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ABSTRACT

Digital  technologies have transformed implant dentistry by improving diagnostic
accuracy,  surgical  precision,  prosthetic  rehabilitation,  and  overall  treatment
predictability. Contemporary digital implantology integrates cone-beam computed
tomography (CBCT), intraoral scanning, virtual implant planning, computer-guided
surgery,  digital  impression  techniques,  CAD/CAM  fabrication,  and  artificial
intelligence  (AI)  into  a  comprehensive  clinical  workflow.  These  technologies
enhance treatment efficiency, minimize procedural errors, improve patient comfort,
and facilitate prosthetically driven implant placement. Recent advances in AI and
machine learning have further expanded the scope of implant dentistry by enabling
automated  image  analysis,  treatment  planning,  risk  assessment,  and  outcome
prediction. Despite challenges such as high initial costs, learning curves, and the
need for long-term clinical validation, digital workflows continue to redefine implant
therapy. This review provides a comprehensive overview of contemporary digital
implantology, highlighting recent technological advancements, clinical applications,
current evidence, limitations, and future directions toward more precise, efficient,
and personalized implant treatment.

INTRODUCTION

Dental implant therapy has become the gold standard for
the  replacement  of  missing  teeth,  offering  predictable
functional  and  esthetic  outcomes  with  high  long-term
success  rates.  Traditionally,  implant  treatment  relied on
two-dimensional imaging, conventional impressions, and
freehand surgical techniques, which were often associated
with  operator-dependent  variability,  limited  diagnostic
information,  and  reduced  surgical  precision.1  The
emergence  of  digital  dentistry  has  transformed

implantology by integrating advanced technologies such as
cone-beam  computed  tomography  (CBCT),  intraoral
scanners,  virtual  implant  planning,  computer-guided
surgery,  digital  impression  techniques,  computer-aided
design/computer-aided  manufacturing  (CAD/CAM),  and
artificial  intelligence  (AI)  into  a  comprehensive  digital
workflow. These innovations have significantly improved
diagnostic  accuracy,  surgical  precision,  prosthetic  fit,
treatment efficiency, and patient satisfaction.2

The  adoption  of  digital  workflows  has  enhanced
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communication among clinicians, dental laboratories, and
patients by enabling the seamless transfer of digital data
throughout  the  treatment  process.  Virtual  treatment
planning allows prosthetically driven implant placement,
ensuring  optimal  implant  positioning  while  preserving
critical  anatomical  structures  and  improving  both
functional  and  esthetic  outcomes.  Moreover,
advancements  in  CAD/CAM  technology  and  three-
dimensional (3D) printing have facilitated the fabrication
of  highly  accurate  surgical  guides,  customized  implant
abutments, and implant-supported prostheses, resulting in
reduced  chairside  time,  greater  clinical  efficiency,  and
improved treatment predictability.3

Recent advances in AI and machine learning have further
expanded the  scope of  digital  implantology by  enabling
automated  image  analysis,  implant  planning,  risk
assessment, and outcome prediction. AI-assisted decision-
support  systems  have  the  potential  to  improve  clinical
decision-making and personalize implant treatment based
on  patient-specific  anatomical  and  biological  factors.4

Despite these remarkable developments,  challenges such
as  high  initial  investment,  software  interoperability,
learning  curves,  and  the  need  for  long-term  clinical
validation remain. Therefore, this review aims to provide a
comprehensive  overview  of  contemporary  digital
implantology,  highlighting  recent  technological
advancements,  cl inical  applications,  current
evidence,limitations, and future perspectives for achieving
precise, efficient, and predictable implant therapy.

Current Digital Workflow and Technologies

Digital  technologies  in  implantology  encompass  a  wide
range of applications that have revolutionized every stage
of implant treatment. The contemporary digital workflow
begins  with  three-dimensional  imaging  and  diagnosis
using  cone-beam  computed  tomography  (CBCT)  and
intraoral scanners, providing accurate visualization of hard
and soft tissues. These datasets are integrated into virtual
implant  planning  software  to  facilitate  prosthetically
driven implant placement and the design of customized
surgical  guides.  Computer-guided  implant  surgery,
including  both  static  and  dynamic  navigation  systems,
enables  precise  implant  positioning  while  reducing
surgical deviations and enhancing patient safety. Following
implant  placement,  digital  impression  techniques  allow
accurate recording of implant positions for the fabrication
of  implant-supported  restorations.  The  integration  of
computer-aided design and computer-aided manufacturing
(CAD/CAM)  technologies  has  further  improved  the
precision and efficiency of implant prosthesis fabrication,
enabling  the  production  of  customized  abutments  and
restorations with excellent fit and esthetics. More recently,

artificial intelligence (AI) and machine learning (ML) have
emerged  as  valuable  tools  for  automated  image
interpretation,  treatment  planning,  risk  assessment,  and
prediction of clinical outcomes, paving the way for more
personalized,  efficient,  and  evidence-based  implant
therapy.5,6

