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Abstract

Objectives This systematic review aimed to investigate and compare the accuracy of free-hand and computer-aided
implant surgery (CAIS) approaches in dental implant placement.

Material and methods The PICO question as follows: In patients receiving dental implants, does computer-aided
implant surgery superior in accuracy compared to non-computer-aided implant surgery? The primary outcome

was angular deviation between the planned and placed position of the implant. An electronic search was made

to identify all relevant studies reporting the accuracy of CAIS approaches and freehand for dental implant placement.
The data were extracted in the descriptive description, and a meta-analysis of single means was performed to esti-
mate the deviations for each variable using a random-effects model.

Results Out of 1609 initial articles, 55 were selected for data extraction. The mean value of angular, entry, and apex
deviations were 7.46° 1.56 mm, and 2.22 mm for freehand, 5.94°, 1.13 mm, and 1.43 mm for pilot drill-sCAIS, 2.57°,0.72
mm, 0.88 mm for fully guided-sCAIS (fg-sCAIS), and 3.67°, 1.01 mm, and 1.36 for dynamic CAIS (dCAIS), respectively.
Significant differences were found between the freehand and CAIS approaches (p < 0.04). Fg-sCAIS was significantly
more accurate than dCAIS systems at the entry (p <0.001).

Conclusions Compared to the freehand approach, both sCAIS and dCAIS improve implant placement accuracy,
with angular deviations ranging from 2° to 6°. Detailed planning is crucial for CAIS, particularly for fg-sCAIS, which
demonstrated the highest accuracy than others. As apex deviations of 1 to 2 mm have been observed in CAIS
approaches, a 2-mm safety margin should be implemented to minimize surgical risks.
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approach to achieve pre-planning implant positioning
is the implementation of digital presurgical implant
planning. Using computer-aided implant surgery (CAIS)
facilitated by either a surgical template or a navigation
system, the planned procedure can be accurately
transferred to the patient during surgery. Key diagnostic
tools include cone beam computed tomography (CBCT)
scans, intraoral scans, computer-aided design software
(CAD), and computer-aided manufacturing (CAM). This
workflow establishes a digital approach that guides drills
during osteotomy, facilitating precise implant placement
as required for static computer-aided implant surgery
(sCAIS) or dynamic computer-aided implant surgery
(dCAIS) [4].

In sCAIS, three approaches—pilot-guided, semi-
guided, and fully-guided surgery—are differentiated by
the design and sleeve diameter in the template, which
may influence the surgical outcomes [5-10]. The fully
guided approach directs all drills and implant placement,
the pilot-guide limits guidance to the initial drill, and
the semi-guided approach provides partial guidance but
excludes implant insertion. Additionally, the accuracy of
template fixation also plays a critical role. It is classified
into four types based on the clinical situation: mucosa
support, bone support, teeth support, and mixed tissue
support.

The application of dCAIS has been utilized in vari-
ous scenarios, including tumor resection, and zygomatic
implant surgery, demonstrating significant benefits with
highly accurate assistance [11, 12]. Unlike sCAIS, it
relies on a registration and tracking system to guide the

Table 1 Search tree according to PICO question
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surgeon’s performance, allowing for greater flexibility
of movement. Navigation systems offer real-time visu-
alization of surgical instruments and the operative field
using registration methods with optical tracking tech-
nology. However, they appear to be more technically
sensitive than sCAIS, requiring the determination of a
learning curve for their effective use in implant place-
ment [13-16].

Given the rapid development and widespread adoption
of these technologies, along with the growing body
of literature on CAIS in recent years, it is crucial to
consolidate all available data on the accuracy of various
sCAIS and dCAIS approaches. Hence, the primary aim
of this systematic review was to evaluate and compare
the accuracy of freehand techniques and different CAIS
systems in achieving the preoperatively planned implant
position.

Materials and method

The present systematic review followed the guidelines of
the “Preferred Reporting Items of Systematic Reviews and
Meta-Analysis (PRISMA) [17]. The PICO question was
developed: “In patients receiving dental implants, is CAIS
superior to freehand surgery in terms of the accuracy of
the planned versus placed implant position?” (Table 1).
CALIS involves the following key steps: (a) implant plan-
ning using digital planning software, (b) determining
implant positioning based on 3D radiographic and pros-
thetic data, and (c) transferring the planned osteotomy

PICO—Question

“In patients receiving dental implants, does computer-aided implant surgery have an advantage compared to non-computer-

aided implant surgery regarding treatment accuracy, clinical outcome, patient satisfaction, reduce complications surgical time,

and treatment costs?,
Population (#1)

P=Fully or partially edentulous patients receiving dental implants

a. Dental implant, oral implant, endosseous implant, implant fixture
b. MeSH: “Dental implantation’, “Maxillofacial Prosthesis Implantation’, “dental implant’,“Surgery, Oral”

Intervention (#2)

I=Implant placement using computer-aided surgery or non-computer-aided surgery

a. free hand, guided dental implant placement, dental surgical guide, dental guided surgery, dental surgical template, computer
assisted dental implant, navigation, freehand, fully guided, pilot drill guided, Surgery, Computer-Assisted, Surgery, Oral, dental
implant, Maxillofacial Prosthesis Implantation, Dental implantation

b. MeSH: “Surgery, Computer-Assisted’, “pilot drill guided”, “fully guided", “free hand’, "dental navigation’,"computer assisted dental
implant’,“‘guided dental implant placement’, “dental surgical template’,"dental guided surgery’,"dental surgical guide’, "guided

dental implant placement’, "dynamic’, “robot”
Comparison (#3)

C=computer-aided or non-computer-aided treatment protocols

a. pilot-drill, free hand, non-guided, implant insertion, implant placement, conventional surgery

b. MeSH: “Dental implantation’, Endosseous”

Qutcome (#4)
surgery

O=Accuracy, complications, patient reported outcomes, surgical time, costs of computer-assisted and non-computer-assisted

a. Deviation, minutes, operative time, surgical time, mm, costs, complications, patient satisfaction
b. MeSH: “efficiency”, “operative time’, “duration of therapy’, “economics’, “Dimensional Measurement Accuracy’, “Intraoperative
Complications’, ,Postoperative Complications”, “Patient Reported Outcome Measures”

Search combination  #1 AND (#2 OR #3) AND #4
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position to either a dynamic navigation system or a static
surgical template (pilot-, semi- or fully-guided).

Eligibility criteria
The following inclusion criteria were defined:

+ Only clinical studies (randomized and non-
randomized clinical trials (RCTs and non-RCTs),
prospective and retrospective observational studies);

« Studies including at least ten patients;

«+ Studies reported the deviation between the planned
and placed implant position;

+ Articles written in English or German;

+ Studies reporting on conventional and/or digital
dental implant placement, including the used systems
(software, applications, radiographic assessment,
techniques).

The following exclusion criteria were defined:

+ Cadaver, animal, and in vitro study;
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+ Case report, case series, and technical note;

+ DPatient received zygomatic implant or orthodontic
implants;

+ Narrative and Systematic reviews;

+ Insufficient information on defined criteria.

