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1. INTRODUCTION

Infections in the maxillofacial region may originate from dental sources
(odontogenic) or non-dental sources (non-odontogenic). These infections
exhibit a broad clinical spectrum. These infections can range from localised
cellulitis or abscesses to life-threatening clinical conditions that can extend
to deep neck spaces (1). Despite advances in antibiotic treatment and surgical
approaches, morbidity remains a significant problem, particularly in cases
involving spread along the facial planes. The occurrence of severe complications
such as sepsis and mediastinitis, highlights the clinical importance of early
diagnosis and appropriate management of these infections (2).

Non-odontogenic infections frequently develop from upper respiratory
tract infections centred on the tonsillopharyngeal region, trauma, foreign
bodies, infected cystic lesions, salivary gland pathologies, or other head and
neck sources (3). The aetiology of deep neck infections varies depending on
the centre where the study was conducted and the patient population; while
tonsillopharyngeal sources are predominant in some series, odontogenic
infections are among the most frequently identified aetiological factors in
other studies (4). This variability makes the accurate identification of the
source of infection and timely implementation of effective source control even
more important in clinical practice (5).

Odontogenic infections mostly originate from dental foci such as pulp
and periapical infections, periodontal diseases or pericoronitis. Although the
infection may initially remain confined within the alveolar bone, following
cortical bone perforation, it tends to spread along low-resistance facial planes
into neighbouring anatomical spaces. This pattern of spread is closely related
to the location of the tooth where the infection originated, the level at which
cortical perforation occurred, and the surrounding muscle-fascia relationships
(6). Clinically, the emergence of findings such as trismus, dysphagia, or
dyspnoea often indicates involvement of deep anatomical spaces and suggests
that the infection has progressed to a more advanced stage (7).

The threshold at which clinical risk significantly increases in odontogenic
infections is the progression of the infection from the primary facial spaces
to the deep neck spaces (3). Multiple space involvement has been associated
with higher inflammatory markers, prolonged hospital stay, and the need
for intensive care. Therefore, accurate assessment of the anatomical spread
patterns of the infection not only improves diagnostic accuracy but also
directly contributes to predicting prognosis and determining the appropriate
treatment strategy (7,8).

At this point, the role of oral and maxillofacial radiology becomes clear.
In situations where clinical examination is limited in deep anatomical areas,
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imaging methods guide the clinical decision-making process by revealing the
actual spread of the infection (9). Contrast-enhanced computed tomography
(CT) is one of the most frequently used imaging methods in practice because
itallows for the rapid evaluation of both bone and soft tissue and demonstrates
critical findings such as abscess location and extent, gas presence, and airway
narrowing (10).

Magnetic resonance imaging (MRI) is a powerful complementary
method that allows for a more detailed assessment of facial planes, muscle-
fascia components, and deep neck involvement due to its superior soft
tissue contrast. Evidence regarding the diagnostic accuracy of MRI and its
contribution to clinical decision-making processes, particularly in acute neck
infections, is increasing (11). It has been reported that MRI demonstrates high
accuracy in detecting abscesses in odontogenic maxillofacial infections and
can contribute to predicting the responsible tooth in some cases (12).

Cone beam computed tomography (CBCT) is a valuable method for
three-dimensional and high-resolution hard tissue assessment. However, due
to its limited soft tissue contrast, it is not preferred as the primary imaging
method for evaluating facial cavity spread, abscess collections, and deep neck
complications. CBCT plays a more supportive role in identifying odontogenic
sources (13). Although ultrasound (USG) can contribute to staging and
localising infection in superficial anatomical spaces in selected cases, the
superiority of MRI in deep space infections is clearly emphasised in the
literature (14).

2. ANATOMICAL CAVITIES AND ODONTOGENIC
SPREAD

A significant portion of the areas referred to as “anatomical spaces” in
the maxillofacial region are not structures that appear as hollow cavities. They
are potential spaces filled with loose connective tissue and adipose tissue,
bounded by facial planes. When infection develops, exudate separates these
planes. Therefore, when examining odontogenic infection, it is necessary to
consider not only the specific tooth but also which facial compartment the
infection is directed towards and which compartments it may progress to
(15,16).

The odontogenic focus often originates in the periapical or periodontal
tissues and may initially remain confined within the alveolar bone. However,
once cortical perforation develops, the infection tends to follow the path of
least resistance. Here, the decisive factor is not only the position of the root
tip but also whether the perforation is above or below the level of muscle
attachment (17). Even infections originating from the same group of teeth can
break into different spaces depending on the level of perforation. Clinically,
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visible swelling on the surface does not always reflect the degree of deep
spread (18).

2.1. Odontogenic Infections Originating from Maxillary Teeth

Odontogenic infections originating from maxillary teeth tend to
follow specific routes. In particular, the buccal cortex of the maxilla is more
frequently perforated, facilitating the spread of infection to superficial soft
tissue planes. In addition to superficial spread, the infection can extend to
larger compartments and the upper facial region via the canine, infraorbital
line, and sinus connections (19).

In infections originating from the maxillary anterior teeth covering the
canine region, the canine fossa and the associated infraorbital and levator
muscle planes are important sites of spread. Inflammation developing in this
region is characterised by the disappearance of the nasolabial fold, marked
swelling of the upper lip and cheek, and in some cases, spread towards the
infraorbital area. The ability of maxillary anterior foci to extend along the
mimic muscles explains how a clinical picture that begins with toothache can
quickly turn into midface swelling. Series examining the spread of infections
originating from maxillary teeth have shown that anterior tooth infections
can often progress along the levator labii superioris and levator anguli oris
muscles, paving the way for significant soft tissue involvement in the canine
and infraorbital regions (19).

When it comes to posterior maxillary teeth, the spread patterns become
significant along two main axes. The first is the extension of the infection
towards the masticatory components and deep posterior compartments.
Particularly in posterior maxillary foci, trismus and deep facial pain become
more pronounced clinically when the pterygoid muscles and associated
deep planes are affected due to anatomical proximity (20). Regarding the
relationship with the maxillary sinus, the close anatomical relationship
between the roots of the maxillary canine, premolar, and molar teeth and the
sinus floor facilitates the spread of periapical infection to the sinus, forming
the fundamental pathophysiological basis of odontogenic maxillary sinusitis
(21).

Odontogenic maxillary sinusitis is often misdiagnosed as “rhinosinusitis”
in clinical practice, and overlooking its odontogenic origin is a major cause
of treatment failure. In this scenario, focusing solely on sinonasal treatment
without eliminating the dental source may result in persistent or recurrent
sinusitis. Therefore, keeping in mind the possibility of an odontogenic aetiology
in cases of unilateral sinusitis associated with maxillary posterior teeth
directly influences clinical management and may require an interdisciplinary
approach. Reviews focusing on odontogenic maxillary sinusitis emphasise
that appropriate management often requires dental focus control, combined
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with endoscopic sinus surgery if necessary (20,21).

A less common but clinically significant extension of maxillary infections
involves the infratemporal fossa and associated deep compartments.
This region, due to its proximity to critical neurovascular structures and
masticatory muscles, can present diagnostic and therapeutic challenges
when infection develops. A systematic review examining infratemporal fossa
abscesses indicated that in a significant proportion of cases, the aetiology
was related to odontogenic infection or dental procedures, the presenting
symptoms were often pain, swelling and trismus, and delayed diagnosis could
increase the risk of neurological and systemic complications. Therefore, the
possibility of infratemporal extension should be considered when evaluating
cases with maxillary posterior focus, marked trismus, and unexplained
superficial findings (22).

2.2. Odontogenic Infections Originating from Mandibular Teeth

In odontogenic infections originating from mandibular teeth, one of the
most critical anatomical thresholds is the mylohyoid muscle and its insertion
level in the mandible. When the infection breaks above the mylohyoid line,
the likelihood of sublingual involvement increases, and when it breaks below,
the likelihood of submandibular compartment involvement increases. This
determines not only the location of the swelling but also the risk to the airway
and the possibility of secondary deep neck spread (17). In sublingual space
involvement, fullness in the floor of the mouth, restricted tongue movement,
and dysphagia are prominent in the clinic. In the submandibular space,
swelling, tenderness, and sometimes restricted mouth opening are seen in
the lateral neck line below the jaw (23). Submandibular involvement is more
alarming from a clinical perspective. The submandibular space is connected
to adjacent deep neck compartments, and bilateral spread can rapidly become
a dangerous condition (24).

The most dramatic clinical manifestation of this condition is Ludwig’s
angina. It is a rapidly progressing condition, often of odontogenic origin,
causing widespread cellulitis in the floor of the mouth and suprahyoid region,
classically involving bilateral submandibular and sublingual involvement,
frequently accompanied by submental involvement, and requiring urgent
admission due to the risk of airway obstruction. In this scenario, posterior
superior displacement of the tongue, elevation of the floor of the mouth, and
widespread rigidity can rapidly progress to respiratory distress. This is the
fundamental reason why Ludwig’s angina and submandibular space infections
are considered potentially fatal (24,25). Extensive clinical evaluations of
submandibular space infections highlight factors that increase the risk of
complications, such as systemic diseases like diabetes and variables such as
spread to specific compartments, with airway obstruction and mediastinal
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spread being among the most critical complications. Therefore, in cases
originating from the mandible with rapid spread, considering the sublingual,
submandibular, and submental lines together is important not only for
anatomical accuracy but also for clinical safety (1,24).

The buccal cavity can be considered a compartment within the soft
tissues of the cheek, associated with the superficial facial planes. The most
typical clinical finding is localised swelling and tenderness in the cheek (17).
Infections that break into the buccal cavity generally present with a superficial
appearance. However, as the buccal region is part of the transition line
adjacent to the masticatory compartments posteriorly and the mandibular
cavities inferiorly, it should not be assumed that the infection always remains
confined to the superficial border. The practical determinant of infection
reaching the buccal cavity is the location of cortical perforation relative to
the buccinator and surrounding mimic muscles. If the perforation remains
on the mucosal side of the muscle attachment, more limited presentations
are observed, whereas perforations that extend beyond the muscle attachment
show more pronounced buccal spread. Therefore, in a case presenting with
cheek swelling, the possibility of progression to adjacent compartments
should be kept in mind rather than focusing solely on the visible borders of
the swelling (18).

Inflammation developing in the masticatory compartment significantly
restricts the patient’s ability to open their mouth, and trismus is often the
predominant symptom. This compartment is considered together with
subregions such as the masseteric, pterygoid, and temporal components,
and the mandibular posterior teeth are classic sources for this pathway. In
addition to causing trismus, the masticatory compartment can also act as a
bridge extending to the deep neck spaces. Studies examining the spread of
mandibular infections describe how the infection often tends to spread in
two main directions. On the one hand, it spreads upwards to the masticatory
components, while on the other hand, it can progress downwards to the
sublingual-submandibular line. This model explains why the combination
of trismus and neck symptoms is considered to be at higher risk in clinical
practice (26).

Odontogenic infections may remain confined to the primary facial
spaces, but in some cases, secondary extension to the parapharyngeal and
retropharyngeal compartments may occur. The parapharyngeal region is a
clinically critical transition area due to its proximity to the lateral pharynx
and its relationship with major vascular and neural structures. Extension
to this region may be seen with dysphagia, odynophagia, neck movement
restriction, and a more severe systemic picture (26). It has been reported that
involvement of the masticatory compartment may be a frequent concomitant
step in the spread of odontogenic infection to the parapharyngeal region, i.e.,
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masticatory involvement may be considered a warning sign for deepening
(27).

The retropharyngeal region and deeper facial planes are associated with
classic anatomical corridors through which infection can spread downward
into the mediastinum (28). Modern reviews focusing on the ‘danger zone’, the
potential space between the alar fascia and the prevertebral fascia, emphasise
that this area may act as a corridor for infection spread and that infections
progressing along this route may be associated with serious complications such
as mediastinitis, necrotising fasciitis, and empyema (29). Clinical studies have
demonstrated that the risk is significantly increased in cases with mediastinal
spread, and that the involvement of multiple spaces and the retropharyngeal
tract may be a strong warning sign for mediastinal extension (2,30).

3. IMAGING METHODS

Imaging in odontogenic infections is used to accurately identify the
odontogenic source, map the anatomical spaces to which the infection has
spread, differentiate between cellulitis and abscess, and predict critical
complication risks such as airway involvement, proximity to vascular
structures, and deep neck spread at an early stage (1). Although clinical
examination is valuable in assessing superficial swelling, it may not always
fully reveal the true extent of spread in infections progressing between facial
planes. At this point, imaging directly shapes the treatment strategy (12). It is
necessary to select the imaging method appropriate for the clinical question
in order to locate the source of infection, detect soft tissue spread, or assess the
spread to deep neck spaces (14).

Periapical and panoramic radiographs provide clues suggesting an
odontogenic focus in most patients quickly and at low cost. For this reason,
they are still used in clinical practice for initial imaging. However, these
methods do not reliably show soft tissue spread and facial space involvement.
Therefore, if the clinical picture favours a widespread, deep infection,
advanced cross-sectional imaging methods are required (31).

3.1. Ultrasonography

Ultrasonography makes the distinction between abscess and cellulitis
in superficial facial spaces more reliable than clinical examination and can
indicate the target site for aspiration when necessary. This reduces unnecessary
incisions and prevents delays (32).

The addition of colour Doppler supports the distinction between
the vascularity of the inflammatory area and the collection area, thereby
strengthening the question “is it cellulitis or an abscess?” A study of thirty-
four cases reported that USG was effective in determining the stage and
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location of infection with high sensitivity and specificity compared to clinical
and radiographic evaluation (33). Clinical studies on superficial facial space
infections emphasised that USG can provide a meaningful contribution to
detecting the presence of abscesses compared to clinical evaluation (32).

3.2. Computed Tomography

In clinical situations requiring rapid decision-making, CT is generally
the first choice. The reasons for its preference include its rapid accessibility,
the ability to evaluate bone and soft tissue simultaneously, its ability to spread
across facial planes, and its ability to quickly reveal critical findings such as
mediastinal extension (6).

Findings suggestive of abscess on computed tomography are mostly
central hypodense collection, peripheral contrast enhancement, and
circumferential inflammation (8). In cellulitis, diffuse soft tissue oedema and
blurring of fat planes are more commonly observed. This distinction is crucial
in clinical management as it directly influences the decision for drainage (10).

Limitations of computed tomography include radiation exposure, the
need for iodinated contrast, and the presence of metal artefacts in some areas.
Therefore, in certain clinical scenarios, switching to MRI or a complementary
approach with ultrasound may be considered (11,13).

3.3. Magnetic Resonance

Although magnetic resonance imaging takes longer than CT, it is
preferred for evaluating muscle-fascia planes, vascular-nerve relationships,
deep spaces, and complications due to its high soft tissue contrast (11).
Therefore, MRI is a valuable adjunct, particularly when the clinical picture is
complex or when CT provides an inadequate answer (12).

The practical benefit of MRI is that it can draw a more refined anatomical
map of the spread, rather than simply indicating “presence or absence”. This
contributes to the planning of the surgical approach, the early detection of
complications, and a more accurate assessment of risk in multidisciplinary
management (11,12).

Diffusion-weighted imaging provides a pathophysiology-based window
into the question of whether an abscess formation process is present in
odontogenic infections. Diffusion restriction is expected in abscesses with
viscous and cellular content. In a comparative study of soft tissue infections,
it was reported that the combination of non-contrast MRI and diffusion-
weighted imaging showed similar diagnostic performance to contrast-
enhanced MRI in detecting abscesses. This finding is clinically significant in
patients who cannot receive contrast (34).

Data indicate that diffusion-weighted imaging may be useful in
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distinguishing between necrotic tumours and infectious necrosis—abscesses
in the head and neck region. This can reduce misdiagnosis, particularly in
atypical clinical scenarios (35).

3.4. Cone Beam Computed Tomography

The strength of cone beam computed tomography lies in its ability to
provide detailed images of bone and dentoalveolar structures with high
spatial resolution. For this reason, it is used in selected cases involving
periapical or periodontal pathology suggestive of an odontogenic source
of infection, suspected cortical perforation, and maxillary posterior tooth-
sinus relationships. The fundamental problem with CBCT is its inadequate
soft tissue contrast. Consequently, it is not suitable for reliably demonstrating
facial space involvement, abscess—cellulitis differentiation, and deep neck
spread. If such clinical suspicion exists, contrast-enhanced CT or MRI should
be preferred over CBCT (14).

3.5. Nuclear Medicine Methods

Nuclear medicine methods are not routine first-line treatment in acute
odontogenic maxillofacial space infections. However, they may be used to
obtain information based on metabolic activity in selected cases where the
infection has become chronic, osteomyelitis is suspected, or the response to
treatment is uncertain (36).

Although nuclear medicine methods are not yet standardised, technical
reports have been published discussing the potential of non-invasive methods
such as medical infrared thermography in odontogenic facial cellulitis for
demonstrating the boundaries of superficial inflammation and supporting
clinical decision-making (37).

The most tangible benefit of these imaging outputs in the clinic is to
confirm the presence of an abscess and clarify the drainage decision, guide
the surgical approach by showing which anatomical spaces are involved,
and detect danger areas such as deep neck, vascular proximity, and possible
mediastinal extension at an early stage (33,34).

4. CLINICAL USE OF RADIOLOGICAL IMAGING
TECHNIQUES

The most important contribution of imaging findings in the management
of odontogenic infections is not only the confirmation of the diagnosis, but also
the accurate classification of clinical risk and the guidance of the treatment
strategy. Imaging directly influences the clinical decision-making process by
revealing the presence of an abscess, determining which anatomical spaces
are involved, and identifying areas at risk in terms of the airway and vascular
structures. In this context, radiological evaluation should be considered an
integral part of infection management (38).
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4.1. Abscess—Cellulitis Differentiation

The detection of abscesses in clinical management strengthens the
decision for surgical drainage, particularly in deep spaces. The most
typical appearance favouring abscess on CT is the peripheral enhancement
surrounding a central low-density collection and the obliteration of the
surrounding inflammatory fat plane. In cellulitis, more diffuse oedema and
heterogeneous enhancement predominate (10). However, despite the high
performance of CT in diagnosing abscesses, it has been observed that it can
produce false results, particularly in early-stage phlegmonous processes and
some complex neck infections. Therefore, meta-analyses have demonstrated
that CT images should not be used as the sole decision-making mechanism
but should be interpreted in conjunction with clinical and laboratory data (8).

