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Abstract

Aim: The integration of advanced technologies, including three-dimensional (3D) imaging modalities and virtual simulations,
has significantly influenced contemporary approaches to preoperative planning in implant dentistry. Through a meticulous
analysis of relevant studies, this review synthesizes findings related to accuracy outcomes in implant placement facilitated by
3D imaging in virtual patients.

Methods: A comprehensive literature search was conducted across relevant databases to identify relevant studies published to
date. The inclusion criteria were studies utilizing 3D imaging techniques, virtual patients, and those focusing on the accuracy of
dental implant planning and surgical placement. The selected studies were critically appraised for their methodological quality.

Results: After a rigorous analysis, 21 relevant articles were included out of 3021 articles. This study demonstrates the versatility
and applicability of these technologies in both in vitro and in vivo settings. Integrating Computer-Aided Design/Computer-Aided
Manufacturing (CAD/CAM), cone bean computed tomography (CBCT), and advanced 3D reconstruction methodologies show-
cases a trend toward enhanced precision in implant planning and placement. Notably, the evaluation parameters varied,
encompassing distances, discrepancies, and deviations in the implant placement. The ongoing integration of systems such
as dynamic navigation systems, augmented reality, and sophisticated software platforms shows a promising trajectory for
the continued refinement of virtual reality applications in dental implantology, providing valuable insights for future research
and clinical implementation. Moreover, using stereolithographic surgical guides, virtual planning with CBCT data, and 3D-
printed templates consistently demonstrates enhanced precision in dental implant placement compared to traditional methods.

Conclusion: The synthesis of the available evidence underscores the substantial positive impact of 3D imaging techniques
and virtual patients on dental implant planning and surgical placement accuracy. Utilizing these technologies contributes
to a more personalized and precise approach that enhances overall treatment outcomes. Future research directions and
potential refinements to the application of these technologies in clinical practice should be discussed.
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Introduction

Advances in technology have revolutionized various fields
of medicine and dentistry, with the field of dental implantol-
ogy being no exception. Dental implants have emerged as a
primary solution for the replacement of missing teeth
because of their durability, esthetics, and functionality.
The success and accuracy of dental implant placement
depend on meticulous treatment planning and precise surgi-
cal execution. In recent years, three-dimensional (3D)
imaging techniques and virtual patient simulations have
emerged as powerful tools for enhancing the accuracy of
dental implant planning and surgical placement."? The
increasing prevalence of dental implant procedures has
resulted in an increased incidence of complications. These
complications manifest in diverse forms, from restorative
challenges attributable to suboptimal placement to potential
harm to collateral structures such as nerves and adjacent
teeth. It is imperative to note that a judiciously placed
implant significantly mitigates the likelihood of encounter-
ing these complications.” However, the pivotal determi-
nants of the success and precision of dental implant
placement reside in meticulous treatment planning and exe-
cution of surgical procedures.

The accuracy of planning and surgical placement of
dental implants is crucial to ensure successful outcomes
and long-termm patient stability.* Accurate planning
allows clinicians to thoroughly assess a patient’s oral and
maxillofacial anatomy and identify any potential challenges
or complications that may arise during the procedure.” By
examining the quality and quantity of available bone, prox-
imity to vital structures such as nerves and sinuses, and the
position of adjacent teeth, clinicians can develop an appro-
priate treatment strategy that minimizes the risk of compli-
cations.® Accurate planning also facilitates the selection of
the optimal implant size, shape, and angulation, considering
factors such as the patient’s esthetic preferences and func-
tional requirements.” Moreover, precise surgical placement
of dental implants is vital for osseointegration, the process
through which the implant fuses with the surrounding
bone.® Misalignment or improper placement of implants
can lead to mechanical and biological complications such
as implant failure, bone loss, and soft tissue problems.
The precise location of the implant is crucial to optimize
load distribution and facilitate appropriate functionality,
thus playing a pivotal role in the overall durability and reli-
ability of the implant.” Moreover, the achievement of favor-
able esthetic outcomes primarily relies on the optimization
of algorithms that are specific to the stages of pro-implant
and implant procedures. Additionally, the design and
technological execution of future prosthetic restorations
play a crucial role in this regard.'® Accurate placement
allows for the creation of harmonious and esthetically
pleasing restorations, thus enhancing patient satisfaction
and confidence in their new smile.

In recent years, technological advancements have
brought about transformative changes in various domains
of medicine and dentistry, with dental implantology being
a notable example.!' The convergence of virtual engineer-
ing and the digitization of dental information have heralded
a novel and innovative trajectory for diagnosing and treat-
ing dental conditions. The integration of computer-based
implant-guided surgery has emerged as a solution to the
limitations inherent in traditional surgical planning
methods. This technological leap has substantially
enhanced the precision of implantation procedures, usher-
ing in the era of minimally invasive surgery.'*'* In the
field of dental implantology, conventional treatment plan-
ning usually utilizes two-dimensional (2D) imaging techni-
ques, including panoramic, and periapical radiographs.'*
While these conventional techniques offer valuable
insights, they exhibit constraints in faithfully representing
the 3D anatomy of the oral and maxillofacial regions.
This deficiency introduces challenges in visualizing
crucial anatomical structures, including nerves, sinuses,
and adjacent teeth, potentially leading to complications
during implant placement.'> Advanced imaging technolo-
gies such as cone beam computed tomography (CBCT)
and computer-aided design/computer-aideded manufactur-
ing (CAD/CAM), have facilitated precise implant planning.
Moreover, these technologies have enabled the production
of implant surgical guides through 3D printing, thereby
enhancing the overall efficacy of dental implant proce-
dures.'® Augmented reality (AR) has progressively been
applied in dental implant surgery, marking another dimen-
sion of technological integration. Nevertheless, the level of
improvement in accuracy that can be achieved by integrat-
ing a dynamic navigation system with AR technology is
currently unknown and requires further investigation.'’