Search strategy
A search strategy was developed based on the PICO
question and applied for an electronic search in the
PubMed and Cochrane databases (Table 1). The search
syntax was constructed using combinations of free-text
words and Medical Subject Headings [MeSH/EMTREE].
The following search path is exemplary for the PubMed
database: (freehand) OR (guided dental implant place-
ment)) OR (dental surgical guide)) OR (dental guided
surgery)) OR (dental surgical template)) OR (computer-
assisted dental implant)) OR (dental navigation)) OR
(freehand)) OR (fully guided)) OR (pilot drill guided))
OR (Surgery, Computer-Assisted)) AND ((((Surgery,

Fig. 1 Prisma flow chart

Records removed before
screening:
Duplicate records removed
(n=75)

Records excluded
(n=1383)

Full-text articles excluded, with
reasons
(n=69)

No sufficient information (n = 6)
Different focus of topic (n = 35)
Cadaver study (n = 1)

Low number of participants (n = 10)
In vitro studies (n = 16)
Review (n = 2)

)
=
2 Records identified through
S database searching
£ PubMed (n = 1492)
S Cochrane (n = 117)
=
—
v
o
g Records screened
o (n=1534)
e
(33
(7]
v
Full-text assessed for eligibility
(n=151)
=
5
=
m
Studies included in qualitative
— and quantitative synthesis
(n=282)
3
E Studies included in quantitative
T=> synthesis (meta-analysis
= (n=57)
—




Werny et al. International Journal of Implant Dentistry (2025) 11:35 Page 4 of 26

a Risk of bias domains

Study

0000000000000 000000O0OOOOOO0
0000000000000 OOOOOO®
0000000000000 0000000OOOOOOO®
0000000000000 00POPOOOOPO®®
00000000000 00000000 0000OS
L Jelor 1L X Jol Joxr I I I el X T Jof 1 [ I X JO)

Domains: Judgement
D1: Bias arising from the randomization process. ..
D2: Bias due to deviations from intended intervention.Some concerns
D3: Bias due to missing outcome data. . Low
D4: Bias in measurement of the outcome.
b D5: Bias in selection of the reported result.

Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0% 25% 50% 75% 100%

| B v [ Someconcams

Fig. 2 Risk of Bias assessment



Page 5 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

deypue  ON VYN pakejsp 10 aoeds 0c 0c SIVoP 770z e 18
ON ssaidel4  sak Y193l  L1eIpawiwl| dlelpawiWl Y1001 3|buls  24ed01g 3|9ON 0z oz SIVOS-b4 10y eulyd ng ‘bus
dey pue 11931 pue Ajiny pue 800C
OoN ssajdel4 ON  BSODNW'BUOQ VN VN A|jelnied VN 6 1z SIyDS-DBd  Apnis [eaiulD An] “1e 12 Aosi3
[AX0TANERE]
ON sso|del4  S9A esodnyy - LleIpawiw| VN Aing VN 09 Cl SIvDs-B4  Apnis jeotulD |lzeig  owodes |d
[4194
OoN ssoide)4  SoA eSOON  Aj91eIpawil pakejop AN AjdsuaQ 3/ €l SIVDs-b4  Apnis [eaulD wnibjag  “|e 13 9s9eH,q
dey pue 610¢
OoN ssoidel4  ON Y1991 pakejop pakeop A|lened uuewnNens Sl 99 SIyDs-b4  Apnis eolulD  SPUBURYISN  “|e 19 sudyiag
(S03)
95 ¥z SIyDs-b4
(soN Ajey) 10T " 19
OoN ssaidey  ON Y1991 pakeop pakeop A|je1nied usbebay [« ST Sy Ds-b4 10y ‘elUBLLIOY ElVslaNTp)
yiea1 or 6C SIvDs-b4 €20z "|e 10
ON VN ON VN vN  Ajpreipawiwl Ajernied uabebapy (04 43 pueysai4 104 elpul ueipuey
€10C "le1e
sso|dey pue 41931 pue Ay pue Apnis [ea1ul)d ‘nuesueID)
oN de{ ON esodnw’suoq VN VN Ajjeled  Wia1sAS Juejdwl oLl 0l SlyDs-Db4  Andadsoial Aley| ‘119558
sso|del4 GEE]] Sl 14 SlyDs-6d .
d 6 €locree
el ouoy ANy pue el 4 SIVISPd - Kpmis jeojulp SIENEIENS
ON sso|del4  ON BSODNIA| VN VN A|jelnied VN 38 0l SIVDS-Bd  2AIDadsonal Ajey ‘211955
dey pue 41991 pue ANy pue Apnis |esiuip L1107
ssoidel4 ON  eSodNWI'BUOq VN VN Ajlelied  swueidwi Hld Ll 0l SIvDS-D4  aAndadsolial Alel|  “|e 13 enassed)
dey pue N Aling pue ve ot SIVISB3 - kpmas eojup 10t
OoN ssoidel4 SIA  9uUOQ ‘BSOdNW eN VN Aleled  wia1sAs yueduw| /S 0l SIVDs-b4  2ARdadsouad Ajey  “|e 1 enassed)
ON VN ol m_<Uw|®u_ >_0me |esiulp 107
ON ssodey}  SoA esoonuwl VN pak|ap ANy JAIYd VN 3l SlyDs-b4  aAndadsollal Ajey  “|e 12 enassed)
10z
08 08 SIVOP ueky “ueq
ON VYN ON VN VN VN Ajjened VN 0¢ 0¢ pueysaly  Apnis [ediuld VSN ‘Aiswig »dolg
[4¥4 VN (u)) SIVDP
q £10C
[VAS VN AC v@(UU :Euw ;C«__J:ju
ON del4  oN N N VN WN WN el N pueysay  Apmis [ejuld vSn - ‘Aiawig dojg
mqu_QC\__ 1% 0¢ SIVOP yinow 070¢ 'uesiy
ON del4 oN VN VN VN Ajjered ulayinog 9% 0¢ pueyoai4 Hds 10y Aoning R AILIRPAY
1s2493ul
jo ainpniis  ainpadosd  juswadeld J9in)dejnuew spoyilaw ubisap
VIYuod) ssa|ide]ly uld  bBunioddng Buipeo jueidw|  wsimuapy juejldwy syuejdw] sjyuedpnJied uonJasu| Apms Anuno> Apms

