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Purpose: To systematically analyze the accuracy of autonomous dental implant robotic (ADIR) surgery for dental
implant placement. Materials and Methods: PubMed, Embase, and Cochrane CENTRAL were searched on February 21,
2024. Any clinical studies, with the exception of case reports, assessing ADIR accuracy by superimposing preoperative
digital planning with postoperative CBCT images were included. The risk of bias was assessed, and a meta-analysis
was performed using a random-effects model to evaluate linear and angular deviations between planned and placed
implants. Results: Data from six clinical studies reporting ADIR accuracy in 96 patients with 299 dental implants were
included (102 implants in 69 partially edentulous patients, 197 implants in 27 complete-arch scenarios). The meta-analysis
at the implant level reported a mean overall accuracy of ADIR of 0.60 mm (95% Cl [0.5133; 0.6965]) at the platform and 0.63
mm (95% Cl [0.5663; 0.6909]) at the apex and 1.242 degrees (95% Cl [1.2182; 1.6320]) of angular deviation. ADIR accuracy
resulted in significantly higher values than static and dynamic computer-assisted implant surgery. Conclusions: Within
the limitations of this review, ADIR surgery has shown to be feasible for placing implants in both partially and completely
edentulous patients, achieving consistent mean linear and angular deviations of approximately 0.6 mm and 1.40 degrees,
respectively. However, clinical practicality of ADIR surgery remains cumbersome, with well-trained operators needed
to plan and assist ADIR procedures as well as a technical expert providing backup control. Int J Oral Maxillofac Implants
2025;40:683-690. doi: 10.11607/jomi.11238.

Keywords: accuracy, autonomous dental implant robotic surgery, dental implant, digital dentistry, implant guides, meta-
analysis, robotic surgery

Continuous technologic development of computer-
assisted implant surgery (CAIS) over the last two
decades has enabled clinicians to achieve more predict-
able and accurate implant placements.! Low deviations
in respect of implant planned coordinates are consid-
ered essential for delivering a successful prosthetic
design, closely related to peri-implant health mainte-
nance.>* CAIS can be categorized into three different
technologies: (1) static (s-CAIS), (2) dynamic (d-CAIS),
and (3) robotic (-CAIS).”
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The s-CAIS approach uses removable 3D printed sur-
gical templates with solid sleeves that guide the sites’
preparation and implant placement.® Conversely, d-
CAIS dynamically tracks the motion of two dynamic ref-
erence frames, one that firmly secures to the patient’s
anatomy (teeth or bone) and one that's rigidly attached
to the surgical handpiece. The tracked data are comput-
ed and displayed in real time to assist surgical drilling
accordingly to planned implant coordinates without
the need of a physical template that might obstruct the
surgical field.”

While both s-CAIS and d-CAIS achieve significantly
lower deviations compared to the freehand technique,
certain limitations in their clinical application can com-
promise the overall accuracy.®® Robotics in implant
surgery was gradually introduced to address these limi-
tations and enhance clinical procedures.’® The r-CAIS
integrates various advanced technologies such as artifi-
cial intelligence (Al), machine vision, multi-sensor infor-
mation dataset fusion, and 3D graphics visualization.!

Yang et al'? classified six levels of autonomy for
medical robotics. The r-CAIS involves the use of an
operator-controlled (level 1 or semi-active) or an au-
tonomous robotic arm (level 2 or autonomous dental
implant robotic [ADIR]) for both osteotomy preparation
and implant placement.”® In level 1, the robot offers
semi-active control, providing mechanical support or
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guidance while the surgeon maintains control over the
robot’s actions. The robotic arm, controlled by the op-
erator, is maneuvered in and out the patient’s mouth to
the implant recipient site. This setup allows the robot to
manage angular adjustments while the surgeon over-
sees the speed and force applied during drilling and im-
plant placement. In level 2, the robot has autonomy in
drilling and implant placement, it can execute specific
pre-defined subtasks while the surgeon is assisting, and
it can provide a backup control through a dedicated
computer screen.' The robotic arm can autonomously
enter the patient’s mouth, reach the target coordinates,
and exit following the reversed trajectory in an autono-
mous manner.

