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Abstract
Background: Artificial intelligence (AI) is increasingly integrated into digital 
implant workflows, including radiographic interpretation, virtual planning, 
and guided or navigated implant placement. Despite rapid adoption, the 
magnitude of the accuracy gains attributable to AI-assisted systems relative 
to conventional approaches remains unclear. Objective: To systematically 
evaluate clinical evidence on AI-assisted implant planning and guidance and to 
quantify differences in implant placement accuracy compared with conventional 
workflows. Methods: This systematic review was conducted according to 
PRISMA 2020. PubMed, Scopus, and Web of Science were searched from January 
2015 to February 2025. Eligible studies were human clinical investigations that 
compared AI-assisted guided or navigated implant workflows with conventional 
approaches and reported quantitative accuracy outcomes, including coronal 
deviation (mm), apical deviation (mm), and angular deviation (degrees). Risk 
of bias was assessed using RoB 2 for randomized trials and ROBINS-I for 
non-randomized studies. Random-effects meta-analyses were conducted for 
outcomes reported by at least three studies. Results: The review included clinical 
studies evaluating AI-assisted planning and guidance across diverse systems 
and operative settings. Meta-analysis showed that AI-assisted workflows were 
associated with improved implant placement accuracy, with reduced apical and 
coronal deviations and lower angular deviation compared with conventional 
approaches; however, heterogeneity was substantial across studies due to 
differences in navigation modality, guide manufacturing, operator experience, 
and reference standards. Conclusions: AI-assisted implant workflows appear to 
improve implant placement accuracy compared with conventional techniques, 
although certainty is limited by heterogeneity and risk of bias in the available 
evidence. Standardized reporting and well-designed multicenter trials are needed 
to establish clinically meaningful thresholds for accuracy improvements and to 
clarify how AI contributes beyond conventional digital planning.
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Eligibility Criteria
Eligibility criteria were defined using the PICO framework.
Population: Human participants undergoing dental 
implant placement in any clinical setting.
Intervention: AI-assisted implant planning and/or AI-
assisted guided or navigated implant placement, where 
AI was explicitly reported as part of the planning, 
segmentation, navigation, or decision-support workflow.
Comparator: Conventional workflows, including 
freehand placement, conventional guided surgery 
without AI components, or alternative digital workflows 
not explicitly incorporating AI.
Outcomes: Quantitative implant placement accuracy 
outcomes, reported as coronal deviation (mm), apical 
deviation (mm), and/or angular deviation (degrees), 
measured as deviation between planned and achieved 
implant position. Secondary outcomes included surgical 
time, complications, prosthetic outcomes, and patient-
reported outcomes when reported.
Study designs: Randomized controlled trials and non-
randomized comparative clinical studies were eligible. 
Case reports, narrative reviews, editorials, conference 
abstracts, and purely in vitro or simulation-only studies 
were excluded. Studies without extractable quantitative 
accuracy outcomes (mean with dispersion measures or 
data enabling calculation) were excluded.

Information Sources and Search Strategy
A comprehensive electronic search was performed 
in PubMed/MEDLINE, Scopus, and Web of Science. 
The initial search was conducted in September 2024 
and updated in February 2025. The search strategy 
combined controlled vocabulary and free-text terms 
related to artificial intelligence and implant guidance. 
The core strategy included: (“artificial intelligence” OR 
“machine learning” OR “deep learning” OR CNN OR 
“neural network”) AND (implant* OR implantology OR 
“guided surgery” OR navigation OR “dynamic navigation” 
OR “computer-assisted surgery”) AND (accuracy OR 
deviation OR “implant placement” OR “angular deviation” 
OR “apical deviation” OR “coronal deviation”). The final 
database-specific search strings and filters are provided 
in the Supplementary Material. Only studies published in 
English were included.

Study Selection
After duplicate removal, titles and abstracts were 
screened for eligibility. Full texts were then reviewed 
against the inclusion criteria. Reasons for exclusion at 
the full-text stage were documented and reported in the 
PRISMA flow diagram.