sbuipuy Jo Alewwins g ajqeL



Page 6 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

0l0C "le1e
ON sso|dey  ON GEETR eN eN AjjenJed VN €z o] SIVDs-Bd  Apnis jeauld Auewian BruasdIN
veds Sl Sl SivDs-b4 7207 "2 12 Wy
ON dey oON GEETE WN WYN Y1001 9jbuIs WIAON Sl Sl SIVDS-Pd 104 puejiey] -peseiduieby
mmG_Qm_n_ = Yiool saoeds 1001 cl cl @(Umw@& yinow 020
ON del4 ON N VN VYN 9|buis omp uuewinens 4! 4! pueysaly Hds 1Dy lizeig  “[e1d uubeyy
33 (4 SIyDs-64
Lpaa) 9¢ oc SIvDs-Pd 1207
ON dey oN WN WN N Ajjened uuewnens 0€ 0T pueyaal4 10 eUILD “le19 N0
Ajing pue €10t
ON del{ ssA esodNW ‘Y199l eN eN A|leied wi21ssO 01 3% SIyDs-b4  Apnis [edurd ©2.0Y| "le 12 997
35eds 4l 4! SIyDs-64 0707
ON dey ON Y91 ARlelpswiwl - Ajsleipawwl - Y1001 9|buls JUSpOSN 4 4! SIvDs-pd 104 lizelg “[e 19 1yeuy
(S03)
o€ o€ SIvDs-b4
deyio aeds (son 020z 1819
ON ssaide4 YN VN VN VYN Y1001 3|buls uuewneins 0¢ 0¢ SIVDS-H4 10y pugjley]  1elyya0.1ely
Qm¢ pue VN 2oeds 0€ 0¢ SIVOP 6107
ON ssadely  ON GEETE WN pakelpd  Yioos [2buls uuewnens o€ 0€ SlvDs-bd 1Y puejieyl  “[e 13 uismaey)
Jawiwiy pue 44 Gl SIVOP €20C Jm 19
ON ssaidey  ON VN VN paAejap Ajjenued uuewneg @ ¥l pueyaal 104 uleds  eppien-equor
OoN 0C € SIVOp
Apnis [eaiuip
SoA A|Iny pue 0c v Sly2s-b4 paziwopuel €702 e 19
OoN dely oN VN VN paAejep Ajjeanied uuewneng 0z 9 pueysalq -uou puejley]  uemnswiael
ool ARIeIpaul  poceian o ooeds 6 6 SivDs-b4 444
ON dely oN YN sAepQl 4oy Aj@elpawiw| Yool 3|bulg uuewneng 6 6 pueyaal{ 104 wnibjeg  “|e 19 uizouey
HEST) 143 SIyDs-b4
eSOIN| o€ SIvDs-b4 <107
ON ssaidel{  oN RSOONIN VN VN ANy uuewneng 67 VN SIVDS-Bd  Apnas |eaurd eulyd “|e 12 Buan
Apnis eoiuip €20t
ON del4 oN GEETE VN N Ajlenied  a1edoig a|qoN or Sl SIVDS-Pd  @Andadsona Aey “p1sidEo
2oeds Apnis [esiulp Gl0zZ “|e19
ON ssa|dey  ON UEETR VN pafejlag Yooy 9jbuls  aledolg 9|qoN Vad Vad SIVDs-Bd  aAldadsou2i eLasny Jasneyin
SEEYEMIT]
Jo ainpnis  ainpadoid  jusawadeld Jainydejnuew spoylaw ubisap
»IYyuod ssd|dejly uld  bHunioddng Buipeon jwedw|  wsinyuapy jwuejdw) syuejdw] sjuedpnied uolasu| Apnis Anuno> Apnis

(panunuod) g ajqey



Page 7 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

43 VN SIVOP % -5
[43 VN SIVOp
aoeds [4 VN SIvDs-6d 0707
ON del4 WN VN VN ¥N 41001 3|6uls P¥1DLL 43 VN pueyaaiy  Apnis jediulD eulyd “le12 uns
v10Z "R 10
OoN del{ saA auog pakelag pake|ag ANy Aldsag T ol SIYDS-D4  Apnis [edIUlD  PUBPMIZIMS 19buIgnIg
Y1931 0€ 9 Sly2s-b4 6107 "2 12
ON dely  oN VN VN VN Ajjened uuewnens 0¢ 9 pueysal4 104 puejieyl UIefwS
ssa|dey pue 810C "le1e
ON de{ oON (IEET] pakejag pakeag Ajjeied  yuUgejuUyez BUA 0¢ 4 SlyDs-b4  Apnis [edurd AuewISH SneyuaINuydS
eSOdNW pue (S30)
(IEE]R 4 4l SIvDs-b4
deyj pue aoeds (©1S)  Apnis [ea1uld 9107 “|e 1
ON ssaidel4  ON [IEET] pakepg pakelag  yio01 9|bulg Bojwed 4 4 SIVDs-b4  aApdadsonal AUuewlISD sneyuanuyds
(uud .
N €2 Qg) SIvDs-bd 610C €39
MR-
A<|_mv ‘mw_umﬁu_\i
N 4 SI¥Ds-bd ~oyoues
ON dely oN VN VN VN Ajjen.ed VN VN 14 pueysai4 104 puepszums ‘I9pIauYdS
174 9 w_d\Umw@m \A_Ujpm |eoiutd 120C
ON ssaidel4  SoA eSODNIN VN VN Ay wnnpusg 7 4 SIvDs-bd  yinow udg 1dAB3  “|e 19 UuBYIES
zloz 1R
ON ssaidel4  ON BSODN|A VN VN ANy a1ed0Ig [9qON 6¢1 0s SIYDs-b4  Apnis [ediurd uspams U0SSI919d
ssadeyy pue AIny pue syupdwy SIvVoP 6107 "2 19
ON dely oON VN VN VN Ajjenied Wsyinos VN VN Sivop  Apnis jeaul)) ey ouuba|jad
eSOONIA 0€ VN SIvDs-bd
ssa|dey pue °uog Aling pue 05 YN Sivs-bd 600C
ON dey ON GEE]H N VN Ajjenied Jswwiz o€ N SivDs-Bd  Apnisieoiuid  ysnASyInL  “ele uezQ
(Youaim
anbioy)
0z 0¢ SIvDs-bd
aoeds (duryoew) 20T
OoN de{ VN VN pakejap eN Y001 3|buls uuewnens 0 0z SlyDs-bd 10y Alebuny  “|e 313 UeQIQ
1s9491ul
jo 24npniys  ainpadosd  juswadeld J2in3dejnuew spoyiaw ubisap
»IYuod ssd|de]ly uld  bHunioddng Buipeon jwedw|  wsinuapy juejdwy syuejdw] sjuedpiied uolpasu| Apnis Anuno> Apnis

(panunuod) g ajqey



Page 8 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

dey auog s 4 SIvDs-b4
ssajdey eSOIN|\ 143 4] SIyDs-b4
dey 3uoq €S 4! SIvDs-bd
ssojdey esodnwl pakeop SS 4! SIvDs-bd
sso|deyy 1o
delj saA ls 4! SIvDs-Pd 10z 19
OoN dey oN VN pakejag pakejap ANy Aldsag 1S 4 pueyaai 104 wnibleg  UISSANIDISA
paAerep 910z "1
ON ssaidey  SaA eSOONW  Aj91eIpawiul] pakejap ANy Aidsag o / SIvDs-bd 104 wnibeg  uasSANIDISA
4 8z SIvDs-B4
1S 4 SIvDs-6d
ON EE) 67 4 SIVOs-Pd 020Z
ON de4 oN VN VN VN Ajjened O3NBINW S oz pueyaalg 1Dy Aebuny  “je1s ebiep
L10C
ON sso|de|{ SOA  BSOINUI Y199} pakejaQ vN AIln4  21ed01g [9GON 98 31 SIvDs-64  Apnis [eduiD elISNY “le 19 3esep
ssa|dey 1o 41991 pue Aliny pue 3IqON pue Apnis [ea1ulp 600¢C
ON de{ ON ESOdNW'DUOQ vN vN A|le1ed JEI[V]y4 01 ST SIvDs-Bd  @Andadsosnal AlRY|  “|e 19 dudeA
BSOJNW pue
MEETH VN VN SIvDs-bd
auog VN WN SIvDs-bd
BSOONIN VN VN SIvDs-bd
Y1991 pue Apnis [eoiuid ¥10¢
ON VN ON  esodnuiauog VN VN VN VN LL] 14 SIvDs-Bd  Jsrusdn|NwW Ay “e1s uoissL
(Son
0z 9 SIvDs-b4 6107
ssa|deyy 4o (SO3) “|e 12 ‘ueueyX
ON del{  saA 193] AP1eipawwil - Aj@1eipawiul Ajjeied w1550 a 9 SIvDs-H4 104 Kjey ‘odlle|jeL
Vi 4 SiwDs-b4  APnas [eoulp
ssa|deyy 1o Ajiny pue S193U2dN|NW 6107 "R 1
ON dely oN o3l AjRreipawul N Ajen.ed w1550 8y 9l SivDs-Bd  @Andadsoud Ajey ‘wiy ‘oduejjeL
159491U1
) ainpnais  ainpadoud  juswadeld Jain)deynuew spoyiaw ubisap
»IYyuod ssd|dejly uld  bHunioddng Buipeon jwedw|  wsinyuapy jwuejdw) syuejdw] sjuedpnied uolasu| Apnis Anuno> Apnis

