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ABSTRACT

The Cone-Beam Computed Tomography (CBCT) has
become a central imaging modality in implant dentistry and
has transformed clinical guidelines due to its high degree of
accuracy, safety, and predictability. In contrast to the two-
dimensional radiography, CBCT gives three-dimensional
representation of the anatomical structures, which enables
clinicians to assess the alveolar bone volume, density, and
morphology with precision. This helps to position the implants
optimally with minimum chances of developing complications like
nerve damage or sinus perforation. Moreover, CBCT facilitates
computer-aided design/computer-aided manufacturing (CAD/
CAM), and guided surgery applications, as well as the virtual
treatment planning, which enhances the clinical outcomes
and patient satisfaction. Although there have been issues
about radiation exposure, cost, and availability, there have
been signs that CBCT has a considerable benefit in terms of
diagnostic accuracy and effectiveness of treatment in the field
of implantology when it is used wisely. In the future, it can be
expected to be further integrated with artificial intelligence,
augmented reality, and robotic-assisted surgery, to broaden
its use in precision implantology. The review highlights the
game changer role of CBCT in dental implant practice and
emphasizes on the necessity of uniform guidelines to maximize
on its clinical use.
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INTRODUCTION

Dental implantology has become a predictable and
highly successful mode of treatment as a replacement
of lost teeth, and it is a means of providing functional
and aesthetic rehabilitation, which can dramatically
enhance the quality of life of patients (Greenberg, 2017).
As the need to achieve precision and less invasive
surgical methods has been on the rise, the development
of advanced imaging technologies has taken centre
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stage in preoperative planning and guidance during
surgery. In the past, the radiographic modalities that
were used to assess the implants were two-dimensional
radiography including periapical radiography and
panoramic radiography. Nonetheless, these methods are
constrained by distortion of images, has no volumetric
data, and can reduce the quality of the diagnosis and
therapy (Bornstein, Horner, and Jacobs, 2017).

Cone-Beam Computed Tomography (CBCT)
has emerged as a transformative tool in implant
dentistry, providing three-dimensional visualization
of the maxillofacial region with high spatial resolution
and relatively low radiation exposure compared to
conventional computed tomography (Jacobs, Salmon,
Codari, Hassan, & Bornstein, 2018; Hartshorne, 2018).
Its ability to accurately assess bone quality, morphology,
and density allows clinicians to identify vital anatomical
structures such as the inferior alveolar nerve and
maxillary sinus, thereby reducing the risk of surgical
complications (Al-Jamal & Al-Jumaily, 2021; Azhari,
2019). Moreover, CBCT imaging enhances surgical safety
and precision, which directly correlates with improved
implant predictability and long-term success rates
(Horsch et al., 2021).

Beyond diagnostic applications, CBCT is integral
to the digital implantology workflow. When combined
with intraoral scanning and computer-aided design/
computer-aided manufacturing (CAD/CAM), CBCT
facilitates virtual implant planning, guided surgery, and
prosthetically driven implant placement (Schubert et al.,
2019; De Vico, Ferraris, Arcuri, Guzzo, & Spinelli, 2016).
This integration enhances accuracy, minimizes human
error, and supports evidence-based, patient-centered
care (Al Yafi, Camenisch, & Al-Sabbagh, 2019). Studies
have consistently demonstrated that digital guided
implant surgery based on CBCT data achieves superior
clinical outcomes compared with conventional freehand
techniques (Schubert et al., 2019; Al Yafi et al., 2019).

In parallel, emerging innovations such as artificial
intelligence (Al) and machine learning are expected to
expand the clinical potential of CBCT in implant dentistry.
Al-driven image analysis can automate diagnostic tasks,
optimize surgical planning, and enhance decision-
making accuracy, thus contributing to safer and more
predictable outcomes (Singh, 2022). The integration of Al
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with CBCT-based workflows is consistent with broader
advancements in digital dentistry and personalized
treatment protocols (Singh, 2018; Singh, 2020).

Nevertheless, challenges remain regarding radiation
exposure, financial cost, and the need for specialized
training in image interpretation. Ethical considerations
related to overprescription of CBCT also necessitate
adherence to evidence-based guidelines to ensure
justified clinical use (Jacobs et al., 2018; Hartshorne,
2018). As such, CBCT represents both an opportunity
and a responsibility for clinicians aiming to deliver safe,
precise, and predictable implant treatments.

This article explores the role of CBCT in implant
dentistry, focusing on its contributions to precision,
safety, and predictability. It also highlights limitations,
clinical considerations, and future perspectives,
particularly with the integration of Al and digital
workflows in contemporary implant practice.