Digital Diagnostic Technologies

Digital  diagnostic  technologies  are  the  cornerstone  of
modern implant dentistry, providing accurate assessment
and treatment planning for predictable implant outcomes.
These  technologies  include  cone-beam  computed
tomography  (CBCT),  intraoral  scanners  (IOS),  digital
photography, and facial scanning, which together create a
comprehensive digital representation of the patient. CBCT
provides three-dimensional visualization of bone and vital
anatomical  structures,  while  intraoral  scanners  capture
precise digital impressions of the teeth and soft tissues. The
integration of these diagnostic tools enables prosthetically
driven implant planning, enhances surgical accuracy, and
improves  communication  between  clinicians,  dental
laboratories,  and  patients,  forming  the  basis  of  a  fully
digital implant workflow.3,4

Digital Planning and Guided Surgery

Digital  planning  and  guided  surgery  have  transformed
implant dentistry by improving the accuracy, safety, and
predictability of implant placement. The workflow begins
with  cone-beam  computed  tomography  and  intraoral
scanning,  which  provide  detailed  three-dimensional
information about the patient's  anatomy. These datasets
are integrated into specialized planning software, allowing
clinicians  to  virtually  position  implants  according  to
prosthetic and anatomical requirements before surgery.7

The  finalized  virtual  plan  is  transferred  to  the  clinical
setting using CAD/CAM-fabricated static surgical  guides
or dynamic navigation systems, enabling precise implant
placement  with  minimal  deviation  from  the  planned
position. A preliminary study by Fonseca et al. reported an
average  angular  deviation  of  3.90°,  with  mean  linear
deviations of 1.04 mm at the coronal point and 1.56 mm at
the  implant  apex  following  guided  implant  placement.8

Similarly, Rodrigues et al. demonstrated significantly lower
angular  and  linear  deviations  with  guided  surgery
compared  with  conventional  freehand  techniques,
confirming its superior placement accuracy. Collectively,
these  findings  indicate  that  digitally  guided  implant
surgery  improves  implant  positioning,  reduces  surgical
complications,  and  enhances  treatment  predictability.
Despite these advantages, successful outcomes depend on
accurate data acquisition, meticulous treatment planning,
and  clinician  expertise,  making  digital  planning  an
essential component of modern implant dentistry.9
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Digital Impression Techniques

Digital  impression  techniques  have  become  an  integral
part  of  contemporary  implant  dentistry,  providing  a
comfortable,  efficient,  and  accurate  alternative  to
conventional  impression  methods.  Intraoral  scanners
capture three-dimensional images of implant scan bodies,
accurately recording the implant position and orientation
for  CAD/CAM  fabrication  of  implant-supported
restorations. The digital workflow eliminates conventional
impression  materials,  reduces  chairside  time,  and
facilitates seamless communication between clinicians and
dental laboratories.

A  comparative  clinical  study  by  Gedrimiene  et  al.
evaluated  the  accuracy  of  digital  impressions  obtained
using  the  TRIOS 3  intraoral  scanner  with  conventional
open-tray  splinted  impressions  in  24  two-implant-
supported  zirconia  restorations.  Although  statistically
significant  differences  were  observed  in  inter-implant
distance,  rotation,  vertical  shift,  and  surface  mismatch
between  the  two  techniques,  the  recorded  linear
discrepancies  were  considered  clinically  insignificant,
demonstrating that  digital  impressions provide clinically
acceptable  accuracy  for  fixed  partial  implant-supported
restorations.10

Dynamic Navigation Systems

Dynamic  navigation  systems  are  advanced  computer-
assisted  surgical  technologies  that  provide  real-time
guidance during dental  implant  placement.  Similar  to a
global  positioning  system  (GPS),  these  systems
continuously track the position of the surgical handpiece
relative  to  the  patient's  anatomy using  optical  cameras,
tracking markers, and preoperative cone-beam computed
tomography (CBCT) data. This allows clinicians to monitor
the drill trajectory, angulation, and depth on a computer
screen  throughout  the  procedure,  enabling  immediate
intraoperative adjustments without the need for a physical
surgical guide.