(panunuod) g ajqey



Page 9 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

S3APNIS £§ dARIIUBND

bunnioeynuew pajulid ge ;uud ge ‘Bunnioejnuew [ediydesboyijoalsis iy s ‘parebiaeu A|ny :uy ‘palebineu Ajjensed
:ud ‘ueds [eI0BIIXD ;SO ‘UBDS [eIORIIU| :SOI ‘SIYD d13BIS (SIS ‘SIYD palebiaeu dweuAp Siyd-p ‘SIvD papinb A ny :SyDs-64 ‘siyD papinb Ajjenued :5|yDs-64 ‘A196ans yuejdwi papie 1a3ndo) apainb ||Up-10|id :SIVDS-Pd

4 oL SIyDs-b4
sso|dey 41931 <4 i SIvDs-Pd 8107
ON dey oN N N pakejap Ajjenied Ajdsa@ 9 LL pueyaal4 10 wnibjag " 19 SAUNOA
0€ 0¢ SIVOP 18-S
VN 0€ o€ SIVOP
Yioad 3oeds 0¢ 0¢ SIvyDs-64 €20 "e19
ON dely ON N VN VYN {1001 9jbuis uuewnens 0¢ 0€ pueyaal4 104 puejieyl Buom|ngidiox
0¢ Gl SIVOP 0207
ON VN VN VN VN VN Ajjered uuewnens o€ Gl SlyDs-b4 104 puejieyl  “[e1s flewix
ON ssajdel4 ON VN VN VN Aliny AldsusQ 43 8 SIVOp 10 BLISNY  “[e 19 J9MIIM
(11eans)
uuewneng SIVOP
2oeds (popiader) 70z
ON VYN ON VN VN VYN Y1001 36uls uuewnens 0¢ Sl SIVOp 104 BUIYD  “[12'1YS “I9M
2oeds Cl cl SIVOp yinow 44
ON sso|dely  ON VN vN  Ajsreipawuw - yio01 9jbuls uuewnens cl Cl pueysay ds 1oy BUIYD  “le18 1T IsM
€10¢
ON ssa|de|4  SoA eSODN|\  Aj21eIpawiwl pakelaq AlIn4 VN 29 i SIvDs-64  Apnis jediuip |izeig “|e 13 BIIBIA
(S1S2YUAS02150) /107 "|e 1
ON sso|del4 ON auog VN VN Ay a1ed01g |9GON 1 4 SIvDs-64  Apnis|edluld  spuepsyiaN SUILLRYIIA
dey auog 14 4! SIvDs-b4
ssa|dey eSO 143 4! SI¥Ds-b4
dey auoq €S 4 SIyDs-6d
ssajdey esodNW pakejop SS 4 SIvDs-bd
ssajdeyy Jo
delj  seA IS 4l SIv2s-Pd Lot
1B 39 'X0D
oN dey oN VN pakeag pakejop AlIny Aldsag 1S 4 pueysai 10y wnibeg  ‘'UaSSANIDISA
AEEYEMIT]
Jo 2indni}s  aunpadoud  juswdde|d J9in)dejnuew spoylaw ubisap
»IYyuod ss3|de]ly uld  bHunioddng Buipeo jueidw|  wsinuapy jwuejdwy syuejdw) sjyuedpnied uolasu| Apms A1iuno> Apms

(PanunuOd) Z 3jqey



Page 10 of 26

(2025) 11:35

Werny et al. International Journal of Implant Dentistry

£20¢ “|e 12 Buom|ngidiop

‘7102 "B 19 ‘D[N 3P UBA 'USSSANIDIDA
‘7102 “|e 19 1ee7 9Q ‘USSSANIDISA
10T "8 12 'X0D 'USSSANIDIDA 'S 10T
“|e 13 U3SSANIDIBA {0Z0T “[e 19 ebiep
‘020T "[e 12 UNS ‘61 0C “|e 19 pJeulag

LZ0T “[e 32 NOT €20T “e 19
UBMNSWES {1707 "|e 32 buomexybuy
‘€107 “|e 12 ‘nuesuRID) 'enasse) {070z
‘uesly B IIWSPAY {1 70T IejyRiyseny

6102 219

S9UNOA ‘80T “|B 39 SOUNOA 00T | 32
[lewIA ‘zz0z 12 38 11 19M /6 10T "[e 19
‘WY ‘031Ie|[eL )8 10T “[e 32 0dLe|jeL
‘610 "B 19 UWIRYUWS ‘6107 "8 38 'Uew
- 'sapeydnd-oydues 4saplauyds
'810¢ “|e 19 J9pIaUYDS 11 70T "B 19
ueYJeS '6 107 "€ 19 Sopeydnd-oyoues
%10 "[P 39 12204 0 LOT “[e 12 BusydIN
2207 “[e 12 WyuasesdwebN (0z07

“1e 32 ULbe ‘2207 “|e 32 INJesIARUNY|
‘020 "[e 32 Yeuy (070T PaWYY Gioy
‘610 "2 39 UISM3RY ‘€70 "B 39
BIDIED)-BQUO[ ‘8107 "€ 12 peisyor
1720C "|e 12 uizoueH ‘510z “|e 12 busn
‘720z "[e12'nS ‘Bua4 170z e 12
Awoy3 ‘€20¢ (e 13 ueIpuRYD /10T
“[e 33 ‘wn|ind A1sw3 %2019 ‘010¢

“|B 12 UBSLY !/ 107 “|e 19 luJowy

£00T "e 12
19MIIM 'TZOT "B 13 "IYS "ISM € 10T
1819 RAIBIA /£ 10T “| 12 SUWWBYIIA

‘1 10T "2 12 %BSBA /600 “[B 12 S1Us|eA
10T "|e 19 LO1S3] ‘610 “|e 13 ‘Weuryx
‘0dlie|[e] ‘7 LOZ “[e 13 19BuIgnIS ‘81 0T
“|e 18 sneyuaINuYdS [9107 “[e 19
SNeyuaINUYIS 01 0¢ 'seiewod :z 10z
“|B 19 UOSSIDNDJ ‘6107 “|e 12 oulba||d
*£00C "2 13 UBZQ '600C "[B 13 UEZO
‘770T "e 19 URQUO 0 L0OT Mezy B
PE2AIN “0L0T "2 12 IUOJBIN ‘€ LOT "[e 19
RLIRIN /10T "|e 18 LB ‘€107 “|e 19
9978007 “|e 19 PWRAIWIOY ‘0Z0T “|e 12
1eD{R0DIeIY ‘E70T "B 19 1|99 5107
“Ie 12 Jasneyind ‘800z “|e 19 Aosi13
710 "8 12 01ULS3IIO| 1P ‘710 “|e 18
OW02el5 IJ:610¢ “[e 18 Uasyiad 'z 10T
“|e 12 9598H,Q 1 70T “|e 19 dYdeISLD
‘€10T "2 13 "lj|]2UByRS ‘B85S 1 10T
“|e 12 B1I3SSED) ‘7 10T “|e 12 B1asSeD)
7107 “|e 12 BRASSED) '7 10T "B 19
pnoqqy ‘1 10¢ “[e 1 sobajjen-peqy

SalpnIS

Spoylaw uoiljiasul Jua1a4ip 1no4

SPOYIaW UOIIISSUI JUIBYIP 334y

Spoyisw uoiljiasul Jua.ayip om|

poyiaw uonIdsul 3UQ

sdnoip
SpoYy1aw UoI1Iasul Jo Junowy

Apnis ayi Bupnp pasn spoyIaLL UOIMISSUL JUIRYIP JO JUNOWR 3Y3 AQ paiesedss sa1pnis papnidu| € ajqeL