The autonomous movement of the robot relies on
multiple factors: (1) the surgeon establishing the initial
and final points for the robot’s motion based on infor-
mation from the bone and mucosa within the software;
(2) the robot and jaws are connected within the infrared
visual space; and (3) the robot executes surgical proce-
dures following a predetermined path under the guid-
ance of infrared vision.™®

ADIR surgery, which minimizes the operator influ-
ence, can accurately perform implant drilling and place-
ment under visual-force feedback cooperative control,
thereby standardizing the clinical performance regard-
less type of edentulism, the type of jaw, and other site
characteristics. However, there has been no systematic
assessment of ADIR accuracy published to date. There-
fore, this systematic review and meta-analysis aimed to
analyze a substantial body of evidence on ADIR surgery
accuracy in vivo and provide a high-quality, valuable
summary for clinicians.

MATERIALS AND METHODS

Protocol and Registration

This review was registered at the International Prospec-
tive Register of Systematic Review (PROPERO) of the
National Institute of Health Research (registration no.:
CRD42024511771). This review was reported according
to the Preferred Reporting Items for Systematic Reviews
and Meta-analysis (PRISMA) guidelines.’” Ethical ap-
proval was not required for this systematic review.

Population, Intervention, Comparison,
Outcomes, and Study Design

The question of the research was reported in the popu-
lation, intervention, comparison, outcomes and study
design (PICOS) format:

« P (population): patient treated with dental implant

« | (intervention): implant placement using r-CAIS
ADIR
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«  C (comparison): preoperative planned implant on
software

« O (outcomes): accuracy of implant placement

« S (study design): clinical studies including random-
ized clinical trials (RCTs), prospective trials, retro-
spective trials, and case series’ (case reports were
excluded)

Inclusion Criteria

The inclusion and exclusion criteria were defined be-
fore the start of the study. The inclusion criteria were as
follows: (1) studies published in the English language,
(2) based on human subjects with at least 10 patients,
(3) reported accuracy of implant placed by ADIR sys-
tems, (4) the main research subject had to evaluate the
accuracy in terms of linear (mm) and angular (degrees)
deviations between planned and placed implants by
means of ADIR. All the analyzed studies were published
until February 24, 2024. The exclusion criteria were as
follows: (1) studies that reported the same data as lat-
er publications by the same authors; or (2) systematic
reviews, commentaries and letters to the editor, case
reports, in vitro studies, and studies in animal models.
Relevant systematic reviews, as well as the reference
lists of all included articles, were searched by hand to
identify further publications.

Search Strategy

Electronic research was performed involving differ-
ent databases (MEDLINE, PubMed, Embase, and Co-
chrane Library) without any limitation for publication
year. The electronic search syntax in MEDLINE and
PubMed, Embase, and Cochrane CENTRAL were: “(ro-
botic surgery[Title/Abstract] AND (dental implant
[MeSH Terms])’, “robotic surgery*:ab,ti AND dental
implant*:ab,ti’, “robotic surgery* AND dental implant*”
in title/abstract/keywords, respectively. Moreover, bibli-
ographies of relevant systematic reviews were analyzed
to cross-check the data. Additionally, a manual search
of the reference lists of included studies and examina-
tions of meeting abstracts related to the PICOS ques-
tion was executed.

Selection Criteria

A full-text screening, study selection, and data extrac-
tion was performed in duplicate by two reviewers in-
dependently (P.C. and C.L.). The inter-reviewer reliability
(kappa [K] correlation coefficient) of the title/abstract
screening and full-text screening was 0.84 and 0.86, re-
spectively. Any disagreement was discussed until it was
resolved by consensus.

Data Extraction
Following the PICOS question, data on accuracy eval-
uation (O)—in terms of differences at the implant
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Fig1 Accuracy evalua-
tion superimposing pre-
operative CBCT digital
planning with postop-
erative CBCT outcome.

platform, apex and main axis between the planned and
the final implant coordinates (C)—were extracted from
the included clinical trials (S) on human subjects (P)
treated by means of ADIR (1) (Fig 1).

Risk of Bias

The quality of the included studies was assessed in-
dependently by the authors (C. L. and P. C.) using the
Newcastle-Ottawa scale'® for non-randomized clinical
trials. The Newcastle-Ottawa Scale was an eight-item
tool that provides a rating system ranging from 0 to
9 stars, on “selection’, “comparability” and “outcome”.
Scores = 7 can be considered high quality and scores
< 7 were considered as low quality. Any disagreement

was discussed until it was resolved by consensus.