Compared with static guided surgery, dynamic navigation
offers  greater  flexibility,  particularly  in  patients  with
limited mouth opening, immediate implant placement, or
anatomically challenging cases. It also eliminates the need
for  guide  fabrication,  facilitates  minimally  invasive
procedures, and allows verification of implant positioning
during surgery. A recent systematic review by Matvijenko
and Borusevičius (2025) reported that dynamic navigation
systems  consistently  achieved  high  implant  placement
accuracy with clinically acceptable angular, coronal, and
apical deviations. Although slight variations were observed
among  different  navigation  platforms,  all  systems
demonstrated reliable performance and improved implant
positioning compared with conventional freehand surgery.

Nevertheless, clinician experience and system calibration
remain  important  factors  influencing  surgical  accuracy,
and  further  long-term  clinical  studies  are  required  to
establish  standardized  protocols  and  evaluate  long-term
outcomes.11

CAD/CAM Implant Prosthodontics

Computer-a ided  design  and  computer-a ided
manufacturing (CAD/CAM) technology has revolutionized
implant prosthodontics by enabling the precise design and
fabrication  of  implant-supported  restorations.  Following
digital  impression  acquisition,  CAD software  is  used  to
design customized abutments,  crowns,  bridges,  and full-
arch  prostheses,  which  are  subsequently  manufactured
using  milling  or  three-dimensional  (3D)  printing
technologies.  Compared  with  conventional  laboratory
techniques,  CAD/CAM  restorations  offer  improved
accuracy,  superior  marginal  adaptation,  enhanced
esthetics,  and  reduced  fabrication  time.12

A systematic review by Al-Humood et  al.  evaluated the
marginal fit, mechanical properties, and esthetic outcomes
of CAD/CAM interim fixed dental prostheses and reported
that  CAD/CAM-fabricated  restorations  demonstrated
clinically  acceptable  marginal  fit,  favorable  mechanical
performance, and excellent esthetic outcomes. The review
concluded  that  CAD/CAM  technology  provides  a
predictable  and  reliable  approach  for  the  fabrication  of
interim  implant-supported  prostheses,  contributing  to
improved clinical efficiency and patient satisfaction. The
integration  of  CAD/CAM  with  digital  impressions  and
virtual implant planning has therefore become an essential
component  of  the  contemporary  digital  implant
workflow.13

Three-Dimensional (3D) Printing in Implantology

3D printing,  also known as additive manufacturing,  has
become an integral component of digital implantology by
enabling  the  fabrication  of  customized  surgical  guides,
diagnostic models, provisional restorations, implant casts,
and patient-specific prosthetic components. Using digital
data acquired from cone-beam computed tomography and
intraoral scanners, 3D printing accurately translates virtual
treatment  plans  into  clinical  reality,  thereby  improving
surgical precision and workflow efficiency.14,15

Beyond surgical guides, 3D printing is increasingly used for
the  fabrication  of  implant-supported  provisional  and
definitive  prostheses.  In  a  clinical  study,  Brenes  et  al.
evaluated  prosthetic  outcomes  and  patient  satisfaction
with 3D-printed implant-supported fixed prostheses  and
reported favorable functional and esthetic outcomes with a
high level  of  patient satisfaction,  supporting the clinical
feasibility  of  3D-printed  restorations.  Compared  with
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conventional manufacturing techniques, 3D printing offers
greater  customization,  reduced  material  waste,  shorter
production times, and cost-effective fabrication of complex
implant  prostheses.  Although  further  long-term  clinical
studies  are  needed  to  evaluate  durability  and  material
performance,  continuous  advancements  in  printable
biomaterials and additive manufacturing technologies are
expected to expand the role of 3D printing in contemporary
implant dentistry.16

Artificial Intelligence in Implantology

Artificial intelligence (AI) is transforming implantology by
improving  diagnosis,  treatment  planning,  surgical
precision,  prosthetic  rehabilitation,  and  long-term
maintenance.  AI  algorithms  can  analyze  cone-beam
computed  tomography  (CBCT)  images  to  automatically
identify anatomical landmarks, evaluate bone quality and
quantity,  detect  edentulous  areas,  and  suggest  optimal
implant positions. Integration of AI with digital workflows,
computer-guided surgery, and CAD/CAM technology has
enhanced  the  accuracy  of  implant  placement,  reduced
operator-dependent  variability,  and  improved  clinical
efficiency.17,18