Werny et al. International Journal of Implant Dentistry (2025) 11:35

Page 11 of 26

Study K Effect size with 95% CI p-value
Operation type '
Freehand 5 — 7.46[5.86, 9.05] 0.000
dCais 5 —e— 3.67[2.63, 4.71] 0.000
dCais and sCAIS 1 o 2.20[2.06, 2.34] 0.000
sCAIS fully guided 9 - 2.57[2.29, 2.86] 0.000
sCAIS partially guided 2 —— 3.72[2.06, 5.38] 0.000
sCais pilot guided (PG) 1 —— 5.94[4.82, 7.07] 0.000
Test of group differences: Q,(5) = 94.04, p = 0.00
Authors
Aydemir & Arisan, 2020 2 7.75[3.39, 12.11] 0.000
Cristache et al., 2021 a 1 . 2.48[2.27, 2.69] 0.000
Cristache et al., 2021 b 1 . 2.12[1.90, 2.35] 0.000
Derkens et al., 2019 1 - 2.72[2.48, 2.96] 0.000
Jorba-Garcia et al., 2023 2 —_—T—— 5.82[1.96, 9.67] 0.003
Kaewsiri et al., 2019 2 .- 2.97[2.57, 3.37] 0.000
Pettersson et al., 2012 1 - 2.26[2.00, 2.52] 0.000
Schnutenhaus et al., 2016 a 1 —e— 4.00[3.05, 4.95] 0.000
Schnutenhaus et al.,, 2016 b 1 —T—— 5.00[3.05, 6.95] 0.000
Schnutenhaus et al., 2018 1 —— 2.85[2.19, 3.52] 0.000
Stubinger et al., 2014 1 - 2.39[2.10, 2.69] 0.000
Sun et al., 2020 2 e 5.33[3.78, 6.88] 0.000
Sun et al., 2020 a 1 o 3.24[3.10, 3.38] 0.000
Sun etal, 2020 b 1 o 2.20[2.06, 2.34] 0.000
Wei, Li, et al., 2022 1 —— 2.51[1.55, 3.46] 0.000
Wei, et al., 2022 1 — 5.97 [2.55, 9.38] 0.001
Younes et al., 2018 3 —— 5.03[2.22, 7.84] 0.000
Test of group differences: Q,(16) = 190.34, p = 0.00
Overall 2 4.06[3.24, 4.89] 0.000
Heterogeneity: 1° = 3.74, I = 99.67%, H” = 301.72
Test of 8 = 6;: Q(22) = 7216.23, p = 0.00

0.60 5.60 10100 15.‘00

Random-effects REML model
Fig. 3 Angular deviation: Combined

Oral) OR (dental implant)) OR (Maxillofacial Prosthesis
Implantation)) OR (Dental implantation))).

The publication period of eligible publications was
extended from January 1, 2005, to September 6, 2023.

Study selection and data extraction
Initially, all articles were checked for possible relevance
to the topic through their title and, if not applicable,
excluded [executed by KF, ES, JW]. Then, the abstracts
of the remaining articles were examined for eligibility
criteria and possible relevance [conducted by KF, ES,
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Study K Effect size with 95% CI p-value
Operation type
Freehand 3 —e— 1.22[1.04, 1.39] 0.000
dCais 2 - 0.90[0.80, 1.01] 0.000
sCAIS fully guided 3 —— 0.59[0.38, 0.81] 0.000
sCais pilot guided (PG) 1 —— 0.80[0.65, 0.96] 0.000
Test of group differences: Q,(3) = 21.95, p = 0.00
Authors
Aydemir & Arisan, 2020 2 —T—— 1.06[0.74, 1.39] 0.000
Pettersson et al., 2012 1 —er 0.80[0.71, 0.89] 0.000
Stubinger et al., 2014 1 —— 0.43[0.34, 0.52] 0.000
Wei, Li, et al., 2022 1 — 0.83[0.62, 1.03] 0.000
Wei, et al., 2022 1 —t—e— 1.02[0.64, 1.40] 0.000
Younes et al., 2018 3 0.86[0.46, 1.27] 0.000
Test of group differences: Q,(5) = 51.48, p = 0.00
Overall - 0.85[0.67, 1.04] 0.000
Heterogeneity: 1° = 0.07, 1> = 93.32%, H’ = 14.97
Test of 8 = 6;: Q(8) = 102.64, p = 0.00

O.IOO 0.1‘30 1.60 1.|50

Random-effects REML model
Fig. 4 Platform horizontal: Combined

JW]. Finally, in a third stage, the full texts were checked
to determine whether they met the inclusion criteria and
contained relevant information concerning computer-
aided and/or non-computer-aided surgery in terms of
complications, surgical time, treatment costs, patient-
reported outcomes, and clinical outcome [executed by
KE, ES, JW]. This was carried out independently by two
reviewers. Disagreements during the selection process
were discussed and resolved after each stage; articles
were only included if consensus between both authors
could be found. No articles were excluded due to non-
consensus. Data were collected and filed in an Excel
database and EndNote.

The following data were extracted by two independent
reviewers [executed by KE, JW] from each relevant full-
text article, as far as available, and summarized in a data
extraction form:

+ Author(s), year of publication, country
« Study design, outcomes
+ Time of implant insertion (immediate, delayed, late)

+ Time of implant loading (immediate, delayed, late)

+ Configuration of the missing teeth (Fully edentulism,
partially edentulous)

« Location of the implants (front, premolar, molar,
lower/upper jaw)

+ Number of patients and implants

+ Implant System and Planning software (brand and
type)

+ Specifications/type of drill guide/navigation system

« Support of drill guide (soft tissue, tooth, bone, pins)

+ Flap designs

+ Duration/time involved

+ DPostoperative evaluation

+ Complications, Costs, Clinical outcomes, Patient-
reported outcomes

+ Results and conclusions

The two reviewers repeatedly compared the collected
information [executed by KF, JW]. In addition, the
corresponding author was requested to provide further
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Study K Effect size with 95% CI p-value
Operation type
Freehand 3 —_—t———— 0.83[0.45, 1.20] 0.000
dCais 2 — 0.51[0.32, 0.70] 0.000
sCAIS fully guided 2 —— 0.45[0.36, 0.55] 0.000
sCais pilot guided (PG) 1 —— 0.68[0.52, 0.84] 0.000
Test of group differences: Q,(3) = 8.30, p = 0.04
Authors
Aydemir & Arisan, 2020 2 o 0.82[0.28, 1.35] 0.003
Stubinger et al., 2014 1 — 0.47[0.34, 0.60] 0.000
Wei, Li, et al., 2022 1 e 0.4410.15, 0.73] 0.003
Wei, et al., 2022 1 o 0.95[0.51, 1.39] 0.000
Younes et al., 2018 3 —— 0.54[0.40, 0.69] 0.000
Test of group differences: Q,(4) = 5.87, p = 0.21
Overall o 0.59[0.46, 0.71] 0.000
Heterogeneity: 1° = 0.02, I’ = 66.48%, H" = 2.98
Test of 8 = 6;: Q(7) = 19.03, p = 0.01

0.60 0.|50 1.|00 1.:50

Random-effects REML model
Fig. 5 Platform vertical: Combined

written explications if the available data in the article
needed to be included or clarified.

