? The propor-
tion of students who knew how to manage the replan-
tation of an avulsed tooth into its socket ranged from
2.95% to 34.00%.'31718:22 Fewer than 52% of respondents
were aware of the critical extra-alveolar time.!3-1518.21.22
The percentage of respondents who knew how to prop-
erly handle a replanted tooth was below 50% in 3 pub-
lications,'>222 while 2 studies reported figures ranging
from 50% to 75%,*!¢ and 1 study reported an awareness
rate of 88.30%.2° The knowledge of the appropriate clean-
ing technique for an avulsed tooth prior to replantation,
as well as the appropriate storage medium, was demon-
strated by fewer than 75% of respondents across the pub-
lications.!3-22 In the study conducted by Varghese et al.,
when asked about the appropriate procedure in the ab-
sence of an avulsed tooth to prevent aspiration, 41.60%
of medical students responded that a chest X-ray should
be performed.'

Quality and risk-of bias assessment
Five publications demonstrated a low risk of bias, with

scores ranging from 7 to 9 points, and were therefore con-
sidered highly credible.!314161721 [n contrast, 4 publications
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demonstrated a moderate level of credibility,!>!81922 while
1 publication was classified as having low credibility, with
a score of 3 points (Table 5).2°

Discussion

Dental injuries are prevalent during the developmental
years.”> The most frequent causes are falls and sports-
related injuries, with the upper incisors being the most
commonly affected teeth. It is not uncommon for various
types of injuries to occur simultaneously to the tooth and
the surrounding tissues.>?3 Each post-traumatic dental
injury necessitates prompt treatment.?3 The specific type
of injury determines the appropriate dental specialist care
required. The effectiveness of treatment is largely influ-
enced by the time elapsed between the injury and the ini-
tiation of care, as well as by the adequacy of the treatment
provided. Emergency interventions may include reposi-
tioning a displaced tooth, replanting an avulsed tooth,
and stabilizing the tooth or its fragments. Although such

injuries primarily affect children and adolescents, their
esthetic and psychological effects may extend well into
adulthood. The potential complications arising from these
injuries include impaired root development, tooth resorp-
tion, pulp necrosis, crown discoloration, and, in severe
cases, tooth loss.

Tooth avulsion, which occurs when a tooth is completely
displaced from its socket, accounts for 0.5-3% of all den-
tal injuries.?* The prognosis of this type of injury, which
involves damage to the neurovascular bundle and the sur-
rounding periodontal tissues, depends on the prompt ad-
ministration of appropriate treatment. It should always be
regarded as a dental emergency. According to the IADT
guidelines, the preferred course of action is the immediate
replantation of the tooth, ideally within 1 h, and preferably
at the site of the accident.? At the site of the injury, after
assessing the condition of the socket, the avulsed tooth
should be carefully reinserted into the socket by holding
it by the crown and aligning it with the position of the ad-
jacent teeth.? Following this initial intervention, the patient
should be referred to a dentist for further treatment.

Table 5. Summary measures used to assess the risk of bias in the included studies
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The success of tooth replantation largely depends
on the length of time the tooth remains outside its socket.
When a tooth is replanted more than 1 h after the injury,
this is referred to as delayed replantation. The progno-
sis in such cases is less favorable due to an increased risk
of complications, particularly the high likelihood of peri-
odontal ligament necrosis.? In cases of delayed replanta-
tion, the tooth should be stored and transported in an ap-
propriate storage medium, such as Hanks’ balanced salt
solution (HBSS), physiological saline, milk, or, when no
other suitable medium is available, saliva.! Although tooth
avulsion carries a significant risk of complications, re-
plantation should always be attempted. Unfortunately,
delayed replantation often has a poor long-term progno-
sis, as the periodontal ligament (PDL) may no longer be
viable, potentially resulting in bone resorption and the loss
of the alveolar process.? The primary aim of replantation
is to preserve the tooth for esthetic, functional and psy-
chological reasons, while also maintaining the integrity
of the alveolar bone.

Delayed replantation can result in ankylosis, which
is characterized by the fusion of the mineralized struc-
tures of the tooth root with the surrounding alveolar bone.
This condition results in the obliteration of the periodontal
crevice. Post-traumatic tooth ankylosis poses a consid-
erable challenge, particularly in young patients. The de-
velopment of the alveolar process is closely associated
with tooth eruption, which facilitates the vertical growth
of the alveolar bone. In cases of ankylosis, the affected
tooth remains positioned below the level of the adjacent
teeth, as it becomes progressively embedded in the bone
while the neighboring teeth continue to erupt. This condi-
tion can impede the vertical development of the maxillary
alveolar process, resulting in the ankylosed tooth being
positioned below the normal occlusal level, the poten-
tial tipping of the adjacent teeth, midline deviation, and
the supra-eruption of the opposing teeth. Consequently,
an open bite may develop, significantly affecting both smile
esthetics and the overall function.??

Out of the 10 analyzed publications included in the re-
view, 7 focused solely on students’ knowledge regarding
tooth avulsion.!3-118-2022 Three publications also included
questions concerning procedures for tooth fracture 161721
Although future medical professionals may not be directly
involved in the reattachment of tooth fragments, it is crucial
for them to understand the potential value of these frag-
ments for reconstructive purposes. The fragments should be
preserved securely, and whenever possible, the young patient
should be referred to a dentist at the earliest opportunity.

A medical graduate should attain specific learning out-
comes throughout their studies, focusing on knowledge,
skills and attitudes. Knowledge involves the acquisition
of information through learning, enabling students to com-
prehend a variety of issues. Skills refer to the ability to ap-
ply this knowledge, encompassing the practical “know-
how” necessary to perform tasks and solve problems. This

ensures that students can effectively implement what they
have learned. Attitudes involve the ability to integrate
knowledge, skills, and personal and social competencies
within the medical profession. This preparation equips
students to interact appropriately with patients and their
caregivers.?’ These learning outcomes define what stu-
dents should know, understand, and be able to accom-
plish upon completing their education. Beyond imparting
theoretical knowledge, medical education aims to foster
appropriate professional attitudes and develop students’
skills in diagnosis, treatment planning, and patient care.

The systematic review of the analyzed publications
reveals that medical students demonstrate insufficient
knowledge, skills and competencies regarding first-aid pro-
cedures for TDIs. While many students were aware that
an avulsed permanent tooth can be replanted,!®1416:18:20,21
only a small proportion were able to perform this impor-
tant procedure independently.!3171822 Additionally, few
students were familiar with the appropriate methods
for protecting and storing an avulsed tooth.!3-1517.21.22
The findings indicate that, although students recognize
their deficiencies in providing first aid for dental inju-
ries, 47182122 not all consider such education essential
to their training as medical professionals.!3:1416:20-22

Insufficient knowledge and skills in providing appropri-
ate care for patients with dental injuries can be attributed
to the lack of relevant courses in medical curricula.”#2426-28
It is crucial for aspiring medical doctors to be adequately
prepared to implement effective pre-dental treatment
strategies. The evident lack of awareness among physi-
cians regarding dental injuries highlights the need to in-
tegrate dental traumatology into medical education.®?3°
Such integration would help ensure a high standard of care
for patients with dental injuries. Moreover, incorporating
dentistry, particularly with an emphasis on dentofacial
injuries, into medical curricula would facilitate the de-
velopment of the essential knowledge, skills and attitudes
required for the basic diagnosis and management of post-
traumatic dental injuries.>?°~3% Given the importance
of achieving favorable treatment outcomes while mini-
mizing complications, it is vital for future physicians to be
well versed in this area.

While it may be unrealistic to expect doctors to be fully
trained in all aspects of dental trauma care, they remain re-
sponsible for appropriately managing dental emergencies.
Therefore, they should possess a fundamental understand-
ing of how to manage dental trauma. The aim of teach-
ing dental trauma to medical students is not to prepare
them to perform these procedures routinely, but rather
to equip them with the knowledge necessary to respond
effectively to emergencies when they arise. Dental inju-
ries often occur unexpectedly and at inconvenient times,
meaning that patients frequently present to EDs as their
first point of medical contact. Final-year medical students,
in particular, may benefit more from education in dental
trauma, as they have already established a solid foundation
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in pre-clinical and clinical medical sciences, unlike first-
year students. E-learning modules could enable medical
students to learn at their own pace without disrupting their
regular academic schedules.53°

In a study by Yeng et al., medical students evaluated
an online course focused on dental trauma.?® The findings
indicated that the students considered the course under-
standable and beneficial to their future medical careers.?
However, there is a recognized need to organize practical
courses to help students develop essential clinical skills,
as an online format alone may not provide sufficient hands-
on experience. The combination of theoretical knowledge
regarding patient management and clinical training has
demonstrated positive outcomes, highlighting the impor-
tance of problem-based education in preparing medical
students to interact with patients and effectively manage
dental trauma cases.?*

Limitations and strengths

The data obtained from the reviewed studies present
difficulties in terms of comparison, as the student cohorts
in the individual studies were not homogeneous. Nota-
bly, 3 publications specifically focused on students who
were approaching the completion of their academic pro-
grams, thereby involving individuals with the highest levels
of knowledge and qualifications.1”1%22 In contrast, other stud-
ies included respondents from various academic years. Of
particular note, the study conducted by Sogukpinar Onsiiren
and Ipek included first- and second-year students as well.'*

Another potential source of bias is the size of the study
groups, which in survey research is influenced by the num-
ber of individuals in the target population. In 5 publica-
tions, the study group sizes were representative of the over-
all student population.!>1%16.1819 However, in the remaining
studies, the sample sizes were insufficient to accurately
represent the target population.!>17.20-22

The objective of this study was to analyze, synthesize,
and evaluate the findings of the published scientific re-
search concerning the knowledge, skills and attitudes
of medical students regarding the provision of initial
first aid for post-traumatic dental injuries. To our knowl-
edge, this is the first report to assess medical students’
knowledge of dental trauma. A study conducted by Tewari
et al. investigated the global awareness of the prevention
and emergency management of TDIs among non-dental
healthcare professionals.?® The results indicated that
the knowledge of the emergency management of these
injuries was generally low or insufficient in many cases.
Additionally, there was a significant lack of research evalu-
ating the prevention of TDIs. The authors concluded that
this gap in the knowledge and understanding of first-aid
procedures may stem from inadequate training in dental
trauma during educational programs,3* as well as the ab-
sence of effective continuing education courses designed
to enhance professionals’ expertise and confidence.3¢
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This systematic review has a limitation related to lan-
guage bias, as it includes exclusively studies published
in English or Polish. Consequently, the review may have
overlooked relevant findings and insights from research
published in other languages, which could have provided
valuable data and further strengthened the overall analysis.

Conclusions

This systematic review of the literature indicates that
medical students have limited knowledge, skills and in-
adequate attitudes regarding the management of dental
trauma in emergency situations. These findings highlight
the urgent need to incorporate dental traumatology into
the educational curriculum for future physicians. It is cru-
cial to begin educating medical students about dental in-
juries early in their training and to progressively expand
their knowledge as they advance through their studies and
professional careers. Furthermore, incorporating aware-
ness of dental injuries into first-aid training courses could
significantly improve individuals’ preparedness to respond
effectively in such situations.
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Abstract

(ancer therapies, including radiotherapy, chemotherapy and surgical interventions, are essential components
of modern oncology, but are frequently associated with long-term, multifactorial oral complications that
can impair patients oral function and quality of life (QoL). This narrative review integrates current evidence,
clinical quidelines and expert consensus to provide a comprehensive overview of contemporary approaches
to oral management following cancer treatment.

The aim of this review was to synthesize and critically evaluate current dental strategies for the comprehensive
care of individuals after oncologic therapy, identify the most common oral complications, including oral
mucositis (OM), xerostomia, dysgeusia, radiation-induced caries, oral candidiasis, osteoradionecrosis (ORN),
and medication-related osteonecrosis of the jaw (MRONJ), and highlight the areas requiring further research.

Aliterature search was conducted across PubMed, Wiley Online Library, the Web of Science, Google Scholar,
and ScienceDirect from March to October 2025, focusing on clinical trials, reviews and international quidelines.
Preventive measures, including remineralization protocols, rigorous oral hygiene practices and salivary stimu-
lants, were emphasized as the crucial components of supportive care. The emerging therapeutic modalities,
such as low-level laser therapy (LLLT) and novel pharmacological agents, were critically assessed with regard
to their clinical effectiveness.

Overall, the evidence emphasizes the need for an interdisciplinary, patient-centered approach involving
oncologists, dental specialists and allied healthcare professionals to minimize morbidity and optimize clinical
outcomes. Multidisciplinary dental care remains indispensable for preventing and managing oral complica-
tions, and improving the long-term QoL of cancer survivors.

Keywords: oral mucositis, xerostomia, osteoradionecrosis, post-cancer dental care, interdisciplinary oncology
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+ The study emphasizes the critical role of oral health in comprehensive and long-term survivorship care for patients

treated with cancer therapies.

+ The findings demonstrate that early dental intervention significantly reduces the incidence and severity of post-

radiotherapy oral complications.

+ The study highlights how personalized oral care strategies enhance oral function, reduce morbidity, and improve

the quality of life of cancer survivors.

+ The findings show that multidisciplinary collaboration among oncologists, dentists, and allied healthcare profes-
sionals optimizes oral health outcomes in oncology patients.
« The study supports the implementation of evidence-based protocols to standardize dental oncology practices and

improve patient-centered outcomes.

Introduction

Cancers are among the leading causes of death world-
wide, particularly among middle-aged and older adults,
contributing to chronic pain, reduced quality of life (QoL),
and substantial costs associated with the treatment of ad-
vanced disease. Although traditionally classified as non-
communicable diseases, a growing body of evidence has
shown that some cancers are closely linked to viral infec-
tions, particularly human papillomavirus (HPV). Human
papillomavirus plays a significant role in the development
of cervical, laryngeal and oral cancers, with HPV-positive
cases accounting for 20-40% of oral cancers.!

Cancers of the lip, oral cavity and pharynx are among
the most common malignant tumors of the head and
neck region, accounting for more than 400,000 new cases
worldwide each year. Recent studies have indicated that
their incidence is unevenly distributed geographically and
shows a global upward trend. As medical and social costs
continue to rise, oral and pharyngeal cancers in younger
populations are becoming an increasingly significant pub-
lic health concern.? Dental complications in individuals
who have survived childhood cancer are often irreversible,
as they most commonly affect the permanent dentition.3

Post-treatment dental care represents a vital compo-
nent of comprehensive oncologic management, particularly
in patients undergoing therapy for head and neck malig-
nancies. Current evidence supports the integration of den-
tal professionals into multidisciplinary oncology teams,
demonstrating improved oral health outcomes among
head and neck cancer survivors. Patients managed within
such coordinated frameworks exhibit significantly better
periodontal health and oral hygiene as compared to those
referred solely to general dental services.* Researchers con-
ducted a dose—response meta-analysis including 25 stud-
ies to further clarify and assess the association between
tooth loss and cancer risk.” They demonstrated that each
additional loss of 10 teeth was associated with a 9% in-
crease in cancer risk. They also estimated that tooth loss
was associated with a 3-31% increased risk of various

malignancies, including cancers of the head and neck,
esophagus, stomach, colon, pancreas, lung, hematopoietic
system, and bladder, in a clear dose-dependent manner.®

Oncologic therapies — including radiotherapy, chemo-
therapy and surgery — are associated with both acute and
chronic oral complications, highlighting the need for long-
term dental monitoring and intervention.® Acute radiation-
induced toxicity often develops early during treatment and
may persist for several weeks after therapy, whereas late
complications may arise weeks or even years later.”

Oral cavity and oropharyngeal cancers are recognized
worldwide as major health concerns, given their substan-
tial impact on patients’ QoL.% The primary risk factors for
oropharyngeal cancer (OPC) include tobacco smoking,
alcohol consumption, betel chewing, and HPV infection,
which may occur individually or in combination. Unlike
tobacco-related cancers of the middle pharynx, whose
incidence has declined in many high-income countries,
the incidence of HPV-associated OPC has risen sharply
over recent decades.’