AI  also  plays  an  important  role  in  predicting  implant
success by analyzing patient-specific factors such as bone
density,  systemic  health,  smoking  status,  and  implant
characteristics.  Furthermore,  deep learning models  have
demonstrated promising results in the early detection of
peri-implant bone loss and peri-implant diseases, enabling
timely  intervention  and  improving  long-term  implant
survival.

In a recent systematic review and meta-analysis, Alqutaibi
et al. evaluated 12 studies and reported that AI achieved a
diagnostic accuracy of 96% in identifying edentulous areas
in  the  mandible  and  83%  in  the  maxilla  using  CBCT
images.  The  authors  concluded  that  AI  has  significant
potential to support automated implant planning and bone
assessment.  However,  further  multicenter  studies  and
standardized  validation  are  required  before  AI  can  be
routinely incorporated into everyday implant practice.19

Digital Implantology versus Conventional
Implantology

Digital implantology utilizes advanced technologies such
as  cone-beam  computed  tomography  (CBCT),  intraoral
scanners,  computer-aided  design/computer-aided
manufacturing  (CAD/CAM),  virtual  implant  planning,
computer-guided surgery, and artificial intelligence (AI) to
improve  the  precision  and  predictability  of  implant
therapy.  In  contrast,  conventional  implantology  relies
primarily  on  two-dimensional  radiographs,  physical
impressions,  manual  diagnostic  wax-ups,  and  freehand
implant placement based on the clinician's experience.

Digital  workflows  enable  prosthetically  driven  implant
planning,  accurate  assessment  of  anatomical  structures,
fabrication of  surgical  guides,  and immediate  prosthetic
design, resulting in improved implant positioning, reduced
surgical  time,  enhanced  patient  comfort,  and  fewer
postoperative  complications.  They  also  facilitate  better
communication among clinicians, dental technicians, and
patients through virtual treatment planning.

Conventional  implantology  remains  a  reliable  and cost-
effective approach, particularly in straightforward clinical
cases. However, it is more operator-dependent and may be
associated with greater variability in implant positioning
and prosthetic  outcomes.  Although digital  implantology
requires  specialized  equipment,  software,  and  training,
growing evidence suggests that it offers superior accuracy,
efficiency,  and  treatment  predictability,  especially  in
complex implant rehabilitations.

ADVANTAGES OF DIGITAL IMPLANTOLOGY

Higher diagnostic accuracy

Three-dimensional treatment planning

Precise implant positioning

Computer-guided surgical placement

Reduced surgical time

Minimally invasive procedures

Improved prosthetic fit and esthetics

Better patient communication and visualization

Reduced operator-dependent errors

Enhanced treatment predictability

LIMITATIONS OF DIGITAL IMPLANTOLOGY

High initial investment

Expensive software and equipment

Learning curve for clinicians

Dependence on CBCT and intraoral scan quality

Technical and software-related errors

Increased  laboratory  and  digital  infrastructure
requirements

FUTURE PERSPECTIVES

The future of implantology will be driven by advancements
in  artificial  intelligence  (AI),  robotic-assisted  implant
surgery,  dynamic  navigation systems,  augmented reality
(AR),  and  fully  digital  workflows.  Improved  machine
learning  algorithms,  real-time  surgical  guidance,  and
personalized treatment planning are expected to enhance
the  accuracy,  efficiency,  and  predictability  of  implant
therapy. Integration of AI with CAD/CAM technology and
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3D printing will further optimize prosthetic rehabilitation
and patient-specific care.

CONCLUSION

Digital  technologies  have  transformed  implantology  by
improving  diagnostic  accuracy,  treatment  planning,
surgical  precision,  and  prosthetic  outcomes.  The
integration  of  CBCT,  CAD/CAM,  computer-guided
surgery,  and  artificial  intelligence  has  enhanced  the
predictability and efficiency of implant therapy. Although
challenges such as cost, technical expertise, and equipment
availability  remain,  continuous  technological
advancements are expected to make digital implantology
the  standard  of  care,  ultimately  leading  to  improved
clinical outcomes and patient satisfaction.
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