Although some centres employ biphasic approaches or assessment
criteria to enhance abscess differentiation, the primary value of the report
for the clinician lies not so much in knowing the presence or absence of an
abscess, but rather in the location, size, neighbouring structures, and presence
of multiple foci of suspected abscess (10).

4.2. Space Mapping and Airway Assessment

The area where the radiology report is most useful to surgery is that it
clearly and comprehensively indicates which anatomical spaces are affected
by the infection. The surgeon’s approach, antibiotic strategy and the patient’s
level of care are determined according to the affected spaces. The association
of multiple space involvement with higher inflammatory markers, longer
hospitalisation duration, and intensive care requirements demonstrates that
the space mapping in the report carries prognostic value (7).

Studies examining the typical spread patterns of odontogenic infections
have shown that in mandibular cases, the masticatory components and the
sublingual and submandibular lines frequently form a junction, and that the
transition from this junction to the parapharyngeal area significantly increases
the clinical risk. Therefore, in CT reports, the masticatory, submandibular, and
sublingual spaces should be evaluated together, particularly in mandibular
cases. The parapharyngeal and retropharyngeal compartments should be
carefully scanned (21,22).

Studies comparing odontogenic and non-odontogenic deep neck
infections based on CT findings have reported that in odontogenic cases, the
submandibular, masticatory and parapharyngeal lines may be more frequently
involved, and airway compromise may be more pronounced (39). Airway
assessment is not limited to a rough measurement of the lumen diameter.
Oedema around the larynx, involvement of the epiglottis, aryepiglottic folds,
arytenoid level, and soft tissues around the pharynx significantly affect the
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difficulty of intubation and postoperative airway management (40). Clinical
assessments from an anaesthesia perspective emphasise that preoperative
evaluation of airway anatomy using CT is critical in determining the method
(41).

In a study focusing on predicting difficult postoperative airway
management in severe odontogenic cases, it is noted that the presence of
parapharyngeal and retropharyngeal abscesses on preoperative CT scans,
along with findings of laryngeal oedema, may be associated with a greater
need for difficult airway management. In particular, tracheotomy may be a
more appropriate option in cases where a retropharyngeal abscess is present.
Such data indicate that pharyngeal space involvement and laryngeal oedema
tindings in the CT report are among the key pieces of information influencing
clinical decision-making (42).

4.3. Proximity to Vascular Structures and Mediastinal Extension

In infections involving the parapharyngeal and carotid sheath, the risk
of complications associated with large vessels and cranial nerves increases.
Therefore, the report should include an assessment of the proximity of
the collection to the carotid sheath and an evaluation to rule out potential
vascular complications (2). Although conditions such as Lemierre syndrome
are less common in odontogenic cases, they serve as a reminder that vascular
complications in deep neck infections should not be underestimated (26).

The progression of infection to the retropharyngeal space and extension
to the mediastinum is associated with complications with high mortality
(1). Clinical data addressing predisposing factors for mediastinal extension
in deep neck infections have shown that multiple space involvement and
the involvement of specific deep planes may increase the risk. Therefore, the
CT report should not be limited to the neck alone; if clinically suspected,
extension up to the thoracic inlet should be evaluated (30).

5. DIFFERENTIAL DIAGNOSIS

In cases presenting with maxillofacial swelling, pain, and tenderness,
the clinical picture often suggests odontogenic infection. However, some
non-odontogenic pathologies may present with similar findings. Therefore,
differential diagnosis should be broad, particularly in patients where a
clear dental focus cannot be identified, who do not respond as expected to
antibiotics, incision and drainage, or whose swelling is not localised in a
manner consistent with dental foci (43).

One of the groups that should first come to mind in differential diagnosis
is inflammatory pathologies originating from the salivary glands. Acute
sialadenitis developing in the submandibular region and submandibular
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lymph node inflammation can clinically overlap to a significant degree.
Although submandibular lymphadenitis in adult patients may be odontogenic
in origin, distinguishing between sialadenitis and lymphadenitis is important
for planning the correct approach. In addition to clinical examination and
laboratory findings, keeping salivary gland origin in mind in cases where no
dental focus can be identified reduces diagnostic delay (43).

The second important group consists of infected cystic lesions. Dermoid
and epidermoid cysts, which can belocated in the floor of the mouth, submental
and submandibular regions, can mimic odontogenic submandibular and
submental abscesses when infected and may be confused with odontogenic
infections. When odontogenic causes cannot be demonstrated in these lesions,
the possibility of a mass or cystic lesion should be evaluated using appropriate
advanced imaging techniques, and approaches such as fine needle aspiration
should be considered when necessary (44).

Non-odontogenic lymphadenopathies may present with swelling in the
submandibular region and may be confused with odontogenic abscesses.
Pathologies originating from lymph nodes should be considered, particularly
in cases where the focus tooth cannot be identified, the course is atypical, or
the clinical course is longer than expected (43,45).

6. CONCLUSION

Maxillofacial odontogenic infections can originate from a dental focus
and progress along facial planes into potential anatomical spaces. These
infections present a broad clinical spectrum, ranging from limited cellulitis
to deep neck spread, airway compromise, and mediastinal extension, which
are associated with high morbidity and mortality.

Therefore, effective clinical management is only possible not only
through antibiotic selection, but also through a correct understanding of the
anatomical spread pattern of the infection, early risk classification, source
control, and timely implementation of an appropriate drainage strategy.

The clinical application of anatomical cavity information is to predict
the possible routes of spread, while imaging objectifies treatment decisions
by revealing the actual plane in which this route occurred in that patient. The
fact that multiple cavity involvement can be correlated with clinical severity
indicators and healthcare utilisation demonstrates that radiological mapping
has not only diagnostic but also prognostic value.

Clinically, the most critical juncture is when the submandibular,
sublingual and parapharyngeal components become involved, leading to
scenarios such as Ludwig’s angina and deep neck infection. It should be
remembered that these scenarios require urgent intervention in terms of
airway management.
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Among imaging methods, contrast-enhanced CT stands out as the
primary method for rapid assessment of deep neck spread, suspected purulent
focus formation, and complication screening in practice, while MRI serves as a
powerful adjunct in terms of soft tissue contrast and complication assessment
in selected cases. The contribution of diffusion-weighted imaging to the
distinction between abscess and cellulitis increases diagnostic confidence
in patients who cannot receive contrast or in borderline cases. Ultrasound
can contribute to triage and intervention planning in selected cases involving
superficial spaces, while the role of CBCT remains more limited to supporting
the identification of dentoalveolar sources and hard tissue details.

In conclusion, successful management of maxillofacial odontogenic
infections depends on the combined application of the principles of clinical
assessment based on anatomical spread logic, appropriate imaging selection
and standardised reporting, timely drainage and source control, and early
management of airway and systemic complication risks.
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INTRODUCTION

Advances in prosthetic dentistry have led to a reshaping of treatment ap-
proaches in accordance with biological principles. With the adoption of the
concept of minimally invasive dentistry, preserving healthy tooth structure to
the maximum extent has become a primary objective (1). This approach aims
not only to achieve esthetic and functional rehabilitation but also to ensure
long-term biomechanical durability and preservation of pulpal health. The-
refore, partial restorations such as inlay, onlay, and overlay have emerged as
important alternatives in the treatment of posterior teeth with extensive loss
of tooth structure (2,3).

In the treatment of extensive structural loss in posterior teeth, indirect
restorative approaches are preferred in order to increase biomechanical resis-
tance while preserving as much tooth structure as possible. Inlay restorations
constitute an important treatment option in cavities where cusp coverage is
not required but the cavity size exceeds the limitations of direct composite
restorations. These restorations allow controlled re-establishment of margi-
nal adaptation, contact stability, and occlusal morphology (4,5). In addition,
developments in material science, particularly ceramic-based systems, have
improved both the esthetic and mechanical performance of these restorations

(6).

Although conventional full crown restorations provide high retention
and durability, they require the removal of a considerable amount of sound
tooth structure. In contrast, inlay restorations restore only the structural loss
within the cavity boundaries, whereas onlay restorations cover one or more
cusps, and overlay restorations provide biomechanical support in extensive
tissue loss involving the entire occlusal surface (7,8). These restoration types
aim to reduce the risk of fracture by preserving remaining tooth structure,
particularly in posterior teeth that have undergone endodontic treatment or
contain large restorations (9).

A more recent treatment option, the term “vonlay,” also referred to as
“veneerlay,” represents a partial crown design developed particularly for the
posterior region. This design combines an onlay restoration with an exten-
ded buccal veneer surface and is indicated in areas where sufficient enamel
is available for cementation (10). Although it provides esthetic and structural
benefits similar to a full crown, it requires significantly less invasive tooth
preparation.

The veneer and onlay components are combined to improve the appea-
rance of the remaining tooth structure while providing function and long-
term durability (11,12).
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Figure 1. Table-top, inlay, onlay, overlay and veneerlay restorations (13)

Systematic reviews and meta-analyses reported in the literature indicate
that ceramic and composite inlay, onlay, and overlay restorations demonst-
rate high survival rates during follow-ups of 5-10 years. The most common
causes of failure include secondary caries, restoration fracture, and adhesive
failure. However, when appropriate case selection, proper preparation design,
and suitable material selection are ensured, the clinical performance of these
restorations is highly satisfactory (14,15).

Inlay, onlay, and overlay restorations are indirect restorative options that
support the minimally invasive approach while fulfilling esthetic and functi-
onal requirements and offering biomechanical advantages. When combined
with modern adhesive systems and digital manufacturing technologies, these
restorations are gaining an increasingly important role in prosthetic dentistry
(16).

Clinical Procedures and Comparative Evaluation of Table-Top, Inlay,
Onlay, Overlay, and Vonlay Restorations

In the treatment of extensive structural loss in the posterior region, indi-
rect adhesive restorations aim to establish a balance between biomechanical
durability and minimally invasive treatment (16). Cavity width, cusp support,
and occlusal load distribution are the main criteria for determining the ap-
propriate restoration type. Inlay, onlay, overlay, and veneerlay (vonlay) resto-
rations differ in terms of the degree of tissue preservation and cusp coverage

8).
1. Table-Top Restorations

Table-top restorations are minimally invasive indirect restorations used
particularly in the treatment of occlusal surface loss in posterior teeth. These
restorations are commonly preferred for the rehabilitation of tissue loss re-
sulting from severe occlusal wear, erosion, or attrition. Compared with con-
ventional full crown restorations, they provide a more conservative approach
aimed at preserving healthy tooth structure. With the development of adhesi-
ve dentistry and the use of high-strength ceramic materials, table-top restora-
tions have increasingly gained popularity in clinical practice (7).
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Table-top restorations are indicated in:

« Severe occlusal wear and erosion cases

« Patients requiring restorative reconstruction of vertical dimension
o Extensive occlusal surface loss in posterior teeth

« Conservative restorative treatments requiring minimal preparation

The main objective of these restorations is to restore only the occlusal
surface of the tooth, thereby achieving functional and esthetic rehabilitation
17).

Preparation Characteristics
o Occlusal cusp reduction
« Minimally invasive preparation on the occlusal surface

« Marginal transitions designed to harmonize with the esthetic zone
(8,16)

2. Inlay Restorations
Inlay restorations are indirect restorations confined within the cavity
boundaries and do not require cusp coverage. They are generally indicated

for large Class I and Class II cavities where the remaining cusp structure has
sufficient thickness (14).

Preparation Principles

« Slightly convergent cavity walls

« Rounded internal line angles

» Marginal boundaries terminating within enamel

« Minimum material thickness of 1.5-2 mm for ceramic restorations

Elimination of sharp internal angles reduces the risk of ceramic fracture
(18).

Clinical Procedure

After conventional impression or digital scanning, the restoration is fab-
ricated in the laboratory. For ceramic restorations, adhesive cementation is
performed using resin cement following hydrofluoric acid etching and silane
application (6).

3. Onlay Restorations

Onlay restorations involve coverage of one or more cusps. They are pre-
ferred when weakened cusp structures require reinforcement and are particu-
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larly useful in extensive proximal lesions to reduce the risk of tooth fracture

).
Preparation Characteristics
« Reduction of the cusp to be covered (generally 1.5-2 mm)
« Greater thickness required on functional cusps
« Rounded transition areas

This design allows occlusal forces to be distributed more evenly between
the restoration and the tooth structure (5).

Clinical Procedure

The impression and cementation protocol is similar to that used for in-
lay restorations. However, accurate reconstruction of occlusal morphology is
more critical.

4. Overlay Restorations

Overlay restorations are extensive indirect restorations covering all cusps.
They provide a conservative alternative in cases of large structural loss where
a full crown is not required. This restoration type provides complete occlusal
coverage without the need for circumferential tooth preparation (19,20).

Preparation Characteristics

« Adequate reduction on all cusps

« Reshaping of the occlusal surface

» Marginal boundaries positioned supragingivally whenever possible

Overlay restorations may increase fracture resistance by supporting the
remaining tooth structure through adhesive bonding (6).

5. Vonlay (Veneerlay) Restorations
Vonlay (veneerlay) restorations are hybrid designs combining occlusal
coverage with buccal surface veneering in posterior teeth. They are especially

preferred in cases where esthetic expectations are high and where discolorati-
on or enamel loss exists on the buccal surface.

This design combines the occlusal coverage of a traditional onlay restora-
tion with the esthetic advantages of laminate veneers (21,22).

Preparation Characteristics
o Occlusal reduction: approximately 1-1.5 mm

« Partial cusp coverage for weakened cusps
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o Buccal veneer preparation of 0.5-0.7 mm
 Rounded internal line angles
o Preparation margins kept within enamel as much as possible

Preservation of enamel surfaces is essential for successful adhesion. The-
refore, preparation should be confined within enamel whenever possible (5).

Vonlay restorations are commonly fabricated from materials providing
high esthetic quality and durability, such as:

o Lithium disilicate ceramics
« Feldspathic ceramics

o« CAD/CAM ceramic blocks

llon lon
Functional cusp Functional cusp Functional cusp Functional cusp

a b

Figure 2. a) onlay preparation dimensions, b) vonlay preparation dimensions (23)

Figure 3. (a) a vonlay tooth preparation, (b) overlay tooth preparation (24)
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Advantages and Disadvantages of Vonlay (Veneerlay) Restorations

Veneerlay (vonlay) restorations are hybrid indirect restorations that com-
bine occlusal coverage with a buccal laminate veneer-like extension. This de-
sign aims to provide both functional durability and esthetic rehabilitation
within a single restoration (4,5).

Advantages

1. Buccal coverage improves esthetics in posterior teeth with discolora-
tion or enamel defects.

2. Occlusal coverage increases functional durability.
3. Less tooth structure is removed compared with full crowns.

4. In posterior regions with high esthetic demands, both occlusal and
vestibular morphology can be corrected.

5. They provide a conservative alternative to full crowns in cases of ex-
tensive tissue loss (4).

Disadvantages

1. Because it combines veneer and onlay principles, preparation and ce-
mentation require high technical sensitivity.

2. Inadequate isolation may compromise bonding success.
3. Long-term success largely depends on proper adhesive protocol.

4. The thin buccal extension may increase the risk of ceramic fracture,
particularly in patients with parafunctional habits.

5. Laboratory fabrication or CAD/CAM production increases cost com-
pared with direct restorations.

6. Improper design may lead to periodontal irritation (25-27).
Indications

o Extensive structural loss in posterior teeth

« Presence of weakened cusps with risk of fracture

o Esthetic problems on the buccal surface (discoloration, enamel defects)
« Cases requiring both functional and esthetic restoration

o Occlusal rehabilitation in worn dentition

Cementation Protocol

For all indirect adhesive restorations:
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1. Internal surface treatment of the restoration (etching and silane app-
lication)

2. Adhesive application on the tooth surface

3. Bonding with resin cement

4. Removal of excess cement and polymerization
5. Occlusal adjustment and polishing

Resin-based cements are preferred because of their low solubility and
high bonding strength (6).

Comparative Evaluation

. g Tissue
Restoration Type Cusp Coverage Indication Preservation
Usually none (occlusal Occlusal wear, erosion,
Table-Top Y vertical dimension Very high
surface only) e
rehabilitation
Inlay None Moderately wide cavities High
Onlay Partial Presence of weakened Moderate
cusps
Overlay Full Extensive structural loss Moderate
Vonlay Partial + Buccal veneer Esthgtlc and structural High
(Veneerlay) requirements

Table 1. Comparative evaluation of restorations

General Evaluation

Veneerlay restorations represent a rational treatment option in cases whe-
re esthetic demands and structural reinforcement are both required. Howe-
ver, success depends on proper case selection, enamel-dominant preparation,
and meticulous application of adhesive protocols. Careful planning is parti-
cularly necessary in patients with strong parafunctional forces.

Conclusion

Inlay, onlay, overlay, and veneerlay restorations are indirect treatment
options that aim to achieve a clinical balance between preservation of tooth
structure and mechanical durability. The choice of restoration type should be
based on the remaining tooth structure, occlusal load, and esthetic require-
ments.
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Introduction: Why Endodontics Needs a Paradigm Shift

Over the past two decades, endodontics has undergone a remarkable
digital transformation. Advanced imaging modalities such as cone beam
computed tomography (CBCT), computer-aided design/computer-aided
manufacturing (CAD/CAM) workflows, guided endodontics, and artificial
intelligence (AI)-assisted diagnostic tools have significantly enhanced the
clinician’s ability to visualise complex root canal anatomy, detect periapical
pathology, and improve procedural accuracy. Despite these advances,
contemporary endodontic workflows largely remain non-adaptive and time-
static, offering single time-point representations of anatomy and disease
rather than dynamic, patient-specific predictions (Patel et al., 2019; Connert
et al., 2022; Krastl et al., 2016).

Current digital technologies in endodontics frequently operate as
partially isolated modules. CBCT provides high-resolution three-dimensional
anatomical information, yet it is typically interpreted as a static dataset and
does not evolve as treatment progresses. Similarly, Al-based systems have
shown promise in radiographic interpretation and outcome prediction;
however, most applications remain limited to diagnostic support and lack
integration into continuous feedback loops incorporating longitudinal patient
data (Aminoshariae et al., 2021; Setzer et al., 2024; Nagendrababu et al., 2023).
Consequently, treatment planning and prognostic assessment continue to
rely heavily on clinician experience rather than fully integrated, data-driven
predictive systems.

These limitations are particularly evident in complex clinical scenarios,
including teeth with pulp canal obliteration, severe calcification, or atypical
canal morphologies. In such contexts, standardised treatment strategies may
increase the risk of iatrogenic complications and compromise structural
integrity. Guided endodontics has demonstrated clear benefits in managing
calcified canals and improving access precision; nevertheless, it remains
primarily a task-specific solution rather than a comprehensive platform for
adaptive and predictive care (Vasudevan et al., 2022; Jain et al., 2023; Connert
etal., 2018).