The incidence of OPC in the United States has risen
steadily among men since the 1970s. Notably, both the in-
cidence and annual number of OPC cases now exceed
those of cervical cancer, making OPC the most common
HPV-related malignancy in the United States. Unlike
cervical cancer, OPC cannot currently be screened for,
as precancerous lesions cannot be reliably identified, and
the existing diagnostic tools are insufficient for detecting
early-stage, localized tumors.!°

In the context of post-treatment care, it is important
to note that patients with HPV-related oral cancer generally
have better prognoses, and greater sensitivity to radio-
therapy and chemotherapy. The projected increase in HPV-
associated cancers also suggests continued improvement
in patient survival, reflecting advances in treatment and
the overall QoL.!

Oropharyngeal squamous cell carcinoma (OPSCC),
which includes malignancies of the tonsils, base
of the tongue, soft palate, and uvula, is now one of the most
rapidly increasing cancers in incidence across high-income
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countries.!! Over the past several decades, the epidemiol-
ogy of OPSCC in the United States has undergone notable
changes, with important clinical and public health impli-
cations for patients after cancer treatment.!”> The stan-
dard therapeutic approach for OPSCC generally includes
the surgical resection of the tumor, definitive radiotherapy,
or combined chemoradiotherapy. Among the treatment-
related side effects that adversely affect patients’ perceived
QoL and functional performance — and therefore require
multidisciplinary care, including dental support — are xe-
rostomia, odynophagia and oral thrush.!!
Interdisciplinary collaboration improves functional
outcomes and helps preserve oral health.#131 As can-
cer survival increases, greater emphasis is being placed
on maintaining oral function and comfort. Although many
cancer patients exhibit oral health profiles similar to those
of the general population, a substantial proportion present
with deteriorating restorations, periodontal disease, and
other complications exacerbated by cancer therapy, thereby
affecting QoL.” Emerging evidence suggests that early ra-
diographic and biochemical changes around implants, such
as subtle alterations in crestal bone and elevated levels
of pro-inflammatory cytokines, may precede overt clinical
signs. This highlights the need for more sensitive monitor-
ing in post-cancer patients, whose reduced regenerative
capacity and increased susceptibility to oral complications
make early detection essential for maintaining long-term
function and comfort.!® Furthermore, the potential ap-
plication of stem cell-based therapies with tissue-specific
differentiation capacity offers a promising adjunct to peri-
implant and post-oncologic oral rehabilitation. Systematic
reviews indicate that mesenchymal stem cells (MSCs) can
enhance osteoblastic differentiation, promote new bone
formation, and improve implant osseointegration through
molecular signaling and interactions with biofunction-
alized implant surfaces. Although the evidence remains
heterogeneous and largely preclinical, these emerging ap-
proaches highlight a potential future direction for manag-
ing complex tissue defects in cancer survivors.!¢
Dentists play an essential role in early diagnosis and
prevention through oral hygiene promotion, fluoride use
and salivary care.® Patients experiencing oral mucositis
(OM), dry mouth, gingival sensitivity, and gingival pain
exhibit markedly greater taste alterations and reduced
QoL, while functional impairment, such as trismus and
dysphagia, further contributes to malnutrition and dimin-
ished well-being. These findings underscore the need for
early rehabilitation, dietary modification, and coordinated
multidisciplinary care.'”18 Artificial intelligence (AI), in-
cluding neural networks (NNs), shows growing promise
as a surveillance tool. Many studies report that NNs can
identify early oral cancer with accuracies exceeding 85%,
offering valuable support to clinicians, particularly in set-
tings with limited access to oral pathology expertise. Risk
factor and behavioral assessments should complement
Al-based evaluations to enhance diagnostic precision.!’
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Although guidelines are available for healthcare profes-
sionals caring for patients undergoing oncologic treatment,
minimizing common side effects, such as mucositis, xe-
rostomia and radiation-induced caries, depends largely
on patients’ active involvement in oral self-care, supported
by appropriate education. Although these self-care proto-
cols are often supported by a low level of evidence, their
implementation remains essential for maintaining oral
health.?

Methods

This narrative review synthesizes current evidence and
clinical practice guidelines to provide an integrated over-
view of contemporary approaches to oral management
in oncology patients. Its aim was to summarize and criti-
cally evaluate modern dental strategies for the comprehen-
sive care of individuals after cancer treatment, highlight
major oral complications, and identify the areas requiring
further investigation.

Studies were included based on their relevance to post-
cancer oral complications, current dental management
protocols, peri-implant tissue health, early diagnostic ap-
proaches, and the emerging regenerative or stem cell-based
therapies. A total of 74 publications were included. The lit-
erature comprised clinical practice guidelines, systematic
reviews and meta-analyses, narrative or scoping reviews,
randomized controlled trials (RCTs), observational studies,
epidemiological studies, preclinical/in vitro studies, and
case reports or case series. Although no formal risk-of-
bias assessment was performed, study selection followed
the principles of transparency and relevance consistent
with the Scale for the Assessment of Narrative Review
Articles (SANRA) recommendations, with a focus on clini-
cal applicability and contribution to contemporary dental
oncology practice.

Literature search was conducted in PubMed/MEDLINE,
Wiley Online Library, the Web of Science, Google Scholar,
and ScienceDirect between March and October 2025.
Given the narrative design of this review, study selection
was guided by thematic relevance and the contribution
of each source to the understanding of contemporary con-
cepts and clinical practice, rather than by rigid, predefined
systematic criteria.

Oral mucositis

The oral mucosa, periodontal tissues and dentition are
among the regions most commonly affected by radiation-
induced toxicity due to their high cellular turnover and es-
sential roles in oral health and function.” These structures
are particularly susceptible to ionizing radiation, which
can compromise tissue integrity and lead to substantial
clinical complications.
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Oral mucositis is a frequent and debilitating adverse ef-
fect of oncologic therapies. It initially presents as mucosal
erythema and atrophy, and may progress to ulceration. One
of the earliest signs is leukoedema — an ill-defined, diffuse,
milky-white opalescence, most often observed on the buc-
cal mucosa, which typically disappears upon stretching.”
Erythema may appear within the first week of fraction-
ated radiotherapy (2 Gy/day)’ and within 4-5 days after
the initiation of chemotherapy.?! The onset of OM reflects
epithelial aplasia resulting from cytotoxic injury to rapidly
proliferating basal cells, generally occurring 7-14 days after
chemotherapy. Early symptoms include burning or tingling
sensations, and increased sensitivity to mechanical and
chemical stimuli.” Pain, dysgeusia, dysphagia, and odyno-
phagia commonly interfere with nutrition and hydration.?
Lesions frequently involve the lips, buccal mucosa, ventro-
lateral tongue, and floor of the mouth, typically resolving
within 2—4 weeks after the completion of therapy, although
complete healing may require up to 3 months.”

Chlorhexidine and other biologically active rinses pro-
vide antimicrobial and anti-inflammatory benefits, but
have limited effects on the molecular pathways underlying
OM.13 Basic oral care remains fundamental to reducing
secondary infections and minimizing mechanical trauma.
Symptomatic management is central, particularly in che-
motherapy-induced OM, with compounded analgesic
rinses (“Magic Mouthwash”) containing diphenhydramine,
viscous lidocaine, bismuth subsalicylate, or corticosteroids
commonly used for palliation.”

Preventive oral hygiene reduces the risk of OM, although
its direct effect on the underlying mechanisms of mucosal
injury remains unclear.!* Chlorhexidine and benzydamine
may be used for antiseptic and anti-inflammatory purposes;
however, their use may be associated with adverse effects,
including mucosal burning, taste alterations, and staining.?

Chlorhexidine is not recommended for the prevention
of OM in patients receiving radiotherapy for head and neck
cancer, although it remains useful for gingivitis and plaque
control.!® Diagnosis relies primarily on clinical history,
symptoms and lesion distribution.?* Chemotherapeutic
agents most commonly associated with OM include doxo-
rubicin, bleomycin, fluorouracil, and methotrexate.?

For the World Health Organization (WHO) grade
I-1V OM, weekly low-level laser therapy (LLLT) is recom-
mended until complete recovery.?! Prophylactic photobio-
modulation (PBM) initiated 2—3 weeks before cancer treat-
ment, combined with education on oral hygiene, nutritional
guidance and risk-factor modification (e.g., tobacco and
alcohol use), is strongly advised.26

Analgesic rinses, such as doxepin and methylene blue,
may be effective in managing oral mucositis-related symp-
toms. Methylene blue oral rinse has demonstrated rapid
and clinically meaningful analgesic effects in cancer-re-
lated oral mucositis, with improvement in oral function
when used alongside standard therapy. Its safety profile
appears favorable, with no serious adverse events reported,
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and only mild, transient effects, such as brief oral burning
or temporary discoloration of the lips and teeth, which
resolve spontaneously. Owing to its demonstrated efficacy,
safety, and limited adverse effects, methylene blue repre-
sents a promising supportive option for refractory oral
mucositis-associated pain.?” Topical doxepin rinse also ap-
pears to be an effective analgesic option for managing oral
mucositis-related pain, providing clinically meaningful
reductions in symptom intensity. Although generally well
tolerated, its use may be accompanied by mild, transient
adverse effects, such as oral burning, unpleasant taste,
or drowsiness, the latter likely related to partial systemic
absorption. Patient acceptability is relatively high, with
many individuals expressing willingness to continue ther-
apy when adequate pain relief is achieved. Overall, doxepin
represents a useful adjunct to supportive care, offering
a symptomatic benefit with an acceptable safety profile.?®

Benzydamine is indicated for the prevention of OM in pa-
tients receiving moderate-dose radiotherapy (<50 Gy), while
a 0.2% morphine oral solution may provide both analgesic
and anti-inflammatory effects.?” Topical morphine has
been shown to reduce pain intensity, shorten the duration
of severe symptoms, and improve functional outcomes,
such as swallowing and oral opening. Its safety profile ap-
pears favorable, with predominantly mild and transient
local adverse effects, most commonly brief burning, dry-
ness or itching, and minimal systemic toxicity. Reported
adverse reactions are infrequent and generally do not limit
tolerability. Palifermin significantly reduces the incidence,
duration and severity of OM, but may cause transient taste
disturbances. However, according to the Multinational
Association of Supportive Care in Cancer and Interna-
tional Society of Oral Oncology (MASCC/ISOO) guide-
lines, the available evidence is insufficient or inconsistent
to support formal clinical recommendations for these
agents. Oral cryotherapy using ice chips is widely employed
in chemotherapy-induced OM to reduce mucosal exposure
to chemotherapeutic agents through vasoconstriction.”3%3!

Key recommendations are summarized in Table 1.

Xerostomia

Despite efforts to limit radiation exposure to healthy
tissues, the salivary glands, the oral mucosa and maxil-
lofacial bones are often unintentionally affected, result-
ing in functional and structural changes with long-term
effects on QoL.” Radiotherapy and certain cytotoxic
agents commonly impair salivary gland function, caus-
ing hyposalivation and xerostomia.?®32 This predisposes
patients to dental caries, fungal infections and bacterial
overgrowth due to the disruption of the oral microbiota
and reduced salivary defense mechanisms. It has been
noted that oncologists frequently underestimate the im-
portance of salivary function, whereas they should incor-
porate its assessment into routine patient evaluation.'”
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Table 1. Key recommendations for the management of oral mucositis (OM)

Monitor high-risk Regularly assess the oral mucosa,
areas periodontium and dentition

Look for leukoedema, erythema, burning

2. Recognize early signs )
9 Y19 sensations, and ulcers

3 Maintain oral It helps reduce the risk and severity
' hygiene of infections

4 Use benzydamine Effective at <50 Gy doses; may cause side
' cautiously effects

5 Manage pain Use "Magic Mouthwash’, doxepin,
’ effectively’2!-31 methylene blue, or 0.2% morphine

6. Apply PBM7 Begin before therapy and continue

weekly as needed

For severe OM to reduce its duration and

7. Consider palifermin’? .
severity

Ice chips are used during chemotherapy

g Bheertl ayeilrac ) to protect the oral mucosa

Educate on oral hygiene, diet, and

9. Promote prevention the avoidance of smoking and alcohol

PBM — photobiomodulation.

Hyposalivation may develop early, sometimes after only
a few 2-Gy fractions. Radiation doses >30 Gy are associated
with irreversible glandular injury, with severity correlating
with the cumulative dose.?® Although the compensatory
hypertrophy of the spared glands may occur months later,
the total salivary output may decrease by 50-60% within
the first week when all major glands are irradiated.”

Management involves supportive and pharmacologi-
cal strategies. Ice chips, adequate hydration (>1.5 L/day),
mucosal lubricants, and salivary stimulation with xylitol-
containing products are considered first-line measures.
Saliva substitutes are generally more effective than water
for managing oral dryness.>* In severe cases, muscarinic
receptor agonists, such as pilocarpine and cevimeline,
may be prescribed.?¢3>-37 Corticosteroids may benefit pa-
tients with immune-mediated xerostomia, although they
should be used with caution. Anethole trithione may be
considered as an adjunctive therapy. Patients should avoid
alcohol, caffeine, and acidic or spicy foods,?%2%3 and may
also benefit from saline/bicarbonate rinses, humidifiers,
and moisturizing gels or sprays.3%38

Complementary therapies under investigation include
acupuncture, omega-3 fatty acid supplementation, vita-
mins C and E, green tea polyphenols, and aloe vera, al-
though the evidence supporting their use remains limited.
Photobiomodulation and transcutaneous electrical nerve
stimulation (TENS) show emerging potential, whereas hy-
perbaric oxygen therapy (HBOT) has limited supporting
evidence and homeopathy lacks the evidence of efficacy.?®

Topical pilocarpine (1-2%) effectively stimulates salivary
secretion, with lower concentrations (e.g., 0.1%) also dem-
onstrating benefit. A 2% topical formulation may provide
salivary stimulation comparable to a 5-mg oral dose, with
fewer systemic effects. Novel delivery systems, including
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pilocarpine lozenges, aerosols, hydrogels, and nanofiber
carriers, are under development. Localized mucosal tablet
formulations may optimize therapeutic outcomes while
minimizing systemic exposure.* However, pilocarpine
is effective only when functional salivary tissue is pre-
served. Evidence from controlled clinical studies indicates
that its therapeutic benefit is modest, with only minimal
increases in the salivary flow reported across trials. Local
administration (e.g., ophthalmic drops applied intraorally)
is associated with fewer adverse effects than systemic tablet
formulations, which frequently cause cholinergic side ef-
fects, such as sweating, rhinorrhea, nausea, and excessive
salivation. Bethanechol demonstrates comparable efficacy
with a more favorable side-effect profile, suggesting that
it may be a better-tolerated alternative in some patients.*°
Lipids act as coating and lubricating agents in the oral
cavity by forming a protective layer that reduces friction.
Unlike other macromolecules that rely on water retention,
lipids interact with oral surfaces primarily through weak
dispersion forces, while longer lipid chains provide greater
viscosity and longer-lasting adhesion to the mucosa. Stud-
ies indicate that plant-based oils, such as sunflower, canola,
coconut, and olive oils, may serve as saliva substitutes
by improving oral comfort, reducing xerostomia and en-
hancing the salivary flow. Olive oil may additionally exhibit
anti-inflammatory and antibacterial properties.*42
Sodium hyaluronate (hyaluronic acid — HA), a naturally
occurring polysaccharide with mucoadhesive and water-
binding properties, is considered a safe and effective thera-
peutic option, providing viscosity and lubrication compa-
rable to that of natural saliva. It is biocompatible and can
be degraded by hyaluronidase. However, attention should
be given to its molecular weight: high—molecular-weight
HA may inhibit the antimicrobial activity of lysozyme and
peroxidase, potentially increasing the risk of infection.
Therefore, low—molecular-weight HA (1,000—4,000 kDa)
is recommended for use in artificial saliva formulations.*43
Since the salivary film forms a protective coating over
the oral mucosa, its reduction in hyposalivation leaves
the epithelium more exposed and susceptible to chemical
irritants. A diminished mucosal/salivary film compromises
lubrication and barrier function, increasing the risk of irrita-
tion in response to topical agents. Therefore, when high-con-
centration fluoride products are considered, the condition
of the oral mucosa should be carefully assessed in patients
with hyposalivation, as the absence of an adequate salivary
coating may increase their sensitivity to these agents.*-46
Key recommendations are summarized in Table 2.

