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Abstract

Background: The purpose of this narrative review was to examine the applicability of IOS procedures regarding sin-
gle and multiple fixed implant restorations. Clinical outcomes for monolithic zirconia and lithium disilicate restorations
produced through a direct digital workflow were reported.

Methods: A MEDLINE (Pubmed) search of the relevant English-language literature spanning from January 1st 2015
until March 31st 2020 was conducted. In vitro studies comparing digital implant impression accuracy by different [0S
devices or in vitro studies examining differences in accuracy between digital and conventional impression proce-
dures were included. Also, RCTs, clinical trials and case series on the success and/or survival of monolithic zirconia and
lithium disilicate restorations on implants, manufactured completely digitally were included. In vitro and in vivo stud-
ies reporting on restorations produced through an indirect digital workflow, case reports and non-English language
articles were excluded. The aim was to investigate the accuracy of 10S for single and multiple fixed implant restora-
tions compared to the conventional impression methods and report on the variables that influence it. Finally, this
study aimed to report on the survival and success of fixed implant-retained restorations fabricated using the direct
digital workflow.

Results: For the single and short-span implant sites, [OS accuracy was high and the deviations in the position of the
virtual implant fell within the acceptable clinical limits. In the complete edentulous arch with multiple implants, no
consensus regarding the superiority of the conventional, splinted, custom tray impression procedure compared to the
IOS impression was identified. Moreover, complete-arch I10S impressions were more accurate than conventional, non-
splinted, open or close tray impressions. Factors related to scanbody design as well as scanner generation, scanning
range and interimplant distance were found to influence complete-arch scanning accuracy. Single implant-retained
monolithic restorations exhibited high success and survival rates and minor complications for short to medium
follow-up periods.

Conclusions: The vast majority of identified studies were in vitro and this limited their clinical significance. Neverthe-
less, intraoral scanning exhibited high accuracy both for single and multiple implant restorations. Available literature
on single-implant monolithic restorations manufactured through a complete digital workflow shows promising
results for a follow-up of 3-5 years.
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Background
The origins of intraoral scanning technology (IOS) can
be traced back in the early 1970’s when Dr Francoise

*Correspondence: gmichelinakis@hotmail.com Duret and coworkers pioneered the first dental intraoral
! Private Practice, 5 Plateia Riga Feraiou Sar, 71201 Heraklion, Crete, digitizer to obtain an Optical impression [1] for an indi-
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decades to introduce digital IOS in mainstream clinical
dentistry [2]. Since then, the range of I0S applications
has expanded from single tooth or implant-supported
restorations [3-5] to fixed dental prostheses [6], occlusal
devices [7], removable partial dental prostheses [8, 9] or
complete dentures [10-12] and maxillofacial prostheses
[13, 14]. Nevertheless, a consensus regarding the imple-
mentation of IOS in complete-arch edentulous patients
rehabilitated with multiple dental implants has not yet,
been established [15]. This approach would necessitate
the use of a completely digital implant workflow from
the planning stage to final fit. This workflow begins with
intraoral direct digitization of the soft tissues and the
implants’ position and it continues with the laboratory
steps of computer assisted design (CAD) and computer
assisted manufacturing (CAM). The final prosthesis is
then manufactured in a monolithic design from zirconia,
lithium disilicate or hybrid ceramic materials [2]. For res-
torations in the esthetic zone, minimal porcelain layering
of the framework material can also be employed to over-
come esthetic limitations related to the physical charac-
teristics of zirconia.

The implementation of the direct digital workflow in
fixed implant prosthodontics is not without difficul-
ties. Two main contributing reasons to this are identi-
fied in the literature, one being the variations in partial
and complete-arch digital scanning accuracy of different
IOS devices [16] and also the lack of long-term data on
the success and survival of monolithic single, partial and
complete-arch fixed prostheses [17]. Joda et al. [18] in
a systematic review reported that the number of Rand-
omized Controlled Trials (RCTs) on the subject of com-
plete digital workflow is low and recommendations for
clinical routine cannot be made.

Newer IOS hardware and software versions are con-
stantly being introduced by the manufacturers that claim
improved scanning accuracy, improved user interface
and better patient experience. In addition, new mono-
lithic materials with improved mechanical and physical
properties are introduced to the dental market claiming
better aesthetics and higher long-term success and sur-
vival [2, 19].

The aim of this narrative review was to present an
overview on the current evidence regarding the imple-
mentation of the direct digital workflow in partial and
complete-arch edentulous patients rehabilitated with
implant-supported prostheses. Moreover, this review
attempted to compare IOS accuracy to conventional
implant impression procedures, identify the main clini-
cal factors that influence I0S accuracy and report on the
success and survival of the monolithic zirconia and lith-
ium disilicate restorations produced with this particular
clinical workflow.
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Methods

Search strategy

An electronic search of publications from January 1st
2015 to March 31st 2020 was conducted. The cut-off
point (2015) was selected because the rate of advance-
ment in scanner hardware and software [20] and den-
tal CAD/CAM material science [19] has accelerated in
the past 5 years. The search strategy used a combina-
tion of free-text words. A MEDLINE (PubMed) search
was performed and the search terms together with the
number of records returned are shown in Table 1.

This review included randomized control clinical tri-
als (RCTs), prospective and retrospective clinical trials,
case series and in vitro studies focusing on intraoral
digital implant impression accuracy. In vitro and in vivo
studies comparing different IOS devices in terms of
scanning efficiency were included. Studies comparing
intraoral digitization to conventional implant impres-
sions in terms of accuracy were also included. Reports
on the accuracy of fit as well as on the success and/or
survival of monolithic zirconia and lithium disilicate
restorations on implants, produced through an IOS
impression procedure were also identified and included
in this review. In vitro and in vivo studies looking into
the fit accuracy of restorations produced through an
indirect digital workflow (laboratory scanning) were
excluded. Case reports were also excluded. The search
included only English-language articles. To further
identify any missed articles, the reference lists of the
included papers were screened.