Outcomes

«  Global platform deviation (mm): overall 3D distance
between the platform centroids of the planned and
placed implants

- Global apical deviation (mm): overall 3D distance
between the apex centroids of the planned and
placed implants

« Angular deviation (degrees): angle formed by the
vertical axes of the planned and placed implants

Statistical Analysis

Meta-analyses were performed using the random-
effect model to evaluate the deviations between
planned and placed implants at platform, apex, and
angular deviation. Cochran’s Q-statistic and the I statis-
tic were used to assess any publication bias and to cal-
culate heterogeneity between the included studies. P
values of < .05 were considered statistically significant.

Box 1 Excluded Studies and Reasons for Exclusion

Study and year of publication Reason for exclusion

Shi 2023, Qiao SC 2023, Rawal
S$2023

Jain 2023, Takasc 2023,
Pimkhokham 2023, Zhao 2023,
Sin M 2023, Yang S 2023, Bai SZ
2023, Yuan FS 2023

The technology used was not
ADIR.

The nature of the study was in
vitro, an animal study, a case
report, or a review.

Klass 2023 There were fewer than 10
implants evaluated.
Oppermann 2023 The study was not related to

implant dentistry.

12 values of 25%, 50%, and 75% corresponded to the
cutoff points for low, moderate, and high degrees of
heterogeneity, respectively. A minimum of three stud-
ies were needed to perform the meta-analysis.

Certainty Assessment

The grading of recommendations assessment, devel-
opment, and evaluation (GRADE) guidelines (McMaster
University and Evidence Prime) were used to conduct a
GRADE assessment for evidence quality and was mea-
sured as very low, low, moderate, or high.

RESULTS

Identified Articles

The search resulted in 59 titles. After screening all titles
and abstracts, 19 potentially relevant studies were iden-
tified. After the exclusion of 13 studies (Box 1), a total
of 6 studies were included for the qualitative analysis
(Fig 2).
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Table 1 Main Characteristics of the Included Studies

Primary No. of No. of Global platform Global apex Angular
author implants  treated Type of Typeof  deviation+SD deviation+  deviation
andyear Studydesign evaluated patients rehabilitation robot (mm) SD (mm) SD (degrees)
;ggg Case series 10 10 Single tooth gap Remebot 0.74+0.29 0.73+0.28 111 £0.46
Zhang g i Partially edentulous  Remeb + + +
2023 etrospective 62 39 artially edentulous emebot 0.68 +0.36 0.69 +0.36 1.37 £0.92
Jia 2023 Retrospective 30 20 Partially edentulous  Yakebot 043+0.18 0.52+0.18 148 +0.59
Wang .
2023 Prospective 36 5 Complete arch Yakebot 0.65+0.25 0.65+0.22 1.43+£1.18
Xie 2024 Prospective 102 12 Complete arch Yakebot 0.53+£0.19 0.58+0.17 1.83+0.82
Li 2023 Retrospective 59 10 Complete arch Remebot 0.67 £0.37 0.69+0.37 1.27 £0.59
0.00
c
2 Records identified through Xie 2024 ®
c database searching (n = 59) 0.027
= = .
.*E l % Jia2023¢ Wang 2023 @
5 0.04-]
el
S 5
©
=
5 0.06
Records after duplicates v
removed (n =59)
o 0.08
£ Yang 2023 e
c T T T T
g $7 04 05 06 07 0.8
b Mean
wn

Records excluded
(n=40)

Y

Records screened (n = 59)

v

Full-text articles assessed for
eligibility (n=19)

Full-text articles
excluded, with
reasons (n=13)

Y

Eligibility

Studies included in
quantitative synthesis
(meta-analysis) (n = 6)

°
()]
°
=
v
f=

Fig2 PRISMA flowchart.

Study Characteristics

The main characteristics of the included studies were
described in Table 1. A total of 96 patients (mean age =
55.58 years; females = 42, males = 54) received 299 den-
talimplants placed by means of ADIR surgery (121 in the
maxilla and 178 in the mandible). Concerning the type
of edentulism, 1 prospective case series investigated a
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Fig3 Funnel plot for global platform deviation.

single tooth gap, 2 retrospective studies investigated
partially dentate patients with edentulous space char-
acterized by = 1 tooth missing, and 1 retrospective and
2 prospective studies investigated complete arch reha-
bilitations. Two ADIR systems were used: Remebot (Bai-
hui Weikang Technology) and Yakebot (Yake Wisdom
Technology).