Quality and risk of bias assessment

The quality of the selected observational studies was
evaluated according to the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology)
statements. CONSORT (Consolidated Standards
of Reporting Trials) statements were applied for
randomized clinical trials. The bias risk assessment of
each study was evaluated using the "Rob 2 Tool". This
tool helps to assess the risk of bias in randomized
trials [18]. This tool includes algorithms that map
responses to signaling questions to a proposed risk-
of-bias judgment for each domain in the five domains,
including the following: (a) bias arising from the
randomization process, (b) bias due to deviations
from intended interventions, (c) bias due to missing
outcome data, and (d) bias in the measurement of
the outcome and bias in the selection of the reported
result. The algorithm’s specific mappings of each
possible combination of answers to the signaling
questions (including responses of “No information”)

were comprised to grade the risk of bias into the
classification low risk of bias, some concerns, or high
risk of bias [19]. The “robvis (visualization tool)”
web application was used to represent the bias risk
assessment of the selected studies graphically.

Summary measures and synthesis of results
A descriptive analysis of the articles included was
performed, and the following data were recorded in a
descriptive summary: (1) author, (2) year, (3) country,
(4) study design, (5) clinical setting, and (6) details of
population, interventions, comparison, and outcomes.
The following outcome variables were analyzed
(Fig. 1):

+ 2D deviation (horizontal): the deviation of platform
and apex between the implant planned and placed
position in the x and y dimensions of space in
millimeters (mm). Deviation in depth (z-axis) was
not considered;

o 3D deviation (global): the deviation of platform
and apex between the implant planned and placed
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Effect size
Study K with 95% ClI p-value
Operation type
Freehand 3 —— 1.56 [ 1.38, 1.73] 0.000
dCais 2 —— 1.01[0.88, 1.14] 0.000
sCAIS fully guided 2 —— 0.72[0.62, 0.81] 0.000
sCais pilot guided (PG) 1 —e— 1.13[0.99, 1.26] 0.000
Test of group differences: Q,(3) = 76.11, p = 0.00
Authors
Aydemir & Arisan, 2020 2 . 1.35[0.67, 2.02] 0.000
Stubinger et al., 2014 1 — 0.71[0.59, 0.83] 0.000
Wei, Li, et al., 2022 1 ——— 1.01[0.74, 1.27] 0.000
Wei, et al., 2022 1 o 1.51[1.08, 1.94] 0.000
Younes et al., 2018 3 o 1.10[0.69, 1.51] 0.000
Test of group differences: Q,(4) = 19.12, p = 0.00
Overall —l— 1.14[0.89, 1.39] 0.000
Heterogeneity: 1° = 0.12, I’ = 93.37%, H* = 15.08
Test of 8 = 6;: Q(7) = 86.63, p = 0.00
0.|50 1.|00 1.|50 2.|00

Random-effects REML model
Fig. 6 Platform global: Combined

position in the three dimensions of space (x, y, and z),
in mm;

«+ DPlatform deviation (vertical): vertical distance (depth)
between the planned position and placed position of
the implant platform (z-axis), in mm;

+ Angulation: angular deviation between the central
axes of the planned position and the final position of
the implant, in sexadecimal degrees (°)

In the present systematic review, the mean and stand-
ard deviation (SD) of the outcome variables were pre-
sented based on the weights in each subgroup using the
Cochrane Handbook for Systematic Reviews version 6.0
[20]. Using the random effect models in a single mean
meta-analysis, we estimated the mean differences of
deviation for each outcome variable and a forest plot for
all outcomes. Several comparisons were made between
freehand and different CAIS approaches. The mean dif-
ferences were calculated for the planned/placed deviation
(Angular deviation, horizontal deviation at Platform and
Apex, vertical deviation at Platform and Apex, and global
deviation at Platform and Apex). The mean difference,

standard error (SE), 95% confidence interval (95% CI),
and p-values were reported. We conducted meta-analy-
ses for studies with similar techniques for the same out-
comes and positions using the random effect-models.
All statistical analyses were performed in Stata 17 and

Microsoft Excel, with all statistical significance set at
p<0.05.

Results
Out of 1609 potential articles, 82 were included in the
quantitative and qualitative analysis. Sixty-nine reports
were excluded after full-text assessment. Figure 2 shows
the complete flowchart of the study selection process.
The types of studies included for each system can be
observed in Table 2. A total of 57 studies were included
in this systematic review: 26 RCTs, 22 prospective clini-
cal studies, and nine retrospective clinical studies. Stud-
ies unsuitable for the research question were excluded,
according to Fig. 2.

Five different implant insertion approaches have been
identified, including the free-hand approach and four
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Study K Effect size with 95% CI p-value
Operation type
Freehand 3 —— 1.73[1.36, 2.09] 0.000
dCais 2 —— 0.81[0.58, 1.03] 0.000
sCAIS fully guided 2 s S 0.65[0.36, 0.95] 0.000
sCais pilot guided (PG) 1 —— 1.15[0.87, 1.43] 0.000
Test of group differences: Q,(3) = 24.68, p = 0.00
Authors
Aydemir & Arisan, 2020 2 —— 0.92[0.79, 1.04] 0.000
Stubinger et al., 2014 1 —— 0.52[0.44, 0.60] 0.000
Wei, Li, et al., 2022 1 — 0.68[0.49, 0.87] 0.000
Wei, et al., 2022 1 1.61[1.05, 2.17] 0.000
Younes et al., 2018 3 o 1.29[0.63, 1.94] 0.000
Test of group differences: Q,(4) = 43.16, p = 0.00
Overall ~l— 1.06 [0.73, 1.40] 0.000
Heterogeneity: 1° = 0.20, I” = 95.40%, H’ = 21.72
Test of 8 = 6;: Q(7) = 81.70, p = 0.00

0.|50 1.|00 1.|50 2.60

Random-effects REML model
Fig. 7 Apex horizontal: Combined

types of CAIS. Four of them are based on CAIS: pilot-
drill-guided (pd-sCAIS), partially-guided (pg-sCAIS),
fully-guided (fg-sCAIS), and dCAIS. 18 studies used
freehand, with 631 implants in 452 patients; eight
used pd-sCAIS, with 278 implants in 120 patients; 19
used pg-sCAIS, with 1222 implants in 519 patients; 35
fg-sCAIS, with 2103 implants in 825 patients, and 15
used dCAIS with 1050 implants in 945 patients.,

Most studies compared the accuracy of a single
insertion method with one [9, 21-48], two [49-54],
or three alternative techniques [5, 7, 8, 10, 55-58].
Others reported accuracy independently, without direct
comparison between different insertion methods [59-
94], as presented in Table 3.

25 studies focused on edentulous patients, 23 used
sCAIS, two used dCAIS, and one compared both
approaches. Regarding comparative studies, two studies
compared the sCAIS with/without fixation pins [51, 91].
For the single-arm study, sCAIS with fixation pins were
reported in 6 studies [38, 44, 68, 75, 77, 83].

Seventeen studies were conducted in the meta-analysis,
shows a mean deviation at implant platform and apex
of 1.56 mm (95% CI: 1.38-1.73) and 2.22 mm (95% CIL:

1.89-2.56) in freehand approach, 1.13 mm (95% CI: 0.99—
1.26) and 1.43 mm (95% CIL 1.21-1.66) in pd-sCAIS,
0.72 mm (95% CIL: 0.62-0.81) and 0.86 mm (95% CL:
0.65-1.06) in fg-sCAIS, and 1.01 mm (95% CI: 0.88-1.14)
and 1.36 (95% CI: 0.43-2.29) in dCAIS, respectively.
However, no studies evaluating pg-sCAIS were included.