Digital twin (DT) technology has emerged as a conceptual framework
capable of addressing these challenges by enabling patient-specific simulation
and predictive decision-making. Originating in aerospace and industrial
engineering, a digital twin is defined as a high-fidelity virtual replica of a
physical system that is continuously updated using new data throughout its
lifecycle. In healthcare, digital twins have been increasingly discussed as
enablers of precision medicine by integrating multimodal data streams to
simulate physiological responses and optimise interventions (Bjornsson et al.,
2020; Corral-Acero et al., 2020).
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When applied to endodontics, digital twins could theoretically
integrate CBCT imaging, intraoral scanning data, electronic dental records,
procedural parameters, biomechanical simulations, and follow-up findings
into an adaptive virtual model of the tooth and surrounding tissues. Such
a system would allow clinicians to compare access cavity designs, shaping
strategies, and disinfection protocols in silico before irreversible clinical steps
are undertaken, while continuously refining prognostic estimates as new
data become available. Recent literature has highlighted digital twins as a
potential pathway from reactive to predictive root canal treatment, while also
emphasising the current translational and validation gaps (Turky & Dummer,
2026).

At present, fully operational digital twin systems are not available in
routine endodontic practice. However, the convergence of CBCT-based
planning, guided endodontic workflows, Al-driven analytics, and patient-
specific biomechanical modelling suggests that the development of digital
twins represents an achievable translational goal rather than a distant
aspiration (Patel et al., 2019; Krastl et al., 2016; Nagendrababu et al., 2023).

The aim of this book chapter is to explore the conceptual foundations,
potential clinical and research applications, and translational pathways of
digital twin technology in endodontics. By synthesising evidence from digital
dentistry, biomedical engineering, and computational modelling, this chapter
proposes a structured roadmap towards predictive and personalised root
canal care.

2. Digital Twin Concept: Beyond Artificial Intelligence and
Three-Dimensional Models

The concept of a digital twin (DT) is frequently conflated with artificial
intelligence-based systems or three-dimensional (3D) digital models.
Although these technologies share certain overlapping components, a
digital twin represents a fundamentally different paradigm. Clarifying
this distinction is essential before considering the potential role of DTs in
endodontics (Tao et al., 2019; Saghiri et al., 2023).

Conventional 3D digital models in dentistry, such as CBCT-based
reconstructions or surface scan-derived models, provide static representations
of anatomical structures. These models are invaluable for visualisation,
education, and procedural planning; however, once generated, they do not
adapt to biological variation, procedural changes, or post-treatment outcomes.
Even when integrated into computer-aided design or navigation workflows,
traditional 3D models capture anatomy but not the dynamic biological or
mechanical behaviour of dental tissues (Patel et al., 2019; Patel et al., 2015).

Artificial intelligence, by contrast, excels in pattern recognition,
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classification, and prediction based on large datasets. In endodontics, Al
applications have predominantly focused on radiographic interpretation,
detection of periapical lesions, identification of anatomical features, and
prediction of treatment outcomes. While these systems can enhance
diagnostic consistency and efficiency, most current AI models function
as isolated decision-support tools and are not continuously updated using
patient-specific feedback or longitudinal clinical data (Aminoshariae et al.,
2021; Setzer et al., 2024; Nagendrababu et al., 2023).

A digital twin transcends both static modelling and stand-alone AI
by integrating geometry, data streams, and predictive simulation into a
continuously evolving virtual entity. A DT can be defined as a living digital
counterpart of a physical system that remains synchronised with its real-world
analogue throughout its lifecycle. This synchronisation is achieved through
the continuous ingestion of data from imaging, clinical records, sensors, and
follow-up assessments, allowing the virtual model to learn, adapt, and refine
its predictions over time (Bjornsson et al., 2020; Corral-Acero et al., 2020; Tao
et al,, 2019).

From a functional perspective, three core characteristics distinguish
a digital twin from other digital technologies. First, DTs operate through
bidirectional data exchange, whereby information from the physical system
updates the virtual model and insights from the virtual model inform
clinical decision-making. Second, DTs are inherently predictive, enabling
the simulation of multiple treatment scenarios and their potential outcomes
before irreversible clinical actions are undertaken. Third, digital twins are
patient-specific by design, reflecting individual anatomical, biological, and
biomechanical characteristics rather than population-based averages (Corral-
Acero et al., 2020; Saghiri et al., 2023).

In healthcare, these attributes have enabled DTs to model complex
physiological systems such as cardiac mechanics, tumour growth, and
orthopaedic load distribution. The clinical value of DTs in these disciplines
lies not only in enhanced visualisation but also in their capacity to forecast
responses to interventions, optimise treatment strategies, and reduce
uncertainty in complex decision-making processes (Bjornsson et al., 2020;
Corral-Acero et al., 2020). Translating this framework into endodontics
opens new possibilities for modelling the pulp-dentine complex as a dynamic
biological system rather than a static anatomical space.

Within an endodontic context, a digital twin could theoretically integrate
CBCT-derived canal morphology, intraoral scanning data, patient-specific
biological parameters, and computational biomechanical models into a
unified adaptive platform. Unlike current digital workflows, such a system
would not merely assist in procedural planning but would actively simulate
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how a specific tooth might respond to access cavity preparation, canal
shaping, disinfection protocols, and restorative loading over time. As new
clinical or radiographic data become available, the digital twin would update
accordingly, refining prognostic estimates and guiding follow-up strategies
(Turky & Dummer, 2026; Saghiri et al., 2023).

Importantly, the digital twin concept should be understood not as a single
technology but as an overarching architectural framework that orchestrates
multiple digital components into a coherent, adaptive system. Artificial
intelligence, finite element analysis, computational fluid dynamics, and
advanced imaging are not alternatives to digital twins; rather, they function
as enabling technologies within a DT ecosystem. Recognising this integrative
nature is crucial for appreciating why digital twins represent a qualitative leap,
rather than an incremental upgrade, in digital endodontic care and research
(Corral-Acero et al., 2020; Tao et al., 2019).

3. Existing Digital Foundations in Endodontics

Although fully integrated digital twin systems are not yet available
in routine endodontic practice, many of the technological components
required for their development are already well established. Contemporary
endodontics is characterised by a rapidly expanding digital ecosystem that
enables the acquisition, processing, and interpretation of patient-specific data.
When considered collectively rather than as isolated tools, these technologies
constitute a robust foundation for the future development of digital twin
frameworks in endodontics (Patel et al., 2019; Connert et al., 2022).

3.1 Cone Beam Computed Tomography and Intraoral Scanning

Cone beam computed tomography (CBCT) has become a cornerstone
of modern endodontic diagnosis and treatment planning by providing
high-resolution three-dimensional visualisation of root canal morphology,
periapical tissues, and surrounding anatomical structures. CBCT facilitates
the detection of additional canals, complex curvatures, resorptive defects, and
periapical pathology that may not be evident on conventional radiographs
(Patel et al., 2019; Patel et al., 2015; European Society of Endodontology, 2014).
However, CBCT data are typically interpreted as static datasets representing
a single time point and do not inherently capture procedural or biological
changes occurring during or after treatment.

Intraoral scanning complements CBCT by capturing accurate digital
representations of coronal tooth structure, occlusal relationships, and
restorative margins. The integration of CBCT and intraoral scan data enables
comprehensive three-dimensional reconstruction of both internal and
external tooth anatomy, forming the geometric backbone of contemporary
digital workflows such as guided endodontics and CAD/CAM-based
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restorative planning (Mangano et al., 2017; Ender & Mehl, 2013). Within a
digital twin framework, these imaging modalities would serve as the initial
anatomical reference model that could be iteratively updated as new clinical
or radiographic data become available.

3.2 Guided Endodontics: Static and Dynamic Navigation Systems

Guided endodontics represents one of the most clinically mature
applications of digital technology in complex endodontic scenarios. Static
guided endodontics relies on CBCT-derived datasets and surface scans to
fabricate customised guides that direct bur trajectories during access cavity
preparation, particularly in teeth with pulp canal obliteration or severe
calcification (Krastl et al., 2016; Vasudevan et al., 2022). Dynamic navigation
systems extend this concept by providing real-time tracking of the handpiece
relative to patient anatomy, allowing intraoperative adjustments based on live
feedback (Vasudevan et al., 2022; Jain et al., 2023; Connert et al., 2018).

Clinical and laboratory studies consistently demonstrate that guided
endodontic techniques improve access accuracy, reduce unnecessary dentine
removal, and minimise iatrogenic complications. Nevertheless, these systems
remain primarily task-specific solutions focused on access cavity preparation.
They do not incorporate biological variables, microbial dynamics, or long-
term biomechanical considerations, thereby limiting their capacity to support
adaptive or predictive treatment planning (Connert et al., 2022; Connert et al.,
2018).

3.3 Artificial Intelligence-Based Diagnostic Systems

Artificial intelligence has gained increasing prominence in endodontics,
particularly in the automated interpretation of radiographic images. Al-
driven algorithms have been developed to detect periapical lesions, identify
root canal morphology, assess treatment outcomes, and support diagnostic
decision-making with growing accuracy and consistency (Aminoshariae et
al., 2021; Setzer et al., 2024; Nagendrababu et al., 2023). These systems have
demonstrated potential to reduce observer variability and improve diagnostic
standardisation across clinicians with varying levels of experience.

Despite these advantages, most current Al applications function as
stand-alone analytical tools. They typically rely on pre-trained datasets and
lack mechanisms for continuous learning from individual patient outcomes
or longitudinal follow-up data. Within a digital twin ecosystem, AI would
operate as an embedded analytical engine that continuously refines predictive
simulations as new patient-specific data are acquired, rather than as an
isolated diagnostic module (Nagendrababu et al., 2023; Saghiri et al., 2023).
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3.4 Finite Element Analysis and Biomechanical Modelling

Finite element analysis (FEA) has been extensively applied in endodontic
research to investigate stress distribution within root canal-treated teeth under
various restorative and occlusal loading conditions. This approach enables
non-destructive evaluation of how access cavity design, canal preparation,
obturation techniques, and restorative materials influence biomechanical
behaviour and fracture risk (Ausiello et al., 2017; Abdelhafeez, 2024; Versluis
& Tantbirojn, 2013).

Historically, FEA models have relied on simplified geometries and
average material properties, limiting their direct clinical applicability.
Advances in imaging, segmentation, and computational power now allow
the generation of patient-specific biomechanical models based on CBCT
data. When integrated into a digital twin framework, such models could
be dynamically updated to reflect progressive structural changes, enabling
personalised predictions of long-term tooth survival rather than static,
population-based estimates (Abdelhafeez, 2024; Versluis & Tantbirojn,
2013).

3.5 Digital Instrumentation and Irrigation Technologies

Technological advances in root canal instrumentation and irrigation
further contribute to the digital foundation required for digital twin
development. Contemporary irrigation systems designed to enhance
intracanal fluid dynamics have demonstrated improved debridement
and disinfection efficacy compared with conventional syringe irrigation
(Haapasalo et al., 2014). In parallel, modern engine-driven instrumentation
systems increasingly incorporate torque control, rotational speed modulation,
and real-time feedback mechanisms to enhance procedural safety and
efficiency (Peters et al., 2015).

Although these technologies are not yet integrated into comprehensive
digital models, they generate valuable procedural data related to instrument
stress, canal shaping dynamics, and irrigant behaviour. Such data streams
could inform digital twin simulations by enabling real-time or retrospective
modelling of procedural risks, including instrument fatigue and fracture
potential (Ruffa et al., 2023).

3.6 Integrating Existing Technologies into a Digital Twin Ecosystem

Individually, CBCT imaging, guided endodontics, artificial
intelligence, finite element analysis, and digital instrumentation represent
incremental advances in endodontic care. Collectively, however, they form
an interconnected digital infrastructure capable of supporting adaptive,
patient-specific simulation. The transition from isolated digital applications
to integrated digital twin systems does not require a complete technological
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overhaul; rather, it necessitates conceptual integration, data interoperability,
and workflow harmonisation (Corral-Acero et al., 2020; Tao et al., 2019;
Saghiri et al., 2023).

By leveraging these existing digital foundations, endodontics is uniquely
positioned to evolve towards a predictive and personalised model of care.
The following section explores how these foundational technologies could
be orchestrated within digital twin frameworks to enable novel conceptual
applications in clinical endodontics.

4. Conceptual Applications of Digital Twins in Endodontics

4.1 Patient-Specific Root Canal Anatomy Simulation

Anatomical complexity remains one of the principal challenges in
endodontic treatment. Variations in root canal morphology, including complex
curvatures, isthmuses, lateral canals, and apical deltas, are well-recognised
contributors to procedural difficulty and treatment failure (Vertucci, 1984;
Ahmed et al., 2017; Ordinola-Zapata et al., 2013). Conventional imaging
modalities, even when three-dimensional, may not fully capture the clinical
implications of such variability.

From a theoretical perspective, digital twins could integrate CBCT-
derived datasets with advanced segmentation and reconstruction algorithms
to generate patient-specific, high-fidelity anatomical models of the pulp-
dentine complex. These models would enable detailed virtual exploration of
canal systems beyond static image interpretation. Clinically, this capability
would allow practitioners to assess canal morphology preoperatively and to
virtually test alternative access cavity designs before initiating treatment.

Such simulations may be particularly valuable in teeth with pulp canal
obliteration or severe calcification, where the risk of perforation or excessive
dentine removal is high. By enabling in silico canal location and access
strategies, digital twins could complement guided endodontic approaches
and further enhance procedural safety and precision (Vasudevan et al., 2022;
Connert et al., 2018).

4.2 Optimisation of Access Cavity Preparation and Canal Shaping

Access cavity design and canal shaping strategies have a direct
influence on both disinfection efficacy and long-term structural integrity
of endodontically treated teeth. From a theoretical standpoint, digital twins
could integrate biomechanical modelling techniques, such as finite element
analysis, to simulate how different access designs and shaping protocols affect
stress distribution within the remaining tooth structure (Ausiello et al., 2017;
Versluis & Tantbirojn, 2013; Abdelhafeez, 2024).
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Clinically, this approach could allow practitioners to compare minimally
invasive and traditional access cavities on a case-by-case basis rather than
relying on generalised concepts. Similarly, instrumentation strategies—such
as file sequence, taper selection, and working length—could be evaluated
virtually tobalance canal cleanliness with dentine preservation. This predictive
capability supports a shift towards individualised shaping strategies tailored
to each tooth’s anatomical and biomechanical characteristics.

4.3 Modelling Microbial Biofilm Behaviour and Disinfection Efficacy

Persistent intraradicular infection remains the primary cause of
endodontic treatment failure. Experimental and computational studies
have demonstrated that anatomical complexity and irrigant flow dynamics
significantly influence biofilm disruption and disinfection efficacy (Shen et
al., 2010; Boutsioukis et al., 2010; Mohmmed et al., 2016). Digital twins could
theoretically integrate patient-specific anatomy with computational fluid
dynamics and microbiological models to simulate irrigant behaviour within
complex canal systems.

From a clinical perspective, such modelling could support personalised
disinfection strategies by enabling virtual comparison of irrigation solutions,
activation techniques, and treatment durations. Rather than applying uniform
protocols, clinicians could adapt antimicrobial approaches to the specific
anatomical and microbial challenges of each case, potentially improving
treatment predictability (Haapasalo et al., 2014; Haapasalo & Shen, 2012).

4.4 Instrument Stress, Fatigue, and Fracture Risk Prediction

Instrument separation remains a significant procedural complication
in endodontics and is closely associated with canal curvature, cyclic fatigue,
and torsional stress. Theoretically, digital twins could integrate canal
geometry, instrument design parameters, and kinematic data to model stress
accumulation and fatigue behaviour during canal preparation (Peters, 2004;
Sattapan et al., 2000).

Clinically, this predictive capability could translate into preoperative
or real-time risk assessment, enabling clinicians to modify instrumentation
strategies before instrument failure occurs. By identifying high-risk regions
within the canal system, digital twins may contribute to safer instrumentation
and a proactive approach to fracture prevention (Ruffa et al., 2023).

4.5 Prediction of Long-Term Restorability and Prognosis

Long-term success in endodontics depends not only on effective infection
control but also on the biomechanical resilience of the treated tooth. Digital
twins could integrate anatomical data, restorative design parameters, and
occlusal loading conditions to simulate long-term stress distribution and
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fracture risk. Such simulations build upon established biomechanical evidence
linking access cavity design, restorative approach, and tooth survival (Ausiello
et al., 2017; Versluis & Tantbirojn, 2013; Tang et al., 2010).

Clinically, this capability may assist practitioners in selecting
appropriate post-endodontic restorative strategies and in identifying cases
with compromised long-term prognosis despite technically adequate canal
treatment. Continuous updating of the digital twin with follow-up clinical
and radiographic data could further refine prognostic assessments and
support early intervention.

4.6 Clinical Relevance and Conceptual Integration

Although these applications remain largely conceptual, they illustrate
how digital twins could bridge theoretical modelling and everyday clinical
decision-making. By enabling virtual testing of treatment strategies, digital
twins may reduce uncertainty, enhance procedural safety, and improve
outcome predictability. Importantly, these systems should be regarded as
decision-support tools that augment clinical expertise rather than replace
clinician judgement.

5. Digital Twins as a Research Accelerator in Endodontics

Beyond their anticipated clinical applications, digital twins hold
particular promise as research accelerators capable of transforming how
hypotheses are generated, tested, and translated in endodontics. Traditional
experimental and clinical research in this field is often constrained by
biological variability, ethical considerations, limited sample availability, and
high costs. Digital twin-based research frameworks offer a complementary
approach by enabling systematic in silico investigation before laboratory or
clinical validation (Bjornsson et al., 2020; Corral-Acero et al., 2020; Vertucci,
1984).

5.1 In Silico Modelling as a Translational Bridge

In silico modelling has increasingly been recognised as a valuable
intermediary between laboratory research and clinical practice. Digital
twins extend this paradigm by integrating multiple computational models—
anatomical, biomechanical, biological, and procedural—into a unified,
adaptive framework. In endodontic research, such models could simulate
interactions between root canal anatomy, instrumentation strategies, irrigant
dynamics, microbial behaviour, and restorative loading within a single virtual
environment (Shen et al., 2010; Boutsioukis et al., 2010).