Heterogeneity of Included Studies

The test for heterogeneity revealed a Cochran’s Q-
statistic index of 36.86 (platform), 18.71 (apex), and
33.32 degrees (angular deviation). It also showed a I?
statistic index of 87.1% (platform), 73.3% (apex), and
85% (angular deviation) (Figs 3 to 5).

Risk of Bias

Risk of bias were assessed using the Newcastle-Ottawa
Scale, investigating on the “selection’, “comparability
and “outcome” criteria. All the included studies were
rated as “high quality”, scoring from 9 to 7. A detailed
quality assessment of the included studies is displayed

in Table 2.

"
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Fig4 Funnel plot for global apex deviation.

Fig5 Funnel plot for angular deviation.

Table 2 Risk of Bias Assessment of Observational (Prospective and Retrospective) Studies Following the

Newcastle-Ottawa Scale

Selection Comparability Outcome
Selection Study
Primary of the Study  controls Adequacy
author Representativeness non- controls  forany Follow- of
and of the exposed  exposed Ascertainment Demonstration for additional Assessment uplong follow-up Overall
year cohort cohort ofexposure ofoutcome accuracy factor ofoutcome enough cohorts quality
Y.
2322 + + + + + + + High
Zhang )
2023 + + + + + + + + + High
Jia 2023 .
+ + + + + + + + High
Wang .
2023 + + + + + + + + High
Xie 2024 .
+ + + + + + + High
Li 2023 + + + + + + + High
Accuracy of r-CAIS DISCUSSION

The meta-analysis reported a mean overall accuracy of
r-CAIS of 0.60 mm (95% CI [0.5133; 0.6965]) at platform,
0.63 mm (95% Cl [0.5663; 0.6909]) at apex, and 1.42
degrees (95% Cl [1.2182; 1.6320]) of angular deviation
(Figs 6 to 8).

Certainty of the Evidence

Quality of evidence for the studies of the present me-
ta-analysis was graded as moderate using the GRADE
approach and displayed in Appendix Table 1 located
in the online version of this article. Reasoning behind
this was the significant heterogeneity present in all the
studies and the absence of RCTs.

Despite s-CAIS and d-CAIS demonstrating significantly
lower deviations compared to the freehand technique,
inherent technologic and clinical protocol limitations
may constrain their clinical application and compro-
mise overall accuracy. Robotics in implant surgery were
developed to further enhance the accuracy and pre-
dictability of s-CAIS and d-CAIS, addressing key limita-
tions and minimizing human operator bias.

This systematic review and meta-analysis aimed to
assess accuracy of ADIR surgery for implant placement
in-vivo. The meta-analysis reported a mean overall ac-
curacy of ADIR implant surgery as follows: 0.60 mm
(95% Cl [0.5133; 0.6965]) at platform, 0.63 mm (95%
Cl [0.5663; 0.6909]) at apex, and 1.42 degrees (95% Cl
[1.2182; 1.6320]) of angular deviation. These findings

The International Journal of Oral & Maxillofacial Implants 687

© 2025 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO FART MAY BE REPRGDUCED OR TRANSMITTES IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.