Taste alterations

Chemotherapy is known to disrupt gustatory function
and reduce appetite. Although taste alteration is a common
treatment-related toxicity, it is frequently underreported
by patients and may be underestimated by clinicians,
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Table 2. Key recommendations for the management of xerostomia

1. Ensure hydration At least 1.5 L/day; the use of ice chips

Use mucosal
lubricants

Such as vegetable oils or moisturizing

oral gels
3. Stimulate saliva®?-3° Use xylitol-containing gum or lozenges

Prescribe pilocarpine Recommended in moderate to severe

or cevimeline cases
5 Consider topical Explore alternative delivery systems for
’ pilocarpine local effects
6. Avoid irritants Including alcohp\, caffeine, acidic and
spicy foods
) Saline or baking soda solutions to soothe
7. Use rinses )
oral tissues
rti roi o . .
8. SES t;oste oneE Only in immune-mediated xerostomia
cautiously
Explore Examples: acupuncture, omega-3 fatty
9. complementary ; oo
4146 acids, vitamins, aloe vera
therapies
Consider PBM ) ) )
10. or TENS For salivary stimulation

TENS - transcutaneous electrical nerve stimulation.

as it does not pose an immediate threat to survival. Greater
severity of taste alteration has been observed in women
than in men, and among individuals with breast cancer
as compared to those with gastrointestinal, pulmonary,
genitourinary, or hematologic neoplasms. Patients who
reported a good or very good appetite exhibited substan-
tially lower levels of taste alteration than those with poor
or moderate appetite. No significant associations were
identified between taste alteration and either patient age
or the number of chemotherapy cycles when analyses were
stratified by the appetite level.l”

Dysgeusia

Dysgeusia, a common complication in patients undergo-
ing head and neck radiotherapy (HNRT), often coexists
with xerostomia due to the integral role of saliva in taste
perception. The condition is dose-dependent, with distur-
bances in taste sensation typically occurring at radiation
doses of approx. 30 Gy. At this threshold, patients may
experience a near-complete loss of fundamental taste mo-
dalities — namely salty, sweet, sour, and bitter — secondary
to damage to gustatory epithelial cells.?#7 While mild
dysgeusia is generally manageable, more severe forms can
significantly impair appetite, reduce oral intake, and nega-
tively affect the nutritional status and QoL.”

Partial recovery of taste function usually begins
within 20—60 days following the cessation of treatment,
with full restoration frequently occurring over a period
of 2—4 months.” Chemotherapy can also contribute
to transient dysgeusia, often presenting as a metallic taste
due to the diffusion of cytotoxic agents into saliva. Drugs
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such as cyclophosphamide, methotrexate and 5-fluoroura-
cil may alter taste either by affecting cranial nerves (VII, IX
and X), damaging the oral mucosa, or directly impacting
taste bud cells.?226

Although clinical data regarding the efficacy of zinc
supplementation are variable, zinc has been proposed
to improve taste perception by stabilizing the regulatory
proteins involved in taste bud maintenance.” Zinc supple-
mentation also appears to offer therapeutic benefits in re-
ducing the incidence, duration and severity of OM, likely
due to its roles in immune function, epithelial repair and
antioxidant defense. Its safety profile is generally favor-
able, with minimal adverse effects reported when used
at appropriate doses. However, variability in zinc formu-
lations, dosing strategies, and routes of administration
limits the comparability of the existing studies and un-
derscores the need for standardized, long-term clinical
trials.*® Vitamin D supplementation has also been explored
as a potential therapeutic option for mitigating taste altera-
tions. In chronic or persistent cases, dietary counseling
and simple nutritional intervention remain important for
improving patient outcomes.’

Supportive strategies, such as slow, mindful mastication,
can enhance flavor perception and stimulate the salivary
flow, which may be particularly beneficial in patients with
concurrent xerostomia. Additionally, rotating food types
during meals may help prevent sensory adaptation and
promote dietary diversity, thereby supporting adequate
nutrition and overall oral intake.”

According to some researchers, future cancer treatment
strategies and post-therapy supportive care should priori-
tize the development of microbiota-modulating interven-
tions and personalized therapeutic approaches to enhance
oncologic treatment efficacy. Given that gut microbiota
dysbiosis has been associated with chronic inflammation,
the production of carcinogenic metabolites and altered
immune responses, and considering that inflammatory
conditions, including those affecting the oral cavity, are
frequently observed in patients undergoing chemotherapy
and radiotherapy, dental practitioners should also consider
systemic microbiological interactions when aiming to im-
prove patient outcomes.*

The principal recommendations are summarized
in the Table 3.

Radiation-induced caries

It refers to an aggressive and rapidly progressing form
of dental decay that commonly develops following HNRT.
Although ionizing radiation can alter the structural integ-
rity of dental hard tissues, the underlying pathogenesis
of radiation-induced caries is largely analogous to that
of caries associated with other hyposalivation-related con-
ditions. Clinically, it resembles caries observed in patients
with xerostomia, but more frequently involves atypical



Monitor for dysgeusia
onset

Educate patients

Identify
chemotherapy-related
taste changes'’?!

Consider zinc
supplementation?*4/

Assess vitamin
D status

Refer for dietary
counseling

Encourage slow,
mindful chewing

Recommend food
rotation during meals
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Table 3. Key recommendations for the management of dysgeusia

Especially when radiation doses reach
or exceed 30 Gy

Explain the expected recovery timelines
(partial: 20-60 days; full: 2-4 months)

Note a metallic taste from agents like
cyclophosphamide, methotrexate and
5-fluorouracil

It may support taste bud function;
clinical results are variable

Correct deficiency to support the overall
oral and taste health

It helps ensure adequate nutrition and
address altered taste perceptions

It enhances flavor perception and
stimulates the production of saliva

It prevents taste fatigue and promotes
a more balanced nutritional intake

tooth surfaces, such as cusp tips and cervical margins.
The disease also exhibits a higher recurrence rate and more
rapid progression than conventional caries.?¢

The elevated risk is primarily attributable to radiation-in-
duced enamel demineralization, shifts toward a cariogenic
oral microbiota, poor oral hygiene, and high-carbohydrate
dietary patterns.>® Xerostomia, commonly induced by ra-
diotherapy, often precedes the onset of radiation-induced
caries, which may manifest as early as 3 weeks after treat-
ment and rapidly compromise dental integrity. Radiation
further weakens tooth structure, rendering enamel more
vulnerable to acid-induced breakdown. Contributing fac-
tors include frequent consumption of sugar-laden bever-
ages, which facilitates bacterial adhesion and enhances
enamel demineralization.?? Under conditions of reduced
salivary flow, Streptococcus mutans may proliferate, fur-
ther increasing the risk of caries in irradiated patients.

Effective prevention requires rigorous oral care proto-
cols, including routine dental evaluations and continuous
fluoride therapy. Although custom fluoride trays remain
the most efficacious delivery method, alternatives such
as fluoride varnishes, rinses and high-fluoride toothpaste
are also recommended. Fluoride application should be
maintained for as long as hyposalivation persists. When
trays are not used, topical fluoride gels or brush-on formu-
lations, combined with dietary modifications, are essen-
tial.>® Additional strategies include daily sodium fluoride
rinses,?¢ quarterly dental visits and regular professional
cleanings.

Nutritional counseling should emphasize reduced con-
sumption of fermentable carbohydrates, decreased snack-
ing frequency and substitution with non-cariogenic sweet-
eners. Xylitol-containing products may be beneficial due
to their ability to inhibit cariogenic bacteria and stimulate
the salivary flow. Advanced preventive care may include
fluoride varnishes for prolonged enamel protection and
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calcium phosphate- or hydroxyapatite-based agents to pro-
mote remineralization. Probiotic therapy may also help
support a balanced oral microbiome and reduce pathogenic
bacterial colonization.??

In advanced cases, restorative interventions, such
as composite restorations, crowns or dental implants, may
be required. To preserve enamel integrity, patients should
use non-abrasive toothpaste and avoid acidic foods and
beverages.?”>! Long-term oral health maintenance depends
on patient education focused on oral hygiene practices,
caries prevention and healthy dietary habits.>?

The principal recommendations are summarized
in the Table 4.

Oral candidiasis

It is a frequent opportunistic infection in oncology pa-
tients, particularly following chemotherapy and radio-
therapy, due to treatment-induced immunosuppression
and hyposalivation.>® The most common form, pseudo-
membranous candidiasis, presents clinically as white,
curd-like plaques that can be gently scraped off, typically
revealing an erythematous, eroded or bleeding mucosal
surface underneath. Another notable subtype, hyperplastic
candidiasis, manifests itself as thickened, non-removable
white plaques. This variant closely resembles leukoplakia,
necessitating careful differential diagnosis because of its
potential for malignant transformation.”

Oral candidiasis is associated with burning, pain, dys-
phagia, dysgeusia, and mucosal discomfort. A minimum
2-week course of antifungal therapy is generally required

Table 4. Key recommendations for the management of radiation-induced
caries

Maintain daily oral
hygiene?3

Brush and floss regularly; use high-
fluoride toothpaste

Prefer custom trays; rinses or varnishes

2. Use fluoride regularly 36 alternatives

Continue fluoride Maintain use as long as dry mouth

3 during hyposalivation persists
4. L Schedule visits at least every 3 months
check-ups
5 Reduce sugar intake Limit fermentable carbohydrates and
between-meal snacking
6 Avoid sugary Rinse mouth after use if alternatives are
' medications not available
Use xylitol It helps reduce cariogenic bacteria and
7. 50-52 i i
products stimulate the salivary flow
8 Apply remineralizing Use products like calcium phosphate
' agents or hydroxyapatite
Use low-abrasive toothpaste and avoid
9. Protect enamel . )
acidic foods and drinks
0. T Provide guidance on prevention, diet

and proper oral hygiene practices
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for resolution.>* The condition is predominantly caused
by Candida albicans, and commonly affects the tongue,
hard palate and buccal mucosa, often coexisting with an-
gular cheilitis, erythema and mucosal bleeding. Predispos-
ing factors include local and systemic immunosuppression,
xerostomia, prolonged use of antibiotics or corticosteroids,
immunosuppressive agents, poor denture hygiene, high-
sugar diets, and tobacco use.?*3¢

Diagnostic confirmation is achieved through clinical
evaluation supported by microbiological testing, includ-
ing fungal cultures.?63%36:55 Although a Cochrane meta-
analysis reported insufficient evidence to definitively
support or oppose the use of antifungal agents in cancer-
associated candidiasis,” treatment typically begins with
topical antifungal agents, such as nystatin (suspension
or lozenges), clotrimazole or miconazole. In refractory
or systemic cases, systemic antifungal agents, such as flu-
conazole or itraconazole, may be necessary. Adjunctive
management includes meticulous oral hygiene, mechanical
tongue cleaning and antiseptic rinses, such as chlorhexi-
dine or sodium bicarbonate solutions.

The principal recommendations are summarized
in the Table 5.

Denture stomatitis

In cases of denture stomatitis resistant to conventional
therapies, tea tree oil (Melaleuca alternifolia), due to its
antifungal properties, may be used alongside the COE-
COMEFORT™ tissue conditioner. The microwave disinfec-
tion of complete dentures is another effective adjunctive
method. If these measures fail, temporary discontinuation
or replacement of the denture is recommended. Chronic

Table 5. Key recommendations for the management of oral candidiasis

Distinguish between
pseudomembranous (removable)
and hyperplastic (non-removable)

candidiasis

1. Identify forms

Monitor for burning, pain, dysphagia,

% TR S| el dysgeusia, and mucosal bleeding

They include immunosuppression,

3. Assess risk factors xerostomia, antibiotic use, poor hygiene,
sugar intake, and smoking
4 Diagnose Use clinical examination and

accurately>3-> microbiological cultures if needed

Initiate topical antifungals; escalate

> Treat prompily to systemic treatment if necessary

Clean the tongue, use antiseptic rinses,

6, SuperterEl e maintain denture hygiene

Encourage denture care, sugar

7. Prevent recurrence reduction, probiotic use, and smoking
cessation
s Ui Blemup Schedule regular dental check-ups for

early identification and management
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or recurrent oral candidiasis should prompt medical
evaluation to reassess diagnosis and modify treatment
accordingly.?6-33:36.54.55

Osteoradionecrosis

Osteoradionecrosis (ORN) is a serious complication
of HNRT, characterized by radiation-induced hypoxia,
hypocellularity, and reduced vascularity within osseous
tissues.?® These alterations impair tissue regeneration and
compromise mucosal integrity, thereby predisposing pa-
tients to bone necrosis and sequestration.” The mandible
is the most frequently affected site, owing to its dense bone
structure and relatively limited blood supply.

Clinically, ORN presents with exposed necrotic bone,
chronic pain, mucosal ulceration, fistula formation, and,
in severe cases, pathological fractures, often in the absence
of overt infection. Radiographic findings typically include dif-
fuse radiolucencies with ill-defined borders and, in advanced
stages, radiopaque sequestra.3%°¢ Osteoradionecrosis is com-
monly classified according to its clinical course, anatomical
extent, severity of symptoms, and response to HBOT. It may
significantly impair QoL, particularly in advanced cases.

Multiple risk factors contribute to the development
of ORN, including poor oral hygiene, pre-radiotherapy
dental or surgical procedures, high radiation doses or frac-
tion sizes, tumor proximity to bone, and direct bone inva-
sion. The condition is more prevalent in males over 55 years
of age, particularly those with a history of tobacco and al-
cohol use. Although most cases occur within 3 years after
radiotherapy, delayed onset is also possible. Prevention re-
lies on comprehensive oral evaluation and the stabiliza-
tion of oral health before and after radiotherapy. Reducing
the need for invasive dental procedures and minimizing
oral infections and inflammation are critical components
of ORN prevention.>® Management involves a combination
of conservative and surgical strategies, including debride-
ment, wound care, antibiotic therapy, and, when indicated,
HBOT.?

The principal recommendations are summarized
in the Table 6.

Medication-related osteonecrosis
of the jaw

Medication-related osteonecrosis of the jaw (MRON]) is as-
sociated with the antiresorptive agents (e.g., bisphosphonates
and denosumab) and antiangiogenic therapies used in cancer
care. These drugs impair osteoclast function, reduce bone
turnover and increase the risk of osteonecrosis.”” Medica-
tion-related osteonecrosis of the jaw can lead to progressive
jawbone destruction and considerable morbidity, particu-
larly with intravenous formulations used in cancer treatment
as compared to oral formulations used for osteoporosis.
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Table 6. Key recommendations for the management
of osteoradionecrosis (ORN)

Eliminate sources of infection and
reduce the need for post-radiotherapy
surgical procedures

Conduct pre-
1. radiotherapy dental
assessment

ili I health -
Sl erE] el It helps prevent complications related

2. before and after )
) to oral tissues and bone
radiotherapy
3 Identify high-risk They include smokers, older males, and
' patients those receiving high radiation doses

Look for exposed bone, persistent pain

4. Monitor for symptoms )
or non-healing oral ulcers

Detect early bone changes and

. i h 7,36,50
> Use radiographs the presence of sequestra

Start conservative
treatment36°0°6

Begin with local wound care, antibiotics,
and minimal surgical debridement

For cases that do not respond

7. Consider HBOT?6°0%6 i
to conservative measures

Emphasize oral hygiene, smoking

8. Educate patients cessation and other lifestyle
modifications
9 Coordinate Involve dental, surgical and oncology

multidisciplinary care teams for optimal management

HBOT - hyperbaric oxygen therapy.

Diagnostic criteria include a history of antiresorptive
or antiangiogenic therapy, non-healing exposed bone
in the maxillofacial region persisting for =8 weeks, the ab-
sence of previous radiotherapy to the jaws, and the absence
of jaw metastases.®” Evidence suggests that quarterly dental
evaluations and preventive protocols, such as prophylactic
antibiotics and primary soft-tissue closure following tooth
extraction, may reduce the incidence of MRONJ more
effectively than reactive care. The benefit of platelet-rich
growth factor (PRGF) application following tooth extrac-
tion remains inconclusive.”®

Studies have shown no significant advantage of add-
ing HBOT to standard MRON]J treatment, including an-
tiseptics, antibiotics and surgery, highlighting the need
for further research.>” A comparative study by Mozzati
et al. reported no cases of MRON] with either minimally
invasive or more invasive tooth extraction protocols in pa-
tients receiving oral bisphosphonates, suggesting that there
is insufficient evidence to favor one surgical approach over
the other.”