The mean angular deviations were observed 7.46°
(95% CI: 5.87-9.05) in freehand approach, 5.94° (95% CI:
4.82-7.07) in pd-sCAIS, 3.72° (95% CI: 2.06—5.38) in pg-
sCAIS, 2.57° (95% CI: 2.29-2.86) in fg-sCAIS, 3.67° (95%
CI: 2.63-4.71) in dCAIS and 2.20° (95% CI: 2.06-2.34) in
a combination of fg-sCAIS and dCAIS (Figs. 3, 4, 5, 6, 7,
8,9, Tables 4, 5, 6, 7).

Significant differences in angular deviation were
observed between freehand and all types of CAIS
methods.  Fg-sCAIS  demonstrated  significantly
greater accuracy at the implant platform compared to
both freehand and dCAIS. Additionally, dCAIS was
significantly more precise than freehand at the global
implant platform. However, only fg-sCAIS showed
significantly higher accuracy than freehand for global
implant apex deviations. Tables 8 and 9 summarize
the mean implant accuracy reported across all studies
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Effect size
Study K with 95% ClI p-value
Operation type
Freehand 3 g 0.79[0.40, 1.18] 0.000
dCais 2 —— 0.53[0.35, 0.71] 0.000
sCAIS fully guided 2 —— 0.45[0.35, 0.55] 0.000
sCais pilot guided (PG) 1 e 0.67[0.52, 0.82] 0.000
Test of group differences: Q,(3) = 7.23, p = 0.07
Authors
Aydemir & Arisan, 2020 2 o 0.83[0.28, 1.39] 0.003
Stubinger et al., 2014 1 —— 0.47[0.34, 0.60] 0.000
Wei, Li, et al., 2022 1 e 0.45[0.15, 0.75] 0.003
Wei, et al., 2022 1 o 0.83[0.38, 1.27] 0.000
Younes et al., 2018 3 —— 0.53[0.39, 0.67] 0.000
Test of group differences: Q,(4) = 3.89, p = 0.42
Overall S 0.58[0.46, 0.69] 0.000
Heterogeneity: = 0.02, I”= 62.65%, H = 2.68
Test of 8 = 6;: Q(7) = 18.00, p = 0.01
0.60 0.|50 1.|00 1.:50

Random-effects REML model
Fig. 8 Apex vertical: Combined

included in the systematic review, stratified by fixation
method. The analyses include both all fixation methods
combined and a separate assessment for dental fixation
exclusively (Table 10).

Discussion
CAIS approaches have been developed in implant
dentistry to enhance the accuracy and reliability of
translating preoperative digital implant planning into
precise intraoperative execution, thereby improving
clinical outcomes and procedural predictability. The
findings of the present review indicate that both sCAIS
and dCAIS are reliable techniques, achieving angular
deviations that fall within clinically imperceptible ranges
(95% CI: 2.06° to 5.38°) across all evaluated methods.
According to previous in-vitro studies, deviation occurs
during the initial drilling phase and remains unchanged
throughout the subsequent surgical drilling process in
fg-sCAIS [95]. For pd-sCAIS and pg-sCAIS, the lack of
rigid guidance during drilling increases the likelihood
of larger deviations. In contrast, the flexibility in drill

positioning during freehand and dCAIS approaches
allows for real-time correction of misaligned drills.
In particular, the dCAIS navigation system provides
feedback that can assist in adjusting drill positioning
during the procedure. However, since no studies have
investigated planning changes during the operation, this
factor remains unaddressed. Nevertheless, the findings
of the present meta-analysis indicate that fg-sCAIS
achieved the highest accuracy, a trend that has also been
observed in in-vitro studies [15].

Significant discrepancies exist between the reported
accuracy of clinical and in-vitro studies. In-vitro
studies consistently demonstrate substantially higher
accuracy for dCAIS compared to clinical studies, with
some suggesting that dCAIS outperforms fg-sCAIS
[96]. However, the findings of this systematic review
reveal the opposite trend in clinical settings, where
fg-sCAIS exhibits a greater accuracy. This reversal
may be attributed to confounding factors in clinical
environments, such as patient movement, swallowing,
salivation, bleeding, and restricted mouth opening, which
introduce greater variability in dCAIS performance.
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Effect size

Study K with 95% ClI p-value
Operationtype_new
Freehand 3 — 2.22[1.89, 2.56] 0.000
dCais 2 1.36[0.43, 2.29] 0.004
sCAIS fully guided 2 —— 0.86 [ 0.65, 1.06] 0.000
sCais pilot guided (PG) 1 —e 1.43[1.21, 1.66] 0.000
Test of group differences: Q,(3) = 49.11, p = 0.00
Authors
Aydemir & Arisan, 2020 2 +——e— 2.15[1.48, 2.81] 0.000
Stubinger et al., 2014 1 - 0.77[0.66, 0.89] 0.000
Wei, Li, et al., 2022 1 — 0.88[0.60, 1.16] 0.000
Wei, et al., 2022 1 T 1.94[1.39, 2.49] 0.000
Younes et al., 2018 3 —_————— 1.49[0.85, 2.12] 0.000
Test of group differences: Q,(4) = 35.30, p = 0.00
Overall > 1.53[1.09, 1.98] 0.000
Heterogeneity: 1° = 0.38, I = 96.08%, H” = 25.50
Test of 6 = 6;: Q(7) = 150.46, p = 0.00

0.60 1.|00 2.(I)O 3.|00

Random-effects REML model
Fig. 9 Apex global: Combined

Notably, fg-sCAIS appears to be less susceptible to these
clinical confounders, as its in-vitro accuracy closely
aligns with outcomes observed in clinical studies.

Besides the used CAIS approach, the anatomical
region of the implant may also play an important role.
Some included studies identified significant differences
in accuracy between implants placed in the maxilla
and mandible. Multiple studies reported that implant
placement in the mandible was more accurate than
in the maxilla across various methods, including
freehand, pd-sCAIS, pg-sCAIS, fg-sCAIS, dCAIS, and
combined pg-CAIS with dCAIS [10, 24, 67, 71, 74, 90,
92]. Conversely, other studies noted that while implants
in the mandible exhibited greater accuracy in angular
deviation, those in the maxilla demonstrated reduced
linear deviation during pg-sCAIS [61, 97].

However, implants in the maxilla had significantly less
deviation than those in the mandibula in different stud-
ies [51, 57]. Also, no significant difference was measured
between mandibula and maxilla for implant deviation
during pg-sCAIS or fg-sCAIS [45, 62, 69, 82, 85]. Due
to the outlined studies’ inhomogeneous reporting, a

meta-analysis could not be performed on this topic.
When the implant position was analyzed in the anterior
or posterior region, a more precise result was found in
the anterior region, showing significantly lower deviation
than in the posterior regions for pd-sCAIS, pg-sCAIS,
and fg-sCAIS [45, 67, 71, 90, 91]. Only two studies
reported a larger deviation in the anterior region [74] or
no significant difference between anterior or posterior
inserted implants [65, 85].