Tony Hsieh
螢光標示


Pozzi et al

Fig 6 Meta-analysis for

Study Total Mean sD Mean MRAW 95%-Cl Weight global platform deviation
LI 2023 59 0.67 0.3700 — 0.67 [0.58; 0.76] 16.6% with related forest plot.
JIA 2023 30 043 0.1800 —+—— 0.43 [0.37;0.49] 18.3%
ZHANG 2023 62 0.68 0.3600 — . 0.68 [0.59; 0.77] 16.9%
WANG 2023 36 0.65 0.2500 — e 0.65 [0.57;0.73] 17.4%
XIE 2024 102 0.53 0.1900 —h 0.53 [0.49; 0.57] 19.5%
YANG 2023 10 0.74 0.2900 — 0.74 [0.56; 0.92] 11.3%
Random effects model 299 - 0.60 [0.51; 0.70] 100.0%
Heterogeneity: 1 = 87%, 1° = 0.0109, p < 0.01 ‘ T ' P
04 05 06 07 08 09
Fig 7 Meta-analysis for
Study Total Mean SD Mean MRAW 95%-Cl1 Weight global apex deviation with
related forest plot.
LI 2023 59 1.27 0.5900 1.27 [1.12;1.42] 19.2%
JIA 2023 30 1.48 0.5900 — 1.48 [1.27;1.69] 17.5%
ZHANG 2023 62 1.37 0.9200 — 1.37 [1.14;1.60] 16.9%
WANG 2023 36 1.43 1.1800 S E— 1.43 [1.04;1.82] 12.3%
XIE 2024 102 1.83 0.8200 ——  1.83 [1.67;1.99] 19.0%
YANG 2023 10 1.11 0.4600 ——F— 1.11 [0.82;1.40] 15.2%
Random effects model 299 —=a—— 1.43 [1.22; 1.63] 100.0%
Heterogeneity: /* = 85%, ¢ = 0.0522, p < 0.01
1 12 14 16 1.8
Fig 8 Meta-analysis for
Study Total Mean  SD Mean MRAW  95%-Cl Weight angular deviation with re-
lated forest plot.
LI 2023 59 0.69 0.3700 — 0.69 [0.60; 0.78] 15.5%
JIA 2023 30 052 0.1800 —==— 0.52 [0.46; 0.58] 19.2%
ZHANG 2023 62 0.69 0.3600 ——B— 0.69 [0.60; 0.78] 16.1%
WANG 2023 36 0.65 0.2200 — 0.65 [0.58; 0.72] 18.3%
XIE 2024 102 0.58 0.1700 n 0.58 [0.55; 0.61] 22.6%
YANG 2023 10 0.73 0.2800 0.73 [0.56; 0.90] B8.4%
Random effects model 299 - 0.63 [0.57; 0.69] 100.0%
Heterogeneity: 1> = 73%, 1° = 0.0042, p < 0.01 ' ! ‘ ' !
0.5 0.6 0.7 0.8 0.9

align with a recent systematic review on r-CAIS (Shi et
al 2024)', which reported deviations at the platform,
apex, and angular deviations as 0.68 mm (0.57 mm, 0.79
mm), 0.67 mm (0.58 mm, 0.75 mm), and 1.69 degrees
(1.25 degrees, 2.12 degrees), respectively. However,
please note that these summary results came from a
meta-analysis that included different robotic technolo-
gies—including r-CAIS level 1—where the robot pro-
vided semi-active control, offering mechanical support
or guidance while the surgeon retained control over the
robot’s actions. The level 1 r-CAIS setup entailed the ro-
bot managing angular adjustments, while the surgeon
controlled the drilling speed and applied force during
implant placement. In contrast, the present meta-analy-
sis focused explicitly on in-vivo ADIR systems with level
2 autonomy. At level 2, an autonomous robotic arm pre-
cisely navigates within the patient’s mouth to reach the
target coordinates and retraces its path autonomously.
ADIR surgery excludes operator influence on the accu-
racy outcomes, maintaining full autonomy in trajectory
control, drilling speed, and implant placement, while
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the surgeon assists and provides a backup control
through a dedicated computer interface.

In recent years, there has been a growing trend in
medical robot technology towards performing increas-
ingly complex tasks with greater levels of autonomy.
The r-CAIS technology is somewhat similar to d-CAIS in
the way that neither uses a physical template to guide
the clinician or the robot during the surgical proce-
dures. A recent systematic review on d-CAIS by Yu et
al'” reported encouraging data of mean global plat-
form deviation (1.07 mm; 95% [Cl: 0.96 to 1.17]), global
apex deviation (1.27 mm; 95% [Cl: 1.06 to 1.47]), and
angular deviation (3.43 degrees; 95% [Cl: 2.94 to 3.93]).
Moreover, a recently published prospective clinical
trial’ evaluating the accuracy of d-CAIS for complete-
arch restorations reported overall platform, apex, and
angular deviations of 1.17 mm (SD = 0.57 mm), 1.30
mm (SD = 0.62 mm), and 2.19 degrees (SD = 1.26 de-
grees), respectively. The findings of the present meta-
analysis showed that ADIR performed better in terms of
accuracy, dramatically reducing 3D linear and angular
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deviations. This improvement may be attributed ADIR’s
ability to automatically adjust for slight movements of
the patient’s head by continuously capturing real-time
positional data through optical tracking of the pa-
tient. Any deviations occurring during the implant site
preparation were immediately corrected through an
autonomous adjustment in the drilling process, includ-
ing (when necessary) a reset and re-calculation of the
drilling trajectory.