CBCT Technology: An Overview

Cone-Beam Computed Tomography (CBCT) has become
an indispensable imaging modality in implant dentistry,
offering a three-dimensional (3D) visualization of
maxillofacial structures that surpasses the limitations of
conventional two-dimensional (2D) imaging modalities
such as panoramic and periapical radiographs (Bornstein
et al.,, 2017; Jacobs et al.,, 2018). By generating volumetric
data with isotropic voxels, CBCT allows for accurate
assessment of bone morphology, quality, and density,
all of which are crucial for optimal implant positioning
(Al-Jamal & Al-Jumaily, 2021).

Unlike medical computed tomography (CT), CBCT
uses a cone-shaped X-ray beam and flat-panel detectors,
which reduces radiation exposure and acquisition time
while providing adequate diagnostic information for
implant planning (Horsch et al., 2021). This makes CBCT
more accessible and patient-friendly, while still delivering
sufficient precision for dental applications (Hartshorne,
2018).

A major advantage of CBCT is its ability to provide
clinicians with multiplanar reconstructions, including
axial, sagittal, and coronal views, as well as 3D rendered
models. These capabilities enable detailed evaluation
of anatomical landmarks such as the inferior alveolar
nerve, mental foramen, and maxillary sinus, which are
essential in avoiding iatrogenic complications during
implant placement (Greenberg, 2017, Azhari, 2019).
Furthermore, CBCT-based measurements demonstrate
high accuracy, with errors typically less than 1 mm,
supporting predictable clinical outcomes in implant
dentistry (Jacobs et al., 2018).

The integration of CBCT into digital workflows
has further enhanced its utility. CBCT datasets can

be merged with intraoral or model scans to create
virtual treatment plans, design surgical guides, and
facilitate guided implant placement with improved
accuracy (Schubert et al., 2019; De Vico et al., 2016). Such
workflows bridge diagnostic imaging with computer-
aided design/computer-aided manufacturing (CAD/
CAM) technologies, thereby advancing precision and
predictability (Al Yafi et al., 2019).

CBCT also provides critical preoperative insights into
bone density, which can serve as a predictor for primary
implant stability (Al-Jamal & Al-Jumaily, 2021). Combined
with advances in artificial intelligence (Al), which are
beginning to be applied in dental imaging for automated
diagnosis and treatment planning (Singh, 2022), CBCT is
expected to play an increasingly central role in precision-
driven implantology.

Precision in Implant Dentistry with CBCT

Precision in implant dentistry is a cornerstone of
successful treatment outcomes, as accurate diagnosis,
planning, and execution determine both functional
stability and esthetic integration. Cone-Beam Computed
Tomography (CBCT) has revolutionized this process
by providing three-dimensional (3D) visualization of
the maxillofacial region, enabling clinicians to move
beyond the inherent limitations of two-dimensional (2D)
radiographs (Jacobs et al., 2018; Bornstein et al., 2017).

Anatomical Visualization

CBCT allows detailed assessment of the alveolar ridge,
bone morphology, and bone density. Unlike panoramic
or periapical radiographs, CBCT eliminates distortion
and superimposition, providing a volumetric dataset
for precise evaluation (Hartshorne, 2018). The ability to
identify vital anatomical structures such as the inferior
alveolar nerve, maxillary sinus, and nasal cavity ensures
safer implant placement and minimizes surgical risks
(Greenberg, 2017).

Comparison of Imaging Modalities in Implant Dentistry
9
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Fig 1: The comparative graph showing 2D radiography, CBCT,
and medical CT across radiation dose, image resolution,
acquisition time, and clinical utility
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Bone Quality and Density Assessment

Primary stability is a critical predictor of implant success,
and CBCT facilitates preoperative measurement of bone
density and quality (Al-Jamal & Al-Jumaily, 2021). Studies
suggest that CBCT-derived Hounsfield unit equivalents,
though not identical to medical CT, are reliable enough
to estimate implant stability and optimize selection of
implant size, length, and trajectory (Azhari, 2019).

Virtual Implant Planning and Digital Workflows

The integration of CBCT with computer-aided design/
computer-aided manufacturing (CAD/CAM) and
guided surgery protocols has significantly improved
surgical precision. Virtual planning enables clinicians to
position implants within prosthetically ideal zones while
respecting anatomical boundaries (Schubert et al., 2019;
De Vico et al., 2016). Digital workflows also support the
fabrication of surgical templates that transfer the virtual
plan accurately to the operative field (Al Yafi et al., 2019).

Accuracy and Predictability

Low-dose CBCT protocols have been shown to maintain
sufficient image quality for implant planning without
compromising accuracy (Horsch et al., 2021). Furthermore,
the predictability of implant outcomes is enhanced when
CBCT planning is combined with guided surgery,
reducing human error and variability (Al Yafi et al., 2019).