From a translational perspective, this approach allows researchers
to explore a wide range of variables and treatment scenarios without the
constraints inherent to physical experimentation. By identifying the most
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influential parameters in silico, digital twins may help refine experimental
design, reduce unnecessary laboratory testing, and accelerate the translation
of findings into clinically relevant protocols.

5.2 Monte Carlo Simulations and Optical Modelling of Dental Tissues

Monte Carlo simulation techniques are widely regarded as the gold
standard for modelling light transport in biological tissues. In dentistry, these
methods have been used to investigate optical properties of enamel, dentine,
and pulp, supporting the development of non-invasive diagnostic technologies
(Moradi & Chen, 2023; Jacques, 2013).

Within a digital twin framework, Monte Carlo simulations could be
combined with patient-specific anatomical and physiological data to generate
personalised optical models of teeth. Such integration would allow researchers
to virtually evaluate optical diagnostic tools under controlled conditions,
improving understanding of light-tissue interactions while minimising
experimental variability. This capability is particularly relevant for advancing
diagnostic approaches related to pulp vitality and periapical tissue assessment.

5.3 Digital Optical Twins for Pulp Vitality Assessment

The concept of digital optical twins represents a specialised application
of digital twin methodology focused on the optical behaviour of dental
tissues. Conventional pulp vitality tests often provide indirect or inconsistent
information and may be influenced by patient-related or methodological
factors. Digital optical twins aim to overcome these limitations by simulating
how optical signals interact with pulp tissue based on parameters such as
blood flow, oxygenation, and dentinal scattering properties (Hevisov et al.,
2025).

As research tools, digital optical twins enable systematic exploration of
how physiological and pathological changes influence optical measurements.
These models can be iteratively refined and validated against experimental
data, strengthening the evidence base before clinical translation. Such
an approach exemplifies how digital twins can support innovation while
reducing reliance on invasive or ethically sensitive experimentation.

5.4 Modelling Microbial Dynamics and Regenerative Processes

Digital twins also offer significant potential for advancing research
into microbial ecology and regenerative endodontics. Computational
models embedded within a digital twin could simulate biofilm formation,
maturation, and disruption in response to different disinfection strategies,
taking into account patient-specific anatomy and fluid dynamics (Shen et al.,
2010; Boutsioukis et al., 2010; Mohmmed et al., 2016).
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Similarly, regenerative endodontic procedures could benefit from
digital twin-based modelling of stem cell behaviour, scaffold characteristics,
and tissue healing dynamics. By integrating biological, mechanical, and
chemical parameters, such simulations may help identify key determinants of
regenerative success and guide the optimisation of treatment protocols prior
to clinical implementation (Murray et al., 2007).

5.5 Enhancing Reproducibility and Reducing Experimental Burden

A persistent challenge in endodontic research is thelimited reproducibility
associated with biological specimens and experimental conditions. Digital
twin methodologies can enhance reproducibility by providing standardised
virtual environments in which hypotheses can be tested repeatedly under
controlled conditions. Although digital simulations cannot replace empirical
research, they can serve as a computational preclinical stage that informs
study design and prioritises the most promising experimental pathways
(Vertucci, 1984; Boutsioukis et al., 2010).

By reducing the number of required laboratory experiments and
animal studies, digital twins align endodontic research with broader ethical,
sustainability, and resource-efficiency goals. The iterative feedback loop
between simulation and experimentation further strengthens the translational
value of digital twin-based research frameworks.

5.6 Implications for the Future of Endodontic Research

Collectively, these research-oriented applications highlight digital twins
as catalysts for innovation rather than mere technological novelties. By
enabling systematic exploration of complex, multiscale phenomena, digital
twins can shorten the distance between theoretical concepts and clinically
applicable solutions.

As computational power, data availability, and interdisciplinary
collaboration continue to expand, digital twin-based research frameworks
are likely to become increasingly accessible to the endodontic research
community. Their adoption has the potential to redefine how evidence is
generated and translated, fostering a more predictive, efficient, and patient-
centred approach to endodontic science.

6. Translational Roadmap: From Research to Chairside
Application

The successful implementation of digital twin technology in endodontics
depends on astructured translational strategy that bridges theoretical research
and routine clinical practice. Rather than representing a single disruptive
leap, the adoption of digital twins should be viewed as a progressive, multi-
phase process that builds incrementally upon existing digital infrastructures,
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clinical workflows, and regulatory frameworks (Bjornsson et al., 2020; Corral-
Acero et al., 2020; Tao et al., 2019).

6.1 Phase I: Retrospective Data Integration and Static Digital Twins

The initial translational phase involves the creation of retrospective
or semi-static digital twins derived from existing clinical datasets. CBCT
archives, intraoral scans, treatment records, and outcome data can be
retrospectively integrated to generate virtual representations of root canal
systems and treatment trajectories. At this stage, digital twins primarily serve
as research and hypothesis-generation tools rather than real-time clinical
decision aids (Vertucci, 1984; Boutsioukis et al., 2010).

From a clinical research perspective, these models enable identification
of anatomical, procedural, and restorative factors associated with treatment
success or failure. Importantly, Phase I implementation does not require
real-time sensors or advanced chairside hardware, making it feasible within
current academic and specialist clinical settings (Saghiri et al., 2023; Vertucci,
1984).

6.2 Phase II: Predictive Simulation and Clinical Decision-Support
Systems

The second translational phase introduces predictive simulation
capabilities into preoperative treatment planning. By integrating artificial
intelligence, finite element analysis, and computational fluid dynamics,
digital twins can begin to simulate potential outcomes of different access
cavity designs, shaping strategies, and disinfection protocols before clinical
intervention (Abdelhafeez, 2024; Ausiello et al., 2017; Versluis & Tantbirojn,
2013; Shen et al., 2010).

At this stage, digital twins function as clinician-guided decision-support
systems rather than autonomous entities. Predictive outputs assist clinicians
in comparing alternative strategies, while final decisions remain grounded
in clinical judgement and patient-specific considerations. Similar decision-
support paradigms have demonstrated clinical value in other areas of digital
dentistry and precision medicine, supporting the feasibility of this approach
in endodontics (Corral-Acero et al., 2020; Mangano et al., 2017).

6.3 Phase III: Adaptive and Continuously Updated Digital Twins

The final phase of translation envisions fully adaptive digital twins capable
of continuous synchronisation with the physical tooth and surrounding
tissues. Such systems would integrate longitudinal imaging updates,
procedural metrics, sensor-derived data, and follow-up clinical findings to
maintain alignment between the virtual and real-world systems (Bjornsson et
al., 2020; Tao et al., 2019).
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In this mature stage, digital twins could support real-time risk assessment,
prognostic monitoring, and personalised treatment optimisation across the
tull lifecycle of endodontic care. Although this level of integration remains
aspirational within endodontics, analogous implementations in cardiology
and orthopaedics suggest that such systems are technically achievable with
sufficient interdisciplinary collaboration (Corral-Acero et al., 2020; Mangano
etal., 2017).

6.4 Regulatory, Validation, and Standardisation Considerations

Translational success also depends on robust validation and regulatory
oversight. Digital twin models must demonstrate reliability, transparency,
and clinical relevance through rigorous validation against experimental
and clinical outcomes. Standardised reporting frameworks and consensus
guidelines will be essential to ensure reproducibility and facilitate comparison
across studies (Vertucci, 1984; Boutsioukis et al., 2010; Viceconti et al., 2016).

From a regulatory perspective, digital twins intended for clinical decision
support may fall under medical device regulations, requiring clear definition
of intended use, risk classification, and clinician responsibility. Early
engagement with regulatory bodies can help align technological development
with clinical and legal requirements (U.S. Food and Drug Administration,
2017).

6.5 Education, Interdisciplinary Collaboration, and Clinical Adoption

The translation of digital twins into routine endodontic practice will
require parallel advances in professional education and interdisciplinary
collaboration. Clinicians must acquire foundational digital literacy skills
to critically interpret simulations, understand model limitations, and
appropriately integrate predictive outputs into clinical decision-making
(Saghiri et al., 2023; Topol, 2019a).

Interdisciplinary collaboration between endodontists, biomedical
engineers, computer scientists, and data analysts will be central to developing
clinically relevant digital twin systems. Embedding such collaboration
within academic training programmes and research networks may accelerate
innovation while ensuring that technological solutions remain aligned with
real clinical needs.

6.6 From Translational Roadmap to Clinical Reality

Collectively, these phases outline a pragmatic roadmap for translating
digital twin concepts into clinically meaningful tools. By progressing from
retrospective modelling to predictive decision support and ultimately to
adaptive digital twins, endodontics can gradually transition towards a more
predictive and personalised model of care.
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Rather than replacing established clinical expertise, digital twins should
be regarded as enabling technologies that enhance decision-making, reduce
uncertainty, and support evidence-informed practice. The following section
addresses the ethical, educational, and practical challenges that must be
navigated to ensure responsible and equitable implementation of digital twin
systems in endodontics.

7. Ethical, Educational, and Clinical Challenges

The integration of digital twin technology into endodontic practice
presents not only technical and translational challenges but also a series of
ethical, educational, and clinical considerations that must be addressed to
ensure responsible and equitable implementation. As digital twins increasingly
influence diagnostic reasoning and treatment planning, clear frameworks are
required to safeguard patient rights, maintain professional accountability,
and support clinician competence (Floridi & Cowls, 2019; Mittelstadt et al.,
2016; Topol, 2019b).

7.1 Data Privacy, Security, and Ethical Governance

Digital twin systems rely on the aggregation and continuous updating
of large volumes of patient-specific data, including imaging records, clinical
notes, procedural parameters, and longitudinal outcomes. Ensuring data
privacy and security is therefore a fundamental ethical requirement.
Compliance with data protection regulations, such as the General Data
Protection Regulation (GDPR) and comparable international frameworks, is
essential when handling sensitive health information (European Union, 2016;
Rumbold & Pierscionek, 2017).

Beyond regulatory compliance, ethical governance must address issues
of informed consent, data ownership, and secondary data use. Patients should
be clearly informed about how their data contribute to digital twin models,
how long data are retained, and whether data may be reused for research or
algorithm refinement. Transparent governance structures are necessary to
maintain public trust and support the long-term sustainability of digital twin
initiatives (Mittelstadt et al., 2016; Rumbold & Pierscionek, 2017).

7.2 Accountability, Transparency, and Clinical Responsibility

As digital twins evolve from passive simulation tools to active decision-
support systems, questions of accountability become increasingly salient.
Predictive outputs generated by digital twins may influence clinical decisions,
yet responsibility for treatment outcomes must remain clearly defined. Digital
twins should be designed to augment clinician judgement rather than replace
it, preserving professional autonomy and ethical responsibility (Floridi &
Cowls, 2019; London, 2019).
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Transparency of underlying models and algorithms is also critical.
Clinicians must be able to understand, at least at a conceptual level, how
predictions are generated and what assumptions underpin them. The use of
explainable artificial intelligence within digital twin frameworks may help
mitigate the risks associated with “black-box” decision-making and reduce
inappropriate reliance on automated recommendations (London, 2019;
Holzinger et al., 2019).

7.3 Educational Implications and Digital Literacy

The successful adoption of digital twin technology will require a
corresponding evolution in dental education and continuing professional
development. Clinicians must acquire digital literacy skills that enable
them to interpret simulations, critically evaluate predictive outputs, and
recognise model limitations. Without adequate training, there is a risk
of misinterpretation or overreliance on digital predictions, potentially
compromising patient care (Topol, 2019a; Schwendicke et al., 2020).

Integrating digital health, artificial intelligence, and simulation-based
learning into undergraduate and postgraduate endodontic curricula may help
prepare future clinicians for digital twin-enabled practice. Interdisciplinary
educational initiatives involving collaboration between dentists, engineers,
and data scientists may further enhance understanding and foster innovation
while maintaining clinical relevance (Schwendicke et al., 2020; Ellaway &
Masters, 2008).

7.4 Clinical Workflow Integration and Usability

From a practical standpoint, digital twin systems must be seamlessly
integrated into existing clinical workflows to gain acceptance among
practitioners. Systems that increase chairside time, require complex data
entry, or disrupt established routines are unlikely to achieve widespread
adoption. User-centred design, interoperability with electronic dental records,
and intuitive visualisation tools are therefore critical determinants of clinical
usability (Mittelstadt et al., 2016; Bates & Singh, 2018).

Additionally, variability in clinical settings, ranging from academic
centres to private practices, necessitates scalable and adaptable implementation
strategies. Digital twin platforms must accommodate differing levels of
technological infrastructure and resource availability without compromising
core functionality.

7.5 Equity, Access, and the Risk of Digital Disparities

While digital twin technology holds promise for improving precision
and predictability in endodontic care, it also carries the risk of exacerbating
existing inequalities in access to advanced dental technologies. High
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implementation costs, infrastructure requirements, and training demands
may limit availability to well-resourced centres, widening disparities between
healthcare systems and patient populations (Topol, 2019b; Veinot et al., 2018).

Addressing these challenges will require proactive strategies aimed
at equitable access, including cost-effective system design, shared digital
infrastructure, and evidence-based assessment of clinical value. Ensuring
that digital twin technologies contribute to improved outcomes across diverse
clinical contexts is essential for their ethical justification and long-term
integration into endodontic practice.

7.6 Navigating Challenges Towards Responsible Implementation

Collectively, the ethical, educational, and clinical challenges outlined
above underscore the importance of a cautious and principled approach
to digital twin adoption. By embedding ethical governance, transparency,
and education into translational strategies, the endodontic community can
mitigate risks while maximising potential benefits.

Rather than viewing these challenges as barriers, they should be
recognised as integral components of responsible innovation. Addressing
them proactively will help ensure that digital twin technology enhances
patient care, supports clinician expertise, and aligns with the broader goals of
ethical and sustainable healthcare.

8. Future Perspectives and Conclusion

The concept of digital twin technology represents more than a
technological advancement; it signifies a fundamental shift in how
endodontic care may be conceptualised, planned, and delivered in the future.
By integrating patient-specific data, predictive modelling, and continuous
feedback, digital twins offer a framework through which endodontics can
evolve from a predominantly reactive discipline to one that is predictive,
adaptive, and personalised (Bjornsson et al., 2020; Corral-Acero et al., 2020;
Floridi & Cowls, 2019).

8.1 Future Perspectives

In the foreseeable future, the gradual convergence of advanced imaging,
artificial intelligence, biomechanical modelling, and computational biology
is likely to facilitate the development of increasingly sophisticated digital
twin systems. Rather than fully autonomous platforms, early clinical
implementations are expected to function as clinician-centred decision-
support tools that enhance diagnostic precision and treatment planning while
preserving professional judgement (Bjornsson et al., 2020; Corral-Acero et al.,
2020; Floridi & Cowls, 2019).
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As data interoperability standards mature and computational power
becomes moreaccessible, digital twins may expand beyond single-tooth models
to encompass multi-tooth units and broader oral-systemic interactions. Such
evolution could allow the exploration of relationships between endodontic
pathology, occlusal loading, restorative design, and systemic health factors
within unified virtual environments. This perspective aligns with current
discussions on precision medicine and human-centred artificial intelligence
in healthcare (Floridi & Cowls, 2019; London, 2019).

From a research perspective, digital twins are poised to play a central role
in accelerating hypothesis generation, optimising experimental design, and
reducing reliance on extensive in vitro and in vivo studies. The integration of
in silico trials and simulation-based validation within digital twin frameworks
reflects broader shifts towards computationally supported evidence generation
in medicine and dentistry (Viceconti et al., 2016).

8.2 Limitations and Realistic Expectations

Despite their promise, digital twins should not be regarded as
immediate solutions to all clinical challenges in endodontics. Data quality,
model validity, and interpretability remain critical limitations that must be
addressed through rigorous validation and transparent reporting. Moreover,
the inherent complexity of biological systems means that predictive outputs
will always be associated with a degree of uncertainty, underscoring the
continued importance of clinical expertise and critical judgement (London,
2019; Holzinger et al., 2019).

Recognising these limitations is essential to avoid unrealistic expectations
and inappropriate reliance on predictive technologies. Ethical frameworks
emphasising transparency, explainability, and proportional use of artificial
intelligence are therefore directly applicable to the responsible implementation
of digital twins in clinical endodontics (Floridi & Cowls, 2019; London, 2019).

8.3 Concluding Remarks

In conclusion, digital twin technology provides a unifying conceptual
framework that aligns ongoing digital innovations with the clinical realities
of endodontic practice. By enabling virtual simulation of treatment strategies,
prediction of biological and mechanical responses, and continuous model
refinement, digital twins hold the potential to enhance diagnostic accuracy,
procedural safety, and long-term treatment outcomes (Bjérnsson et al., 2020;
Corral-Acero et al., 2020).

The successful integration of digital twins into endodontics will require
more than technological innovation alone. Ethical governance, robust
validation, interdisciplinary collaboration, and targeted educational reform
are equally essential to ensure responsible adoption. When approached
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with these principles in mind, digital twins can serve not as replacements
for clinical expertise, but as powerful allies that support evidence-informed,
patient-centred care (Viceconti et al., 2016; Floridi & Cowls, 2019).

Ultimately, the journey towards digital twin-enabled endodontics
reflects a broader transformation within healthcare—one that seeks to
anticipate rather than react, to personalise rather than standardise, and to
integrate technology in service of improved patient outcomes. Embracing
this paradigm thoughtfully and critically may define the next frontier of
contemporary endodontic practice.
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Introduction

Facial trauma in the pediatric population differs significantly from that
observed in adults in terms of incidence, diagnostic evaluation, and treatment
planning. Therefore, when assessing pediatric maxillofacial injuries, clinici-
ans must take into account the child’s age-related physiological characteristi-
cs as well as psychosocial considerations.

Bone fractures occur less frequently in the pediatric population compa-
red with adults (Sardana et al., 2014). Children are generally under parental
supervision and spend most of their time in relatively safe environments, whi-
ch reduces their exposure to high-energy trauma. Furthermore, incomplete
pneumatization of the facial bones, the relatively greater presence of soft and
adipose tissues, and the biomechanical characteristics of the developing ske-
letal structure provide a certain degree of elasticity to the bones. These anato-
mical and biomechanical features contribute to the lower incidence of facial
skeletal fractures observed in children (Barbosa & Mariano, 2017). Neverthe-
less, although craniofacial fractures are relatively uncommon in the pediatric
population, the mandible has consistently been reported as the most frequent-
ly fractured facial bone(Dal Santo, 2024; Sharma et al., 2025).