A recent RCT by Yotpibulwong et al'® examined the
accuracy of dynamic and static guided implant place-
ment in a single tooth gap. They reported deviations
at platform (mm) of 1.06 + 0.67 for dynamic guided
implant placement and 1.02 + 0.45 for static guided
implant placement. At the apex, the deviations for dy-
namic and static guided implant placements were 1.40
+ 0.71 mm and 1.28 + 0.50 mm, respectively, and the
angular deviations were 3.18 + 2.04 degrees and 3.28 +
1.57 degrees, respectively. Additionally, a RCT by Yimarj
et al?° evaluated the accuracy of s-CAIS and d-CAIS in
partially edentulous patients, with deviations of 1.04 +
0.67 mm and 1.24 = 0.39 mm at the implant platform,
1.54 £ 0.79 mm and 1.58 £ 0.56 mm at the apex, and
4.08 + 1.69 degrees and 3.78 + 1.84 degrees of angular
deviation, respectively. These two RCTs indicated that
both s-CAIS and d-CAIS can optimize implant place-
ment by reducing linear and angular deviations without
significant differences between the two technologies.
However, data from the present systematic review re-
vealed a consistently higher accuracy for ADIR implant
placement across various clinical scenarios. From a sin-
gle tooth-gap to complete arch restorations, implants
placed using ADIR surgery reported lower mean global
and angular deviations from the pre-planned 3D coor-
dinates to the actual implant positioning compared to
s-CAIS and d-CAIS. Furthermore, all included studies re-
ported low SDs, demonstrating that ADIR is feasible for
implant placement with accuracy that is not influenced
by the type of edentulism or arch. These positive out-
comes stem from ADIR surgery addressing the intrinsic
limitations of the different CAIS techniques. s-CAIS re-
quired a wide mouth opening due to the need of for
a dedicated drill kit with “sleeve extension” length, and
the production and seating of 3D printed templates
in the patient mouth may contribute to an increase in
overall surgical deviations. Additionally, the inability
of s-CAIS to detect and correct the drilling path in the
event of deviation may account for its comparatively
minor accuracy relative to r-CAIS.

Regarding the accuracy of complete arch s-CAIS ac-
curacy, a recent systematic review reported average
global platform deviations, global apex deviations,
and angular deviations of 1.23 mm (95% Cl 0.97-1.49),
1.46 mm (95% Cl 1.17-1.74), and 3.42 degrees (95% Cl
2.82-4.03), respectivly.! This clinical performance was

not further improved by a recent proof-of-concept pro-
spective study,?’ which attempted to merge the posi-
tive characteristics of both s-CAIS and d-CAIS systems.

In contrast, r-CAIS has further improved the clinical
performance of d-CAIS. This improvement was achieved
through tracking the motion of the dynamic reference
frame, which is securely on the patient’s anatomy. The
tracked data is computed in real time, allowing for si-
multaneous and autonomous adjustments to the drill-
ing trajectory. Unlike d-CAIS, ADIR eliminates the need
for the operator to handle the surgical handpiece as the
robotic arm precisely completes the drilling path. More-
over, ADIR surgery does not require real-time informa-
tion to be displayed on a screen as is necessary with
the navigation systems. In d-CAIS, the necessity for real
time alignment between visual and tactile feedback—
along with the related brain response—can potentially
lead to deviations from the planned coordinates. This
setup also requires the operator to focus on the screen
instead of the surgical field. Moreover, navigation-as-
sisted surgical drilling involves a learning curve, and its
accuracy can be influenced by a surgeon’s training and
expertise.??

The included manuscripts reported on 69 partial
edentate ADIR surgical procedures (102 implants)
and 27 complete-arch ADIR surgical procedures (197
implants). Therefore, the number of partial edentate
ADIR surgical procedures was more than double that of
complete-arch procedures. These results may support
the authors’ assumption that ADIR positioning errors
were not related to the type of clinical scenario (single,
partial, or complete-arch), because ADIR surgery elimi-
nated human-related surgical deviations that are sig-
nificantly influenced by the site characteristics. Indeed,
ADIR procedures in partially edentulous patients may
be as accurate as those in complete-arch treatments,
as evidenced by the similar deviations reported in the
included articles of the present study.