Neurotoxicity

Chemotherapy-related neurotoxicity can result in per-
sistent, diffuse pain localized to the head and neck region.
This pain may mimic odontogenic pain, complicating diag-
nosis. Despite the presence of symptoms, clinical and radio-
graphic examinations typically reveal no dental or mucosal
abnormalities, although the thickening of the periodontal
ligament (PDL) may be observed in vital teeth.?! Symptom

1051

fluctuation and the absence of clear clinical findings pres-
ent diagnostic challenges in dental settings.

Trismus

Trismus, defined as a restricted ability to open the mouth,
is a common complication following oral cancer surgery
and radiotherapy. It typically results from postoperative
fibrosis and scar contracture, leading to a decreased in-
terincisal distance, often measuring less than 35 mm be-
tween the maxillary and mandibular incisors.”

Trismus may develop early during radiotherapy, particu-
larly in patients with tumors involving the nasopharynx,
palate or maxillary sinuses. If left unaddressed, the con-
dition can lead to a significant reduction in mandibular
mobility, impairing essential functions, such as mastica-
tion, speech and oral hygiene.?? Reduced jaw opening is fre-
quently observed approx. 9 weeks after the completion
of radiotherapy. Denture-wearing patients are particu-
larly affected, as trismus may prevent the proper insertion
of prostheses and complicate the fabrication of new appli-
ances because of restricted intraoral access.’

The management of trismus emphasizes the early initia-
tion of therapeutic exercises, including jaw stretching and
the use of assistive devices, such as bite dilators or tongue
depressors, aimed at preserving the range of motion.>*
While short-term improvement can be achieved, long-term
benefits require consistent adherence to these exercises.
In chronic cases, the development of dense fibrotic tis-
sue renders passive stretching less effective, underscoring
the importance of early detection and intervention to pre-
vent irreversible functional impairment.??

The principal recommendations are summarized
in the Table 7.

Table 7. Key recommendations for the management of trismus

Monitor mouth Assess mandibular mobility; trismus

opening? is defined as mouth opening <35 mm
Recognize : ) . )
5 carly functional Reduced jaw opening may impair oral

A function and prosthetic use

Begin jaw exercises early to preserve
the mandibular range of motion

Initiate therapeutic
exercises early®?’

Bite dilators or tongue depressors may
support stretching and the maintenance
of mouth opening

Use assistive
stretching devices?’

The effective prevention and management of oral compli-
cations related to oncologic treatment require an interdisci-
plinary approach involving dental and medical professionals.
Dental care is critical for reducing the risk of complications
and enhancing therapeutic outcomes and QoL.

Pre-radiotherapy dental management is particularly im-
portant for patients with head and neck cancer. According
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to the Canadian Dental Oncology Network (CDON) con-
sensus guidelines, developed using a modified Delphi
method, prophylactic tooth extraction may be considered
at radiation dose thresholds of 70 Gy for the maxilla and
60 Gy for the mandible.®® Management protocols are tai-
lored to anatomical location and the radiation dose, with
all patients — regardless of dentition — recommended for
referral to a dental oncology clinic for pre-treatment evalu-
ation. The recommended healing interval between tooth
extraction and radiotherapy is 7-14 days.*° Risk assessment
should consider factors such as infectious foci, the oral
health status, the type of tumor, and the overall prognosis.
Fluoride prophylaxis, oral hygiene education and routine
dental follow-up are essential components of comprehensive
care aimed at reducing post-radiotherapy complications.!*

Following anticancer treatment, including chemotherapy,
long-term dental care remains essential for controlling in-
fection, restoring function and improving esthetics. Treat-
ment planning should be conducted collaboratively with
oncologists.2! Key elements include consistent daily oral
hygiene under the supervision of a dentist or dental hygien-
ist, as well as routine follow-up visits — monthly for the first
3 months, every 3 months during the first year, and every
6 months thereafter for at least 3 years.3* Dental prophylaxis
involves the regular removal of plaque and calculus,3*36:5!
and caries prevention through the use of high-fluoride
toothpaste, chlorhexidine rinses (for at least 3 weeks every
3 months) and routine fluoride applications.?’

Fluoride prophylaxis is especially critical for patients
after radiotherapy to prevent radiation-induced caries.
Recommended strategies include:

— high-fluoride toothpaste (5,000 ppm FK): daily use
to promote remineralization;

— sodium fluoride rinses: 0.05% daily or 0.2% weekly;

— 5% sodium fluoride varnish: every 3 months, particu-
larly in patients with xerostomia;

— 1.23% fluoride gel: applied using trays by a dentist
or the patient.3°

Xylitol-containing products are especially recom-
mended, as xylitol has been shown to inhibit the growth
of S. mutans. Patients should be advised to choose water
over sugary or acidic beverages, as acidic drinks can con-
tribute to irreversible dental erosion. Additionally, frequent
vomiting, commonly associated with cytostatic therapy;,
may further contribute to enamel degradation through
repeated exposure to gastric acid.?

Post-chemotherapy procedures
and prosthodontics

After chemotherapy, treatment-related side effects
should be appropriately managed, and regular dental
follow-up is particularly important during the first few
months after treatment. Invasive procedures, such as tooth
extractions or oral surgery, should be delayed for at least
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1 year when clinically feasible. If urgent intervention is re-
quired, antibiotic prophylaxis should be initiated 48 h be-
fore the procedure and continued for 7-15 days afterward.
Hyperbaric oxygen therapy may also be considered to re-
duce the risk of complications.?

The use of dentures should generally be avoided for
1 year after treatment. If necessary, prosthetic rehabilita-
tion should be postponed for 4—6 months following che-
motherapy. Special caution is advised in patients treated
with bisphosphonates, particularly intravenous formula-
tions, as implant placement carries a risk of MRON]J.®!
Multidisciplinary care is crucial for managing oral com-
plications and improving patients’ QoL.

Orthodontic considerations
in oncology patients

Orthodontic treatment decisions should account for
the patient’s general health, caries risk and adherence
to oral hygiene practices.®? Treatment planning should
consider the applied forces, the anticipated treatment
duration and the pre-existing root damage, which may
be exacerbated during therapy.®® In patients receiving
antiresorptive medications, tooth extractions should be
approached with caution because of the risk of MRONJ,
which has been reported to range from 0.2% to 6.7%.%*
Bisphosphonates may impair tooth movement and pro-
long treatment duration. Orthodontic treatment is gener-
ally contraindicated during and shortly after intravenous
bisphosphonate therapy.

Given the adverse effects of oncologic therapies, such
as mandibular retrognathia, reduced craniofacial dimen-
sions and increased tooth mobility, orthodontic treatment
should be simplified. Lower-force mechanics are recom-
mended to minimize the risk of root resorption, and man-
dibular treatment should be avoided where possible.®®

Orthodontic treatment may be safely resumed 2 years
after the completion of chemotherapy or radiotherapy,
owing to prolonged alterations in bone metabolism and
potential treatment-related discomfort, including nau-
sea, xerostomia, taste alterations, and mucosal sensitiv-
ity. However, when treatment has been limited to surgery
alone without adjunctive therapies, there is no requirement
to delay orthodontic intervention.®®

Teeth whitening is generally safe when performed cor-
rectly, but may cause transient side effects, such as den-
tinal hypersensitivity and soft-tissue irritation. Therefore,
whitening procedures should be approached cautiously,
particularly in post-oncological patients. Patient eligi-
bility should be based on a thorough clinical evaluation
of the caries status, non-carious lesions, periodontal health,
xerostomia, soft-tissue condition, and tooth sensitivity.
To minimize potential risks, lower concentrations of carb-
amide peroxide applied over longer periods are preferred
over high-concentration hydrogen peroxide products.®’
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Immunotherapy-related
oral complications and their
management

Immune-related adverse events (irAEs) primarily af-
fect the oral mucosa and the salivary glands, often lead-
ing to severe symptoms. Mucosal changes may present
as lichenoid lesions, erosions and ulcers, accompanied
by intense pain and hypersensitivity that can impair oral
intake and contribute to malnutrition. Salivary gland
dysfunction is also common, presenting as xerostomia,
dysphagia, and difficulties with speaking, often accom-
panied by thick or sticky saliva. Among these side effects,
xerostomia is the most frequently reported and typically
develops early during treatment. Mucosal disturbances, in-
cluding inflammation, ulceration and pain — such as those
associated with lichenoid and vesiculobullous reactions
— generally develop over the following months. Dysgeusia
occurs less frequently, but may also develop early and can
significantly affect daily functioning. Most oral irAEs arise
within the first months of immunotherapy. Due to their
chronic nature, symptoms such as dry mouth, taste dis-
turbances and mucosal disease can substantially impair
QoL, limiting food intake, speech and sleep.t8-7°

The early initiation of treatment is crucial to avoid the in-
terruption of anticancer therapy. Standard management in-
cludes systemic corticosteroids (e.g., prednisone 40—60 mg/
day) and topical steroids, such as dexamethasone 0.05% rinse
or clobetasol 0.05% gel, often used at higher-than-standard
concentrations. Adjunctive approaches include PBM, which
can effectively alleviate mucosal pain, and, in cases of sali-
vary gland dysfunction, sialogogues (e.g., pilocarpine), mois-
turizing agents, and intraductal salivary gland irrigation,
which can significantly improve the salivary flow.%8

The rapid identification and comprehensive management
of these complications are essential for maintaining the con-
tinuity of immunotherapy and improving patients’ QoL.

The key recommendations addressing the complications
discussed above throughout the manuscript are presented
in Table 8.

Limitations

This review is subject to several limitations. As a nar-
rative review, it does not follow a systematic methodology
for comprehensive evidence synthesis, which may intro-
duce selection bias. The available evidence is character-
ized by substantial heterogeneity, including differences
in study design, patient populations, cancer types, treat-
ment modalities, radiation doses, outcome definitions, and
follow-up duration. This heterogeneity limits the direct
comparability of findings and may contribute to incon-
sistent or conflicting results.

Despite advances in supportive oral care, several aspects
of post-cancer dental management remain unresolved,
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reflecting broader limitations in the current evidence
base. In particular, the routine use of chlorhexidine for
OM prevention remains controversial; although effective
for plaque control and infection prevention, international
guidelines do not support its prophylactic use for mucosi-
tis, and some studies report increased mucosal irritation.
Similarly, the long-term use of high-concentration fluoride
in patients with severe xerostomia remains debated. While
fluoride prophylaxis is essential for preventing radiation-
induced caries, a reduced salivary flow and the impairment
of the salivary film may increase mucosal sensitivity, and
current guidelines provide limited guidance regarding op-
timal formulations and dosing in this setting.

Moreover, many of the included studies focus on specific
cancer types or treatment settings, which may limit the gen-
eralizability of their findings to the broader population of can-
cer survivors. The relative scarcity of long-term follow-up data
— particularly regarding chronic oral complications, implant
outcomes and the emerging therapies — further limits conclu-
sions about sustained effectiveness and late adverse effects.

Finally, this review was limited to English-language pub-
lications. Given the rapidly evolving nature of oncologic
therapies and dental management strategies, new evidence
may emerge after the completion of this review, potentially
influencing future recommendations.

Conclusions

The long-term management of oral health in cancer sur-
vivors is a critical component of multidisciplinary oncol-
ogy care. As cancer therapies advance and survival rates
increase, addressing the persistent and often debilitating
oral complications of treatment becomes increasingly im-
portant. These complications include OM, xerostomia,
dysgeusia, radiation-induced caries, ORN, candidiasis, and
functional impairment, such as trismus and dysphagia.

Comprehensive dental care, integrated into cancer man-
agement, plays a key role in mitigating these complications.
Early dental intervention — particularly before radiotherapy
— is essential for risk assessment, preventive care, and re-
ducing post-treatment morbidity. Continued surveillance
and personalized strategies, such as high-fluoride therapy,
salivary stimulation, nutritional guidance, and patient edu-
cation, are vital for preserving oral function and QoL.

When interpreting the available clinical guidelines,
it becomes clear that recommendations for post-treatment
oral care in cancer survivors remain heterogeneous and
address different yet complementary aspects of manage-
ment. The CDON guidelines, although primarily focused
on pre-radiotherapy decision-making, acknowledge that
patients who have undergone radiotherapy remain at in-
creased long-term risk of dental complications, including
radiation-induced caries and ORN.%%71

The MASCC/ISOO and European Society for Medi-
cal Oncology (ESMO) guidelines focus predominantly
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Table 8. Comparative summary of the key recommendations for oncology-related oral complications

Condition

Main preventive

Primary management

Key pharmacological/

Critical clinical notes References

oM

Xerostomia/
hyposalivation

Taste alterations/
dysgeusia

Radiation-
induced caries

Oral candidiasis

Denture
stomatitis

ORN

MRONJ

Neurotoxicity

Trismus

Post-treatment
dental care

Orthodontic
care

iIrAEs

measures

pre-treatment oral
assessment; PBM/LLLT
prophylaxis; avoid trauma;
risk-factor control

minimize the RT dose;
hydration >1.5 L/day; avoid
alcohol/caffeine/acids;
xylitol

maintain the salivary flow;
diet counseling; hygiene

daily hygiene; diet
counseling; lifelong
fluoride in xerostomia

reduce xerostomia;
denture hygiene; low sugar
intake

denture hygiene; avoid
nighttime wear

pre-RT dental clearance;
avoid post-RT invasive
procedures

quarterly visits;
prophylactic antibiotics;
soft-tissue closure

awareness during
treatment

early therapy during RT;
patient education

pre-RT extractions
(7-14 days ahead); follow-
up schedule

evaluate hygiene, caries
risk, a systemic history

early recognition; mucosal/
saliva monitoring

strategies

basic oral care; pain and
nutritional support; weekly
LLLT

saliva stimulation and
lubrication; substitutes;
humidifiers

supportive care; slow
chewing; alternate foods

remineralization; quarterly
Visits

2-week course
of antifungals; antiseptic
rinses; tongue scraping

tissue conditioners;
disinfection

conservative care; infection
control; debridement

antiseptics; antibiotics;
surgery

supportive care

stretching; bite blocks;
tongue depressors

fluoride prophylaxis; caries
and infection control

low-force mechanics; avoid
mandibular treatment

systemic/
topical steroids; PBM;
sialogogues

therapeutic options

doxepin; methylene

) ) ) chlorhexidine not
blue; viscous lidocaine;

recommended; onset

benzydamine (RT <50 Gy); 7-14 days post- 7132131
cryotherapy; Magic chemotherapy
Mouthwash
pilocarpine; cevimeline; . ) -
S irreversible glandular injury S

at RT >30 Gy; early onset

molecular-weight HA); after a few 2-Gy fractions

plant oils; bethanechol

dose-dependent (occurs
at ~30 Gy); recovery
at 2-4 months

zing; vitamin D 7,17,21,22,2647,48
"

5,000 ppm F7; trays; sodium
fluoride rinses, varnish;
CPP-ACP; hydroxyapatite;
xylitol

may start within weeks;
atypical surfaces; fast
recurrence

22,26,29,33,50-52

nystatin; clotrimazole;
miconazole; fluconazole;
itraconazole

hyperplastic form mimics
leukoplakia

7,26,29,33,36,53-55

tea tree oil and COE-
COMFORT; microwave
disinfection

replace dentures
if persistent

26,33,36,54,55

the mandible most
affected; exposed bone;
fistulae

antibiotics; selective HBOT 7365056

. . . caused by antiresorptive
analgesics; antimicrobials;

) ) agents; no benefit from 57-59
PRGF inconclusive HBOT
mimics odontogenic pain; 21

analgesics PDL thickening possible

onset ~9 weeks post-RT;
early intervention essential

physical therapy devices 2ol
high-fluoride toothpaste;
varnish; chlorhexidine
cycles; xylitol

dental oncology referral
mandatory

19,21,29,34,36,60-61

delay for 2 years post-
chemotherapy/RT;

contraindicated with
IV bisphosphonates

62-67

xerostomia common;
lichenoid/
vesiculobullous lesions;
chronic

prednisone;
dexamethasone rinse;
clobetasol gel; pilocarpine

68-70

OM - oral mucosistis; ORN — osteoradionecrosis; MRONJ — medication-related osteonecrosis of the jaw; irAEs — immune-related adverse events; LLLT — low-
level laser therapy; RT — radiotherapy; HA — hyaluronic acid; CPP-ACP - casein phosphopeptide—amorphous calcium phosphate; PRGF - platelet-rich growth
factor; PDL - periodontal ligament.

on the prevention and management of acute oral com-
plications during active treatment, with limited guidance
on structured dental follow-up after treatment completion.
Consequently, practical recommendations for the preven-
tion and management of chronic oral sequelae in cancer
survivors remain largely underdeveloped.”>”3

In contrast, the NCCN Head and Neck Cancer guidelines
integrate oral health into survivorship care, particularly
for patients treated with radiotherapy. They emphasize
regular dental evaluations, intensified preventive strate-
gies, and the careful planning of invasive dental procedures

in previously irradiated tissues, thereby recognizing the per-
sistent and cumulative nature of treatment-related oral
morbidity.”