In addition to 3D imaging, virtual patient simulation has
gained popularity in dental implantology.'® Virtual patient
simulations involve the creation of 3D models that simulate
the patient’s anatomy and allow the clinician to virtually
plan and perform implant surgery.'® This technology pro-
vides a platform for clinicians to assess the feasibility of
implant placement, evaluate surrounding structures, deter-
mine the optimal implant size and angulation, and virtually
place implants in a simulated environment.”® The integra-
tion of 3D imaging techniques and virtual patient simula-
tions offers several advantages. Accurate visualization of
the anatomy allows clinicians to identify potential chal-
lenges and develop appropriate treatment strategies prior
to surgery.”' The ability to virtually plan and simulate
implant surgery helps minimize intraoperative complica-
tions, reduce surgical time, and improve patient outcomes.*
Furthermore, it serves as an invaluable tool for patient com-
munication, as clinicians can visually demonstrate the treat-
ment plan and discuss the expected patient outcomes.

The use of 3D imaging modalities such as CBCT and
CAD/CAM technology has significantly enhanced the
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ability to visualize and comprehend the intricate 3D
anatomy of the oral and maxillofacial regions. This new
clarity is instrumental in overcoming the limitations asso-
ciated with traditional 2D imaging methods, thereby
enabling more accurate treatment planning. Moreover,
incorporating virtual patient models allows meticulous pre-
operative simulations, offering practitioners a dynamic and
interactive platform for evaluating and refining surgical
approaches. Consequently, amalgamation of 3D imaging
and virtual patient technologies facilitates precise implant
planning and improves surgical placement accuracy, ultim-
ately advancing the field of dental implantology. This sys-
tematic review aimed to evaluate the impact of 3D
imaging techniques and virtual patients on the accuracy
of planning and surgical placement of dental implants.

Materials and methods

This systematic review and meta-analysis adhered to
the guidelines outlined by the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA)
criteria.”®> The protocol used for this systematic review
was registered at the International Platform of Registered
Systematic Review and Meta-Analysis Protocols
(INPLASY) (2023110097)

Literature search

The search strategy was established according to the parti-
cipants, intervention, comparators or controls, and outcome
framework.**  Population/participants: dental implants.
Intervention: 3D imaging. Comparison or control: other
imaging techniques. Outcomes: accuracy and virtual
reality. Different databases such as ScienceDirect, Web of
Sciences, PubMed, GoogleScholar, and Scopus were
searched using different keywords such as “3D imaging”,
“3-dimensional imaging”, “3D Digital dentistry”, “CAD/
CAM imaging”, “Virtual patients”, “Virtual environment”,
“Virtual reality”, “Simulation”, “Dental Implants”, and
“Dental fabrication” (see Supplemental Table 1).

Inclusion criteria

The evaluation encompassed studies that necessitated the
integration of digital tools, such as intraoral scanners,
CAD/CAM systems, or 3D imaging techniques. The
research was anticipated to prioritize measurements of the
outcome, including prosthesis fabrication accuracy,
implant placement accuracy, marginal fit, occlusal discrep-
ancies, and other relevant metrics assessing precision.
Incorporating a wide range of topics, potential research
inquiries pertain to dental materials, software applications,
or hardware components related to the field of digital den-
tistry. Eligible studies included randomized controlled trials
(RCTs), cohort studies, case-control studies, observational
studies, retrospective studies, prospective studies, and in

vitro studies that investigated the use of 3D imaging and
virtual patient technologies in dental implant planning
and placement. Only articles published in English were
included in the present study. Studies published up to
2023 in peer-reviewed journals were included.

Exclusion criteria

To ensure the inclusion of pertinent research examining the
effects of 3D imaging techniques and virtual patients on the
precision of dental implant planning and surgical place-
ment, the exclusion criteria were established. Studies were
excluded if they did not specifically focus on 3D imaging
or virtual patients in the context of dental implant planning
and placement. Additionally, articles lacking sufficient meth-
odological rigor, such as those with a high risk of bias or
inadequate sample size, were excluded to maintain the
quality and reliability of the synthesized evidence. Studies
published in languages other than English were excluded
to facilitate a comprehensive data extraction and synthesis.
Case series, case reports, and reviews were excluded.

Study selection and assessment

We created and implemented a standardized data extraction
form to maintain data accuracy and address potential errors.
Any inconsistencies or contradictions between the two
autonomous reviewers were addressed through dialogue
and agreement. A third reviewer was consulted if consensus
was not reached.

Data extraction

Information retrieval was performed for the selected studies
that met the inclusion criteria. The data-extraction protocol
encompasses several essential components. Initially, demo-
graphic characteristics were documented (author’s details,
country, study design, and sample size (patients/implants)).
Moreover, 3D technology is used, along with the character-
istics of virtual reality (hardware, software, methodology
duration, evaluation time, and evaluation items). In add-
ition, the characteristics of the accuracy assessment (techni-
ques used to measure accuracy, dental implant position, and
marginal fit measurements) were extracted. The protocol
also aimed to capture the edentation type, and limitations
or potential biases identified were also reported.

Quality assessment

The in vitro studies were assessed for methodological
quality using the CONSORT scale (14 items; for items,
see Appendix 1) for the included studies.”>® Conversely,
non-in vitro studies were appraised using the Mixed
Methods Appraisal Tool (Appendix 2), and their quality
scores were computed following the method outlined
byCharette, McKenna.”” Studies were categorized as either



https://journals.sagepub.com/doi/suppl/10.1177/20552076241253550

DIGITAL HEALTH

low quality (score <3) or high quality (score>3) based on
their responses to “yes” (1 point) or “no” (0 points).?*

Data analysis

This systematic review incorporated articles through a
qualitative analysis. The PRISMA checklist served as the
framework for systematically reviewing relevant literature,
and a systematic step-by-step approach was employed to
select articles.

Results

Literature searched

Extensive examination of the scientific literature was per-
formed using multiple electronic databases. All research
articles included in this study were previously published

in reputable, peer-reviewed academic publications. After
rigorous analysis, 3021 relevant articles were included.
Subsequently, 470 duplicate articles were identified and
excluded from analysis. The remaining 2551 publications
were meticulously examined their titles and abstracts,
revealing that 2504 articles were not pertinent to the
scope of our study and were consequently excluded.
Subsequently, the remaining 47 articles were subjected to
comprehensive scrutiny, leading to the removal of 26 arti-
cles for various reasons (Figure 1). Tables 1, 2, and 3
offer a detailed overview of the 21 remaining publications,
highlighting their key characteristics and features.