The main limitation of the present review was relat-
ed to the high heterogeneity among the included stud-
ies, with three out of six studies being retrospective.
Moreover, the absence of RCTs precluded any subgroup
analysis comparing the performance of investigated ro-
botic systems and in the different clinical scenarios. Fi-
nally, all the included studies were conducted in China,
where the ADIR systems were developed and are cur-
rently approved for clinical use. This relative limitation
may hinder the generalization of the outcomes. How-
ever, all the studies were published in peer-reviewed
scientific journals qualified in the Q1 rank in dentistry.
It is important to note that both robotic systems fea-
tured in the included manuscripts used autonomous
level 2 robotic surgical technology. Therefore, a direct
comparison of these two robotic systems at this early
stage of ADIR clinical validation would not contribute
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significant scientific value but rather potentially convey
a commercial message. Additionally, given the current
scarcity of robust evidence on this topic—with few well-
conducted RCTs and prospective clinical trials—such
a comparison would be more speculative than con-
clusive. Nevertheless, six “high quality” studies—as as-
sessed by the Newcastle-Ottawa scale—were included,
providing accuracy data of 299 dental implants placed
by ADIR surgery in 96 patients. Although, a direct com-
parison of the three different CAIS technologies could
not be performed in meta-analysis, the accuracy of
ADIR surgery was found significantly higher than that
of s-CAIS and d-CAlIS.

CONCLUSIONS

Within the limitations of this review, ADIR surgery
demonstrated feasibility in placing implants in both
partial and complete edentulous patients, achieving
consistent mean linear and angular deviations of ap-
proximately 0.6 mm and 1.40 degrees, respectively. The
accuracy of ADIR was significantly higher than that of
s-CAIS and d-CAIS. However, the clinical practicality of
ADIR surgery remained cumbersome. Well-trained op-
erators are needed to plan and assist ADIR procedures
and a technical expert is required to provide backup
control. Moreover, due to the paucity of comparative
studies, the findings of this review should be interpret-
ed with caution. Further research is necessary to con-
firm the positive clinical performance of ADIR surgery.
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APPENDIX

Appendix Table 1T GRADE

Assessment Results. Summary of findings:

Fatiesl or popakti

pertially of complets edentulous paticats
Setting: wniversity or privale practioo
Intervemtion: Implants placed by ADIR

Comparison: Pre-oporative planned coonbnases

Accuracy of autonomous dental implant robotic surgery (ADIR) for partially or complete
edentulous patients

Outcomes Anticipated absolute effects Relative Noof Certainty of Comments
(95% CI) effect (95% participants cvidence
Risk Risk with (s )] (studies) (GRADE)
ADIR
Comparison The mean MDD D60
of planned comparison higher
and placed between (05133 0
implants by planned and 06965 299 BB MDD D60
means of actual higher) (6 studies) Moderate* (L5133 10
ADIR for positioned 0.6065)
Global implants for
platfiorm global
deviation platfiorm was
0
Comparizon The mean MD 063
of planned comparison higher
and placed between (0.5663 o
implants by planned and 0.690% 299 ase0 MD 063
means of actual higher) (6 studies) Moderate* (L5663 10
ADIR for positioned 0.6209)
Global apex implants for
deviation global apex
was
Comparison The mean MDD 1.42
of planned companison higher
and placed between (L2182 w0
implants by planned and 16320 299 D) MD 1.42
means of actual higher) (6 studics) Moderate (1.2182 to
ADIR for positioned 1.6320)
Angular implants for
deviation angular
deviation was
Cll: Confidence interval; Mk n'lrEn difference

estimale.

Explanation:

GRADE Working Group grades of evidence

High quality: Further research is very unlikely 1o change sur confidence bn ihe extimaie of el

Viery low quality: Wi are very uncerisin shoul the estimate.

a  Mighbeterogencity

Muoderate quality: Farther research is likely to have an imporiant impact on our confidence in the estinmate of elfect and may change the estimate.
Larw pmaliity: Furtbeer research s very likely to have an important impact on our cenfidence in the estinate of elfect and is likely 10 change the
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