Data Extraction
Data were extracted using a standardized form 
including: study characteristics (year, country, 
design), sample size (patients and implants), AI 
system description (planning/segmentation/navigation 
component), surgical workflow (static guide vs dynamic 
navigation), comparator workflow, clinician experience 
level, follow-up (if relevant), and outcome measurement 
methodology (reference scan, superimposition protocol, 
software used). For meta-analysis, coronal deviation, 
apical deviation, and angular deviation were extracted 

Introduction
The integration of artificial intelligence (AI) into dentistry 
represents a major shift from static digital tools toward 
systems that support automated decision-making, 
pattern recognition, and predictive modeling. In 
implantology, where accuracy and prosthetically driven 
planning are essential for safety and long-term outcomes 
(1-2), AI is increasingly used across multiple stages 
of care—from radiographic assessment to surgical 
execution and restorative design. (3) Contemporary 
workflows already rely heavily on cone-beam computed 
tomography (CBCT), intraoral scanning, and CAD/CAM 
planning; AI has been proposed as an additional layer 
capable of improving image interpretation, automating 
segmentation of critical anatomical structures, and 
supporting individualized implant positioning based 
on large training datasets and learned anatomical 
patterns [1]. Accurate implant placement is clinically 
relevant because deviations from the planned position 
can compromise prosthetic emergence, biomechanical 
load distribution, and hygiene accessibility, and may 
increase the risk of complications such as cortical 
perforation or injury to neurovascular structures. (4-
5) Although guided surgery and dynamic navigation 
have improved predictability compared with freehand 
placement, clinically relevant errors persist and 
can be influenced by multiple factors, including 
scanning quality, planning accuracy, guide stability, 
drill tolerances, and operator experience. AI-assisted 
systems have been introduced to improve accuracy by 
enhancing anatomical segmentation, optimizing virtual 
planning, and supporting intraoperative guidance 
through navigation algorithms and real-time feedback. 
However, the literature on AI in implantology remains 
heterogeneous. Studies often combine multiple digital 
components (CBCT segmentation, planning software, 
guide fabrication, navigation devices), and the term 
“AI-assisted” is applied inconsistently across platforms. 
Moreover, many publications describe technological 
feasibility or workflow advantages without providing 
comparable quantitative accuracy outcomes. While 
narrative syntheses suggest that AI may reduce 
implant placement deviations and improve workflow 
efficiency, the magnitude and consistency of accuracy 
improvement have not been robustly quantified across 
clinical studies. (6-7) Therefore, the present study 
aims to systematically synthesize available clinical 
evidence on AI-assisted implant planning and guidance 
and to quantify its impact on implant placement 
accuracy through meta-analysis of standard deviation 
outcomes—specifically coronal deviation, apical 
deviation, and angular deviation—when compared with 
conventional implant placement workflows. (8)

Materials and Methods
Protocol and Reporting
This systematic review was conducted in accordance 
with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) 2020 
statement. The review protocol was registered in 
the International Prospective Register of Systematic 
Reviews (PROSPERO; registration ID to be provided 
after peer review).
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Results
Study Selection
The electronic search identified 231 records across 
PubMed, Scopus, and Web of Science. After removing 
duplicates, 200 unique records remained and were 
screened based on their titles and abstracts. During 
this screening phase, 194 records were excluded 
because they did not involve artificial intelligence–
assisted implant workflows, did not report relevant 
clinical outcomes, or were clearly in vitro or simulation-
based studies.
Six full-text articles were subsequently assessed for 
eligibility. All six studies met the predefined inclusion 
criteria and were included in the qualitative synthesis. 
As each of these studies reported sufficient quantitative 
data on implant placement accuracy, all six were also 
included in the quantitative meta-analysis. The study 
selection process is summarized in Figure 1.

Study Characteristics
Across studies, AI-assisted workflows varied 
substantially. Artificial intelligence was applied at 
different stages of the implant workflow, including 
automated CBCT segmentation of anatomical 
structures, AI-supported virtual implant planning, and 
AI-integrated static or dynamic navigation systems. 
Some studies evaluated AI-enhanced static surgical 
guides, whereas others focused on dynamic navigation 

as means and standard deviations; where medians or 
alternative dispersions were reported, authors were 
contacted when feasible or data were converted using 
established methods when appropriate.

Risk of Bias Assessment
Risk of bias was assessed independently for each 
study design. Randomized trials were evaluated 
using the Cochrane Risk of Bias 2 (RoB 2) tool. Non-
randomized studies were assessed using ROBINS-I. 
Disagreements were resolved by discussion.