General characteristics

Most of the studies were conducted in Germany,?** fol-
lowed by China,**>7 the USA*** Switzerland,*'*?

Y
g Electronically records identified
.g PubMed (n=649), ScienceDirect Duplicates record removed
= (n=1000), Web of Sciences (n=560), (n=470)
g Scopus (n=71), GoogleScholar —>
) (n=741)
=
= (Total=3021)
Records excluded
‘ Miscellaneous (n=2382)
4 Review Literature (n=96)
=) Records screened Nong::]%]: 2252):20)
.E (n=2551) — > B
%)
ol
S
177} (n=2504)
e/
)
Full-text articles assessed for Full-text articles excluded with
.‘? eligibility reasons
= (a=47) ’
"?h Not focused on dental implants (n=22)
5 Case series (n=2)
Not focused on 3D (n=2)
S
) (n=26)
T
'g Studies included in qualitative
~ analysis
E (n=21)
e/

Figure 1. PRISMA flow chart.
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Poland,43 Saudi Arabia,44 Italy,45 Albania,46 Greece,47
Korea,”® and Hungary.** In terms of study design, the
majority of the studies followed an in vitro design, except
six studies that followed retrospective®>**® and
RCT***%% designs. The minimum number of patients
was 10,30’31 and the maximum number of patients was
120.% Meanwhile, 5 was the minimum number of implants
used in a study,38 and the maximum number of implants
was 250.%° Most studies used the CBCT scan method,
four studies used computed tomography (CT),***** and
two used CBCT and intraoral scans.”>*’ The included
studies documented several categories of 3D technology
(Table 1).

Virtual reality and accuracy measurements

Table 2 presents a comprehensive overview of the various
methods, hardware, software, and evaluated items used in
dental implant planning in different studies. The most fre-
quently used method among these studies is
coDiagnostiX.?*'*? In addition, a registration method
without specifying hardware was used,*® and Digital
Imaging and Communications in Medicine (DICOM) data
with NobelGuide software was used for slice-collimation.*?
Moreover, surgical guides and Mimics, Materialise NV for
deviation analysis,39 the Chair-side Economical Restoration
of Esthetic Ceramic (CEREC) AC system, and GALILEOS
Implant software for measuring discrepancies between
visualized 3D surface and CBCT data.>? Other studies uti-
lized various hardware and software combinations, such as
the 64-channel helical CT system with Materialize
Interactive Medical Image Control System (MIMICS) soft-
ware (Materialize, Leuven, Belgium), Geomagic Freeform
Plus software,* AR-based dynamic navigation system,
and Innooral System with coDiagnostiX software version
10.4.* The evaluated parameters varied across studies
and included the distances between planned implants and
actual osteotomies, deviation analysis, angular and linear
measurements, apical and angular deviations, and implant
length and deviation (Table 2).

The accuracy measurement techniques employed in
these studies varied according to the specific requirements
of each study, including the use of surgical guide templates,
stereolithography (STL/SLA) files, CAD/CAM, and other
methods tailored to the implant types and models under
investigation. However, the most frequently employed
accuracy method across studies is the use of STL/SLA
files for accuracy measurements, 0!3437-39-41.44.47.49
These studies utilized STL files for techniques such as sur-
gical guide templates, STL registration, automated
Hausdorff distance function, CAD/CAM, and the superim-
position of STL files for accuracy measurements.
Additionally, Ku and Lee*® used SLA and superimposition
of CBCT for accuracy evaluation, whereas STL was also
used for tooth visualization.™® Accuracy analysis systems

were used for the mandibular implant assessment®®
(Table 2).

Outcomes

The specifications of edentation types are often overlooked
in most studies. However, three studies, namely,34’38’39
provided detailed information on the edentation type, particu-
larly focusing on complete and partial edentation, %4464
These studies have shed light on the significant differences
observed in entrance point, apical point, and angulation
deviation, as evidenced by the findings summarized in
Table 3.

Interestingly, the implementation of advanced 3D tech-
nologies, such as CBCT and CAD/CAM, has been found
to greatly enhance the precision and reliability of dental
implant placement. Furthermore, utilizing 3D imaging
allows for more accurate preoperative planning, leading to
optimal implant placement with improved anatomical fit
and reduced risk of complications.” Virtual simulations
enable clinicians to anticipate potential challenges and cus-
tomize treatment plans to individual patient anatomy,
resulting in improved implant stability and long-term
success rates. These technologies have shown remarkable
outcomes, as highlighted in Table 3, and have also
brought significant improvements to the field.

Patients generally perceive treatment outcomes posi-
tively, as these technologies provide enhanced visualiza-
tion and communication of treatment plans,** fostering a
clearer understanding of proposed procedures and
minimal exposure to radiation.>' By allowing patients to
preview outcomes and actively participate in decision-
making processes, these tools often lead to increased sat-
isfaction and confidence in treatment outcomes as it
prove to be more accurate.*® Furthermore, the precision
enabled by 3D imaging can result in improved treatment
accuracy and reduced complications,® contributing to
enhanced long-term oral health and overall quality of
life for patients. Likewise, dynamic navigation systems
have demonstrated superior implant placement accuracy
compared to static systems, primarily due to their real-time
tracking capabilities and ability to account for intraopera-
tive anatomical variations.®

However, it is important to acknowledge the limitations
of these previous studies. These limitations include rela-
tively small sample sizes, variations in study design, and
the need for further clinical implementation to validate
these promising findings. Despite these limitations, no
major adverse events or complications have been reported
in relation to the planning and accuracy of 3D planned
surgery for dental implants, which supports the notion
that these technologies improve precision and reliability.
Nonetheless, future research efforts should address the
noted limitations to further enhance the clinical implemen-
tation of these innovative techniques.