This discrepancy reflects a broader gap between
the guidelines addressing acute treatment-related toxicity
and the long-term oral healthcare needs of cancer survi-
vors, underscoring the need for dedicated, survivorship-
focused dental care recommendations to support coordi-
nated, long-term oral health management. The comparison
of key recommendations across major guideline frame-
works is summarized in Table 9.
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Table 9. Comparison of the key recommendations across major guideline frameworks

CDON
guidelines

Condition/topic

MASCC/ISOO
guidelines
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NCCN (Head & Neck)
guidelines

Primary scone dental management prior to RT
¥ scop (extractions, timing, ORN risk reduction)®°

OM - general

approach

indirectly addressed through pre-RT
dental care optimization®

Chlorhexidine

) ) 0
for OM prevention outside the main scope

Palifermin in OM outside the scope®

PBM outside the scope®

Xerostomia/
hyposalivation

indirectly addressed as a caries risk
factor®

the core recommendation with extraction
thresholds®®

ORN prevention

OM prevention and management,
including PBM7273

central focus; recommendations depend
on clinical settings and evidence
strength’?73

not recommended for routine OM
prevention; may be used for plaque
control'372

supported in selected clinical settings; not
for universal use’’?

specifically recommended for OM
prevention and management’?

not the primary focus; indirect references
only”?

outside the scope’?”3

comprehensive head and neck cancer
care, including survivorship oral health’

addressed within supportive care; less
detailed than MASCC/ISOO”#

discussed mainly for oral hygiene, not OM
prevention’

may be considered depending
on settings; not standard for all patients’

may be considered depending
on institutional practice’

explicitly addressed in survivorship care
and long-term follow-up”!74

emphasize the careful planning

(pre-RT extractions)

ORN management/

o fl i 60
HBOT not the central focus; evidence variable

outside the scope’?”?

of invasive procedures post-RT>074

may be considered in selected cases;
evidence inconsistent50,74

CDON - Canadian Dental Oncology Network; MASCC/ISOO - Multinational Association of Supportive Care in Cancer and International Society of Oral

Oncology; NCCN - National Comprehensive Cancer Network.

Taken together, these documents further highlight
the absence of a unified, interdisciplinary, long-term oral
care protocol for patients treated for head and neck can-
cer. Moreover, substantial gaps persist in the existing evi-
dence base for dental care in oncology patients, including
the limited availability of high-quality studies on PBM
and the low level of the evidence supporting complemen-
tary interventions, such as acupuncture or omega-3 acid
supplementation. The effectiveness of xerostomia treat-
ment (e.g., pilocarpine and bethanechol) is only moder-
ate, and the lack of standardized dosing protocols makes
comparisons difficult. Regenerative therapies using stem
cells are still in early research stages, and AI models re-
quire larger, clinically validated studies. Clear evidence
is also lacking for the efficacy of HBOT, TENS, and other
supportive methods. Data on managing dysgeusia (e.g.,
zinc supplementation), preventing radiation-induced caries
(probiotics, plant oils, fluoride regimens) and treating oral
candidiasis remain insufficient. The management of ORN
and MRON] likewise requires more robust comparative
studies. Additionally, research linking the microbiota sta-
tus to treatment-related complications is scarce, and many
preventive recommendations rely on low-quality evidence.

Future research should aim to establish standardized,
evidence-based dental care protocols specifically tailored
to patients undergoing oncologic treatment. Priority ar-
eas include evaluating the cost-effectiveness of preven-
tive interventions, determining the long-term outcomes
of salivary gland preservation strategies, and assessing
how different oral care approaches influence treatment
tolerance and post-treatment recovery. Further studies
are also needed to refine minimally invasive techniques,
optimize radiotherapy planning to protect oral structures,

and explore novel agents that support mucosal healing and
salivary function. Strengthening the evidence base in these
domains will help guide more consistent clinical practice,
and ultimately improve the QoL of cancer patients.
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Abstract

A complex cavity is so named because it results from damage to the enamel—dentin complex, and such
Cavities can cause patients considerable difficulties in daily life. The reconstruction of damaged areas with
synthetic restorative materials requires careful consideration of the unique functional properties of natural
enamel and dentin, whose inherent characteristics remain superior to those of any synthetic restorative
material currently available. The objective of this article was to organize the available information on indirect
adhesive restorations for complex cavities, with particular emphasis on the factors and techniques that require
consideration during clinical procedures.

An electronic search was performed in MEDLINE/PubMed, the Web of Science and Google Scholar. The articles
included in this study comprised randomized controlled trials (RCTs), clinical trials, clinical reports, reviews,
and laboratory studies.

The amount of the remaining natural tooth structure directly affects the longevity of the restored tooth.
The remarkable properties of natural enamel and dentin have long been recognized, and bondable restorative
materials have therefore been continuously developed with the aim of preserving these natural tissues and
reinforcing the remaining tooth structure through effective adhesion. Even when a large portion of the tooth
structure has been destroyed, conservative treatment can often still be performed, allowing the benefits
of these advanced techniques to be achieved. All aspects of the procedure need to be considered, including
material selection, cavity design and preparation, cavity and restoration surface preparation, and the cementa-
tion procedure. Additional techniques, including immediate dentin sealing (IDS) and the controversial deep
margin elevation technique, are also addressed in this article.

Keywords: indirect adhesive restorations, bondable restorative materials, non-retentive adhesive restora-
tions, complex cavity, minimally invasive restorations
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» Minimally invasive indirect adhesive restorations provide a conservative approach for reconstructing large areas

of damaged tooth structure.

+ Complex cavities that are difficult to restore directly can be effectively managed with bonded indirect restorations.
« Preserving intact tooth structure allows for a non-retentive cavity design without the need for extensive mechani-

cal retention.

Introduction

A common dental problem that brings patients
to the dentist is the presence of a large cavity. Large cavi-
ties are often associated with troublesome food retention,
uncomfortable tooth sensitivity or a precarious sharp edge.
A large cavity can result from a variety of causes, such
as active dentin caries beneath fragile enamel, secondary
caries beneath a previous restoration, or a partial fracture
of the natural tooth structure.*?

A large cavity often involves 2 tooth surfaces, and then
it is referred to as a compound cavity. When the damage
is extensive and involves 3 or more surfaces, it is referred
to as a complex cavity.? The restoration of a complex cavity
is complicated by the fact that it often involves subgingi-
val margins, including gingival overgrowth, or a cavity
extending close to the pulpal tissue (Fig. 1). In addition
to the mechanical aspect of withstanding chewing forces,
this situation also involves the biological aspect of ensuring
that the tooth can function properly during mastication.
There is also an esthetic aspect, as all patients naturally
desire a natural-looking restoration.*

Materials for dental restorations have been intentionally
developed to mimic the properties of the natural tooth

Fig. 1. Common characteristics of complex cavities

The broken enamel-dentin structure often extends close to the pulpal
tissue. Cusps are frequently involved in the cavity, as is gingival
overgrowth.

structure for reconstruction. However, enamel and dentin
are often destroyed simultaneously, and both need to be
replaced, even though their properties are quite different.
Enamel is brittle and stiff, with a high elastic modulus
of approx. 80 GPa, whereas dentin is more flexible, with
an elastic modulus of approx. 20 GPa.”> This represents
a highly effective combination created by nature, in which
the strong outer shell of enamel and the resilient inner layer
of dentin work together to prevent enamel from shattering
when the tooth is subjected to fatigue loading.® To date,
there are still no restorative materials that can adequately
substitute for the natural enamel-dentin combination
when it is damaged.

Conservative dental treatment, or conservative dentistry,
is an intellectual concept aimed at preserving as much
of the unique natural tooth structure as possible, since
the properties of all artificial materials fall short of those
of the original tooth structure. Unbondable restorative
materials require the otherwise unnecessary removal
of a sound tooth structure to create a retentive form that
holds the restoration in place through macromechanical
retention.” Consequently, the remaining tooth structure
becomes more susceptible to fracture, as unbondable ma-
terials cannot replace the natural reinforcement provided
by the tooth structure that has been removed. Thus, re-
moving any part of the tooth for the purpose of creating
macromechanical retention inherently weakens the re-
maining natural tooth structure.”~ In contrast, by defini-
tion, bondable materials adhere to an intact tooth struc-
ture through micromechanical retention. For this reason,
the intact portion of the tooth should be preserved as much
as possible to provide a large tooth surface area for effective
adhesion.!? These bondable materials can also reinforce
the remaining tooth structure, thereby reducing the risk
of subsequent fracture.®*11

A comprehensive search for the existing reviews on dental
adhesive indirect restorations was conducted using MED-
LINE/PubMed, the Web of Science and Google Scholar.
This search revealed that most reviews focused exclusively
on either cavity preparation techniques or the treatment
of cavity surfaces before cementation. However, compre-
hensive reviews integrating all relevant procedures and
the rationale behind them are lacking. This review aims
to address this gap by collecting and organizing the avail-
able information on dental adhesive indirect restorations,
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with particular emphasis on the factors and techniques that
need to be considered during the clinical process, as these
can significantly affect the success of treatment.

Methods

An electronic database search, with no date restrictions,
was performed using MEDLINE/PubMed, the Web of Sci-
ence and Google Scholar. The articles included in this
study comprise randomized controlled trials (RCTs), clini-
cal trials, clinical reports, reviews, and laboratory studies.
Only articles published in English were included. Titles
and abstracts were screened as the initial screening step.
The selected articles were retrieved, read in full, and then
included in this review. An additional search for relevant
information was performed by reviewing the references
of the selected articles.

Bondable restorative materials

There are essentially 2 types of bondable materials
used with the natural tooth structure: glass ionomer ce-
ment (GIC); and dental adhesives.!? Glass ionomer ce-
ment initially establishes hydrogen bonds with the tooth
through the free carboxyl groups of the cement binding
to the bound water on the tooth surface.!* These hydrogen
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bonds are gradually replaced by the ionic bonds formed
between the carboxylate groups of poly(acrylic acid) in GIC
and the calcium ions of hydroxyapatite, which also results
in the formation of an ion-exchange layer at the tooth—
GIC interface.'*!> Dental adhesives are currently the most
widely used bondable materials and provide reliable mi-
cromechanical adhesion to the tooth structure.!® Dental
adhesives are used in 2 main ways — for direct and indirect
restorations. Direct restorations are made of conventional
resin-based materials, including resin composites, com-
pomers and giomers, which bond directly to the dental
adhesive. In contrast, indirect restorations are made of ma-
terials such as metal, ceramic, resin, or hybrid ceramic, and
require an intermediate layer of resin cement to establish
a bond with the dental adhesive. Thus, dental adhesives
are versatile materials that can bond to almost all types
of dental restorative materials (Fig. 2).

When attempting to restore a complex cavity using
the direct technique, it is difficult to create good contours
of the proximal surfaces and the precise occlusal anatomy
corresponding to the opposing tooth. Direct restorations
are also time-consuming, and they provide good func-
tionality for only a medium term, 3—5 years, in a complex
cavity.!’~¥ They frequently encounter bond degradation,
leading to marginal leakage, broken restorative materials,
or ineffective restoration anatomy and contour.2>* For
long-term success, bonded indirect partial restorations
are suggested as a better alternative.

Fig. 2. Dental adhesives and glass ionomer cement (GIC) as the principal bondable restorative materials used in dentistry

Dental adhesives are remarkably versatile, since they function as intermediate materials for joining almost all kinds of other dental materials to the tooth

structure.
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Fig. 3. Various designs of bonded partial indirect restorations

K. Wayakanon, P. Wayakanon. Indirect adhesive restorations

A —inlay; B - onlay; C - overlay; D — overlay-veneer; and E — long-wrap overlay, compared with the traditional crown (F).

These more durable restorations are considered mini-
mally invasive for large defects in posterior teeth.h?2-24
The amount of the remaining intact natural tooth struc-
ture influences the survival of the restored tooth by help-
ing to prevent catastrophic failure.>?® Bonded indirect
partial restorations can also overcome some of the limi-
tations of direct restorations. Indirect restorations with
a cement thickness of less than 200 um generate less po-
lymerization stress than direct resin composite restora-
tions with a thickness of 2 mm.2¢ They also provide more
accurate proximal contacts and occlusal relationships with
the neighboring teeth as a result of more convenient extra-
oral fabrication. Bonded indirect partial restorations offer
an opportunity to preserve and strengthen the remaining
natural tooth structure, and Fig. 3 shows various designs
typically used to achieve this.?>2%28 The synergistic bond
between bondable restorative materials and the natural
tooth structure, mediated by adhesive resin-based cement,
plays a crucial role.>25:2%.29

Today, resin cements are by far the most commonly used
adhesive cements. Adhesive cements must bond to a va-
riety of substrates, including enamel, dentin, ceramic,
metal, and resin.?° Resin cements can be classified ac-
cording to their polymerization mechanism as light-cured,

chemically cured or dual-cured, or according to their ad-
hesive strategy as total-etch, self-etch or self-adhesive.3!-32
The ability of light to penetrate all areas of the cement
and activate its photo-initiators is vital to the longevity
of light-cured resin cement; therefore, thin, translucent
restorations are recommended when using light-cured
resin cement. Light-cured resin cement has greater color
stability than chemically cured or dual-cured resin ce-
ments, and provides a convenient working time before
setting.3! Dual-cured resin cement is polymerized by both
chemical and light activation. This type of cement is in-
dicated when the restoration is thick or opaque, such that
light cannot adequately penetrate it. However, dual-cured
resin cement still requires light activation to achieve a high
degree of polymerization.333*

Restorative materials for non-
retentive indirect restorations

This review investigates dental materials commonly
used for tooth-colored bonded indirect restorations,
as shown in Fig. 4. These materials include indirect resin
composite, polymer-infiltrated ceramic network (PICN),



Dent Med Probl. 2026;63(4):1059-1075

1063

Fig. 4. Scanning electron microscopy (SEM) images of different restorative materials

A - nanohybrid resin composite; B — indirect resin composite; C — polymer-infiltrated ceramic network (PICN); D — feldspathic ceramic; E - lithium disilicate

glass ceramic; F - zirconia.

feldspathic ceramic, lithium disilicate glass ceramic, and
zirconia. The retention of bonded indirect restorations
relies on adhesive bonding to the tooth structure, and
the quality of the bond is critical to a long-term success.?
Among tooth-colored bonded indirect restorative materi-
als, etchable ceramics, such as feldspathic ceramics, leu-
cite-reinforced glass ceramics and lithium disilicate glass
ceramics, provide satisfactory bond strength to the natu-
ral tooth structure.??3%3¢ However, feldspathic ceram-
ics (flexural strength of 60-70 MPa; fracture toughness
of 0.70-1.30 MPa-m*)3”38 and leucite-reinforced glass ce-
ramics (flexural strength of 107-160 MPa; fracture tough-
ness of 1.28-1.38 MPa-m*)*%0 exhibit a higher frequency
of fracture than stronger lithium disilicate glass ceramics
(flexural strength of 370—460 MPa; fracture toughness
of 2.80-3.50 MPa-m?).234142 Therefore, highly etchable
lithium disilicate glass ceramics are recommended for
restoring complex posterior cavities using the bonded in-
direct technique.*?