Maxillofacial trauma occurring during childhood may not only affect the
existing anatomical structures but may also have long-term consequences on
craniofacial growth and development, functional capacity, and facial aesthe-
tics (Goel et al., 2024).

Both surgical and conservative treatment approaches have been reported
to yield satisfactory outcomes in pediatric and adolescent patients. However,
there rema'ins no clear consensus regarding the optimal treatment strategy
for this age group (Scheibl et al., 2024). Consequently, cranio-maxillofacial
surgeons involved in the management of pediatric mandibular fractures must
possess a thorough understanding of the growth and developmental characte-
ristics of the pediatric facial skeleton (Hajibandeh & Peacock, 2023).

This chapter reviews the etiology, clinical features, treatment strategies,
and potential complications of pediatric mandibular fractures in light of the
current literature. The discussion is primarily based on studies and systematic
reviews published between 2015 and 2025.

Age-Specific Characteristics of the Pediatric Maxillofacial Skeleton

The incidence and fracture patterns of pediatric maxillofacial trauma are
directly influenced by anatomical and biomechanical characteristics unique
to childhood. Although the relatively large head-to-body ratio in children
increases the impact of traumatic forces, fractures in facial bones occur less
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frequently compared to adults. This can be explained by the distinctive pro-
perties of the pediatric craniofacial skeleton.

Bone tissue in children is more elastic than in adults; this elasticity re-
duces the likelihood of fracture under traumatic forces while simultaneously
predisposing the pediatric skeleton to incomplete fractures, commonly refer-
red to as “greenstick fractures.” The presence of thick facial fat pads, lower
body weight, and smaller overall size also provides a natural cushioning effe-
ct, further decreasing fracture risk. Consequently, higher-intensity traumatic
forces are generally required to produce facial bone fractures in children.

Moreover, in younger children, the facial skeleton is smaller relative to
the neurocranium and positioned more posteriorly, which helps protect the
maxillofacial region from external trauma. These anatomical features repre-
sent key factors explaining the lower incidence of facial fractures in early chil-
dhood (Huang et al., 2023).

These anatomical and biomechanical differences directly influence the
clinical approach to pediatric mandibular fractures. Age-specific factors such
as the presence of permanent tooth germs, the growth potential of the mandi-
bular condyle, short ramus height, and thin cortical bone must be considered
in treatment planning(Kumari et al., 2025). Therefore, pediatric mandibular
fractures require a clinical management approach distinct from that used in
adult cases.

Epidemiology&Etiology

Maxillofacial trauma in the pediatric population accounts for approxi-
mately 3.3% of all trauma cases, and the mandible has been reported as the
most frequently affected facial bone in children aged 15 years and younger
(36%) (Kumar et al., 2017). Among hospitalized patients, mandibular fractu-
res are also the most common, with a reported incidence of 32.7%, followed
by nasal bone fractures (30.2%) and midface/zygomatic fractures (28.6%) (Lo-
dhi et al., 2021).

When mandibular fractures are evaluated according to anatomical lo-
cation, the condylar region is the most commonly affected site (40-70%), fol-
lowed by the symphysis and parasymphysis (2-30%), whereas corpus, angle,
and ramus fractures are reported less frequently (Cleveland et al., 2021; Lodhi
et al., 2021). Pediatric mandibular fractures occur more frequently in male
children and typically affect those older than two years of age (Li et al., 2023;
Nezam et al., 2018). Condylar head fractures are more common in children
younger than eight years, whereas condylar neck fractures become more pre-
valent with increasing age. Corpus and angle fractures are generally observed
at later ages when the mandible has completed more of its structural develop-
ment (Hajibandeh & Peacock, 2023).
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The mechanisms of trauma vary according to age. In children aged 6-11
years, trauma is most commonly associated with motor vehicle accidents, falls
from height, play-related accidents, and bicycle injuries, while firearm-related
injuries are reported more rarely (Bilgen et al., 2019). During adolescence (12—
18 years), the etiology shifts, and interpersonal violence and sports-related in-
juries become more prominent causes of trauma. Sports injuries are reported
to account for approximately 20-30% of oral and maxillofacial trauma cases
(Cleveland et al., 2021; Li et al., 2023). In some cases, mandibular fractures
may be accompanied by fractures of other facial bones or soft tissue injuries,
and in rare instances, polytrauma may also occur (McGoldrick et al., 2019).

Clinical Findings&Evaluation

Pediatric mandibular fractures present with a variety of clinical mani-
festations depending on the severity, direction, and location of the trauma.
The most commonly observed findings include facial bruising, irritability,
and excessive crying. Soft-tissue injuries may result in gingival bruising as
well as oral and oronasal bleeding. Trauma-related feeding difficulties and
signs of inadequate nutrition may also occur. In some cases, transient loss of
consciousness or seizure-like activity has been reported. Mandibular defor-
mities and multiple areas of bruising are additional findings that should raise
clinical suspicion (Koti et al., 2023).

During functional evaluation, limited mouth opening, tenderness on
palpation, step deformity, restriction of condylar movements, and malocclu-
sion or anterior open bite are important diagnostic indicators(Swayampakula
et al., 2023; Wu et al., 2022). These clinical signs are particularly important
for the early recognition of mandibular fractures in young children, in whom
obtaining a reliable history may be difficult, and they help guide accurate di-
agnosis and timely treatment planning.

In posterior-superiorly displaced condylar fractures, external auditory
canal injuries and bloody otorrhea may be observed. In bilateral cases, these
findings may be confused with skull base fractures; therefore, careful radio-
logical evaluation is required (Chan & Au-Yeung, 2017).

Imaging Methods

Although panoramic radiographs are frequently preferred during cli-
nical evaluation, the superimposition of adjacent anatomical structures and
their susceptibility to distortion may make accurate assessment of fracture
lines difficult. This limitation can lead to diagnostic errors and inappropriate
treatment planning. Currently, advanced imaging modalities such as helical
multidetector computed tomography (MDCT) and cone-beam computed to-
mography (CBCT) allow more detailed and reliable visualization of fractures,
particularly those located in the subcondylar region(Vesnaver, 2020).
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Figure 1. Use of Panoramic Radiography in Pediatric Mandibular Fractures(Vesnaver, 2020)

CBCT provides high-accuracy three-dimensional images with a lower
radiation dose compared to multidetector CT, offering advantages in demons-
trating the angular relationships of bony structures. However, MDCT is su-
perior in evaluating the relationship of fracture fragments with surrounding
anatomical structures and in detecting associated soft tissue injuries due to its
higher soft tissue contrast (Scheibl et al., 2024).

Figure 2. Use of CBCT in Pediatric Mandibular Fractures.

A. Axial section B. Coronal section C. Inferior view of the CBCT image D.
Lateral view of the CBCT image(Scheibl et al., 2024)
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Classification

Mandibular fracture classification systems proposed in the literature are
largely descriptive in nature. These systems are generally based on the ana-
tomical location of the fracture; additionally, they take into account factors
such as whether the fracture is simple or open, the presence of associated soft
tissue injuries, and the risk of fragment displacement related to muscle trac-
tion(Brown et al., 2022).

According to anatomical localization, mandibular fractures are classified
as angle, ramus, alveolar region, subcondylar region, condyle, corpus, sym-
physis, and parasymphysis fractures(Bilgen et al., 2019). Brown et al. (2022)
suggested that, in order to better reflect the clinical presentation and treat-
ment complexity of mandibular fractures, they should be categorized into five
main groups based on anatomical location and treatment difficulty:

Class I: Isolated condylar fractures (condylar head or subcondylar
region). These are usually seen as isolated injuries and can generally be mana-
ged with conservative or minimally invasive approaches.

Class II: Angle fractures. These may occur either as isolated or com-
bined fractures, and treatment (single or double plating, buccal or intraoral
approach) varies depending on the characteristics of the case.

Class III: Corpus, parasymphysis, and symphysis fractures. These
fractures affect the anterior horizontal portion of the mandible and often
require open reduction and internal fixation (ORIF) due to the risk of displa-
cement and instability.

Class IV: Multiple fractures without condylar involvement. These
cases involve fractures in more than one region of the mandible but do not
include the condylar area; treatment may require ORIF in multiple sites.

Class V: Multiple fractures with a condylar component. When
condylar fractures are part of multiple fractures, treatment planning requi-
res careful evaluation of mandibular movement and occlusion during ORIF
planning. Bilateral condylar fractures are defined as a separate subclass.

This classification system enables the systematic recording and reporting
of mandibular fractures by incorporating both anatomical localization and
treatment complexity. As a result, it supports clinical decision-making while
providing consistent and comparable data in the literature(Brown et al., 2022).
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Figure 3. Mandibular fracture classification described by Brown et al.

Treatment Methods

When planning the treatment of maxillofacial fractures, factors such as
the patient’s age, the anatomical location and complexity of the fracture, the
time elapsed since injury, and the presence of associated injuries should be
considered(Bilgen et al., 2019). Although various treatment approaches for
mandibular fractures have been reported in the literature, the heterogeneity
in data presentation often makes individual patient management difficult to
evaluate clearly. Current studies indicate that three main approaches are com-
monly used in the treatment of mandibular fractures: conservative manage-
ment, closed reduction, and open reduction with internal fixation (ORIF)
(Brown et al., 2022).

The management of mandibular fractures in children differs from that
in adults due to ongoing craniofacial growth and the presence of developing
permanent tooth germs. Treatment should aim to restore stability while pre-
serving both esthetic and functional structures using the least invasive met-
hods possible (Jha et al., 2023). In pediatric patients, conservative approaches
are generally preferred in order to avoid potential adverse effects on growth
and development (Nilesh et al., 2020). These approaches include a wide range
of options, from observation with a soft diet and physiotherapy to wire appli-
cations, elastic-guided/intermaxillary fixation, and the use of various splints
(Bansal et al., 2021).
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Pediatric Mandibular Fracture with Primary or Mixed Dentition
Not Requiring ORIF
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Figure 4. Management of Pediatric Mandibular Fractures(Farber et al., 2016)

In displaced fractures, the fundamental principle is anatomical reduction
and stable immobilization. Although the indications for ORIF in pediatric ca-
ses are limited, fixation with mini- or microplates may be applied in markedly
displaced or comminuted parasymphysis and angle fractures (Mulinari-San-
tos et al., 2017). In parasymphysis fractures, ORIF is considered a safe option
after the eruption of the canine teeth (approximately 9 years of age and older);
at this stage of dental development, the risk of damage to tooth roots during
plate and screw placement is reduced (Posnick et al., 1993; Smartt et al., 2005).

Open fixation requiring subperiosteal dissection may affect the osteoge-
nic potential of the periosteum and lead to scar tissue formation that could
restrict growth. Therefore, conservative treatment is preferred in minimally
displaced fractures (Bilgen et al., 2019). The need for a second surgical proce-
dure to remove metal plates has led to the development of resorbable plating
systems. Recent clinical studies have demonstrated that resorbable plates are
safe and effective in the treatment of pediatric mandibular fractures(Chocron
et al., 2019; Landes & Ballon, 2006; Smartt et al., 2005; Yang et al., 2015).

In pediatric condylar fractures, a conservative approach is generally pre-
ferred due to the high remodeling potential; however, surgical options may
be considered in the presence of significant displacement or functional im-
pairment (Vesnaver, 2020). External fixation can provide stabilization with
minimal intervention to the growth center and may yield satisfactory morp-
hofunctional outcomes (Cascone et al., 2017).
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Figure 5. CT image showing the use of an external fixator in a pediatric condylar
fracture (Cascone et al., 2017).

The elastic structure of the mandible and the embedded tooth germs in
children naturally hold the fragments together; therefore, most fractures of
the body and symphysis occur without displacement. Closed reduction and
immobilization are applied in the presence of displacement(Nezam et al.,
2018).

Peduatnc lsolated,
Unlateral Tooth- I a1 [} -
Mixed T
e | x. | Closed with MMF ]
Body Fractures
_.{ ;- } l ORIF £ MMF I

Figure 6. Management of Pediatric Mandibular Body Fractures (Lopez et al., 2021).

Evaluation parameters in postoperative and conservative follow-up of
pediatric condylar fractures include facial symmetry, maximum mouth ope-
ning, lateral deviation, temporomandibular joint pain, condylar movement,
pathological phenomena (clicking, crepitus), and occlusion (Vesnaver, 2020).
Long-term effects of condylar fractures include pain, malocclusion, decreased
posterior facial height, facial asymmetry, and TM] ankylosis. Non-surgical
maxillomandibular fixation (MMF) and physical therapy are preferred for
greenstick fractures, while displaced or dislocated condylar fractures require
a surgical approach (Aksoyler et al., 2021).
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Figure 7. Management of Pediatric Symphysis and Condyle Fractures (Yesantharao et

al,, 2021)

Mandibular angle fractures generally occur as a result of high-energy tra-
uma or direct impact/violence. The management of fractures in this region is
particularly challenging due to their posterior location behind the dental arch
and the complex biomechanics of the area. This anatomical region is subje-
cted to distractive forces generated by the masticatory muscles and exhibits
three-dimensional movement patterns. Consequently, these factors make sta-
bilization of the fracture fragments more difficult (Yesantharao et al., 2020).

-
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Figure 8. Management of Pediatric Angular Fractures (Yesantharao et al., 2020).

In infants with unerupted teeth, low-invasive techniques such as stabili-
zation of parasymphysis fractures using a splint made from a simply shaped
plastic airway tube and fixation of the fragment with circummandibular wi-
ring for 2-3 weeks have been shown to achieve successful outcomes without
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increasing complication rates. This approach offers a treatment alternative
that aligns with the goal of preserving growth potential and avoiding harm to
dental development (Abdelhalim & El Fahar, 2021).

Figure 9. Splinting of a parasymphyseal fracture in toothless infants using a plastic
airway tube (Abdelhalim & El Fahar, 2021).

Complications

Complications associated with pediatric mandibular fractures have not
always been reported in detail in the literature, and most existing studies lack
sufficient data correlating complications with fracture location, number of
fractures, or treatment modality. Available evidence suggests that the risk of
complications increases with fracture complexity. The main complications re-
ported in pediatric patients include malocclusion, infection, the need for reo-
peration, and issues related to fixation materials. Patient age, dentition status,
and growth potential should be considered when planning treatment(Brown
etal., 2022).

When postoperative complications are evaluated according to dentition
stage and treatment methods, higher complication rates are particularly ob-
served in patients treated with open reduction and internal fixation (ORIF).
In the ORIF group, the complication rate was reported as 55.6%, whereas no
complications were reported in patients managed with a soft diet alone or
with closed reduction and intermaxillary fixation (MMF). This finding sup-
ports the prioritization of conservative approaches whenever possible in pedi-
atric patients (Yesantharao et al., 2020).

The most common complication in ORIF cases is transient alveolar nerve
paresthesia (17.6%), reflecting the impact of surgical manipulation on neuro-
vascular structures. However, the absence of a significant difference in comp-
lication rates across primary, mixed, and permanent dentition stages suggests
that risk is not solely dependent on dentition; biomechanical characteristics
and fracture severity are also important determinants (Yesantharao et al.,
2020).

Regarding plate configurations, patients treated with miniplates applied
only along the superior border showed lower complication rates. Although
this difference was not statistically significant, less invasive and limited fixa-
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tion approaches may offer biological advantages in the pediatric mandible
(Yesantharao et al., 2020). Multivariate analyses indicate that fracture morp-
hology is the most clinically relevant determinant, with comminuted and/
or displaced fractures significantly increasing the risk of complications fol-
lowing ORIF.

Malocclusion, infection, inadequate reduction, and growth-development
disturbances can occur after treatment of pediatric mandibular fractures.
Condylar fractures, in particular, may affect long-term mandibular growth
in patients with ongoing developmental potential. Malocclusion usually re-
sults from insufficient reduction or immobilization and can present as occ-
lusal mismatch, deviation during mouth opening, temporomandibular joint
(TM]) dysfunction, ankylosis, and limited mandibular movement. Long-term
sequelae may include mandibular asymmetry and chronic pain (Andrade et
al., 2015).

Resorbable fixation materials have been reported as a safe and effective
alternative in pediatric mandibular fractures. A review of 10 primary studies
covering a total of 269 fractures reported an overall complication rate of 5.2%
(n=12). The most common complication was postoperative infection (n=4),
all of which were managed successfully with conservative antibiotic therapy.
Other complications included wound dehiscence (0.86%), hardware exposure
(1.3%), intraoral fistula (0.86%), and malocclusion (0.43%), with none of the
hardware exposure cases requiring additional surgery (Chocron et al., 2019).

Condylar fractures, due to their critical role in mandibular growth, may
lead to long-term functional and skeletal sequelae (McGoldrick et al., 2019).
In pediatric condylar surgery, intraoperative and postoperative complications
can include transient facial nerve palsy, parotid fistula, injury to the great
auricular nerve, miniplate fracture, intraoperative bleeding, postoperative
hematoma, infection, and malposition of fracture fragments. Postoperative
scarring is also an important parameter to monitor (Vesnaver, 2020).

Therefore, close clinical and radiological follow-up in pediatric patients
after treatment is critical for the early detection of potential growth distur-
bances and functional problems (Akkog¢ & Biilbiilliioglu, 2022).

Examles of Case Reports in the Literature
Case Report 1

A 9-year-old male patient presented to the Department of Oral&Maxillo-
facial Surgery with complaints of pain in the anterior mandibular region and
mild soft tissue discoloration. Anamnesis obtained from the family revealed a
fall while playing the day before.

Clinical evaluation showed diastema between the right central and late-
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ral mandibular incisors and a small laceration on the buccal gingiva (Figure
10A). Panoramic radiographic examination revealed a slightly displaced ver-
tical fracture line in the parasymphysis region, with minimal step formation
along the inferior cortical border of the mandible (Figure 10B). No additional
fractures were observed in the condylar region or other mandibular structu-
res. The patient’s systemic history was unremarkable.

Due to the patient being in the mixed dentition stage, a conservative tre-
atment approach was chosen. Alginate impressions of the maxilla and man-
dible were taken to fabricate study models. Model surgery was performed on
the mandibular model using the maxillary model as a guide to achieve proper
occlusal alignment. To enhance stability, a 2-mm-thick acrylic occlusal splint
with partial extension onto the gingival tissues was prepared (Figure 10C).
The buccal and lingual extensions of the splint were carefully adapted to avoid
pressure on the soft tissues at gingival contact areas.