DIGITAL HEALTH

(panunuod)

(e310y| ‘uomns ‘wnpuaq) Jajund g

V1S

anbiuyda} Sujuueds |eusiqg

WV2/avD

poylaw uoinensisal [ensiq

uoissaidwi [eusSip |eloe.ju)

WY2/avd

@SIIWI 1eM}os Sul[apow |edIpapy
dwsai-q

s|japow 3depns gs uo paseq sdn-xep|
V1S

a1ejdws} aping |eaiSins pauueld g
91e|dwsa} apind |ea1Sins pauueld qg
uonPNIISU0dAI Q€

alemyos Sujuue|d qg

WVJ/avd

1585

sueds
|eloesjul pue [)g)

WV2/avd

1585

1595

108d

1D

1D

108D

1585

108D

1545

1585

1D

1285

1D

68

13
VN
8h

43

T#=10J1U0) ‘64 =153]
VN

VN

He

VN

05T

€z

€T

VN

0S¢

he

VN
0€
VN
61

(6T =04u0)
‘ST =1s3]) 0¢

he
VN
VN
9T
VN
0T
0T
9C
(4]

VN

EIVIBEL HIEN]

OJYIA U]
104
O1IA U]

OJ}A U]

104

EIVIBEL HIEN]
0J}IA U|

OJ}A U]
EYVIREL NHEN]
0J3IA U]

OJ}IA U]

OAIA U]

OJ}IA U]

0J}IA U]

OJ}IA U]

e3.l0y

EREET]}
vsn
puBIDZHMS

SO

elueq|y

Arey

elqe.y Ipnes
puBRIIZHMS
Auew.ag
vsn
Auew.ap
Auew.ag
puejod
Auew.ag

vsn

ma._m 19 Ny

L 18 13 nojSosep
S -BCIEEY
N -BERENETTRIN

icler Sue)

oy 12 13 031E||R]
o |2 13 oueyisIe]

o [€ 19 UIPPNPIOW

1B CRICTIIE)

12 18 1oy
ecZeW|1Ayany pue ysnqany
119Ul pue SluaydIN

oe B 13 BIUMIIN

e 1B 13 Dismoydadfop)
19ul3 pue BluaydIN

oc|® 19 JUBWIRS

*S3IPN]S Papn|aul 3y} JO SINSLIBPEIRYD |BISUSD T 3|qeL




t al.

ini e

Sa

‘AydesSoyyijoalays

Y1S f9|qejieae jou :yN ‘AydeiSowo} |eixe pazusndwod :]y)-1 ‘AydesSowoy paindwod :]) ‘AydesSowoy paindwod ueaq auod :)g) ‘Surinpejnuew papie-iandwod/usisap papie-1andwod (WyI/ayd

wa)shs SuiSewr gg 1y)-!

VN

ueds |ejoedjul e

avd

Jand qg
8uissadoud WS |eusiq 193uny asioysel4

128D 91T
1545 08

€2 =(]-LH4) anbruyday
pueyaaJ} |eUOIIUBAUOY)
sueds ‘€0 =1-SMIYIS YV ‘€T=
|eJoeuiul pue 139)  (IHLOOL YY) uonezijensia ylooj

SuiSew
JupWwWelSoloyd 6L
159) 8

0cT

VN

VN

1

VN

OJ}IA U]

OJ}IA U]

OJ}IA U]

104

0J}IA U]

euly)

euIy)

Auew.ap

euly)y

AieSuny

|8 13 ung

1819 13d

<2 13 Mo|83Q-pery

418 19 ueyz

m¢._m 19 SIINOALY

‘panuiuo) °t ajqel




DIGITAL HEALTH

(panunuod)

sanbiuydsy uswade|d
wejdwi paseq a1ejdwsa} ‘pajsisse Jaindwo)

S9I4 1S
Jo uopisodwiiadns sy} yum Suoje ‘suemiyos

oINS Y} UIYUM UODUNS dDUB)SIP

Je|nqipuepy Jdopsney 3y} jo uoneindwod pajewoiny

de|d
uodNIISu0IRY 1S

syuedwy

3NIT-M3IHIS
DOTWYD 1S

Y193}

pue ejjixew
“Je|nqipuep VYN
Je|nqipuepy Y1s
sme| Jamo1 saje|dwa} aping |edI8ing
sme[ 1amo1 saje|dwa} aping |e218ing

9|qipuew
pue ejIxepy suofaNJsuodal 3jdiyny
Je|nqipuepy soje|dwa} aping |e2184ng
smef V1S

sishjeue uoneinaQ

paje|ndjed sem 1oti3

sisfjeue uoneinsq

suofjelAap |edide pue |euo.o)

ejep |1g) Suipuodsa.iod

3Y} pue uoljezijensia ejep
9JBJINS (€ Y} UIBMIAQ SIUIAYIQ

sishjeue uoneinaq

sixe juejdwi o 3du3I3AIPp
‘9due)sip-aseq ‘duelsip-di]

sixe juejdwi jo 3duasianip
‘9dueysip-aseq ‘aduelsip-di|

Ww G/°0 = SSawy|d1y1-adl|s

‘Ww G/°0 X 0T = UONRWI||03-321|S

VN

$31W0}03)50 |enje pue sjue|dwi
pauue|d usamiaq saduessiq

VN

91BMYOS SHIWIW

VN

waishs ge-paw

(S03111v9)
aJemyos Suiuueld juejduw)

AN 3Zi|eLIdey ‘so1wip

Xlisoudeiqod

XlisouSeiqod

91BM}OS 3pIND|3GON

XlisouSeiqod

poyiaw uoljeslsiSay

VN

waishs 1)
[Bd1|3Y [uuBRYd-#9

VN

VN

waishs Iy )34

saping |e318.ng

VN

9zIs-WodId

Wodld

VN

VN

5 |B 13 0dLiR||RL

mq._m 1o ouejisie|

' I 12 UIPPNPIOW

1 [B 19 Usuls))

18 13 J3NIY

ecZew|iying
pue ysnginj

SNEITE
pue SiuaydIN
oc 1B 19 SIUIIN

en 1819
pjsmoyd31 o

PETIE|
pue SiuaydIN

gc |B 13 JUBWLIES

‘sjuswainseaw Areundde pue Ayjess [enuia oy pasn sanbiuyds) °z 3jqeL




t al.