Data Synthesis and Statistical Analysis
A meta-analysis was conducted when at least three 
studies reported the same outcome with comparable 
definitions and units. Continuous outcomes (coronal 
deviation, apical deviation, and angular deviation) were 
pooled using mean differences with 95% confidence 
intervals. Given expected methodological and clinical 
heterogeneity, a random-effects model was used. 
Statistical heterogeneity was assessed using the I² 
statistic and the τ² statistic. Prespecified subgroup 
analyses were planned according to guidance modality 
(static guide vs dynamic navigation), and sensitivity 
analyses were planned by excluding studies at high/
critical risk of bias. A publication bias assessment was 
planned using funnel plots when at least 10 studies 
were available for a given outcome.

Figure 1. Prisma flow chart
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Quantitative Synthesis and Meta-Analysis
Apical Deviation
A meta-analysis of 6 studies reporting apical deviation 
showed that AI-assisted implant workflows were 
associated with a statistically significant reduction 
in apical deviation compared with conventional 
approaches. The pooled mean difference favored 
AI-assisted systems, indicating more accurate apex 
placement. However, substantial heterogeneity was 
observed across studies (I² = 6%), reflecting differences 
in navigation modality, AI integration level, and 
surgical protocol. A meta-analysis of apical deviation 
demonstrated a statistically significant reduction in 
favor of AI-assisted implant workflows (Figure 2).

Coronal Deviation
For coronal deviation, pooled analysis of 6 studies also 
showed a statistically significant reduction in deviation 
in the AI-assisted group compared with controls. 
Although the direction of effect was consistent across 
most studies, the magnitude of improvement varied, 
and heterogeneity remained considerable. Sensitivity 
analyses excluding studies at high risk of bias slightly 
reduced heterogeneity while maintaining the overall 
effect direction.

Angular Deviation
Angular deviation was reported in 6 studies, with 
a significant pooled reduction favoring AI-assisted 
workflows. The reduction in angular deviation suggests 
improved control of implant trajectory during placement. 

systems incorporating machine-learning–based real-
time tracking and error correction.
Comparators included freehand implant placement 
and conventional guided surgery without explicit 
AI components. Outcome assessment protocols 
also differed across studies; however, all included 
investigations measured implant placement accuracy 
by comparing planned and achieved implant positions 
using postoperative CBCT or equivalent imaging, 
thereby allowing extraction of coronal, apical, and 
angular deviations.

Risk of Bias Assessment
Risk of bias varied across the included studies. Among 
randomized controlled trials, concerns were primarily 
related to deviations from intended interventions and 
lack of blinding of operators and outcome assessors, 
which is inherently challenging in surgical studies. 
Allocation concealment and protocol registration were 
inconsistently reported.
Non-randomized studies were frequently judged to 
have a moderate-to-serious risk of bias, mainly due 
to confounding, selection bias, and limited control for 
operator experience. In several studies, AI-assisted 
workflows were implemented by experienced clinicians. 
In contrast, comparator procedures were performed by 
different operators or under different clinical conditions, 
potentially influencing outcome accuracy independently 
of the intervention. Overall, the methodological quality of 
the evidence was considered moderate, with important 
limitations that warranted cautious interpretation of 
pooled estimates.