As the patient was cooperative, all procedures were performed under lo-
cal anesthesia. The splint was secured using two 0.5-mm orthodontic wires
twisted together to provide adequate flexibility and strength. Small perfora-
tions were made in the splint at the junction of the buccal and lingual surfa-
ces of the primary second molars, and the wires were passed through these
perforations and guided through the interdental spaces. Prior to perforati-
on, the mobility of the relevant primary molars was assessed. The displaced
mandibular segments were reduced with digital pressure, and stabilization of
the splint was achieved by bending the wires on the buccal surface (Figures
10D-E). At the end of the procedure, the stability of the splint was confirmed
clinically.

Figure 10. Treatment of Pediatric Parasymphyseal Fracture with Acrylic Occlusal
Splint
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In the third postoperative week, the splint was removed without the need
for local anesthesia. No complications were observed during the healing peri-
od. Panoramic radiographs taken in the fourth week demonstrated adequate
bone healing along the fracture line and proper reduction, with stable occlu-
sion and normal masticatory function (Figures 11A-B)(Demirkol et al., 2016).

Figure 11. Follow-up of a Pediatric Parasymphyseal Fracture Treated with an Acrylic
Occlusal Splint

Case Report 2

A 10-year-and-9-month-old male patient presented to the Department of
Oral and Dental Health, Kunming Medical University, China, four days after
a traffic accident. Initial evaluation was performed in the Department of Oral
and Maxillofacial Surgery, and the patient was referred to the orthodontics
clinic. He reported persistent facial pain, as well as limited masticatory and
sleep functions following the trauma. Clinical examination revealed bilateral
facial swelling, approximately 2 mm left deviation of the mandibular midline,
a maximal mouth opening of 31 mm, and deviation of the mandible to the
left during movement. A laceration at the chin and fractures of the maxillary
central incisors were also noted.

Diagnostic assessment with computed tomography revealed a vertical
fracture line at the left condylar head, a displaced fracture of the right condy-
lar neck, and a fracture at the mandibular symphysis. Fracture healing was
monitored long-term through five sequential CT scans (baseline, 4th, 20th,
37th, and 49th months).

Initial management included antibiotics, nonsteroidal anti-inflamma-
tory analgesics, and a soft diet. The chin laceration was closed with primary
sutures. Two treatment options were offered to the family: open reduction
with rigid maxillomandibular fixation or conservative management using an
arch bar and intermaxillary fixation. The family opted for the conservative
approach to preserve occlusion through condylar remodeling and mandibu-
lar growth.

Orthodontic assessment revealed mild facial asymmetry, a convex facial
profile, and early permanent dentition. While the maxillary dental midline
was aligned, the mandibular midline was deviated 2 mm to the left. Class I
molar relationship and mild Class II canine relationship were observed.
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A conservative orthodontic treatment plan was implemented, with 0.022-
inch slot brackets placed from the maxillary second premolars to the man-
dibular molars and supported by a lightly contoured 0.018-inch Australian
archwire. Elastic connections were applied to the brackets, and intermaxil-
lary elastics (1/8 inch, 3.5 oz) were used in a cross and symmetrical pattern,
replaced daily for four weeks. The patient was instructed to limit mandibular
opening exercises for hygiene purposes and to follow a liquid diet for the first
two weeks (Xu et al., 2016).

Figure 12. Orthodontic-Based Conservative Treatment and Follow-Up of Pediatric
Mandibular Fracture

Case Report 3

A 4-year-old male patient presented to the Department of Pedodontics
and Preventive Dentistry with pain in the right mandibular region during
mastication. Medical history revealed a traffic accident caused by a motorcyc-
le collision one week prior.

Intraoral examination showed asymmetry of the dental arch and a dias-
tema in the region of primary teeth 82-83. Carious lesions were also observed
in the primary dentition. Preoperative computed tomography (CT) revealed
a fracture in the right parasymphyseal region extending along the inferior
border of the mandible.

Based on clinical and radiographic findings, a diagnosis of right man-
dibular parasymphyseal fracture was established. A modified closed acrylic
cap splint with one anterior and two posterior openings was fabricated. Af-
ter reduction of the fracture fragments, the splint was cemented using glass
ionomer cement (GC Fuji I). Oral hygiene instructions were provided, and
analgesic therapy was initiated.

At the sixth-week follow-up, the splint was removed, and the patient was
asymptomatic. Panoramic radiographic evaluation at the eighth month de-
monstrated radiologic evidence of fracture healing (Kumar et al., 2017).
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Figure 13. Diagnosis of Pediatric Parasymphyseal Fracture, Treatment with Acrylic
Cap Splint, Follow-up

Case Report 4

A 6-year-old male patient presented to the Pedodontics Clinic following
a fall while playing two days prior. There was no history of loss of conscious-
ness, vomiting, or convulsions. The family reported gingival bleeding, diffi-
culty in closing the mouth, and pain during mastication. Clinical examina-
tion revealed diffuse swelling in the lower right third of the face, resulting in
facial asymmetry. The patient exhibited difficulty in opening and closing the
mouth, with superficial lacerations observed on the chin and lower lip.

Intraoral examination showed a vertical fracture line between the right
mandibular primary lateral incisor and canine, while the left mandibular
dentoalveolar segment displayed medial displacement, step deformity, and
occlusal discrepancy, resulting in an open bite appearance. Preoperative pa-
noramic radiography (OPG) confirmed the fracture in the right parasymphy-
seal region and revealed an associated fracture in the left mandibular angle.

Treatment planning included taking alginate impressions of the maxilla
and mandible to fabricate dental casts, upon which an acrylic splint was pre-
pared. The mandibular fracture was immobilized under general anesthesia
using a circum-mandibular wiring technique with the acrylic splint. Small
skin incisions were made approximately 3—4 cm lateral to the midline on both
sides of the mandible. A mandibular bone awl was used to pass the wire lin-
gually along the mandibular body, exiting through the lingual mucosa. The
wire was then guided from lingual to buccal sulcus along the mandibular
body and adapted onto the acrylic splint (regions 83-84). The procedure was
repeated on the contralateral side, and an additional circum-mandibular wire
was placed on the left body to stabilize the fractured segment.

Postoperatively, panoramic radiographs were obtained with the wires in
place, and the patient was followed up weekly. At the fourth postoperative
week, the splint and wires were removed under ketamine sedation, and cont-
rol OPG confirmed stable fracture segments. Clinical evaluation revealed no
mobility along the fracture line, uneventful postoperative healing, and satis-
factory occlusion (Nezam et al., 2018).
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Figure 14. Treatment of Pediatric Parasymphyseal Fracture with Circummandibular
Wire

Case Report 5

A 10-year-old female patient presented to the emergency department fol-
lowing a bicycle accident, reporting pain, bleeding and difficulty breathing.
The patient had no known systemic diseases or allergy history. Extraoral exa-
mination revealed posterior displacement of the mandible, step deformity
along the inferior mandibular border and noticeable facial asymmetry. Intra-
oral assessment demonstrated gingival sulcus bleeding, crepitus and tender-
ness on palpation.

Three-dimensional computed tomography revealed a bilateral parasy-
mphyseal mandibular fracture with posterior displacement of the segments.
Due to respiratory compromise, airway management was prioritized; secre-
tions were aspirated and anterior traction of the tongue was applied to main-
tain patency.

Surgical treatment was performed under general anesthesia via an inci-
sion in the lower vestibular fornix. On the left side, anatomical reduction was
achieved and fixation was provided using 1.5 mm and 2.0 mm titanium plates
with monocortical screws. On the right side, stabilization was achieved with
two 1.5 mm titanium plates and monocortical screws.

At the 21st postoperative day, facial edema had markedly decreased, the
patient’s symptoms had resolved, and no signs of infection or inflammation
were observed. Waters’ radiography confirmed appropriate anatomical posi-
tioning and stability of the bone segments (Mulinari-Santos et al., 2017).

* 69
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Figure 15. Treatment of Bilateral Parasymphyseal Fracture with Open Reduction
Internal Fixation

Case Report 6

A 14-year-old male patient was referred to the pediatric maxillofacial
surgery unit following mandibular trauma sustained during a mountain bi-
king accident. Clinical examination revealed mild bilateral cheek ecchymosis
and edema, an anterior open bite of approximately 1.5 cm, mandibular de-
viation to the right, and premature contacts in the molar region. No dental
fractures or alveolar mobility were observed. Bilateral epistaxis was present,
while neurological examination was normal.

Panoramic radiography and computed tomography revealed a left paras-
ymphyseal fracture, a fracture of the left condylar head, and an intracranial
intrusion of the right mandibular condyle. A multidisciplinary surgical ap-
proach was planned and performed by the maxillofacial and neurosurgery
teams. The left parasymphyseal fracture was stabilized using miniplates and
screws, and the displaced condyle was reduced from the temporal fossa via
mandibular inferior traction. The neurosurgery team drained the hematoma
through a pterional approach and reconstructed the comminuted glenoid fos-
sa roof with a thin cranial bone graft.

Postoperatively, no neurological complications were observed. Intermaxil-
lary fixation was maintained for three weeks, followed by elastic guidance.
One-month follow-up CT demonstrated stable reconstruction, although early
findings suggestive of temporomandibular joint ankylosis were noted.
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This case illustrates that significant intracranial condylar intrusion may
occur in pediatric patients despite mild clinical findings and underscores
the importance of a multidisciplinary approach in such cases (Le Roux et al.,
2019).

Figure 16. Treatment of a Trifocal Mandibular Fracture

Case Report 7

A 9-year-old female patient was brought to the emergency department
following a motorcycle accident, presenting with unconsciousness and severe
intraoral bleeding; orotracheal intubation had been performed. Neurological
evaluation revealed a Glasgow Coma Scale score of 10, necessitating intensive
care monitoring. Extraoral examination demonstrated right submandibu-
lar edema, while intraoral assessment revealed bone crepitus, mucosal bone
exposure, and active bleeding. Computed tomography showed a markedly
displaced fracture of the right parasymphyseal region and the developing
germ of the right lower canine.

Initial management included achieving hemostasis, placing mucosal su-
tures, and temporary stabilization using Essig wire ligature. Definitive sur-
gical treatment was performed two weeks after the trauma. Under general
anesthesia, orthodontic buttons were bonded to selected teeth to facilitate int-
raoperative maxillomandibular fixation. Through a submandibular approa-
ch, the fracture site was accessed, the canine germ at the fracture line was
removed, and the fracture was reduced. Stabilization was achieved using a 2.0
mm titanium plate with monocortical screws.

At the 60-day follow-up, the patient demonstrated satisfactory occlusion
and fracture healing, with no impairment of facial nerve function observed
(Rodrigues et al., 2021).
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Figure 17. Surgical Management of a Delayed Pediatric Mandibular Fracture

Conclusion&Recommendations

Pediatric mandibular fractures exhibit distinct clinical characteristics
compared to adult mandibular trauma due to the developmental features of
the craniofacial skeleton. Factors such as the elastic nature of the pediatric
bone, the presence of a thick periosteum, developing tooth germs, and the
condyle as a critical growth center directly influence both fracture patterns
and treatment strategies. Therefore, management of pediatric mandibular fra-
ctures should not rely solely on the anatomical location of the fracture; patient
age, dentition stage, growth potential, degree of displacement, and associated
craniofacial injuries must all be carefully considered.

Current literature indicates that the condyle is the most frequently affec-
ted region in pediatric mandibular fractures and conservative treatment ap-
proaches often yield satisfactory functional outcomes. Rapid bone healing in
children, coupled with significant remodeling capacity in the condylar region,
supports the preference for minimally invasive treatment strategies whenever
feasible. Conservative approaches, including soft diet, functional monitoring,
elastic guidance, splint therapy, and closed reduction, can provide adequate
stabilization in minimally displaced fractures while avoiding surgical trauma
to growth centers.

However, in cases with significant displacement, comminuted fractures,
or where occlusal stability cannot be achieved conservatively, open reduction
and internal fixation may be necessary. In such surgical interventions, preser-
vation of periosteal blood supply, protection of permanent tooth germs, and
avoidance of interference with mandibular growth centers are fundamental
principles. Accordingly, minimal dissection techniques, low-profile fixation
systems, and, when appropriate, resorbable osteosynthesis materials offer sig-
nificant advantages in the pediatric population.
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Successful management of pediatric mandibular fractures extends be-
yond early stabilization. Condylar fractures, in particular, can have long-term
effects on mandibular growth direction, facial symmetry and temporoman-
dibular joint function. Therefore, postoperative follow-up should include re-
gular clinical and radiographic assessments of facial development, occlusion,
mandibular range of motion, and temporomandibular joint function.

In conclusion, the primary objective in treating pediatric mandibular fra-
ctures is to stabilize fracture segments while preserving mandibular growth
and developmental potential. Conservative and minimally invasive methods
should be prioritized, whereas surgical treatment should be reserved for ca-
refully selected indications. Current evidence highlights that a multidiscipli-
nary approach, appropriate imaging and long-term follow-up are critical for
achieving optimal functional and esthetic outcomes in pediatric mandibular
fractures.
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The aim of pulp treatments is to preserve the tooth structure and for
the dental and surrounding supporting tissues to remain healthy (American
Academy of Pediatric Dentistry, 2016). In reversible pulp injuries, vital pulp
treatment is a protective approach that aims to preserve tissue vitality and
maintain functional integrity (Hargreaves, Cohen, & Berman, 2011).

Vital pulp may be exposed for various reasons such as decay or trauma
(malocclusion, attrition, abrasion, erosion, mechanical trauma). Exposure of
pulp tissue before caries are cleaned is defined as caries-related, mechanical
when exposure is during the shaping of the cavity after cleaning caries, and
traumatic when the pulp is exposed together with crown fractures occurring
as a result of external force. In these types of conditions, direct pulp capping or
pulpatomy treatment are performed with the aim of preserving the exposed
pulp tissue. Direct pulp capping is defined as the placement of biocompatible
dental material over the exposed pulp tissue (Schroder 1985) with the aim
of maintaining pulp vitality (Bergenholtz, 2005; Bergenholtz et al., 1985) and
forming a protective barrier at the base of the cavity (Bergenholtz et al., 1985;
Couve, 1986).

There are many factors that have an effect on the success of vital pulp
treatment. First, there must be sufficient blood flow. If there is any periodontal
disease, the procedure should not be performed as the treatment will be
negatively affected. In other words, a healthy periodontium is essential for
success. In addition, when there is insufficient coronal impermeability,
microleakage occurs due to the passage of bacteria from edge gaps, and this
significantly reduces success (Tungdemir & Al Rashid, 2023). Therefore,
strong bonding between the restorative material and pulp capping material is
essential to ensure adequate coverage of the permanent restoration (Tziafas,
Smith, & Lesot, 2000; Savadi Oskoee et al., 2014).

In the context of vital pulp treatment, there are four different options
based on the amount of pulp tissue removed. These are indirect pulp treatment,
direct pulp capping, partial pulpotomy, and full pulpotomy.

Indirect Pulp Treatment

When the decayed dentin is close to the pulp, selective caries removal
(a method of cleaning caries without touching the soft dentin in the region
of the lesion adjacent to the pulp) is performed then this region is covered
with a biocompatible material. In this treatment method it is important that
the tooth is vital, no pathology is determined on radiography, and there is no
long-term or severe pain in the clinical evaluation (Cohenca et al., 2013). One
of the indications is that the tooth does not need a large crown or restoration.
If perforation develops because of decay in the tooth, if there is irreversible
pulpitis, if crown restoration is required due to excessive material loss, or there
is clinical or radiographic evidence of pulpal or periradicular pathosis, indirect
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pulp treatment is contra-indicated (Ungér and Onay, 2017).

The aim of indirect pulp treatment is to maintain the tooth structure
symptom-free and with protected integrity by preserving vitality (Velioglu
& Unlii, 2020). Protection of the pulp is very important in deep caries and
reversible pulpitis. With the correct treatment approach, pulp repair is
achieved and pulp exposure is prevented. Indirect pulp treatment is generally
applied as a single or two-stage treatment. The pulp coverage procedure in
two stages is made with calcium hydroxide (Ca (OH),) or zinc oxide-eugenol
(ZOE) (Bogen & Chandler, 2008). A point to which attention must be paid
here is that the correct decision must be made as to how much of the carey is to
be removed. The reason for selecting calcium hydroxide is that it has alkaline
pH and has a biocompatible structure providing remineralisation of the pulp
dentin. However, as there are concerns related to solubility in the long-term
and not fully bonding to dentin, the use of materials such as resin-modified
glass ionomer has been recommended as an alternative. Single-session pulp
treatment (direct application of the permanent restoration leaving a part of
the carey) is a more practical method than the two-stage approach but there is
a need for follow-up evaluation of the long-term success. Recent studies have
shown that high survival rates (90%) have been reached after indirect pulp
treatment without any adverse clinical symptoms or radiographic pathology
observed in the permanent teeth. In a systematic review by Mickenautsch
et al., the efficacy of calcium hydroxide and resin-modified glass ionomer in
deep cavities was evaluated, and there was seen to be no significant difference
between them (Mickenautsch et al., 2010).

Direct Pulp Treatment

Direct pulp coverage is a vital pulp treatment that aims to prevent the loss
of vitality of pulp exposed in the oral environment. In this procedure, repair
by covering the exposed area of pulp with a suitable biomaterial promotes the
formation of dentin, thereby attempting to provide continuity of pulp vitality
(Velioglu & Unlii, 2020).

Direct pulp coverage, which is a more conservative treatment option than
endodontic treatment, is accepted as a protective method between indirect
pulp coverage and pulpotomy/pulpectomy, and over time there have been
great increases in the success rate with the use of newly developed products.
This treatment method is applied first, especially when iatrogenic perforation
occurs in permanent teeth with young and vital pulp. The basic condition
for obtaining treatment success is correct analysis of the current status of the
tooth. Previous studies have reported that the vast majority of failures seen in
direct pulp coverage are due to incorrect determination of indications. To be
able to establish an indication for direct pulp treatment it is necessary for there
to be a normal appearance of apical tissues on radiographic examination. In
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addition, biocompatible material should not be applied to the pulp chamber
without obtaining bleeding control (Komabayashi et al., 2016).

Direct pulp capping is indicated when the tooth is vital and the patient has
no spontaneous inflammation, there is no pathology on radiography, periapical
tissues are healthy, bleeding can be controlled and does not contain exudate.
There must also have been no previous form of swelling in the tooth (Cohenca
et al., 2013). It can be performed when the patient has no systemic or blood
disease and the general health status is good (McDonald et al., 2010). When
contra-indications are evaluated, direct pulp capping is not recommended
when spontaeous pain is present, radiolucent areas are observed in the
periradicular region on radiological examination, the pulp is calcified, there is
no bleeding in the pulp, or bleeding continues for longer than 5 minutes and
exudate is present (Ungér and Onay, 2017; Cohenca et al., 2013).