ini e

Sa

ejdwi pioSAialg

se|ngipueyy

sjuejdwi-uiw
4P-4I3S

sme|

syuejdwi oad snjjed

payidads joN

9|qipuew

sme| Jamo1

payidads joN

VN

swajshs sishjeue Areandoy

1S

1S

1S

119D o uonisodwriadns pue y1s

Y1s

1S

WV/a¥)

uonesnsiSal 11§

uoneinap pue yiSua| juejduw)

sisAjeue uoneinap suejdw|
JusWaJnseaw
|euOZIIOY pue 3|Sue UOIRIAS(Q
sishjeue uoneinag
uoneinap
|eqo|S |edide pue ‘|euotod ‘Jejnsuy

suoljelndp Jejndue pue |edidy

SjuswsaJlnseaw Jeaul| pue \_m_zwc<

siy |euiSiepy

sishjeue uoneinaQ

sishjeue uoneinaQ

‘AydesSoylij0alals 1y1S/11S 9]qe|IeAR Jou (YN ‘BuIdIpay
ul suofedjunwwo?) pue SuiSew) [eusig :wodIq ‘AydeiSowo} payndwod ‘1) ‘AdesSowo} payndwiod ueaq auod :1)g) ‘Sutinpejnuew papie-ndwod/uSisap papie-1aindwod (Wy)/ay) Aijess payuswsne :yy

(uspams
‘aJedolg |9qoN ‘ueniul|)
|9qON) 3Jemyos Suiuue|d

wajshs uonesineu dweulq

ASojouyday Yy
weJSold a1emyos
EIEETEIERENEVEN]

#°0T UOISJIA

‘a1emyos Xisougelgod

A138ans paping-i1andwo)

VN

VYN

(os1je1I31RY “B1RM|IDRY
/luB|JWIS) 31eMyos Sujuue|d

VYN

WO0JIa

aJedyyeay
|eusdiq ‘swaishs
uoisiald juedui

TSU3|0|OH

11S-5d

wa)sAs [eloouu)
pue uoneSineu
dlweulp paseq-yy

VN

WO0JIa

VN

VN

VN

o [B 19 Uns

oc 18 12 12d
g 1219

Mo|3aQ-pery

W[5 C) Sueyz

o 18 19 S2IN0ALY

gy B 19 MY

1 |8 33 nojSosep

oy 1B 19 997

2»'18 13 J3pIaUYdS

e Sue)

‘panupiuo) °z ajqel




DIGITAL HEALTH

10

(panunuod)

VN

VN

Sumas |eawulpd ul no

paliied jou sem :o_u—mu—:wrcw_a—t_

puey-aaJ} ‘usisap Apnis

VN

VN

VN

juawade|d juejdwi
9jeandde Joj uondo s|qepuadap e
a.e sapind |e218uns d1ydesSoyli|oa.sls

aned sy 0}

ainsodxa uofjelpes ay} Suiziwiuiw

3|lym juawade|d [enpe snsian

pauue|d ay} Sutiedwod ‘syuejdwi

Jo sixe pue uof}isod 3y} ul suolelIeA

0 Juswssasse anjesadolsod

10} sueaw 3|qepuadap e sI3yo
anbiuyaay Suiydiew anneusyje siyp

uiSiew

edyiusis e Aq uoiuasul puey-aauy

ysnouyy panaiyde Aeindde ay}

Suisseduns ‘sajejdwsay |e2184Nns pue

elep | )g) uo paseq Sujuueld [enpia

Sulfojdwa uaym pajeas|s Ajpaylew
s1 Juawade|d juejdwi jo uoisiaid syl

a.npadoud

uonejuejdwi ay3 Suiping ‘Suiuue|d

awade|d juejdwi |eIUSP |ENUIA
as129.d 10} smojje 1) ueds-3|qnog

suoied|dwod |edjwojeue [eiusjod
pue ‘quawade(d ‘azis uedwi
J0 Juswssasse annesadoasd 3jqerjal
e sainsud saje|dwa) [edisins

pue ejep 1Hg) yum Sutuueld [enpip

apIng |ed18.ns d1ydesSoyyi|0ausls
e WoJj siyauaq Juawade|d jue|du)

(t0'0<d) 2z (10°0<d) ww #4'T

uonaJIp
Jonaysod
/loLajue
Ay} Ul WW 6°0
pue uonIaIIp
|eIpaLu/|eidle|

oTh 3y} Ul ww 9°0
poypw
puey-aa.}
10} .86

pue Q€ 10§ 8% VN

YN vN

YN YN

VN ww T

(T0°0>d) ww 8T'1

VN

VN

VN

VN

ww G§'T

919|dwo)

payidadsun

fyjenteq

919|dwo)

ecZew|iyng
pue ysnginj

dun3
pue SiuaydIN

oc 1B 19 SIUIIN

e (€19
pjsmoyd31fop

PRI E
pue SiuaydIN

oc[B 19 JUBWIRS

‘'SawodnQ ‘¢ 9jqel




11

t al.

ini e

Sa

(panunuod)

suoiysod juejdwi Jo uoleUIWIRIRP

9jeIndde dioW e uj S)nsal

‘IaAamoy “‘Supas [edlul|d |enpe
ue ul sSulpuy asay} Suipusws|dw|

VN

azis ajdwes |jews

saysaw q¢ xa|dwod Suiddejiano
ul sJo.ud 3jewisaispun Aew
|00} uoiisodwiadns 3y 1594, ay|

VN

VN

VN

9zis de§
4100} 3y} Jo SS3|pJeSas suolelIen
13553 pauqIyxa s|030304d dd|yd

uoiysod juejdwi Suissasse

ul ainpadoid diydesSoiped ay}

0} uoisidald sjqesedwod Suimoys

‘suoijedijdde [esulpd oy ajeundde
S| poylaw uonesisiSal [eusip ay|

S9ARI|S Jl|[eIdW YUMm saje|dwa}
|euoIjuaAUO) 0} pasedwod
Ayeandde uoisuswip seindue pue
[e21313A Jo1iadns pamoys SIS
Jljjelw noyum sajejdwiay |e218Ing