Adapted from Jacobs et al. (2018); Bornstein et al.
(2017); Horsch et al. (2021); Hartshorne (2018).

In summary, CBCT provides unmatched precision
in implant dentistry by enabling detailed anatomical
visualization, bone density assessment, and integration
with digital workflows. Its ability to combine safety with
accuracy has established CBCT as the gold standard
imaging modality in modern implantology (Jacobs etal.,
2018; Schubert et al., 2019).

Enhancing Safety with CBCT

Patient safety remains a cornerstone of implant dentistry,
particularly given the risks associated with implant
placement in proximity to vital anatomical structures
such as the inferior alveolar nerve, mental foramen, and
maxillary sinus. Cone-Beam Computed Tomography
(CBCT) has significantly enhanced clinicians” ability to
mitigate these risks through accurate three-dimensional
visualization, risk assessment, and treatment planning.
CBCT enables precise localization of anatomical
landmarks and detection of variations that conventional
radiography may miss (Bornstein et al., 2017). For
instance, identifying the exact position and course of
the mandibular canal is critical to avoid nerve injury, a
complication that can result in long-term neurosensory
deficits (Jacobs et al.,, 2018). Similarly, CBCT provides
detailed visualization of the maxillary sinus boundaries,
thereby reducing the likelihood of sinus membrane
perforations during implant placement in the posterior
maxilla (Greenberg, 2017).

Beyond anatomic accuracy, CBCT improves diagnostic
safety by revealing hidden pathologies such as cystic
lesions, bone defects, and atypical bone density variations
that could compromise implant stability (Al-Jamal &
Al-Jumaily, 2021). This ensures that surgical procedures
are based on comprehensive assessments, lowering the
probability of intraoperative complications. Furthermore,
integration of CBCT data into digital workflows such as
guided surgery and CAD/CAM planning offers enhanced
control and predictability, further safeguarding patient
outcomes (Schubert et al., 2019; De Vico et al., 2016).

Recent advances in low-dose CBCT protocols also
balance diagnostic quality with reduced radiation
exposure, aligning with safety recommendations for
judicious use (Horsch et al., 2021; Hartshorne, 2018).
In addition, artificial intelligence (AI) applications

Table 1: Comparison of Imaging Modalities for Implant Precision

2D Radiography

Parameter (Panoramic/Periapical)

Medical CT

Cone-Beam CT (CBCT)

Limited (distortions,

Dimensional Accuracy magnification)

Visualization of Anatomy Superimposition, limited

depth
Bone Density Not possible
Assessment
Radiation Dose Low High

High accuracy, but costly
and higher dose

3D visualization, detailed

Reliable HU values

Expensive, less

High accuracy, minimal distortion

3D visualization, ideal for dentoalveolar structures

Reliable relative values for implant planning

Moderate (lower than CT, higher than 2D)

Cost and Accessibility
Suitability for Guided
Surgery

Clinical Utility in Implant
Dentistry

Low, widely available

Poor

Limited

accessible

Good, but limited dental
applicability

Useful but impractical for
routine use

Moderate, increasingly available

Excellent, fully integrated with digital workflows

Gold standard for precision planning and execution
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Table 2: Safety Contributions of CBCT in Implant Dentistry

Safety domain CBCT contribution

Clinical impact

Supporting references

3D visualization of mandibular
canal, mental foramen, and sinus
cavities

Anatomical Risk
Reduction

Pathology Detection Identification of cysts, bone

lesions, and density variations

Guided Surgery
Integration

Incorporation into CAD/CAM and
surgical guides

Radiation Safety Use of low-dose CBCT protocols

Reduces risk of nerve injury
and sinus perforation

Prevents implant placement in
compromised bone

Enhances precision and
minimizes intraoperative errors

Balances diagnostic accuracy

Bornstein et al., 2017; Jacobs et al.,
2018; Greenberg, 2017

Al-dJamal & Al-Jumaily, 2021; Azhari,
2019

Schubert et al., 2019; De Vico et al.,
2016; Al Yafi et al., 2019

Horsch et al., 2021; Hartshorne, 2018

with patient safety

Al-Assisted
Planning

Automated landmark detection
and risk assessment

Improves surgical predictability =~ Singh, 2022; Singh, 2018
and reduces operator error

In summary, CBCT plays a pivotal role in enhancing patient safety in implant dentistry. By combining accurate anatomical assessment, pathology
detection, digital integration, and optimized radiation protocols, CBCT ensures that implant procedures are both safer and more predictable.

show promise in automating detection of anatomical
landmarks and enhancing surgical safety through
predictive modeling (Singh, 2022).