One of the criteria for direct pulp capping that was accepted in the past
is that the perforation exposed is wider than 1mm. However, more recent
studies have shown that the perforation diameter is not a determining factor in
treatment success. Pulp has healing capacity even when the whole dentin layer
is removed. However, an increase in lesion size in decay-related perforations
leads to a decrease in treatment success. Therefore, thorough cleaning of the
decay tissue, uniform coverage of the exposed area with biomaterial, and then
correct completion of the permanent restoration are of critical importance in
terms of treatment success (Kuran, 2022). If there is no healthy pulp tissue
remaining in the region where the pulp is exposed, and if bleeding is not
brought under control, pulp tissue is removed in the apical direction. This
procedure is continued until the ideal characteristics are obtained for wound
healing. When these conditions cannot be met, root canal treatment should be
performed (Cohenca et al., 2013; Cao et al., 2016).

The continuing presence of micro-organisms in the pulp or micro-
organisms entering the pulp chamber through microleakage play a role in the
basis of failure of direct pulp capping. Therefore, providing sterile conditions
during the procedure, the use of a rubber dam, and coverage with good
restorative material for impermeability of the cavity are important factors in
obtaining success (Al Hiyasat et al., 2006).

Partial pulpotomy

Partial pulpotomy (Cvek pulpotomy) is a treatment approach that aims to
preserve pulp tissue, thereby protecting vitality. This procedure is performed
with the surgical removal of only a limited part of the coronal pulp. Thus,
by eliminating inflamed or damaged superficial pulp tissue, the underlying
healthy coronal pulp tissue is exposed and preserved (Bogen & Chandler,
2008).
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When the pulp in young permanent teeth is exposed as a result of caries
or trauma, partial pulpotomy can be performed when pulpal bleeding can
be brought under control in a short time such as a few minutes. Protecting
the vitality of the tooth is the fundamental condition for this treatment to be
able to be performed (Gokgek & Hazar Bodrumlu, 2016). Another reason
for selecting partial pulpotomy is that when it is necessary to clean a greater
amount of deecayed tissue, it is possible for infected dentin remnants to move
to the pulp (European Society of Endodontology, 2019).

The direct pulp coverage and partial pulpotomy methods are based on
similar biological principles. However, the main difference betweeen these
two applications is the amount of healthy pulp tissue remaining after the
treatment. In other words, although the aim of both treatments is to maintain
pulp vitality, more healthy tissue is preserved in partial pulpotomy, and in this
respect is differentiated from direct pulp coverage. The success rates of partial
pulpotomy have been reported to be 93%-96% (Ghoddusi et al., 2014).

The treatment steps of partial pulpotomy can be listed as follows; first, an
approximately 2-3 mm part of the pulp tissue is removed. This demonstrates the
main difference between direct pulp capping and partial pulpotomy. The aim
in partial pulpotomy is to eliminate infected or inflamed tissue by removing a
2-3 mm surface section of the pulp in the exposed area. In contrast, no pulp
tissue is removed in direct pulp capping, and only biocompatible material is
applied to be in contact with the existing pulp surface, and finally the treatment
s completed with the restorative procedure (Bjorndal et al., 2019).

Total Pulpotomy (Total Amputation)

Pulpotomy is a treatment method based on the preservation of root
pulp with the removal of coronal pulp. The main aim of this procedure is to
maintain pulpal vitality in young permanent teeth and to allow uninterrupted
development of the root (Kegeci et al., 2017).

In teeth where the pulp tissue is exposed because of decay or trauma, and
vitality is preserved, this treatment method can be applied when bleeding can
be controlled during the procedure, there is no pathological appearance on
radiography, and the radicular pulp is healthy, and is preferred especially in
deciduous teeth and young permanent teeth. This approach is regarded as a
more suitable treatment option in situations where pathological alterations
are present in the exposed pulp tissue, inflammation in the coronal pulp has
progressed to an advanced stage, and perforation is either extensive or involves
multiple sites (Gok¢ek & Hazar Bodrumlu, 2016).

Total pulpotomy technique: This approach is fundamentally similar to
partial pulpotomy, but the most significant difference is that a greater amount
of pulp is removed in total pulpotomy. In this method, all the coronal pulp
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is removed, not only the surface section, and the procedure can be advanced
as far as approximately 2-3mm apical from the entry of the root canals. The
decision for how much tissue will be removed depends on clinical observation
and the physician’s experience (Kuran, 2022).

Ideal Properties and Types of Materials Used in Vital Pulp Therapy

The material used in vital pulp treatments should have the following
properties (Sar1 & Tufenkci, 2024):

o It should stimulate the formation of repair dentin.
« It should protect pulp vitality.
« It should be bactericidal or bacteriostatic.

« It should have high bonding strength to dental tissue and other restorative
materials.

o It should be resistant to chewing forces.
o It should be radio-opaque.

« It should release fluoride.

« It should be sterile.

« It should have high impermeability.

In the literature, calcium hydroxide, resin-modified glass ionomer cement,
mineral trioxide aggregate (MTA), biodentine, and bioceramics are given as
examples of different pulp coverage materials (Qureshi et al., 2014).

Calcium Hydroxide

Calcium hydroxide was accepted as the gold standard by Hermann in
the 1920s (Hermann, 1920). Calcium hydroxide is used in the preservation
of pulp, in irrigation during canal treatment, in the treatment of fractures and
periapical diseases, in the repair of resorption defects, in apexification and
converting the basic pH of the acid environment formed in devital whitening,
and in apexogenesis treatment (Alagam, 2012).

Calcium hydroxide is still often used in pulp capping treatments. The
material shows different effects on vital and devital pulp tissue and the main
reason for this difference is the density of carbon dioxide. In vital pulp, the
amount of carbon dioxide must be stable to be able to achieve balance. Thus,
the amount of carbon dioxide absorbed by calcium hydroxide in contact with
vital tissue can be kept in balance. A superficial necrotic layer is formed on
the vital pulp surface in contact with calcium hydroxide. This is the slow
death of pulp tissue without any micro-organisms. This necrotic layer that is
formed stimulates the differentiation of healthy pulp tissue, fibroblasts and
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undifferentiated mesenchymal cells from odontoblasts. This process is seen
in the healing mechanisms observed in vital pulp treatments in particular.
By separating Ca®* and OH™ ions in dentin tissue, calcium hydroxide raises
the pH of the environment and demonstrates an antimicrobial effect. The
alkaline conditions formed in the environment increase inorganic phosphate
expression from the blood by activating phosphatase enzyme and causes the
breakdown of calcium phosphate. It also stimulates the formation of a dentin
bridge in the region where pulp is exposed (Kawakami et al., 1987).

Ca(OH), has advantages such as excellent antibacterial properties and
stimulating repair bridge formation when applied to pulp tissue. However, it
cannot control pulpal inflammation sufficiently because of disadvantages such
as it is not effective on Enterococcus faecalis in the dentin, the dentin bridge
formed contains pores, bonding strength is weak, and by dissolving over time
it cannot provide long-term impermeability against microleakage (Duncan et
al., 2019).

Currently, silicate materials and resin-modified glass ionomer cements
have achieved more successful results than calcium hydroxide. Silicate cements
have become the most frequently preferred materials in clinical applications
because of the high biocompatibility, stimulation of a regenerative response,
and creation of an impermeable dentin bridge (Qiao et al., 2025).

Mineral Trioxide Aggregate (MTA)

MTA is a hydraulic calcium silicate cement, which was developed based
on Portland cement, and is predominantly formed from calcium, silicone,
aluminium, bismuth, and iron. Initially it was used as a root tip filling material
in treatments. This material has been reported to induce the formation of
repair dentin and have the potential to protect pulp vitality (Qiao et al., 2025;
Komabayashi et al., 2016).

MTA is a modern and biocompatible biomaterial with a broad area of use.
The material has been proven to be successful in many clinical applications
including root perforations, apexification, retrograde filling, and direct pulp
coverage. Various studies conducted in the field of pulp coverage have reported
MTA to have the potential to form a better quality and thicker dentin bridge
than calcium hydroxide. Due to the high alkaline pH, it also prevents the
proliferation of micro-organisms remaining in the dentin after the removal of
caries (Zhu et al.,, 2015; Koh et al., 1995).

Despite the many advantages of MTA, there some limitations preventing
its use. The most important disadvantages are that the long hardening time
(up to 284 mins) makes it difficult to use, it causes discolouration of the
remaining tooth structure and there are heavy metals in the powder. As the
first formulation of MTA was grey in colour, although no colour change was
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observed in the teeth, the chemical composition was changed, and a new
version was introduced in the market. Although the white MTA that was
launched in the market to prevent discolouration of the teeth does not contain
an iron component, it continued to cause discolouration and this remains as
one of the most important disadvantages of this material (Kunert & Lukomska-
Szymanska, 2020).

Nevertheless, the toxicity of MTA is low and it causes less pulpal
inflammation than calcium hydroxide. In a previous study, the application of
MTA was reported to have a direct effect on the regeneration of dental pulp
and increased the expression of TGF-B1 from pulp cells. This factor supports
both the direct movement of progenitor cells to the material-pulp interface
and their conversion to odontoblasts producing repair dentin. As a result of
these mechanisms, the quality and structure of the hard tissue barrier formed
is positively affected (Mente et al., 2014; Laurent et al., 2012). In a study by
Dammaschke et al., it was observed that following vital pulp treatment with
fast-hardening MTA, the hard tissue formation was not the product of actual
odontoblast differentiation, and porous dentin had formed (Dammaschke et
al., 2019).

Biodentine

Biodentine (CasSiOs) is a tricalcium silicate-based restoration material,
which is obtained from Portland cement in the same way as MTA, and was
produced to eliminate the disadvantages of MTA. In both direct and indirect
pulp coverage treatments, Biodentine provides marginal impermeability, and
protects pulp by stimulating repair dentin synthesis and remineralisation.
It is accepted as a promising material with excellent physical and biological
properties, and a pulp regeneration property similar to that of MTA. In
addition, the hardening time of Biodentine is shorter and there is a lower
probability of causing tooth discolouration compared to MTA (Kunert &
Lukomska-Szymanska, 2020; Cushley et al., 2021).

The powder of the material contains tricalcium silicate, calcium
carbonate, and zirconium oxide (contrast material), and in the liquid there
is water, calcium chloride (this shortens the hardening time) and modified
polycarboxylate. The powder and liquid are mixed in an amalgamator for
30 seconds. It is then applied directly with a manual instrument without
any procedure made to the cavity. The open sandwich technique is used
by applying resin-modified glass ionomer cement over the material. When
mixed with water, Ca(OH), is produced in a similar way to MTA. The
formation of hydroxyapatite is achieved when Ca(OH), is in contact with
tissue fluids (Oglake1 et al., 2016).
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TheraCal

TheraCal was launched on the market as a pulp coverage material
containing calcium silicate and resin monomers. It has advantages such as
hardening with light in a short time, low solubility, high mechanical properties,
and ease-of-use. It enables hard tissue formation by stimulating odontoblasts
in the pulp due to calcium exposure at a high rate. In addition, the material
raises the pH of the environment by stimulating the expression of hydroxyl
ions and causes irritation in the pulp tissue. This creates superficial necrosis
in the exposed pulp tissue and stimulates mineralisation over the necrotic
region. However, the alkaline pH, and survival and proliferation of bacteria are
negative effects. It has been observed that an extremely alkaline environment
is created 3 hours after the application of TheraCal with very little change in
the pH value after 24 hours (Giraud et al., 2019).

The solubility of TheraCal LC is lower than that of Dycal, ProRoot MTA,
Angelus MTA, and Biodentine. Water absorption and the repair dentin
structure formed show similarity to ProRoot MTA and Biodentine. Therefore,
TheraCal can function as a matrix for the formation of repair dentin. Moreover,
due to the ability to form apatite, it contributes to providing a chemical link
with dentin and creates excellent impermeability (Arandi & Rabi, 2018).
In a study that investigated the impermeability of MTA, Biodentine, and
TheraCal LC, there was reported to be no significant difference between the
MTA and Biodentine materials, whereas TheraCal LC showed a lower level of
microleakage than the other materials (Makkar et al., 2016).

In a previous in-vitro study, Biodentine and MTA were reported to induce
the formation of repair dentin at a significantly higher rate and intensity
than TheraCal LC. While Biodentine application protected cell vitality, a
significant decrease in cell proliferation was observed with TheraCal (Li et
al., 2017). Direct pulp coverage materials were applied to healthy pulp tissue
in another study and a large amount of mineralised dentin was determined
to have formed below Biodentine, whereas irregular pulp tissue with limited
and scattered areas of mineralisation were observed with the application of
TheraCal (Jeanneau et al., 2017).

Bioceramics

Bioceramics can be classified as bioactive or bioinert according to the
responses formed in tissues with which they have interacted. Bioactive
substances such as glass and calcium phosphate induce the formation
of stronger structures by entering into interaction with tissues. Bioinert
substances such as zirconium and aluminium oxide function without a
biological or physiological effect on the tissues with which they interact
(Vallet-Regi, 2010).
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Bioceramic materials have found an area of use in dentistry practice as they
show biocompatible and osteoconductive properties together with successful
physical and biological properties, the ability for chemical bonding with dental
tissues, the provision of impermeable coverage, not dissolving in tissue fluids,
and being radio-opaque and easy to manipulate (Swarup & Rao, 2013).

The areas of use of materials with bioceramic content are:
o Perforation repair

« As root canal filling and retrograde filling material

« Regenerative pulp treatments

o As pulp coverage material

« In apexogenesis and apexification procedures.
Bioaggregate

Bioaggregate is a bioceramic first produced with nanoparticle dimensions.
The main component is formed from tricalcium silicate but tantalum oxide
has been added to the formulation to provide the material with radio-
opacity. The most important properties of this material are that it does not
contain aluminium, which is toxic for vital tissues, and that application and
manipulation are easy. It also shortened to 5 minutes the lengthy hardening
period observed in MTA (Batur et al., 2013; Chung et al., 2010).

Bioaggregate does not cause discolouration of the teeth and provides
more successful responses to pulpal inflammation compared to MTA. The
material shows efficacy by stimulating cytokine expression. To determine
biocompatibility, the material is examined in respect of the ability to form
apatite crystals on the surface as a result of contact with bodily fluids in an in-
vivo environment. Due to these apatite crystals, the material forms a chemical
link with dental tissues and filling materials. The hydrophilic property of the
material and low surface tension increase the chemical bonding. Thus an
impermeable filling is obtained. It has also been reported that the bonding
strength of the material is not affected by the presence of a smear layer (Chung
et al., 2010; Koch et al., 2012; Bidar et al., 2014).

Resin-Modified Glass Ionomer Cements (RMGIC)

RMGICs are defined as glass ionomer materials with the addition of
resin monomers to traditional glass ionomer cements in clinical applications
with a hardening mechanism based on both the acid-base reaction and a
polymerisation with light process. This hybrid approach decreases microleakage
while providing bonding of the material to the tooth with fluoride expression.
The use of RMGICs is easier compared to traditional glass ionomer cements
and the bonding strength to composite materials is high (Singh et al., 2024).
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Despite successful results in indirect pulp capping, RMGICs have been
reported to lead to inflammation and necrosis when in direct contact with
pulp and to remain insufficient in dentin bridge formation. Therefore, the use
of RMGICs is not recommended in applications where there is direct contact
with the pulp (Ghoddusi et al., 2014).

Various studies have compared the physical properties of RMGICs with
those of traditional glass ionomer cements. At the end of a 3-year follow-up
period of Class II cavities restored with RMGICs and traditional glass ionomer
cements (TGIC), Hubel et al. reported success rates of 94% in the RMGIC
restorations and 81% in the TGIC restorations. Retention loss, secondary
decay formation, and fracture were observed in the restorations accepted as
failures (Aratani et al., 2005; Hiibel & Mejare, 2003).

Adhesive System

Composite resins are used in vital pulp treatments but have been reported
to show a toxic effect when in direct contact with pulp. Long-term successful
results have not been obtained with this method and there are conflicting results
in the literature. It has been reported that at 60 days after the direct coverage of
affected pulp with the adhesive bonding technique, a permanent inflammatory
reaction was determined without any pulp repair. This could be associated with
incomplete bonding of the composite to the perforated area because of the
presence of pulp fluid, and the subsequent formation of microleakage. Many
studies have also reported negative effects such as hypersensitivity reactions
due to the potential toxicity of the adhesive technique (Schuurs et al., 2000;
Paranjpe et al., 2005).

Conclusion

In conclusion, vital pulp therapies are important conservative treatment
approaches that aim to preserve the vitality of the pulp tissue through proper
indication, appropriate clinical techniques, and the selection of biocompatible
materials. With the development of modern biomaterials, the success rates of
these treatments have increased, leading to more predictable clinical outcomes.
However, treatment success depends not only on the material used, but also
on the condition of the pulp, effective infection control, the provision of a
well-sealed restoration, and accurate clinical decision-making. In this context,
adherence to evidence-based principles and the selection of appropriate
treatment protocols play a decisive role in achieving long-term success.
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Child abuse refers to situations in which a child is exposed to behaviors
by parents, other family members, caregivers, or any unfamiliar adult that
conflict with the generally accepted values and norms of society, negatively
affect the child’s physical, emotional, or psychological well-being, and harm
their developmental process.

This type of abuse restricts a child’s right to grow, learn, and develop
emotionally, and constitutes a serious threat that may hinder the child’s future
life and their ability to take part in society as a healthy individual (Kara, 2004)

Although child abuse has appeared in various sources since the earliest
periods of written history, humanity has only begun to pay significant
attention to this issue in the last century (Jain, 1999; Sicher et al., 2000).

2. HISTORY OF CHILD ABUSE

The first description of child abuse in the medical literature was made by
Auguste Ambroise Tardieu in 1860. Prior to this, the issue had been addressed
in the novels of Charles Dickens and Victor Hugo (Practice Parameters, 1997;
Tercier, 1998). John Caffey’s association of long bone and rib fractures with
subdural hematoma and child abuse in 1946 drew renewed attention to the
issue. In later years, he introduced the concept of child abuse (Jain, 1999;
Pressel, 2000; Tercier, 1998). With this development, numerous scientific
studies addressing child neglect and abuse in all its aspects were conducted
(Arthur, 1997; Powers et al., 1990). Subsequent studies began to include not
only physically abused children but also those who were subjected to sexual or
emotional abuse within their families or in society (Lynch, 1985).