Ayjigipnpoadau
JU3||3X3 SIBHO UOIIINIISU0IDI
Jenasenodiw WYI/Avd

sanbiuyday
uSisap juejdwi uo aq pjnoys snao4

uawade|d

juejdwi ul Adeandde pasueyud

0] pea| ued |Jg) YIm ueds

ddeyins e Sujudije Aq pajesauas
a.e jey} sajejdws) pajulid-qg Suisn

Aoeandoe
JUIYYNS SIA3IYde pue 3|qel|a.
s| Suluue|d juejdw |euap Joy ejep

179D pue 3deuns Q¢ Jo Juawusije ay|

(90

=d) 9duasaylp
uedyiusIsuoN VN VN
of16'CF09°0  WW £G0F €0°0— ww 8e'0+ €0°0—

G¢'¢=|04u0)
‘86°'T=1591 VN VN

SUOIIINJISU0IAI U]
Www T J0 JoJ1d ueaw 3Sesane ue punoy Apnis uonen|eas Aesndde ayj

VN T%80°0— / L9TT'0
100°0>d 100°0>d VN
VN VN VN

payidadsun

Ajjenaeg

payiadsun

payidadsun

fyjenteq

fjjenteq

N-BT)
J3plauyds

sler Sue)

418 19 03L1E||R]

ma._m 1o ouelisie]

e
uippnplow

Ha._m 19 Uaul9)|

218 19y

‘panupiuo) ‘g ajqel




DIGITAL HEALTH

12

(panunuod)

9z1s 9jdwes [jews ‘usisap Apnis

suonyisod juejduwi

|eJoeujul Sunided Ajsjeandde up

Hoys ||ey ||is suoissaidwi pajuljds

|BUOIIPRI] PUB ‘PISSISSE JOU SEM
uolsiald SuiSew dlRWWeRIS0I0YY

lI4p 3y} Ajuo

Supyaedy 0} papLIsals sem wajshs

paseq-yy 3y ‘A1adins Sunnp
S|9pow 3y} 3zi[iqe)s 0} JIP.O u|

uolysod yjoo0y pue suoasins
9y} o} Ayauasousiay ‘uSisap Apnis

VN

VN

YV 'SPoYlaw puey-aauy [euonipes)
0} pasedwod suonedljdwod sadnpal
pue uoisidaid sanoidwi uswade|d
ejdwi-ruiw Sulj|lap-j3s

Jiuopoyilo 1o ASojouydsy Yy Suisn

f>eande

3|qeidadde Ajjeajutd pauqiyxa

sasayisosd papoddns-juejdwi
Yd4e-||ny jo SuiSew| d13awWwel3oloyd

yoeoidde

puey-aaJ4 3y} jo uoisdald 3y}

Suisseduns ‘g|y) dneis 0} Areundde

Sujuoiysod juejdwi 3jqesedwod
pamoys uonesineu diweulp Yy

uawade|d

uejdwi ul uoispaid pasueyus

sHqiyxa Auadins paping-iamndwod
ul yoeoudde ss3jdej} ayl

uawade|d juejdwi-1uiw
9jeundde Joj ejep Sujuueds
|eJoesjul pue ])g) sajeodiodul
aping |ed184ns uoisaud
painpejnuew pue pausisap-qeE v

suoijeso}sal papoddns-juejdwi
3|Suls 0] awed } uaym
anbiuysay uoissaidwi |euoiiipes
3} UBY] 3AIII3YD dJ0W 3q

0} panoud poylaw Sujuueds [eysip ay|

100°0>d

oCEN'0

100°0<d

100°0=d

(To'o
< d) duasayip
uedyiusisuon

VN

10070 >d

VN

100°0<d

100°0>d

VN

VN

10070 >d

VN

100°0<d

VN

VN

VN

919|dwo)

Ajjenaed

payidadsun

payidadsun

payidadsun

mm._m 10
Mo|33(-pery

418 19 Sueyz

o |B 13 SDINOALY]

gy B 19 MY

L 2 39 NojS0sep

oy 1B 19 997

‘panupiuo) ‘g ajqel




13

t al.

ini e

Sa

*3|qejiee jou :yN ‘AydesSowoy payndwod :1) ‘AydesSowoy payndwod ueaq suod :1)g)

‘Juawade|d paping-aiejdwa) pue Suluue|d uedw| pajsissy-4Indwio) :dd|y) ‘Iuaping aSew| pajsissy-4aandwo) :|y) ‘Bulinpejnuew papie-1andwod/usisap papie-1indwod :yd/ay)d Aijeas pajuawsne :yy

syi8ua| JaSuo| pamoys
diysuoneas snuis e Jnoyym asoyy
pue ‘AjiAed Snuls 3y} YHM pajeldosse
Aj9so)d auam sjuejdwi pauueld
VN Ajlenyin o o506 Aj3ewixosddy

BAI|ES PUE POO|] JO 3JUIN|JUI BY}

pue ‘uoiezijensia paywi| ‘Sujuado

yinow ‘uawsnow jusied

0} anp sjuaiied pue sjapow Suowe

N30 ued suoijeriea Aresndde
uoljeSiaeu pue oL Suidwes

aqny padeys-n

0} uostiedwod ul sassad04d

uojjeiqijed pue uoesisiSal

pauljwesJ]s 3Jow 0} P3| SJajem
9AI1I3|434 Jo uonejuswa|dwi ay|

saydeosdde [euonuaruod

pue SAMIYIS Yy Suiwlopadino
‘syue|dwi pade|d pue pauue|d
Sujudife ul Adeandde Jouadns
sUgiyxa ‘Jejnaiuied ul ‘H100L

sySua| J38uo|

Suimoys uofIaUL0d
snuis e Suiye| sjuejdwi
Yum ‘pajou sem Ajned
SNUIS 3Y} Y}IM UOI}e|3110d
Suouis e ‘suejdwi

oC'E8 VN pauue|d jo 9,06 AlJeSu U] payidadsupn R ERITITY
-£6°T dnous My
09T°7 dnous |n L10o=d VYN paypadsun oc 1B 13 13d

‘panupiuo) ‘g ajqel




14

DIGITAL HEALTH

Table &. Quality assessment of in vitro studies.