Lithium disilicate glass ceramic

Lithium disilicate glass ceramic provides high ad-
hesive strength to the tooth structure through both
micromechanical and chemical bonding mechanisms.
Microroughness is created on the intaglio surface of this
etchable ceramic by applying 4.5% hydrofluoric acid
for 20 s.** However, aggressive treatment with either
a higher concentration or prolonged application of hy-
drofluoric acid can negatively affect mechanical per-
formance, resulting in reductions in flexural strength
and bonding potential, and can also compromise

the long-term success of the restoration, particularly
in low-thickness restorations.*>~*® After creating an ir-
regular surface, silane is applied to promote a chemical
reaction that forms strong siloxane linkages between
the silica in the ceramic and the methacrylate groups
in resin-based materials.°

Self-etching ceramic primers were developed as a single-
component alternative to the hydrofluoric acid and silane
treatment described above. The principal advantage of self-
etching ceramic primers is that they simplify the technique
and reduce technique sensitivity by decreasing the number
of clinical steps.”! The self-etching ceramic primer is ap-
plied to the intaglio surface of the glass-based ceramic
material for 20 s using an agitating microbrush, and is then
allowed to react for an additional 40 s. When the bond
strength achieved with self-etching ceramic primer treat-
ment is compared with that of the conventional procedure
(hydrofluoric acid followed by silane), the conventional
procedure provides a higher bond strength across all tested
ceramic types, including leucite-based ceramic, lithium
disilicate glass ceramic, zirconia-reinforced lithium dis-
ilicate glass ceramic, and hybrid ceramic.5? In addition,
the bond strength of the materials treated with the self-
etching ceramic primer decreases significantly after simu-
lated aging.52>3

The currently available lithium disilicate glass ceramics
have different crystal structures. Rod-shaped and plate-
let-shaped crystals are common characteristics, but each
material contains a different proportion of these 2 crystal
morphologies.>* After heat treatment, lithium disilicate
glass ceramic exhibits reduced porosity and increased den-
sity due to the tight interlocking of the disilicate crystals.



1064

The mismatch in thermal expansion coefficients between
the lithium disilicate crystals and the glassy matrix gen-
erates compressive stress around the crystals, thereby
impeding subsequent crack propagation within the ma-
terial.*2 Regarding friction and wear, lithium disilicate
glass ceramic has abrasiveness similar to that of enamel.>®
It also exhibits excellent biocompatibility, including a fa-
vorable soft-tissue response, low plaque retention, and
good adhesion and proliferation of human epithelial cells
and gingival fibroblasts when the ceramic surfaces are
properly polished.>¢57

Indirect resin composite

Indirect resin composite restorations represent im-
provement over direct restorations in terms of physical
properties, such as hardness, wear resistance, color sta-
bility, polymerization shrinkage, and biocompatibility,
as they are subjected to heat, visible-spectrum light, vac-
uum, and pressure during fabrication (flexural strength
of 120-160 MPa; fracture toughness of 0.80—1.20 MPa-m*;
modulus of elasticity of 8.5-12.0 GPa).53%° They also
have a higher percentage of filler particles (75-92%
by weight) than direct resin composite materials (50—65%
by weight).5860:6! Although these procedures produce res-
torations that are smaller than the prepared cavities be-
cause of polymerization shrinkage, the shrinkage is still
less than that of direct resin composites. The resulting
spaces are ultimately compensated for by the cementa-
tion layer.® Indirect resin composites have lower resis-
tance to compressive stress than ceramics, but they have
greater tensile strength and better stress distribution.
Therefore, they are still used for the restoration of large
defects.®? Common indications for indirect resin com-
posites include long-term semi-permanent restorations,
such as large restorations in young patients or in teeth
undergoing orthodontic treatment.

Indirect resin composite undergoes polymerization
with a high degree of conversion, leaving few unreacted
monomers available for bonding to the adhesive resin.®®
Therefore, indirect resin composite requires mechani-
cal surface preparation. Creating a microrough surface
on the indirect resin composite by sandblasting is rec-
ommended.®* Before applying the adhesive resin, the me-
chanical bond to the microrough surface can be enhanced
by establishing a chemical bond through the application
of a silane coupling agent. The silane coupling agent binds
to the silica-based fillers in the indirect resin composite
and also increases the wettability of its surface.®

The intraoral repair of indirect resin composite restora-
tions with resin-based materials is less complicated than
the repair of ceramic restorations because of the compat-
ibility between the materials.®® The substrate, indirect resin
composite, is prepared in the same manner by sandblast-
ing, followed by a direct restoration using a dental adhesive
and a resin composite.®”

K. Wayakanon, P. Wayakanon. Indirect adhesive restorations

Hybrid ceramic

Hybrid ceramic materials are commercially available
as polymer-infiltrated ceramic networks (PICNs), con-
sisting of an 86% interconnected silicate glass-ceramic
skeleton, with leucite as the major phase and zirconia
as the minor phase, and 14% resin. Some microcracks have
been found between the different phases of this material.®’
When the fracture toughness of PICN is compared with
that of other tooth-colored restorative materials, PICN,
at 1.5 MPa-m*, has a lower fracture toughness than almost
all types of ceramics, except feldspathic ceramic, which
has a fracture toughness of approx. 1 MPa-m”. In com-
parison, lithium disilicate glass ceramic has a fracture
toughness of 2.37 MPa-m*, while zirconia has a fracture
toughness of 4.94 MPa-m”.”° Polymer-infiltrated ceramic
networks and indirect resin composites have desirable
low abrasiveness toward the opposing teeth.””2 To create
surface irregularities for bonding, the application of 4.5%
hydrofluoric acid for 60 s is recommended, as silicate glass
ceramic is the major component of PICN and forms its
framework.”

Polymer-infiltrated ceramic network has a lower elas-
tic modulus than other ceramic materials. Materials with
alow elastic modulus tend to absorb stress and distribute
it through the deformation of the restoration rather than
transferring it to the underlying resin cement and tooth
structure.”*”> These low-elastic-modulus materials have
demonstrated a higher rate of failure, such as displace-
ment or fracture. Nevertheless, they have also been shown
to protect the remaining natural tooth structure, particu-
larly against catastrophic fractures.”®””

Edge chipping is an inherent disadvantage of glass-ce-
ramic materials. The development of PICN has improved
this limitation of glass ceramics. However, the edge-chip-
ping resistance of PICN (120 N/mm) remains lower than
that of nanohybrid resin composites (275 N/mm), feld-
spathic ceramics (179 N/mm), and leucite-reinforced glass
ceramics (169 N/mm).”!

Zirconia

The zirconia used in this study was yttria-stabilized
zirconia (YSZ), a biocompatible material widely used
as a biomaterial. Yttria-stabilized zirconia can be clas-
sified according to its yttria content. Yttria stabilizes
the tetragonal phase of zirconia at room temperature,
reduces the coefficient of thermal expansion, and affects
the grain size of zirconia.”® The classification is often ex-
pressed as the mole percentage of yttria in tetragonal zir-
conia polycrystal (TZP).”#° Three-mol% yttria-stabilized
tetragonal zirconia polycrystal (3Y-TZP) is an early-devel-
oped form of YSZ with excellent mechanical properties
(flexural strength of 1,200-1,500 MPa; fracture toughness
of 3.50-4.50 MPa-m”; modulus of elasticity of 210.0 GPa),
but relatively low translucency. An increase in the yttria
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content results in the zirconia material containing both
tetragonal and cubic phases, classified as partially stabi-
lized zirconia (PSZ). Eight-mol% yttria-stabilized tetrago-
nal zirconia polycrystal (8Y-TZP) has a stable cubic phase
at room temperature, and is commonly referred to as cubic
stabilized zirconia (CSZ).7%8°

There are 3 main phases of zirconia: monoclinic at room
temperature; tetragonal above approx. 1,170°C; and cu-
bic above approx. 2,370°C. The mechanical properties
of the monoclinic phase are relatively poor, whereas
those of the tetragonal phase are superior. Incorporating
dopants, such as yttria, into the starting powder can par-
tially stabilize the tetragonal phase at room temperature,
resulting in improved strength and fracture resistance.
Under external stress, the metastable tetragonal phase
can transform back to the monoclinic phase. This stress-
induced transformation is accompanied by the expansion
of the zirconia crystals and alterations in their shape, which
generates compressive stress around the transformed re-
gions and help impede crack propagation. These changes
in the crystal structure increase the energy-absorption
capacity and resistance to damage of the material, a phe-
nomenon known as transformation toughening.8!-82

Although stabilization with yttria and transforma-
tion toughening reduce the risk of fracture in zirconia,
the material remains susceptible to an aging process
known as low-temperature degradation. The mechani-
cal properties, particularly strength, of aged zirconia
decrease as a result of the spontaneous transformation
of the tetragonal phase into the monoclinic phase. Dur-
ing usage, the zirconia lattice develops multiple oxygen
vacancies associated with the substitution of trivalent yt-
trium ions for tetravalent zirconium ions. These oxygen
vacancies facilitate the penetration of water into the zir-
conia lattice.®? The interaction with water destabilizes
the tetragonal phase and induces its transformation into
the monoclinic phase. This transformation is accom-
panied by an increase in grain volume, which generates
stress at the zirconia surface, and causes grain uplift and
the dislodgement of individual grains. Microcracks subse-
quently develop, allowing further penetration of water into
the deeper regions of the material. As the transformation
progresses into the bulk of the material, these microcracks
can propagate and eventually lead to fracture. In contrast,
the cubic phase does not undergo the same stress-induced
tetragonal-to-monoclinic transformation; therefore, zirco-
nia with a higher cubic-phase content is less susceptible
to low-temperature degradation.’48

Zirconia contains no silica in its composition, and
therefore cannot be effectively chemically etched, making
chemical adhesion alone insufficient for achieving a strong
bond.?¢ The principal method used to enhance the bond-
ing ability of zirconia is the creation of microroughness
on the intaglio surface by airborne-particle abrasion with
alumina, followed by the application of a phosphate meth-
acrylate monomer, particularly 10-methacryloyloxydecyl
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dihydrogen phosphate (MDP), to the treated surface
to promote chemical bonding.5”88 An alternative technique
is tribochemical silica coating followed by the application
of silane. However, tribochemical silica coating has been
questioned, as the silica layer formed on the surface may
be unstable over time.%®

Similar to other restorative materials bonded using ad-
hesive techniques, zirconia exhibits a higher bond strength
when bonded to tooth enamel than when bonded to den-
tin.% However, the bond strength of zirconia is significantly
lower than that of glass-based ceramics, particularly when
bonded to dentin, which constitutes much of the substrate
in complex cavities.*#99-%* Although zirconia has greater
fracture resistance than silica-based ceramics, its bond-
ing potential to dentin is limited. For minimally invasive
indirect adhesive restorations of complex cavities, tooth
preparation commonly results in a non-retentive cavity
predominantly involving dentin. Consequently, zirconia
is not recommended for non-retentive cavity preparations
that rely primarily on adhesion to dentin.

Preparation design for the bonded
indirect restorations of complex
cavities

General features of the cavity

Catastrophic fractures, whether partial or complete,
are the main cause of failure in the ceramic restorations
of posterior teeth.”> The preparation design has a signifi-
cant influence on stress distribution within the restoration
when it is subjected to occlusal loading. A proper prepa-
ration design can reduce mechanical stress, and thereby
decrease the risk of restoration fracture.”®?” Although
indirect resin composites are less brittle than ceramics,
the principles of tooth preparation are the same for both
materials.

After the removal of defects, the cavity commonly pres-
ents with intradentin undercuts and enamel that is un-
supported by dentin. Unsupported enamel is no longer
considered usable and should be removed initially to al-
low the adequate visualization of the underlying dentin
undercuts. However, all intact, sound enamel without
cracks or demineralized areas should be preserved as much
as possible, since enamel provides an excellent bonding
substrate for adhesive systems. Undercuts within the intact
dentin should be blocked out with a bondable resin com-
posite, thereby creating an appropriate path of insertion
for the restoration (Fig. 5).298-101

The most important physical feature of the prepared
cavity is that all internal edges and line angles must be
rounded. A smooth, rounded transition should be created
from the pulpal wall to the para-pulpal walls, and from
the para-pulpal walls to the approximal cavity walls. Sharp
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transitions between the cavity walls should be avoided
because, as can generate wedging forces between the ce-
ment and the restoration, potentially increasing the risk
of fracture.”®

Parallel walls are not required for adhesive bonding, since
retention is micromechanical on the surface of enamel
and dentin.”® The degree of divergence of the cavity walls
affects the susceptibility of ceramics to fracture. When
the cavity walls have a large degree of divergence, the re-
stored tooth is more vulnerable to fracture. The cavity
walls should not diverge more than 10° (Fig. 5).102

Even though the thickness of the restoration has no
substantial effect on its fracture resistance when using
the adhesive technique, the thickness of a brittle mate-
rial should not be neglected when it is used in a stress-
bearing area.!%® Different types of materials from different
manufacturers require different ideal thickness for func-
tion: lithium disilicate ceramic — 1.5 mm (min. 1.0 mm);
PICN - 1.5 mm (min. 1.0 mm); 3Y-TZP — 1.0 mm (min.
0.5 mm); 4Y-TZP and 5Y-TZP — 1.5 mm (min. 1.0 mm).
Commonly, the thinnest region of a posterior restoration
is at the fissure areas, which should have a minimum thick-
ness of 1.5 mm (Fig. 5).1% If there is insufficient clearance
space in the fissure area to receive the restoration, a round
instrument is recommended to deepen the fissure area.

Fig. 5. Tooth cavity preparation
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It has been shown that a flat pulpal wall is not required
for adhesive restorations.?

If the preparation design involves an intracoronal cav-
ity, the width of the cavity should be at least 2.5 mm, and
the thickness of the remaining cusp should be no less than
2 mm (Fig. 5).%°> A compromised tooth, whether endodon-
tically treated or cracked, should have a thickness of the re-
maining wall of no less than 3 mm.1%>1% [f the preparation
cannot meet this requirement, the cusp of the affected
wall should be shortened. The proximal margin should
be extended without contacting the adjacent tooth. This
approach enables clear identification of the margin with
either a conventional impression or a digital scan, and fa-
cilitates the removal of excess adhesive cement and the fin-
ishing of the margin after the restoration is delivered.1%

The efficacy of the bond between the restorative material
and the remaining tooth structure is vital to the longevity
of the restoration. Phosphoric acid-etched enamel provides
significantly greater shear bond strength (50-90 MPa)
than dentin (45-70 MPa).!%8 It is recommended to preserve
as much intact enamel as possible, as it is more stable over
time than dentin.!® This is because enamel is not sub-
ject to the enzymatic degradation associated with dentin,
which is mediated by matrix metalloproteinases (MMPs)
and cysteine cathepsins (CCs).!11%111 The restoration

When restored with bondable materials, an intracoronal cavity must have a minimum width of 2.5 mm and a minimum depth of 1.5 mm. The minimum
thickness of the remaining cusp should be 2 mm. The intradentin undercuts (U) must be blocked out with a bondable resin composite, in contrast

to the non-undercut area (N), which should have a divergence (6) of approx. 10°.
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margins are among the most critical areas, as they are
particularly susceptible to dental caries, which is a com-
mon cause of indirect restoration failure. A non-beveled
preparation should be used at the margins of ceramic and
resin-based restorations, since adequate material thickness
contributes to their strength.!'? Therefore, a continuous
enamel margin without a bevel and a preparation margin
angle of 90° is recommended to maximize bonding ef-
fectiveness and marginal durability, thereby contributing
to the longevity of the restoration.®>%”

Margin preparation design

Placing the preparation margin on enamel is a reliable
approach for ensuring effective bonding with the dental
adhesive system. In addition to its effect on bond strength,
the marginal design influences the clinical success
of the restoration in several other ways. The preparation
margin must be sufficiently strong to withstand chew-
ing forces and sufficiently smooth to allow proper seat-
ing of the restoration, and facilitate cleaning and plaque
removal. Importantly, the restoration margin should fit
as closely as possible to the preparation finishing line
to minimize the amount of exposed cement, and thereby
reduce microleakage and the risk of secondary caries.