In Turkish society, efforts aimed at protecting children began long ago through
the foundation (wagf) system. During this period, it can be said that religious
teachings and sacred beliefs played an important role. However, the establishment
of institutional structures designed to meet the needs of modern society occurred
much later compared to other nations (Osman, 1950; Polat, 2002).

After the end of the Ottoman Empire, the Republic of Turkey took its
first step regarding children in need of protection through the Ministry
of Education, and later transferred this responsibility to the Ministry of
Health and Social Assistance. Immediately following this, the Regulation on
Orphanages (Dariileytamlar) No. 2042 was enacted and put into practice on
December 5, 1922 (Cavusoglu, 1999).

One of the most significant steps in this process up to the present day
has undoubtedly been the United Nations Convention on the Rights of the
Child, adopted in 1989 by the United Nations. 19th article of this convention
establishes that children must be protected from all forms of maltreatment by
those responsible for their care, and defines this protection as an obligation
for the states that are parties to the convention (Oktay, 2000).
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Turkey signed the United Nations Convention on the Rights of the Child,
which had been approved by the United Nations General Assembly, on 14
February 1990. It was subsequently ratified by the Grand National Assembly
of Turkey on 9 December 1994. The Convention on the Rights of the Child
was published in the T.C. Official Gazette on 27 January 1995 and, through
Law No. 4058, became part of domestic law and began to be implemented in
Turkey (Lynch, 1985).

3. TYPES OF ABUSE

Child abuse takes four different forms: sexual, emotional, physical, and
neglect (Powers et al., 1990).

3.1 Physical Abuse

Injuries in children may occur not only as a result of accidents but also
due to parents’ failure to protect them adequately or the use of excessive
physical punishment. Although accidents are common in children, abuse
should be suspected when injuries are not appropriate for the child’s age
or when the likelihood of them occurring accidentally is low. Physical
punishment is a widely used and universal method for disciplinary purposes;
however, when such corporal punishment is inflicted by those responsible
for the child’s care, it may constitute a significant risk factor for physical
abuse. In such cases, if it is claimed that the injury was caused by another
child, it should be carefully examined whether this is actually possible.
Non-accidental trauma usually occurs when parents lose control or attempt
to punish their children, and such cases should be investigated thoroughly
(Cetin, 2014; First Istanbul Children’s Congress, 2000; Tercier, 1998)

Findings associated with physical abuse include head trauma, bruises,
fractures, dislocations, and contusions. In addition, cigarette burn marks on
the body, partially healed fractures, and internal bleeding beneath the skull
may also be detected. However, in some cases of physical abuse, there may be
no visible injuries that disrupt the physical integrity of the body. For example,
severe shaking of a child that results in brain damage may also constitute a
form of physical abuse (Polat, 2006).

3.2 Sexual Abuse

Sexual abuse refers to the sexual exploitation of a child—whose
psychological and sociological development has not yet been completed—
by an adult or by another child who is older and physically stronger (Yasar,
2007). Sexual abuse can manifest in various forms. For example, exposure
to sexually explicit behaviors, obscene phone calls, verbal harassment, being
forced to witness sexual acts, voyeurism, exposure to explicit or obscene
publications, encouragement toward prostitution, sexual touching or rubbing
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of the body, and incestuous relationships can all be defined as forms of sexual
abuse (Yakut, 2013).

3.3 Emotional Abuse

Emotional abuse is defined, according to social and scientific norms, as
situations in which children and adolescents are exposed to negative attitudes
and behaviors or are deprived of the appropriate attention, love, and care
necessary for their well-being, leading to psychological harm. This type of
abuse is generally carried out by individuals who hold power or authority in
the child’s environment.

Children who experience emotional abuse may display symptoms such
as distancing themselves from their families, tension, dependency, feelings of
worthlessness, maladjustment, and aggressive behavior. This condition may
occur together with physical or sexual abuse or neglect, but it can also occur
independently. The harm caused by emotional abuse can be as destructive as
physical abuse; however, its effects often remain more hidden (Cetin, 2014;
Ovayolu, 2007; Tercier, 1998).

3.4 Neglect

Neglect is defined as the failure of the person or persons responsible
for a child’s care to meet the child’s basic needs—such as nutrition, health
care, shelter, clothing, protection, and supervision—or, in a broader sense,
the failure of the state to provide services such as health, education, social
assistance, and security. Neglect may occur in different forms, including
physical, emotional, educational, and medical neglect.

Physical neglect is frequently encountered in children who experience
growth and developmental delays or injuries resulting from accidents.
Compared to physical abuse, neglect is more common; however, it is often
overlooked unless it results in death or serious injury, as it is more abstract
in nature and less dramatic than physical or sexual abuse. Nevertheless, the
effects of neglect on children can be as harmful as those of physical abuse. The
most significant difference between abuse and neglect is that abuse involves
an active behavior, whereas neglect represents a passive condition (Dubowitz,
2000, 2002; Jain, 1999; Ovayolu, 2007; Polat, 2002; Tercier, 1998; Theodore,
1999).Among the types of child abuse, neglect is the most commonly
encountered; however, due to the difficulties in diagnosing it, it is often under
reported (Dokgoz, 2002).

4. EFFORTS TO PREVENT CHILD ABUSE IN THE USA

Child abuse and neglect, as in the global context, also stand out
in the United States as one of the significant problems threatening the
social structure. Public administration, as with other social problems, is
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responsible for developing protective and preventive policies in this field
and implementing the necessary interventions. As with every public issue,
child abuse and neglect also impose serious costs on the national economy.
Scientific studies have shown that preventive interventions are far less costly
than the intervention and treatment processes carried out after an incident
has occurred (Can, 2011).

Early home visits have been extensively examined as intervention
strategies targeting pregnant women and newborn babies, and they have
demonstrated significant positive effects in reducing factors associated with
negative parenting risks such as abuse and neglect. In addition, various
preventive approaches—such as school-based violence prevention programs,
public awareness campaigns, training aimed at improving parenting skills,
and structural reforms implemented in professional practices—have also
produced promising results (Petersen et al., 2014: 265).

Preventive interventions constitute the foundation of a comprehensive
initiative carried out by the United States Department of Health and
Human Services. The main aim of this initiative is to promote the sharing of
information about prevention programs that produce positive outcomes for
children and families. In line with this vision, the Office on Child Abuse and
Neglect (OCAN), operating under the Children’s Bureau, launched the Child
Abuse Prevention Initiative between 2003 and 2004 in order to increase public
visibility of efforts to prevent child abuse. Recognizing the need to reduce the
risks faced by vulnerable children has encouraged steps toward strengthening
families, increasing their capacities, and enhancing their resilience within
existing programs carried out through cooperation between the public and
private sectors (Thomas et al., 2002: 1).

4.1 Programs to Improve Parenting Skills

Different intervention approaches have been designed to strengthen
parenting skills and support healthy child development, thereby contributing
to the prevention of child abuse and neglect (Fortson et al., 2016, p. 25). Efforts
aimed at supporting parents, caregivers, and family members and improving
parenting skills are considered a critical area of intervention in combating
child abuse and neglect. Raising families’ and caregivers’ awareness of child
development increases the likelihood of adopting positive discipline strategies
and thereby contributes to reducing the risk of domestic violence (UNICEEF,
2014: 12). A home visitation program implemented in the United States
contributed to a 48% reduction in cases of child abuse and neglect over a 15-
year period (UNICEEF, 2014: 14).
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4.2 Home Visiting and Other Family Support Programs

Home visiting practices, considered an effective strategy in combating
child abuse and neglect, first gained prominence in the national policy agenda
in the United States in 1991, when the Advisory Board on Child Abuse and
Neglect recommended the universal expansion of such programs (Thomas
et al,, 2002, p. 12). Home visiting programs provide one-on-one parenting
education and support services and are used as an effective method for
reaching families who experience social isolation or have limited access to
group-based interventions.

Implementing these programs as a targeted strategy for young children
can contribute to reducing long-term costs while also supporting children’s
healthy social and emotional development in later life. Home visits provide
families with direct information, guidance, and support, while also largely
eliminating structural barriers—such as program limitations, transportation
difficulties, and employment constraints—that may hinder access to services.
Although these programs vary depending on their target populations and
content, they generally include health services, parenting education, child
abuse prevention, early intervention for infants and young children, and in
some cases preschool education programs. The most common home visiting
models focus on children’s developmental processes and on how parents can
support this development (Avellar & Supplee, 2013).

4.3 Public Awareness Activities

Public awareness initiatives are one of the fundamental components of a
comprehensive strategy to combat child abuse and neglect. Such initiatives have
the capacity to reach different target groups, including parents, future parents,
children, and members of the broader community. During the development of
preventive education programs and public information campaigns, institutions
at the national, state, and local levels actively use various media tools to expand
the reach of these activities (Hildyard & Wolfe, 2002, p. 1).

4.4 School Programs

Initiatives aimed at preventing child sexual abuse largely focus on
educational interventions. Initially developed for children, these programs
have gradually expanded to include families, teachers, youth service workers,
and other adult groups who may potentially intervene. One of the primary
aims of these interventions is to enhance children’s ability to recognize risky
situations and equip them with skills to prevent abuse.

These programs aim to teach children how to recognize boundary
violations, identify unwanted physical contact, distinguish offenders’
manipulation and desensitization strategies, and effectively say “no” to such
approaches (Finkelhor, 2009: 179).
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5. CHILD ABUSE PREVENTION EFFORTS IN TURKEY
5.1 Social Services and Child Protection

Within the operational framework of the child protection system in
Turkey, the Social Services and Child Protection Agency serves as the primary
executive body responsible for both ensuring the general welfare of all children
and providing targeted support for children in need of protection. The central
role of this institution stems from its capacity to offer continuous 24/7 care
and supervision, as well as its ability to address protection requirements
through various day-care service models (Ministry of Family and Social
Services, 2023; Social Science Studies, 2019).

Social work encompasses planned social intervention processes that
aim to support individuals, families, and communities in performing their
social functions more effectively, enhance their quality of life, reduce their
dependency on others by ensuring self-sufficiency, and strengthen family
integrity. These services are carried out through systematic programs and
practices conducted by professionals from various disciplines, particularly
social workers (T.C. Official Gazette, 2005; Karatas, 2013).

5.2. Family-Based Care for the Child

The family-based care model stands out as one of the oldest and
most human-centered approaches within child protection systems. This
model is based on the premise that protecting a child within their natural
environment—together with their biological family, particularly parents and
close relatives—provides the most suitable setting for the child’s development.
This approach, adopted by various civilizations throughout history, continues
to be regarded as one of the fundamental pillars of the child rights perspective
today. The supportive role of family-based care in a child’s emotional, social,
and psychological development has been demonstrated by numerous scientific
studies. In this context, supporting children within a family environment
rather than through institutional care enables their basic needs, such as
belonging, security, and identity development, to be met more effectively.
In alignment with this understanding, the Constitution of the Republic of
Turkey defines the protection, strengthening, and support of the family unit,
as well as the protection of children, among the primary duties of the state.
Article 41 of the Constitution emphasizes that ‘Family is the foundation of
Turkish society and is based on equality between spouses. The State shall take
the necessary measures for the protection of the family and the best interests
of the child,” highlighting that social policies must be shaped within this
framework (Constitution of the Republic of Turkey, 1982; Ministry of Family
and Social Services, 2023; Tuncay, 2011).
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5.3 In-Kind and Cash Assistance Services

Socio-economic poverty in Turkey disproportionately affects children
more than any other social group. Problems arising from financial
insufficiencies are often recognized late within the family unit, leading to
an inability to adequately meet children’s developmental, emotional, and
physical needs. A lack of resources and attention within the family results in
child neglect and, in some cases, can lead to consequences such as children
working on the streets or being forced into street life. Indeed, a significant
majority of children living or working on the streets originate from families
with low socio-economic status (UNICEF, 2021).

Accordingly, social service policies have been developed to protect
children within their family environment. One of these policies aims to lift
children out of at-risk living conditions by supporting impoverished families
through social assistance. In line with the principle of family-based protection,
supporting children without separating them from their families is vital for
both maintaining social cohesion and upholding child rights (Karatas, 2013).

Parallel to this understanding, the Social Services and Child Protection
Agency (SHCEK) Law defines the development and implementation of various
services and programs to provide in-kind and cash assistance—within the
limits of available resources—to individuals and families experiencing
economic deprivation and severe difficulty in meeting basic needs as one of
the agency’s primary duties (T.C. Official Gazette, 2005).

6. DIFFERENTIAL DIAGNOSIS IN CHILD ABUSE FOR DENTISTS
AND THE PHYSICIAN’S RESPONSIBILITIES

When encountering suspicious cases, clinicians must possess adequate
knowledge and experience regarding accidental injuries to evaluate whether
an incident truly resulted from an accident (Andressen et al., 2010).

6.1 Oral Findings in Physical Abuse

Tears of thelabial and lingual frenulum, particularly in the labial frenulum
region, are frequently encountered in cases of physical abuse. However, the
presence of a labial frenulum tear alone is insufficient to diagnose physical
abuse. When such a finding is accompanied by other clinical signs—especially
in children under one year of age—the possibility of abuse must be strongly
considered (Maguire et al., 2007; Thackeray, 2007).

A severe blow to the lower facial region may result in dental fractures,
luxation (loosening), or complete avulsion (displacement) of the teeth.
Nevertheless, such injuries are not exclusively indicative of abuse and can also
occur as a result of accidents. Therefore, it is crucial to carefully evaluate the
extent to which the sustained damage is consistent with the provided history
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(Jessee, 1995; Owais et al., 2009).

Children subjected to physical abuse may present with lacerations, burns,
bruises, or scars from previous injuries on the lips. Bruising may occur due to
forced feeding. Burns on the

lips, as seen on the face and tongue, are often the result of physical
punishment. Perioral bruising can develop as a consequence of violence
applied to silence the child. Scarring on the lips serves as an indicator of past
trauma and should prompt the clinician to consider the possibility of abuse
(Christian, 2015; Peterson et al., 2003).

6.2 Oral Findings in Sexual Abuse

When a sexually transmitted infection (STI) or intraoral manifestations
of such diseases are detected in a child, the possibility of sexual abuse must
be strictly considered. If the child is under the age of two, there is a high
probability that the infection was transmitted during birth or in utero.
However, for children between the ages of 2 and 10, the likelihood of sexual
abuse should be the primary consideration in the acquisition of such diseases
(Yasar & Akduman, 2007).

Semen residues or hairs may also be encountered within the oral cavity.
When such findings are detected, necessary examinations should be conducted
by taking samples from the tongue and buccal mucosa (Kellogg, 2005).

Similar to physical abuse cases, bite marks may also be observed in
instances of sexual abuse. While these marks can be located on any part of
the child’s body, they are particularly likely to be found in the genital region.
If the perpetrator is another child, marks typically occur on the cheeks and
upper extremities. In humans, the intercanine distance (the distance between
the two maxillary canines) varies between 2.5 and 4 cm. Therefore, when a
bite mark is identified, measuring and evaluating the dimensions of the marks
is critical for the diagnosis of abuse. If the intercanine distance in the bite
mark is less than 2.5 cm, it is likely attributed to a child; if it is less than 3 cm,
to a child or an adolescent; and if it exceeds 3 cm, it should be considered the
work of an adult (Yasar & Akduman, 2007).

6.3 Oral Findings in Emotional Abuse

Dentists should take into consideration that children subjected to
emotional abuse may exhibit symptoms such as temporomandibular joint
(TM]) disorders, bruxism (teeth clenching), or teeth grinding due to violence
and stress. Additionally, habits such as thumb sucking and nail-biting
(onychophagia) may develop in these children. Such habits can predispose
the oral and maxillofacial structure to both dental and skeletal malocclusions
(Tirali et al., 2014).
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6.4 Oral Findings in Dental Neglect

Dental neglect is defined as the failure to provide the necessary dental care
to maintain oral health and the physical neglect of the oral cavity (Thomson
et al., 1996). According to the American Academy of Pediatric Dentistry
(AAPD), dental neglect is the willful failure by a parent or guardian to seek
and follow through with treatment necessary to ensure a level of oral health
essential for adequate function and freedom from pain and infection, even in
the absence of acute symptoms (Kurt et al., 2019).

6.5 Responsibilities of the Physician

Physicians who encounter suspected cases of child abuse carry both ethical
and legal responsibilities. In Turkey, since physicians are considered public
officials, they are obligated under Article 279 of the Turkish Penal Code to report
any crime discovered during the performance of their duties to the competent
authorities. Failure to report constitutes a violation of both professional ethical
principles and the law. Furthermore, the Child Protection Law No. 5395 assigns
significant roles to healthcare professionals regarding the protection of children
and the upholding of their rights. This obligation involves not only documenting
the abuse but also intervening while prioritizing the best interests of the child
(Child Protection Law, 2005; TPC, 2004).

The first step physicians must take in such cases is to meticulously
document the situation by performing a detailed physical and psychological
assessment of the child. Examination findings should be fully recorded in
medical files, and particularly trauma signs, the child’s narrative, and their
psychological state should be reported in objective language. Subsequently,
depending on the specifics of the case, a referral should be made to Child
Monitoring Centers or a direct notification should be submitted to the Chief
Public Prosecutor’s Office. In this process, it is inappropriate for the physician
to attempt independent investigations or confront the suspect; instead,
they must ensure the commencement of legal proceedings (Erdogan et al.,
2021). Furthermore, it is of paramount importance for physicians to adopt a
multidisciplinary perspective in their approach to child abuse. Within this
framework, effective collaboration must be established with social workers,
child development specialists, psychologists, guidance services, and judicial
authorities. The physician should not only provide medical intervention
but also contribute to creating suitable conditions for the child’s protection,
psychosocial support, and the prevention of re-traumatization. The World
Health Organization (WHO) also identifies increasing the awareness levels
and intervention capacities of first-contact healthcare personnel as a core
strategy in combating child abuse (WHO, 2016). A physician’s accurate, rapid,
and sensitive intervention is vital for the preservation of the child’s physical
and mental health.



International Studies in Dentistry - 105

Consequently, the legal reporting obligation for physicians encountering
child abuse is a necessity rather than a choice. This process must be evaluated
alongside ethical responsibilities, the child’s welfare, and a human rights
perspective. The physician’s sensitivity plays a critical role in ensuring the
child’s safety and preventing recurrent abuse.
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