A previous systematic review of dCAIS reported an
angular deviation of 3.68°, a global coronal deviation
of 1.03, and a global apical deviation of 1.34 mm [96].
Similarly, a systematic review focusing on sCAIS found
a mean angular deviation of 3.5°, a global coronal devia-
tion of 1.2 mm, and a global apical deviation of 1.4 mm
[98]. The findings of the present systematic review align
closely with the dCAIS results reported in Jorba-Garcia
et al. when considering the dCAIS group. However,
some deviations were observed in comparison to the
sCAIS results from Tahmaseb et al,, likely due to differ-
ences in methodological differentiation within the sCAIS
group. For fg-sCAIS, the results of the present review
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Table 7 Comparison of fg-sCAIS and dCAIS

Page 21 of 26

Position Operation type Operation type Mean difference p-value
fg-sCAIS dCAIS (SE) [95% Cl]
Mean (SD) Mean (SD)
Angular deviation 2.91 (0.96) 3.68(1.19) 0.77 (0.58) [- 0.50 to 2.04] 0.20
Platform horizontal 0.59(0.19) 0.88 (0.07) 0.29(0.15) [- 0,18 t0 0.75] 0.14
Platform vertical 045 (0.03) 0.50 (0.08) 0.05 (0.06) [- 0.22 t0 0.32] 0.51
Platform global 0.72(0.01) 1.01 (0.00) 0.29 (0.01) [0.25 to 0.33] 0.0012*
Apex horizontal 0.67 (0.21) 0.80 (0.16) 0.13(0.19) [~ 0.69 t0 0.94] 0.58
Apex vertical 0.45 (0.03) 0.51(0.08) 0.06 (0.06) [- 0.21 t0 0.33] 0.44
Apex global 0.88 (0.15) 36 (0.67) 0.48 (049) [ 1.61t0 2.57] 043

*Statistical significance was considered achieved when the p-value was less than 0.05

Table 8 Overall studies, deviation of implant platform, apex, and
angular deviation for all fixation methods

Method Platform global  Apex global Angular deviation
Freehand 1.76 mm (1.45-2.07) 2.33 mm (2.09-2.56) 7.21° (6.42-8.00)
Pd-sCAIS  1.62 mm (0.93-2.30) 2.09 mm (1.42-2.75) 5.78°(4.25-7.31)
Pg-sCAIS  1.19 mm (1.02 35) 147 mm (1.31-1.63) 4.23°(3.43-5.03)
fg-sCAIS  1.08 mm (0.92-1.24) 144 mm (1.24-1.64) 3.48°(2.89-4.06)
dCAIS 1.03 mm (0.92-1.14) 1.26 mm (1.10-1.42) 3.77° (2.96-4.58)

Table 9 Overall studies, deviation of implant platform, apex, and
angular deviation for dental fixation only

Method Platform global  Apex global Angular deviation
Freehand 1.76 mm (1.45-2.07) 2.33 mm (2.09-2.56) 7.21° (6.42-8.00)
Pd-sCAIS  1.28 mm (1.06-1.50) 1.76 mm (1.53-1.99) 5.12° (4.08-6.15)
Pg-sCAIS  1.24 mm (0.79-1.68) 1.52 mm (1.05-2.00) 3.26° (2.68-3.85)
fg-sCAIS  0.78 mm (0.60-0.96) 1.20 mm (0.90-1.50) 2.58°(2.10-3.05)

demonstrate significantly higher accuracy than the ear-
lier review. Conversely, the results for pg-sCAIS appear
consistent with those reported in previous reviews.

CAIS with robotics system assistance has been estab-
lished within the last few years [99]. To this point, only
a small number of clinical studies have been performed.
A systematic review of eight clinical studies showed the
potential of robotic CAIS [100]. Concerning the implant
accuracy, a higher accuracy was achieved than dur-
ing sCAIS or dCAIS. However, the improvement com-
pared to the results of fg-sCAIS within this review seems
marginal. Therefore, further well-designed studies are
required to validate and facilitate the broader clinical
application of these integrated robotic systems.

Both dCAIS and sCAIS offer the advantage of accu-
rately translating pre-surgical planning into precise
implant placement. fg-sCAIS is particularly noted

for achieving higher implant placement accuracy and
enhancing treatment predictability. However, it necessi-
tates the use of a dedicated surgical guide, which can sig-
nificantly increase procedural costs. Additionally, sCAIS
has other drawbacks, such as extended preoperative
planning time, the need for manufacturing and imple-
menting specialized tools, and the potential for technical
errors or guide fractures.

Multiple studies have named the 3D printer used to
manufacture surgical templates. However, no study has
reported on the resin material used for 3D printing. The
mechanical properties like the coefficient of elasticity,
fragility, printability, and the resulting accuracy of the
template may depend on the material used during the
printing process. Hence, the printing material could
significantly influence the implant accuracy inserted
with sCAIS or dCAIS. Further parameters can affect
the deviation of different CAIS methods, such as the
generation of patient data via digital or conventional
impression-taking [64, 72, 87], the flap design [80, 81],
the degree of atrophic alveolar [84], the design of the
sleeve structure [39-41, 45] or implant design [93],
and insertion technique [79]. Additionally, different
navigation systems can be used for dCAIS [94]. Further
variables influencing the techniques are smoking habit
[51], movement during CBCT or implant surgery, offset,
and thickness of the static surgical template.

In contrast, dCAIS provides greater intraoperative
flexibility, as it does not require a surgical guide and
allows real-time adjustments. Despite this advantage, it
is associated with a higher risk of implant malposition,
primarily due to potential intraoperative deviations
from the preoperative plan. This inherent risk highlights
the importance of operator expertise and meticulous
intraoperative monitoring when using dCAIS.

The maximal mean error in a single study of global
deviation at implant platform and apex for freehand
was 2.24 mm and 3.60mm, for pd-sCAIS 2.97 mm
and 3.40 mm, for pg-sCAIS 2.34 mm and 2.59 mm,
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for fg-sCAIS 2.05 mm and 2.26 mm, and for dCAIS
1.37 mm and 1.86. Showing a large spread of devia-
tions between the planned/placed implant position.
More than 2 mm deviations do not always cause clinical
issues, but the larger the deviation, the chance grows.
If the available bone does have sufficient quantity and
quality freehand, pd-sCAIS and pg-sCAIS can be used.
If the bone is not sufficient or exact implant positioning
is required, fg-sCAIS and dCAIS can be used to reduce
the deviation from the planned position. A safety mar-
gin of at least 2 mm should be held to prevent any harm
to anatomical structures. In complicated cases, it can
be extended up to 3.60 mm.

The limitations of this study regard the external
validity, the personal experience of surgeons, the small
number of sufficient clinical studies, and the strong
representation of few study centers. The results of this
meta-analysis may be biased since some of the study
groups performed multiple independent studies. Among
them were Schneider et al., Vercruyssen et al., Ozan et al.,
Tallarico et al., Block et al., Wei et al., and Feng et al.
Magrin et al., Pimkhaokham et al. and Cassetta et al..
Additionally, the varying experience levels of surgeons
in implant dentistry, such as using sCAIS templated and
dCAIS navigation systems, may affect clinical implant
accuracy. Since there are various possible combinations
of 3D printers and resins, the results may differ from
those of other adopters. To receive more information
on the implant accuracy deviation, we emailed all
study groups to ask for missing data (Appendix). After
completion, we had only a few studies with sufficient data
for the meta-analysis. Additionally, due to a few clinical
studies applying pd-sCAIS or pg-sCAIS, no significant
differences were found between the pd-sCAIS, pg-sCAIS,
and fg-sCAIS protocols.

Conclusion

Compared to the freehand approach, both sCAIS and
dCAIS improve implant placement accuracy, with
angular deviations ranging from 2° to 6°. Thorough
preoperative planning is crucial for CAIS, especially for
fg-sCAIS, which has shown the highest accuracy than
others. Given that apex deviations of 1 to 2 mm have
been noted in CAIS approaches, a 2-mm safety margin
should be implemented to minimize surgical risks.
While fg-sCAIS is generally regarded as the clinical gold
standard, the limited number of studies on pd-sCAIS
and pg-sCAIS prevents definitive conclusions about
their efficacy. Future clinical research should focus on
evaluating long-term outcomes and cost-effectiveness
to develop evidence-based guidelines for the optimal
application of CAIS techniques.
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