When the remaining wall thickness of a compromised
tooth is less than 3 mm, the cusp associated with the thin
wall should be reduced.?%>1019 Importantly, it is recom-
mended that compromised teeth, including endodonti-
cally treated and cracked teeth, have all cusps restored
and receive restorations with full occlusal coverage.!13-11>
The required restoration thickness in a reduced-cusp area
depends on the type of material used. Lithium disilicate
glass ceramics should be at least 1.5-millimeter thick,
whereas feldspathic ceramics and leucite-reinforced glass
ceramics should be at least 2-millimeter thick in reduced-
cusp areas (Fig. 6).1%

A shoulder margin preparation with a rounded internal
line angle (a radial shoulder) is recommended for resin
composite or ceramic restorations. A shoulder margin
is a common margin design that can be placed at any lo-
cation on the prepared tooth and has a width of approx.
1 mm (max. 1.5 mm). A bevel preparation (contra-bevel
preparation) is an alternative margin design for areas
of cuspal reduction when an esthetic transition between
the tooth and the restoration is desired.!’® A bevel prepa-
ration with an inclination of 45° or greater is performed
to avoid unsupported enamel and provide an adequate bulk
of the restorative material at the margin (Fig. 6).2°

The height of the axial walls determines the path of in-
sertion of the restoration, and contributes to its stability
and reliability during delivery. The height of the axial walls
has no effect on the fracture resistance of the restoration.?®
However, an axial wall height of at least 2 mm is recom-
mended for compromised teeth to strengthen the remain-
ing tooth structure by providing a ferrule effect (Fig. 6).16
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The biologically oriented preparation technique
(BOPT) was introduced because gingival recession is one
of the most common complications associated with resto-
rations in proximity to the periodontal tissues. This proce-
dure is intended to enhance periodontal tissue stability and
promote the coronal migration of the marginal gingival
tissue.!'” The technique combines tooth preparation with-
out a defined finishing line with the immediate placement
of a provisional restoration. A vertical tooth preparation
is performed to eliminate the anatomical emergence pro-
file without creating a finishing line.!® Simultaneously,
the gingival sulcus is de-epithelialized (gingitage), allow-
ing tissue regeneration.!!® The provisional restoration
must have an emergence profile that accurately mim-
ics that of the natural tooth. The immediate placement
of the provisional restoration helps preserve the biological
space, the cervical contour of the tooth, and the blood clot
formed following the de-epithelialization of the gingival
sulcus. Moreover, the provisional restoration accelerates
the tissue-healing process, allowing the surrounding tis-
sues to adapt their form and position to the new restoration
profile. The thickened gingival tissue subsequently remod-
els over time to conform to the definitive restoration.!?°

Deep margin elevation (coronal margin
relocation)

Deep margin elevation is the process of repositioning
a subgingival finishing line to a supragingival margin
by applying directly bondable restorative materials beneath
the margin of an indirect restoration.!?122 Several ben-
efits can result from deep margin elevation. For example,
it facilitates access to otherwise difficult to visualize areas
during impression taking, intraoral scanning and restora-
tion delivery.!?3-126 The deep margin elevation technique
is generally performed in conjunction with immediate
dentin sealing (IDS) in the same area to reduce marginal
leakage and enhance bond strength (Fig. 7).1%

In the deep margin elevation procedure, dental adhe-
sives and resin composite materials are used to elevate
the prepared margin by no more than 2 mm. Glycerin gel
coating is recommended during the final polymerization
step, followed by finishing and polishing. A bitewing ra-
diograph should then be taken to evaluate the quality and
adaptation of the resin composite elevation.'??

In some situations, deep margin elevation can substitute
for surgical crown lengthening, thereby avoiding poten-
tial anatomical complications, such as furcation expo-
sure or the loss of periodontal attachment.!?® However,
the decision to use deep margin elevation as an alterna-
tive depends on the individual patient, as the invasion
of the biological width has also been reported following
this procedure.'?>!30 Surgical crown lengthening is gen-
erally required when the distance between the restora-
tion margin and the alveolar bone crest is less than 2 mm.
When this distance is greater than 2 mm, deep margin
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Fig. 6. Various margin preparation designs

A1-A4 - shoulder margin; B1-B4 — contra-bevel margin; C1-C4 — wrap-around-shoulder margin.

For the contra-bevel margin, the inclination (6) of the bevel preparation should be at least 45° to prevent unsupported enamel and provide an adequate
bulk of the restorative material at the margin. Wrapping the shoulder margin around the tooth creates an axial wall. The height of this axial wall (H)
contributes to restoration stability, establishes the path of insertion and functions as a ferrule (M — mesial surface; D — distal surface; B - buccal surface;

L - lingual surface).
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Fig. 7. Immediate dentin sealing (IDS)

The IDS procedure is recommended for all freshly cut dentin. A difficult-
to-access subgingival area can be managed with the deep margin
elevation procedure during IDS, using the same adhesive system.

A flowable resin composite can also be applied over the IDS adhesive
to block small undercuts and enhance the integrity of the adhesive
interface through its hydrophobic properties.

elevation can be performed, as sufficient space remains
to preserve connective tissue attachment. When the dis-
tance is less than this threshold, surgical crown length-
ening is required to create adequate space for connective
tissue attachment.!3!

Even conservative treatment using an adhesive restora-
tion can sometimes require a preparation with a subgin-
gival margin extending onto the root dentin. This is be-
cause the proximal margin is frequently located beyond
the cementoenamel junction (CEJ) as a result of exten-
sive dental caries. This location can make the restora-
tion preparation and cementation procedures difficult,
so deep margin elevation is commonly recommended
in such circumstances (Fig. 7). However, this area lacks
enamel, and dentin and cementum do not provide bond-
ing as effectively as enamel 190122132 Thys, although many
studies have found no difference in the overall marginal
integrity of restorations with or without deep margin el-
evation, some studies have demonstrated more favorable
outcomes with deep margin elevation in other aspects,
such as sealing ability, bond strength and fracture resis-
tance.24-126133-138 Cyrrently, there is insufficient evidence
to support the routine use of this technique, since its clini-
cal outcomes can be unpredictable. Nevertheless, deep
margin elevation can be a useful alternative when surgical
crown lengthening is contraindicated or presents anatomi-
cal challenges, such as furcation involvement, root proxim-
ity or root concavity.!*

Immediate dentin sealing
The traditional procedure for indirect restorations re-

quires at least 2 appointments. During the 1 appoint-
ment, the tooth is prepared, followed by an immediate
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conventional impression or digital scan, and temporary
luting of a provisional restoration. During the 2"¢ appoint-
ment, the definitive restoration is cemented onto the tooth.
Specifically, the adhesive resin used during the cemen-
tation procedure is applied to dentin that is no longer
freshly cut, as the freshly cut dentin was exposed to both
the impression material and the temporary luting cement
during the 1% appointment. This process is therefore re-
ferred to as delayed dentin sealing (DDS).10-142 Residues
from the impression material and the temporary luting
cement can remain on the dentin surface and infiltrate
the dentinal tubules. This can interfere with hybridization
by the adhesive resin and reduce bond strength.14?

The IDS procedure involves applying an adhesive resin
to freshly cut dentin immediately after tooth preparation
(Fig. 7). Although a wide variety of adhesive systems can be
used for IDS, only three-step etch-and-rinse and two-step
self-etch adhesive systems have been shown to improve
the bond strength between freshly cut dentin and the res-
toration by creating a stable hybrid layer.!*1%3 In contrast,
when two-step etch-and-rinse or one-step self-etch adhe-
sive systems are used for IDS, they do not provide advan-
tages over the DDS technique.** Ideally, the adhesive resin
should bond to the uncontaminated dentin to create an ef-
fective hybrid layer.!*3145 The IDS procedure allows the ad-
hesive resin to penetrate deeply into dentin and polymerize
before cementation, resulting in a well-developed hybrid
layer. This differs from conventional adhesive cementation,
in which the adhesive resin is applied when the restora-
tion is seated to avoid incomplete seating of the restora-
tion.}*¢!%” During seating, pressure can cause the collagen
fibers within dentin to collapse, resulting in an imper-
fect hybrid layer and a lower bond strength as compared
to the separate polymerization of the adhesive resin and
the resin cement.*8-15! A well-developed hybrid layer can
protect against bacterial infiltration and dentin sensitiv-
ity while enhancing bond strength 142152153 Effective IDS
can also reduce microleakage through the gaps between
dentin and the restoration, and promote better adaptation
of the restoration to dentin.14>148:15¢

Either a three-step etch-and-rinse adhesive system
or a two-step self-etch adhesive system is recommended
for IDS. Moreover, an adhesive resin containing fill-
ers provides a uniform film thickness of approx. 88 pm,
which is advantageous for creating a high-quality hybrid
layer.!® If an unfilled adhesive resin must be used, a flow-
able resin composite is particularly recommended. When
a flowable resin composite is applied over the thin film
of an adhesive resin, the hydrophobic properties of both
resins improve the integrity of the adhesive interface and
make it more receptive to resin cement, particularly chem-
ical- or dual-cured cements, thereby avoiding adhesion
incompatibility.1¢

When performing IDS, the adhesive resin must un-
dergo a second polymerization under glycerin gel, which
functions as an air-blocking agent, and thereby reduces
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the oxygen-inhibited layer. This step is followed by rins-
ing with an air-water spray. Importantly, any excess adhe-
sive resin on enamel should be removed with a dental bur
to complete the IDS procedure.*® Although glycerin is used
to reduce the thickness of the oxygen-inhibited layer, an ap-
prox. 40-micrometer layer can still remain on the sur-
face.l’”1>8 The hydrophilic monomer hydroxyethyl meth-
acrylate (HEMA), which is a component of adhesive resins,
is also present in the oxygen-inhibited layer. This can cause
the residual inhibition of the polymerization of elastomeric
impression materials.!® The platinum salt that functions
as the polymerization catalyst in vinyl polysiloxane can be
scavenged by and react with the oxygen-inhibited layer,
resulting in the inhibition of vinyl polysiloxane polym-
erization.!®® Polyether impression materials, which are
hydrophilic and have greater stiffness and lower tear re-
sistance than vinyl polysiloxane, contain cationic initiators
that can react with monomer free radicals in the oxygen-
inhibited layer. This can result in ionic copolymerization,
allowing the superficial surface of the polyether to adhere
to the adhesive resin surface and causing the superficial
layer of the impression to tear easily during removal.!>

The oxygen-inhibited layer of IDS can also affect the pro-
visional restoration. The resin-based materials used for
the provisional restoration can bond to the adhesive resin
of IDS during fabrication through the oxygen-inhibited
layer.'® Therefore, the oxygen-inhibited layer should be
removed with either pumice or ethanol before taking
the impression and fabricating the bis-acryl provisional
restoration under a heavy separating medium.!16!

At the appointment for the delivery of the definitive res-
toration, the cavity surface should be air-abraded,'* after
which the appropriate adhesive technique for the resin ce-
ment can be performed. It is important to note that various
adhesives used for IDS and/or definitive cementation may
contain acidic monomers, and the interactions between
different acidic monomers can affect bond strength. For
example, a low shear bond strength has been reported
when phosphate methacrylate interacts with carboxylic
methacrylate.!%2 Even when 2 adhesives contain phosphate
methacrylate monomers, the bond strength between them
can be low, since they contain different types of phosphate
functional monomers.'®> To avoid compromised bond
strength caused by the interactions between acidic mono-
mers, the safest approach is to avoid combining different
types of acidic monomers.'°> When two adhesives contain
the same acidic monomer, this interaction is not a concern.

Durability of the bonded indirect
restorations of complex cavities

The fracture resistance of a large complex cavity is sig-
nificantly reduced by the loss of a substantial portion
of the tooth structure. After the placement of a bonded
restoration, the fracture resistance substantially increases.?
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Although a bonded restoration can reinforce the remain-
ing tooth structure, the durability of the adhesive bond re-
mains a concern. The flexure of the tooth during chewing
contributes to the mechanical degradation of the adhesive
interface, which occurs in combination with hydrolytic and
enzymatic degradation.'®® The subsequent loss of adhesion,
marginal leakage, and an increased flexure of the cavity
walls can ultimately lead to the fracture of the remaining
tooth structure.’®* Although the bond strength to enamel
is greater and more reliable than that to dentin, the fatigue
resistance of the enamel bond is substantially lower than
that of the dentin bond.'*4-1%6 Enamel fatigue failure often
initiates and propagates within enamel as a crack, without
adhesive failure, in the form of enamel cohesive failure.1%*

The fracture of an etchable ceramic restoration used
as a bonded indirect restoration in a complex cavity
is a particular concern in patients who clench or grind
their teeth (bruxism). The failure rate of lithium disilicate
glass ceramic restorations in patients with bruxism has
been found to be not significantly different from that in pa-
tients without bruxism. However, feldspathic ceramics and
leucite-reinforced glass ceramics have been associated with
higher failure rates in patients with bruxism.167-16°

The thickness of lithium disilicate glass ceramic restora-
tions affects the tensile stress distribution within the resto-
ration. Thin restorations develop higher tensile stress, which
increases their risk of fracture.!”® The thickness of the ce-
ment layer also influences stress at the adhesive interface.
As cement layer thickness increases, greater stress is gener-
ated at the adhesive interface as a result of the polymeriza-
tion shrinkage of the adhesive resin cement.'”* Thus, both
the thickness of the restoration and the thickness of the ce-
ment layer can influence the longevity of the restoration.

The degree of conversion of the adhesive resin cement
is another important factor that should be considered.
The effects of the translucency and thickness of lithium
disilicate glass ceramic restorations on the degree of con-
version of light-cured adhesive resin cement have been in-
vestigated. The translucency of the restorations had no sig-
nificant effect on the degree of conversion, whereas lithium
disilicate glass ceramic restorations thicker than 1 mm sig-
nificantly reduced the degree of conversion of the adhesive
resin cement.!”? Since posterior restorations made of lith-
ium disilicate glass ceramic generally require a minimum
thickness of 1.5 mm,??>!73 dual-cured or chemically cured
adhesive resin cement is recommended instead of light-
cured resin cement. In this way, adequate polymerization
can be achieved despite the thickness of the restoration.

Conclusions

Minimally invasive indirect adhesive restoration
is a conservative procedure for reconstructing large areas
of destroyed natural tooth structure. This technique is rec-
ommended for complex cavities that are difficult to restore
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directly with conventional fillings. Since the technique
allows the intact natural tooth structure to be preserved
as much as possible, the cavity is prepared in a non-re-
tentive form and does not require the creation of a major
mechanical retentive form.
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Abstract

Background. Clinical use of mineral trioxide aggregate (MTA) is often associated with several challenges,
including a prolonged setting time, poor handling characteristics and compromised physical properties in
the presence of tissue fluids. Mineral trioxide aggregate, when used as a perforation repair or root-end filling
material, needs adequate strength to withstand the forces acting on it. Recently, several researchers have
attempted to overcome these challenges through the use of various additives.

Objectives. To evaluate the physical and antimicrobial properties of MTA reinforced with gold nanoparticles
(AuNPs).

Material and methods. Sixteen customized putty molds (6 mm in height x 4 mm in diameter) were filled
with the materials assigned to 2 groups: control group, MTA (n = 8); and experimental group, MTA -+ AuNPs
(n=28). Compressive strength (CS) was evaluated using a universal testing machine, while setting time was
assessed using a flat-ended indenter. The antimicrobial properties of MTA and MTA -+ AuNPs were evaluated
using the aqgar diffusion method against Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, and Candida albicans. The data was statistically analyzed using an unpaired t-test.

Results. Compressive strength was significantly higher in the MTA + AuNPs group (115.75 +2.22 MPa) than
in the MTA group (55.00 £5.35 MPa) (p < 0.001). The MTA + AuNPs group also demonstrated a significantly
shorter setting time than the MTA group (48.05 min vs. 165.00 min, respectively). The unpaired t-test revealed
a significantly greater antimicrobial activity against all tested microorganisms in the MTA 4 AuNPs group
than in the MTA group (P. aeruginosa > £. coli > . aureus > . faecalis > C. albicans).