Predictability in Implant Outcomes

Predictability is a cornerstone of successful implant
dentistry, as clinicians aim not only for osseointegration
but also for long-term functional and esthetic stability.
The integration of Cone-Beam Computed Tomography
(CBCT) into implant workflows has significantly
enhanced treatment predictability by providing precise
diagnostic data, reducing intraoperative risks, and
facilitating advanced digital planning strategies.

A major factor in predictable outcomes is the accurate
assessment of alveolar bone morphology, density, and
volume prior to implant placement. CBCT imaging
allows clinicians to evaluate bone architecture three-
dimensionally, ensuring appropriate implant selection
and positioning (Bornstein et al., 2017; Jacobs et al., 2018).
Notably, bone density estimation through CBCT has been
linked to predicting primary stability, which is critical
for immediate and early loading protocols (Al-Jamal &
Al-Jumaily, 2021). These preoperative insights directly
contribute to minimizing failure rates and enhancing
clinical outcomes.

Digital workflows further amplify predictability.
CBCT data can be seamlessly integrated with computer-
aided design and manufacturing (CAD/CAM) systems
to enable guided implant surgery. Such workflows
provide surgical templates that guide drill orientation
and implant insertion, thereby reducing human error
and standardizing procedures (Schubert et al., 2019; De
Vico et al,, 2016). Studies confirm that computer-guided
implantology based on CBCT datasets results in greater
accuracy and improved reproducibility compared to
freehand placement (Al Yafi et al., 2019; Greenberg, 2017).

Radiation exposure has been a long-standing

concern in CBCT use. However, recent advancements
in low-dose protocols demonstrate that image quality
remains sufficient for guided implant planning without
compromising predictability (Horsch et al., 2021;
Hartshorne, 2018). These improvements strengthen the
justification for CBCT as a routine tool in implantology,
particularly when precise anatomical assessment is
required.

Moreover, CBCT-based planning supports the
predictability of immediate implant placement and
loading, as clinicians can anticipate anatomical limitations
and prosthetic demands with greater reliability (Azhari,
2019). This aligns with the trend toward minimally
invasive and patient-centered implant protocols.
Integration with artificial intelligence and machine
learning has further potential to enhance diagnostic
accuracy and risk assessment, expanding the predictive
value of CBCT in implant dentistry (Singh, 2022).

In summary, CBCT significantly contributes to
predictable implant outcomes by enhancing diagnostic
reliability, supporting digital guided workflows, and
facilitating safe, standardized procedures. When coupled
with emerging Al-driven tools, its role in ensuring long-
term treatment predictability is expected to expand
further.

CONCLUSION

Cone-Beam Computed Tomography (CBCT) has
established itself as a permanent part of implant dentistry
practice, and it is more precise, safe and predictable than
any other type of imaging. It can create three-dimensional
reconstructions of the maxillofacial area, which enables
clinicians to assess the bone quality, morphology, and
density more precisely and enhances the provision
of the most appropriate implant placement and the
reduction of such complications like sinus perforation
or nerve damage (Jacobs et al., 2018; Bornstein, Horner,
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and Jacobs, 2017). Besides, digital workflows on the basis
of CBCT, such as computer-directed implant planning
and surgical templates, have proven to result in better
treatment reliability and patient outcomes (Schubert et
al., 2019; De Vico et al,, 2016; Al Yafi, Camenisch, and
Al-Sabbagh, 2019).

Recently, the integration of low-dose CBCT protocols
has reinforced its position as it minimized radiation
administration without substantially affecting the
quality of the image, thereby complying with the
beliefs of patient safety and evidence-based practice
(Horsch et al., 2021; Hartshorne, 2018). As well, bone
density measurements obtained through CBCT have
demonstrated the possibility of predicting the primary
implant stability, pointing to its diagnostic utility in
comparison to traditional radiographic techniques
(Al-Jamal and Al-Jumaily, 2021). Alongside these benefits,
there are obstacles, such as cost and accessibility, and
clinician skills in interpretation (Azhari, 2019).

In the future, the combination of CBCT and artificial
intelligence and machine learning is likely to increase
the accuracy of diagnosis and facilitate the planning of
the treatment process, which strengthens its use in the
precision-based approach to implantology (Singh, 2022).
Aslong as appropriate and within the clinical guidelines,
CBCT is the foundation of the present-day implant
dentistry, allowing to perform procedures in a safer
manner, deliver more predictable results, and supply a
further transition to minimally invasive, patient-centered
care (Greenberg, 2017; Singh, 2018).
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