Sarment et al.*® Y Y Y Y Y
Nickenig and Eitner® Y Y Y Y Y
Wojciechowski et al.*? Y Y Y Y Y
Nickenig et al.* Y Y Y Y Y
Nickenig and Eitner®* Y Y Y Y Y

Turbush and Turkyilmaz® Y Y Y Y Y

Kernen et al.*! Y Y Y Y ¥
Moiduddin et al.** N oY Y Y Y
Tang et al.>” Y Y Y Y Y
Schneider et al.*? Y Y Y Y Y
Vasoglou et al.*’ Y Y Y Y Y
Kivovics et al.* Y Y Y Y v
Riad-Deglow et al.*® Y Y Y Y Y
Pei et al.* Y Y Y Y ¥
Sun et al.*® Y ¥ Y Y Y
N: no; Y: yes.

Quality assessment

In vitro studies

The examined 15 studies encompassed essential compo-
nents, such as abstract, introduction, intervention,
outcome, statistical method, and results (items 1-4, 10,
and 11). A comprehensive analysis of 12 studies was
extended to explore trial limitations (item 12), while 9
explicitly disclosed details about their funding sources
(item 13). Notably, three studies uniquely addressed
aspects such as sample size calculation for the specimens
(item 5) or the accessibility of the full trial protocol (item
14). Details regarding the procedure utilized to produce
the chosen sequence (item 7) were absent in most studies,
with only two studies providing this detail. Furthermore,
none of the studies provided specifics regarding the blind-
ing of examiners or information about the researcher respon-
sible for generating random allocation (items 8 and 9), as
shown in Table 4.

Non-in vitro studies

Non-in vitro studies, including RCTs and retrospective
studies, showed good quality (score > 3) in the domain of
2.1 to 2.5, except for the 2.4 domain for RCTs, while retro-
spective studies showed good quality in the 3.2, 3.3, and 3.5
domains (Table 5).

Discussion

The adoption of advanced methodologies is on the rise in
orthodontics and prosthodontics, contributing to the digit-
ization of treatments. In particular, using aligners, digital
dental models, and increased accessibility to CBCT
images enables improved and highly individualized treat-
ment planning in these fields."" The integration of advanced
technologies in dentistry has heralded a paradigm shift in
treatment approaches, with 3D imaging and virtual simula-
tions emerging as pivotal tools in preoperative planning.>
By meticulously synthesizing the included studies, we
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Table 5. Quality assessment of the non-in vitro studies (MMAT).

2.1
Tallarico et al.*® RCT Y
Lee et al.* RCT Y
Zhang et al.>* RCT N

3.1
Ritter et al.* Retrospective Can't tell
Tarsitano et al.*® Retrospective Can't tell
Ku et al.*® Retrospective Can’t tell

2.2 23 2.4 2.5

Y Y Can’t tell Y 4
Y Y Can’t tell Y 4
Y Y Can’t tell Y 4
3.2 3.3 3.4 3.5

Y Y N Y 3
Y Y N Y 3
Y Y N Y 3

MMAT: Mixed Methods Appraisal Tool; N: no; RCT: randomized controlled trial; Y: yes.

navigated the nuanced landscape of the benefits and chal-
lenges of these innovative modalities. Our examination
encompasses the efficacy of 3D imaging in enhancing pre-
cision during implant planning, the role of virtual patients in
simulating surgical scenarios, and overall implications for
implant placement accuracy. In addition, we scrutinized
the existing gaps in the literature, highlighting areas for
further research and potential refinements in applying
these technologies to dental implantology.

In the present study, CBCT was the most commonly
used scanning technique for dental implants and generated
precise images. Our findings align with the findings of other
studies that concluded that the measurements obtained
through CBCT were notably smaller than those from the
model scanner, intraoral scanner, and control, with a signifi-
cant difference (p < 0.001).5 ! Moreover, several prior inves-
tigations have employed CBCT to assess the 3D placement
of implants postsurgery and to evaluate the precision of sur-
gical templates and implant navigation systems>>* and as
a most used procedure may be due to several compelling
reasons. First, CBCT provides 3D images with high reso-
lution and precision, offering a comprehensive and detailed
view of oral and maxillofacial structures.>® This superior
imaging capability thoroughly assesses the anatomical fea-
tures relevant to dental implant placement, including bone
density, morphology, and proximity to the vital structures.
The efficiency of CBCT is also noteworthy, as it enables
quick and convenient image acquisition with minimal radi-
ation exposure compared with traditional CT scans.”® This
feature is particularly advantageous in dental settings where
minimizing radiation exposure is a priority. Furthermore,
CBCT allows precise treatment planning by facilitating
accurate measurements and assessments of the available
bone volume. Visualizing the site in three dimensions
aids in determining the optimal implant size, orientation,

and angulation, contributing to the overall success and lon-
gevity of dental implants.”’ The widespread adoption of
CBCT can also be attributed to its noninvasive nature and
enhanced patient comfort. With its ability to capture
detailed images in a single scan, CBCT reduces the need
for multiple imaging sessions, streamlines the diagnostic
process, and enhances the overall patient experience.”>A
comprehensive meta-analysis assessing the precision of
computer-aided implant planning and transfer unveiled
that the mean error for implant placement was 1 mm at
the entry point (with a maximum of 6.5 mm) and 1.2 mm
apically (with a maximum of 7 mm), accompanied by an
average angular deviation of 3.8° (up to 25°). Notably,
reduced deviation was observed when employing static sur-
gical guidance, particularly with a single surgical template
and increased fixation pins.’® Computer-guided implant
placement demonstrates a noteworthy level of accuracy
and meticulous execution. Nevertheless, it is crucial to
acknowledge that errors in CBCT imaging, planning, and
the surgical transfer process may potentially result in sub-
stantial and clinically unacceptable deviations.’®