Figure 2. Forest plot comparing apical deviation between artificial intelligence–assisted implant workflows and conventional 
implant placement techniques. Individual study estimates and pooled mean difference with 95% confidence intervals are dis-
played using a random-effects model. Negative values favor AI-assisted workflows.
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value of AI-enhanced planning and guidance.
Despite these favorable quantitative findings, 
the magnitude of accuracy improvement varied 
considerably across studies. This heterogeneity 
likely reflects differences in how artificial intelligence 
was implemented within the implant workflow. In 
some studies, AI was primarily used for automated 
CBCT segmentation and virtual planning, whereas 
in others it was integrated into dynamic navigation 
systems providing real-time intraoperative feedback 
(6–8). Furthermore, AI-assisted systems were often 
combined with established digital components such 
as static surgical guides, navigation cameras, or 
tracking sensors, making it challenging to isolate the 
independent contribution of AI from that of conventional 
digital guidance (9).
The level of surgical guidance also appeared to 
influence outcomes. Dynamic navigation systems 
incorporating AI-based tracking and feedback tended 
to show greater reductions in angular deviation than 
static guided approaches, although subgroup estimates 
overlapped and should be interpreted cautiously. This 
observation is consistent with previous clinical and 
experimental studies reporting that dynamic navigation 
may allow continuous correction of drilling trajectory, 
thereby mitigating cumulative errors related to guide 
tolerance, sleeve wear, or limited mouth opening 
(10–12). However, dynamic systems are also more 
sensitive to calibration errors and operator experience, 
which may partially explain the variability observed 
across studies.
Operator-related factors represent an additional source 
of heterogeneity. Several included studies did not 
standardize clinician experience across intervention 
and control groups, and learning-curve effects were 
rarely addressed. Previous investigations have 
demonstrated that both guided surgery and navigation 
systems are subject to significant learning curves, with 
accuracy improving as clinicians become more familiar 
with the technology (13,14). Consequently, part of the 
observed benefit attributed to AI-assisted workflows 
may reflect differences in operator training rather than 
intrinsic technological superiority.
The risk of bias assessment further underscores the need 
for cautious interpretation. Many included studies were 
non-randomized and exhibited moderate to serious risk 
of bias, particularly regarding confounding, deviations 
from the intended interventions, and lack of blinding. 
Even among randomized trials, blinding of surgeons 
and outcome assessors was often not feasible, which 
may have influenced accuracy measurements. These 
limitations are consistent with prior systematic reviews 
on guided and navigated implant surgery, which 
have similarly highlighted the predominance of non-
randomized designs and methodological heterogeneity 
in this field (15–17).
Comparison with existing literature suggests that 
the present findings align with earlier narrative and 
quantitative syntheses reporting improved accuracy 
with computer-assisted and navigated implant 
placement compared with freehand techniques (18–
20). However, most previous reviews have grouped 
AI-assisted systems with conventional digital planning 

As with linear deviations, heterogeneity was high, 
likely due to variability in guide stability, navigation 
calibration, and operator familiarity with AI-assisted 
systems.

Heterogeneity and Sensitivity Analyses
High statistical heterogeneity was observed across 
all primary outcomes. Prespecified subgroup 
analyses suggested that dynamic navigation systems 
incorporating real-time AI-based feedback tended to 
demonstrate greater reductions in angular deviation 
than static guided systems; however, subgroup 
estimates overlapped and should be interpreted 
cautiously.
Sensitivity analyses excluding studies at high or critical 
risk of bias resulted in slightly attenuated effect sizes 
but did not materially alter the direction of the findings. 
These analyses indicate that the observed accuracy 
improvements associated with AI-assisted workflows 
are robust but influenced by methodological quality and 
study design.

Additional Outcomes
Several studies reported secondary outcomes, 
including surgical time, intraoperative complications, 
and prosthetic feasibility. Although some investigations 
suggested reduced planning time and improved 
confidence in implant positioning with AI-assisted 
systems, these outcomes were reported inconsistently 
and were not suitable for quantitative synthesis. Patient-
reported outcomes and long-term implant survival 
were rarely assessed and could not be meaningfully 
compared across studies.

Discussion
The present systematic review and meta-analysis 
synthesized the available clinical evidence on 
artificial intelligence–assisted implant planning and 
guidance, focusing on quantitative outcomes of implant 
placement accuracy. Overall, the pooled analyses 
indicate that AI-assisted workflows are associated with 
statistically significant improvements in coronal, apical, 
and angular deviations compared with conventional 
implant placement approaches. These findings suggest 
that AI integration may enhance control over implant 
positioning; however, the certainty of evidence remains 
limited by substantial heterogeneity and methodological 
variability across studies.
From a clinical standpoint, implant placement 
accuracy is a critical determinant of both surgical 
safety and prosthetic success. Deviations from the 
planned implant position may compromise prosthetic 
emergence profiles, occlusal load distribution, and 
hygiene accessibility, and increase the risk of damage 
to adjacent anatomical structures, such as the inferior 
alveolar nerve or maxillary sinus (1–3). In this context, 
the observed reduction in angular deviation associated 
with AI-assisted workflows is particularly relevant, as 
angular errors can amplify apical displacement even 
when coronal deviations appear minimal (4,5). The 
improvements observed in both linear and angular 
parameters, therefore, support the potential clinical 
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