Conclusions. Incorporation of AUNPs into MTA enhanced CS, shortened setting time and increased antimi-
crobial activity against the tested microorganisms.

Keywords: compressive strength, mineral trioxide aggregate, gold nanoparticles, setting time, antimicrobial
efficacy
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+ The incorporation of 1% gold nanoparticles (AuNPs) significantly increased the compressive strength of mineral

trioxide aggregate (MTA).

+ Gold nanoparticles significantly reduced the setting time of MTA.
+ Gold nanoparticle-reinforced MTA demonstrated enhanced antimicrobial activity against all tested microorganisms.
+ These findings support AuNPs as a potential additive for improving MTA properties.

Introduction

Mineral trioxide aggregate (MTA), owing to its supe-
rior biocompatibility and cementogenic properties, has
shown successful outcomes when used for perforation
repair, pulp capping, apexification, or as a retrograde fill-
ing material.! Hydration of this silicate-based biomate-
rial with distilled water leads to the formation of calcium
silicate hydrate and calcium hydroxide in the crystalline
phase of set MTA, followed by the formation of hydroxy-
apatite (Ca;o(PO4)s(OH),). An extended setting time, poor
handling characteristics and compromised physical char-
acteristics in the presence of tissue fluids are the main
challenges of MTA, especially when used as a perforation
repair or root-end filling material, where adequate strength
is required to withstand the forces acting on the material.2
Recently, a number of researchers have attempted to ad-
dress these issues by utilizing specific additives (calcium
chloride, bioactive glass, TiO, particles) and by using al-
ternative hydration liquids (calcium chloride and calcium
gluconate).?

In recent years, nanotechnology has emerged as a prom-
ising approach for enhancing the physical properties
of various dental materials.* A greater surface-to-volume
ratio and a greater quantity of atoms at their grain periph-
eries make nanoparticles (NPs) unique. The physical and
chemical properties of materials become quite different
when the size and number of atoms are greatly reduced.>®
Nanoparticles have the ability to be easily arranged in
various configurations due to their high surface-to-core
ratio, thus making them amenable to manipulation and
enabling diverse applications. Nanoparticles have found
their place in various aspects of dental sciences, includ-
ing the use of titanium dioxide or zirconium dioxide NPs
for improving the physical properties of denture resin,
the addition of bioglass, zirconia and glass ceramics to
endodontic sealers, or the addition of nanosilver to root
canal disinfectants, to name a few.’

A nanoparticle that has recently garnered signifi-
cant interest is the gold nanoparticle (AuNP). Being
one of the oldest dental restorative materials, gold is
known for its superior antibacterial properties and high
biocompatibility.® When converted to an NP form, its
properties are further enhanced. Gold NPs have high

chemical stability, photostability and low toxicity.” The
use of organic complexes of Au(I) and Au(III) ions as
a mode of antibiotic delivery enhances the bactericidal
effect of the antibiotics.l® Many studies have investi-
gated the use of AuNDPs in dentistry, including appli-
cations in AuNP-coated dental floss, AuNP-modified
dental aligners, AuNP-stabilized dental implants, and
tumor screening.!t12

The present study aimed to evaluate the potential posi-
tive effects of the incorporation of AuNPs on the physical
and antimicrobial properties of MTA. The null hypothesis
was that the addition of AuNPs would not enhance the
antimicrobial efficacy, increase the compressive strength
(CS) or reduce the setting time of MTA.

Material and methods
Synthesis of citrate-capped AuNPs

Gold nanoparticles (30 nm in diameter) were produced
by refluxing 0.625 mL of 1% aqueous trisodium citrate
with 50 mL of 0.25 mM chloroauric acid (HAuCl,) un-
til the solution turned wine red. Trisodium citrate acted
as both a reducing and a stabilizing agent. The result-
ing AuNP solution was collected and lyophilized for
further use. The size of the AuNPs was confirmed by
placing 2.0 pL of the AuNP solution at a concentration
of 0.1 mg/mL!in purified water (Milli-Q® H,O; Merk
Millipore, Darmstadt, Germany) on a carbon-coated grid
and allowing it to dry. The sample was then examined with
the use of a transmission electron microscope (Leo 912
AB; Carl Zeiss, Oberkochen, Germany) at 120 kV (x40,000
magnification).!®

Preparation of a mixture of MTA and AuNPs

Sixteen customized cylindrical molds made of addition
silicone putty, with a height of 6 mm and an internal diam-
eter of 4 mm, were prepared (Advancing Standards Trans-
forming Markets (ASTM) standard E384).1* Mineral triox-
ide aggregate (8 g) and AuNDPs corresponding to 1% of the
MTA weight (0.08 g) were weighed using an electronic
weighing scale (Wensar, Chennai, India). The materials
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were combined and mixed with a stainless-steel spatula
on a glass slab using saline as the liquid phase at a powder-
to-liquid ratio of 3:1. The resulting MTA—AuNP mixture
constituted the experimental material.
For comparison of the physical properties, the specimens
were allocated to 2 groups:
« control group: MTA alone (n = 8);
« experimental group: MTA containing 1% AuNPs by
weight (n = 8).

Compressive strength testing

Four samples from each group were used for CS testing.
The mixed cement was packed into the molds and stored
in an incubator at 37°C for 4 days. After setting, the speci-
mens were removed from the molds and visually inspected
for voids and chipped edges.

Compressive strength was evaluated with a universal
testing machine (Heico, New Delhi, India). A compres-
sive load was applied parallel to the long axis of the
molds at a crosshead speed of 1 mm/min until the frac-
ture occurred. The maximum load required to fracture
each specimen was recorded. Compressive strength was
calculated using the following formula:

CS = applied load [N] / area [mm?]
Setting time testing

Setting time was evaluated in accordance with
ISO 9917-1. A flat-ended indenter measuring 1.0 mm in
diameter and carrying 400 g load was carefully applied ver-
tically to the surface of the tested material. The procedure
was repeated every 60 s. The final setting time was noted
when the indenter no longer produced an indentation on
the material.'®

Antimicrobial activity testing
Antimicrobial activity was evaluated against 4 bac-

terial species: Enterococcus faecalis (ATCC 29212);
Escherichia coli (ATCC 25922); Pseudomonas aeruginosa

Table 1. Intergroup comparison of compressive strength (CS) and setting time

Control group (MTA)

Variable
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(ATCC 15692); and Staphylococcus aureus (ATCC
29213), as well as 1 fungal species, Candida albicans
(ATCC 10231). Antimicrobial efficacy was assessed us-
ing a double-layer agar diffusion method. Plates contain-
ing fresh cultures were prepared for all microorganisms
tested. Two wells, each measuring 4 mm in depth and
6 mm in diameter, were prepared in each plate using
a sterile copper band and filled with the respective test
materials. The plates were maintained at room tem-
perature for 2 h to allow pre-diffusion of the materials
and were subsequently incubated at 37°C for either 24 h
or 72 h. The microbial inhibition zones surrounding
the set materials were measured using a caliper with
a precision of 0.1 mm.

Statistical analysis

An independent samples ¢-test was used to compare the
mean values of the physical and antimicrobial properties
between the 2 groups. A two-sided (two-tailed) test with
a significance level of a = 0.05 was used. A p-value <0.05
was considered statistically significant.

Results

Tables 1 and 2 present the mean and standard devia-
tion values for the physical properties and growth inhi-
bition zone diameters against the different microorgan-
isms tested in the MTA and MTA + AuNPs groups. For
both physical properties evaluated, the unpaired ¢-test
demonstrated a significant effect of material type (with
and without AuNDPs) on setting time and CS. Compared
with the control group, the experimental group showed
significantly higher CS and lower setting time values
(p < 0.001). The unpaired ¢-test also revealed signifi-
cant differences between MTA and MTA + AuNPs in
antimicrobial activity against E. faecalis, C. albicans,
E. coli, P. aeruginosa, and S. aureus (p < 0.001). Over-
all, the antimicrobial activity ranked in descending or-
der as: P. aeruginosa > E. coli > S. aureus > E. faecalis
> C. albicans.

Experimental group (MTA + AuNPs)

t-value

Compressive strength

55.00 535
[N]
SRS 165.00 163
[min]

115.75 222 20.97 <0.001*

48.05 0.40 139.04 <0.001*

* statistically significant (p < 0.05, independent samples t-test); M — mean; SD - standard deviation; MTA — mineral trioxide aggregate; AuNPs — gold

nanoparticles.
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Table 2. Intergroup comparison of antimicrobial activity against the tested microorganisms

Control group (MTA)

Experimental group (MTA + AuNPs)

Variable Microorganism B
24h 6.75 0.50 17.75 0.96 —20.37 <0.001*
E. faecalis
72 h 7.75 0.50 20.50 0.58 —33.39 <0.001*
24h 6.75 0.50 15.25 0.50 —24.04 <0.001*
C. albicans
72 h 9.00 0.82 15.50 0.58 —13.00 <0.001*
Zone of inhibition o 72h 8.00 0.82 2525 0.96 -2742 <0.001*
[mm] 24h 7.00 082 27.00 0.82 ~3464 <0.001*
24 h 10.00 0.82 28.50 0.58 —37.00 <0.001*
P. aeruginosa
72 h 8.00 0.82 29.25 0.50 —44.39 <0.001*
72h 9.00 0.82 24.50 0.58 -31.00 <0.001*
S. aureus
24 h 8.00 0.82 25.50 0.58 —35.00 <0.001*

* statistically significant (p < 0.05, independent samples t-test).

Discussion

The first known use of AuNPs dates back to 1971.1¢
Gold nanoparticles are characterized by chemical stabil-
ity, compatibility and antibacterial activity, making them
a potential additive to dental cements, particularly because
they can retain their nanometric dimensions in the pres-
ence of an appropriate stabilizer.® In the present study,
AuNPs were produced using a reduction method with
sodium citrate as the reducing agent. This approach is
widely employed due to its versatility and the ease with
which particle size and shape can be controlled. To pre-
vent NP aggregation, citrate was used as a capping agent
to stabilize the NPs.'”

The physical parameters evaluated in the present
study were setting time and CS, while antimicrobial ef-
ficacy was assessed against the bacterial species (E. coli,
E. faecalis, S. aureus, P. aeruginosa) and the fungal species
(C. albicans). Gram-positive bacteria are predominant in
primary root canal infections, while E. faecalis and yeasts
such as C. albicans are more commonly found in retreat-
ment cases.'8

High CS is a critical property of any dental restorative
material, as the restoration must withstand masticatory
forces that may reach 284 N.!° The results of the pres-
ent study showed a significant increase (110.5%) in mean
CS in the experimental group compared with the control
group (115.75 £2.22 MPa vs. 55.00 +5.35 MPa, respec-
tively; p < 0.001) (Table 1). High CS is particularly desir-
able when MTA is used as a perforation repair material,
for pulp capping, or as an apical plug in apexogenesis. It
has been reported that the initial CS of MTA is 40 MPa
and may increase to 67 MPa within 3 weeks.! The CS
of calcium silicate-based biomaterials reflects the extent
to which hydration and maturation occur during cement
setting. The increase in CS observed after the incorpora-
tion of AuNPs may be attributed to accelerated hydration,

reduced cement porosity, increased density of particle in-
terfaces, and the ability of the NPs to act against compres-
sive forces.?02!

Similar outcomes with the use of NPs have been reported
in previous studies. Samiei et al. observed a substantial
increase in the CS of MTA following the incorporation
of 1% by weight TiO, NPs, while Elsaka et al. noted im-
proved CS when glass ionomer cement (GIC) was rein-
forced with TiO, NPs.?>23 Reinforcement of GIC with 3%
TiO, NPs improved CS; however, higher concentrations
of 5% and 7% adversely affected surface microhardness.
This effect may be attributed to the smaller particle size
and larger surface area of TiO, NPs compared with glass
particles, resulting in an insufficient amount of the poly-
acrylic ionomer matrix to effectively bind the increased
quantity of TiO, NP powders and consequently weakening
the interfacial bonding between the particles and the iono-
mer matrix. Interestingly, another study by Samiei et al.
reported contrasting results, with a noteworthy reduction
in the CS of MTA following the incorporation of 2% by
weight Ze—Ag—Zn NPs.?* These findings suggest that both
NP size and the amount incorporated have an effect on
the physical properties of the biomaterial. As no previous
studies have evaluated the effect of AuNP incorporation
on the properties of MTA, a concentration of 1% AuNPs by
weight was selected based on findings obtained with other
nanoparticles. Higher AuNP concentrations might ad-
versely affect the adequacy of MTA constituents required
to maintain its inherent bioactive and physical properties.

A long setting time of almost 3 h has long been considered
a drawback of MTA.?® This is particularly relevant when
MTA is used as a root-end filling material following apical
surgery or as a perforation repair material, because the unset
material may be susceptible to contamination or washout.
Clinically, a setting time of up to 25—-30 min is desirable,
as faster setting reduces the likelihood of contamination
and provides greater initial strength, thereby reducing the
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risk of material washout. The results of the present study
showed that the mean setting time was significantly shorter
in the MTA + AuNPs group than in the MTA group (48.05
+0.40 min (range: 47.50—48.40 min) vs. 165.00 +1.63 min
(range: 163—167 min), respectively; p < 0.001).

A smaller particle size of the powder reactant provides
a larger surface area per unit mass, which catalyzes the
reaction. Thus, the setting reaction is influenced by the size
of the NPs incorporated into the material.2° The nanostruc-
ture and composition of the unreacted powder facilitate
rapid hydration and the formation of a nanoporous calcium
aluminate silicate hydrate microstructure, thereby promot-
ing both rapid setting and an effective bioactive response.?’

Evaluation of the antimicrobial properties showed that
MTA reinforced with AuNPs produced significantly larger
zones of inhibition against all tested microorganisms than
MTA alone. The antimicrobial activity ranked in descend-
ing order as: P. aeruginosa > E. coli > S. aureus > E. faecalis
> C. albicans.

Previous studies have similarly demonstrated the poten-
tial of nanotechnology to improve the antimicrobial effi-
cacy of MTA. In a study conducted by Samiei et al. in 2013,
the antimicrobial properties of MTA and MTA contain-
ing silver NPs (MTA/SN) were tested against E. faecalis,
P. aeruginosa, S. aureus, and C. albicans. For E. faecalis,
C. albicans and P. aeruginosa, the microbial inhibition
zones produced by MTA/SN were significantly larger
than those produced by MTA alone.?8 The results of the
present study are also consistent with those reported
by Akbari et al., who observed increased antimicrobial
efficacy of MTA with and without silver NPs against
E. faecalis, S. aureus and C. albicans.”

In the present study, the antimicrobial effect of AuNPs
differed between gram-positive and gram-negative bacte-
ria. The difference may be related to differences in bacte-
rial membrane structure, particularly the thickness of the
peptidoglycan layer, which is 50% higher in gram-positive
than gram-negative bacteria.?’

The significant difference between the 2 groups may also
be related to direct interactions between AuNPs and bac-
terial cells, potentially resulting in membrane penetration
and disruption of cellular function. The high surface-to-
volume ratio of NPs may enhance their antibacterial activ-
ity by promoting intracellular generation of reactive oxygen
species.?® Gold nanoparticles incorporated into MTA ex-
erted antimicrobial effects by altering membrane poten-
tial and reducing adenosine triphosphate synthase activity,
thereby disrupting bacterial metabolism. Another signifi-
cant advantage of NDPs is that, unlike antibiotics, they are
less likely to promote bacterial resistance, as NPs directly
interact with bacterial cell walls, leading to cell death.3!-32

The present investigation was limited by its in vitro
design and relatively small sample size. Further research
should evaluate different concentrations and particle sizes
of AuNPs. A clinical study will be required to validate the
results obtained in the present study.
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Conclusions

The findings of the study suggest that the addition
of AuNPs to MTA increases CS, reduces setting time, and
enhances antimicrobial activity against the tested species.
Reinforcement of MTA with AuNPs appears to improve
material properties and may therefore have potential clini-
cal relevance. Further studies evaluating different AuNP
concentrations are warranted.
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