A present study highlights the efficacy of computer-
aided implant planning in improving accuracy and virtual
reality (Table 3). Other studies have also highlighted the
accuracy of computer-aided implants; for instance, in
another analysis the accuracy of implant placement using
computer-aided static navigation systems demonstrated
superior results (6.02 +3.71) compared to manual implant
placement (9.26 +3.62).7°° AR devices can potentially
project a virtual planning image onto the surgical field, con-
trasting the planned and actual surgical scenarios.”® The
efficacy of computer-aidedd implant planning in enhancing
accuracy compared to traditional methods can be attributed
to its ability to provide detailed 3D reconstructions of the
oral and maxillofacial structures. These computer aided
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approaches offer meticulous preoperative evaluations by
utilizing advanced technologies such as stereolithographic
surgical guides, virtual planning based on CBCT data,
and 3D-printed templates, enabling precise assessment of
implant size, placement, and potential anatomical complica-
tions.®! The use of computer-guided techniques allows for
comprehensive visualization and analysis of the implant
site, facilitating optimal positioning and orientation of the
implant.®® These methods often involve static surgical guid-
ance, reducing variability and enabling a more standardized
approach. Overall, the digitalization of implant planning
minimizes the margin of error associated with traditional
free-hand methods, leading to improved accuracy and
ultimately enhancing the success and longevity of dental
implant procedures. Our findings are in line with other
study findings and revealed the linear disparity in three
dimensions between the intended and actual implant posi-
tions was determined to be 0.97 +0.37 mm at the cervical
and 1.13+0.36 mm at the apical regions. Furthermore,
the angular deviation between the planned and placed
implants exhibited a variance of 3.42 +2.12°.'° In evaluat-
ing factors influencing implant placement accuracy, statis-
tically significant differences were observed in cases
involving tissue-supported implant guide, implant diameter,
and implant length.** Similarly, dynamic computer-aidedd
implant surgery achieves an accuracy within a clinically
acceptable range and exhibits potential for clinical imple-
mentation. However, there is a need for more comprehensive
reporting of patient-centered outcomes and socioeconomic
benefits. Currently, there is a need for more scientific data
on dynamic navigation in the existing literature, with only
a limited number of studies focusing on its application in
edentulous patients.*>®* Moreover, artificial intelligence
(AI) can play a crucial role by enhancing efficiency of
these 3D technologies. Enables automated detection and
segmentation of more relevant anatomical structures with
higher precision. In addition, Al can aid dentists in the
selection of the most suitable implant parameters and surgi-
cal techniques. Future research endeavors should prioritize
the exploration of dynamic navigation surgery in the
context of edentulism and provide detailed data on its
accuracy for a more thorough understanding of its clinical
implications.

Moreover, there can be certain challenges in the clinical
implementation of 3D imaging and virtual simulation. For
instance, the initial acquisition and later maintenance cost
of the equipment, trained professionals in the particular
field are required to run these equipment, and most import-
antly, the integration of these technologies into the pre-
existed clinical workflow. These challenges can be overcome
by the development of cost-effective and user-friendly
imaging systems. In-service training programs for the pro-
fessional can be helpful in understanding and running
these technologies and for integration, multidepartmental
approach should be followed between dental professionals,

engineering staff, and software developers. Furthermore, the
included studies did not highlight the ethical or legal consid-
erations associated with 3D imaging and virtual simulation.

The study demonstrates several strengths and limita-
tions. One notable strength lies in the comprehensive syn-
thesis of available studies, providing a holistic overview
of the current landscape in this rapidly evolving field.
Incorporating diverse 3D imaging modalities and virtual
simulations enhances the depth of analysis, allowing a
nuanced understanding of their collective impact on accur-
acy. In addition, the systematic approach employed in
this review contributes to the robustness of the findings.
However, limitations include potential heterogeneity in the
study designs and methodologies across the reviewed litera-
ture, which may affect the comparability of the results.
Furthermore, the temporal aspect of technological advance-
ments may introduce variations in the relevance of older
studies to contemporary practices. Despite these limitations,
this review offers valuable insights into the current state of
3D imaging and virtual technologies in dental implantology,
paving the way for future research and clinical applications.

Conclusions

This study underscores the transformative role of advanced
technologies in modern dentistry. The integration of 3D
imaging, virtual simulations, and computer-aidedd techni-
ques has significantly enhanced the precision and individu-
alization of implant procedures. These findings revealed a
notable improvement in implant placement accuracy facili-
tated by these technologies, leading to more informed pre-
operative planning and a reduced margin of error. However,
it is crucial to acknowledge variations in the study method-
ologies, the need for further investigation of long-termm
outcomes, and potential limitations. As technology con-
tinues to evolve, the synthesis of current evidence empha-
sizes the promising trajectory of 3D imaging and virtual
approaches in revolutionizing the field of dental implantol-
ogy with implications for improved patient outcomes and
clinical practice.
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Appendix 1 List of ltems (CONSORT Scale)

Item 1: Structured abstract.

Items 2a and 2b are related to the introduction:

Item 2a: Scientific background and rational explanation.
Item 2b: Introduction should have specific objectives and
hypotheses.

Items 3 to 10 are related to methodology:

Item 3: Intervention for each group.

Item 4: Completely defined, prespecified primary and sec-
ondary measures of outcome.

Item 5: Sample size determination.

Item 6: Method used to generate the random allocation
sequence.

Item 7: Mechanism used to implement the random alloca-
tion sequence.

Item 8: Who generated the random allocation sequence.
Item 9: If done, who was blinded after assignment to inter-
vention and how.

Item 10: Statistical methods used to compare groups for
primary and secondary outcomes.

Item 11: For each primary and secondary outcome, results
for each group and the estimated size of the effect and its
precision (e.g. 95% confidence interval).

Item 12: Trial limitations.

Item 13: Sources of funding and other support, the role of
funders.

2.1

2.2

2.3

2.4

2.5

3.1

3.2
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3.4

3.5

Item 14: Where the full trial protocol can be accessed.

Appendix 2 Question (MMAT)

Is randomization appropriately performed?
Are the groups comparable at baseline?
Are there complete outcome data?

Are outcome assessors blinded to the intervention
provided?

Did the participants adhere to the assigned intervention?

Are the participants representative of the target
population?

Are measurements appropriate regarding both the
outcome and intervention (or exposure)?

Are there complete outcome data?

Are the confounders accounted for in the design and
analysis?

During the study period, is the intervention administered
(or exposure occurred) as intended?
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