The following questions
addressed in this review:

were formulated and

(a) What is the IOS accuracy in single implant sites.

(b) How does IOS accuracy compare to conventional
impression accuracy in short-span and completely
edentulous implant sites.

(c) What are the factors influencing IOS’s accuracy.

Table 1 Free text terms used in the search strategy

Search terms Number
of records
returned

Free-text

Intraoral scanner AND scanbodies 4

Intraoral scanner AND implants 95

Intraoral scanner AND accuracy 231

Intraoral scanner AND digital workflow 71

Zirconia AND digital workflow 52

Lithium disilicate AND digital workflow 30
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(d) What is the survival and success rate of monolithic
implant-supported restorations manufactured using
the direct digital workflow.

Results

Initial search identified 483 references. After application
of the exclusion criteria, 72 references were eligible to be
included in this review. Data from these studies regard-
ing the type of IOS used, type of conventional impression
used, impression accuracy in pm, type of study, refer-
ence scanner used were extracted and are presented in
Tables 2, 3,4, 5, 6 and 7.

10S accuracy in single implant sites

Several in vitro studies were identified examining the
scanning accuracy of IOS in single-implant edentulous
sites (Table 2). IOS scan accuracy has been studied in
conjunction with the digital manufacturing of the mas-
ter model through rapid prototyping techniques. This
approach necessitates the milling or 3D-printing of the
master model from the IOS scan in order for the resto-
ration to be completed in a semi-digital approach usu-
ally employing a porcelain layering step. Alternatively, a
complete digital workflow utilizing a monolithic restora-
tion and without necessitating the fabrication of a physi-
cal model can be used. Evidence suggests, however, that
neither of these approaches is without discrepancies
and that the final implant position in the virtual or the
physical master model is statistically significantly differ-
ent compared to the analogue position in the cast model,
produced from a conventional impression [21-23]. Man-
gano et al. [23] in a comparative study reported discrep-
ancies in the virtual position of a single implant ranging
from 15+0.8 to 43£11 um depending on the scanner
tested. Deviations of 7-37 um in the final vertical posi-
tion of the single virtual implant were also reported in
another in vitro study by Chew et al. [24] and correlated
to the implant platform placement depth and the scanner
used. In another in vitro study by Chia et al. [25] a 15 N/
cm torque, applied during tightening of the polyethere-
therketone (PEEK) implant scanbody, was shown to alter
the position of the implant as much as 11 (+4.9) um in
an apical direction due to compression of the scanbody
material. The surface matching discrepancies between
the scanbody and the implant platform, have also been
shown to amount to 9-11 um [26, 27], further contribut-
ing to digital impression total inaccuracies.

Additional implant positional discrepancy can be
expected when a physical master model is digitally
produced. Revilla-Leon et al. [28] in an in vitro study
reported that the design of scanbodies significantly
affected the positional accuracy of the implant analogues
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inside the 3D-printed cast. Mithlemann et al. [22] in an
in vivo study reported that the conventional impression
and gypsum production procedure exhibited higher
positional accuracy (32411 pm) of the implant ana-
logue compared to IOS and digital model production
(57£32-176 £120 um), regardless of the scanner and
the rapid prototyping process used for fabrication of the
plastic model. The fact that this was an in vivo study and
that measurements were made on printed/milled models
may have contributed to the un-favorable IOS accuracy
results along with operator calibration. Furthermore,
Lee et al. [29] attributed the implant positional discrep-
ancy to the inaccuracy of friction-fit placement of the
digital implant analogue inside the plastic model. All of
the aforementioned factors can lead to the final implant
crown being over- or infra-occluded therefore requiring
major chairside adjustments [30] or even additional labo-
ratory procedures.

10S accuracy compared to conventional impression
accuracy in short-span implant edentulous sites

Regarding implant-rehabilitated short-span edentulous
sites, several studies have compared the IOS accuracy of
various scanner devices to the conventional impression
accuracy (Table 3). Digital implant impression for short
span prostheses, supported by up to 2—4 implants located
within the same quadrant, has been mainly compared
for in vitro accuracy to an elastomeric impression tech-
nique, utilizing either addition-cure silicone materials
in a single or dual mix technique, or a polyether mono-
phase technique using custom trays [21, 24, 25, 31].
Implant impression posts, in the conventional impres-
sion approach, were usually not splinted. Statistical supe-
riority of the conventional method was reported in the
majority of studies but the accuracy deviation of the IOS
devices ranged from 27 to 66 pm depending on the scan-
ner, whereas for the conventional method the deviation
ranged from 26 to 49 um [24, 25, 31]. To what extend this
statistical significance translates into clinical significance
is not known. In the study by Basaki et al. [21], the IOS
deviation was reported to be 116 (+94) um as compared
to 56 (+£29) pum for the conventional impression proce-
dure but the calculation was performed on the polyure-
thane milled casts that were produced from the digital
impressions. Therefore, additional deviations in the mill-
ing process may have aggravated this discrepancy. In a
recent in vivo study by Alsharbaty et al. [32] the authors
reported statistically significant differences in accuracy
between the conventional and the digital impression
of partially edentulous sites with 2 adjacent implants,
although clinical significance could not be concluded
according to the authors.



Page 4 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

(W ze=1d
Jwr ey =1]) plesaw3
wrl zz=14
uonnjosal /it zz=11) oima
SOI 01 Pa1e[aIod JON S! (wrl og=1d
syuejdwi yole-a13|dwod /i gz =11 ) wediuwQ
Ul SQJ Jo Aoeindoy (wr |1 =14
SOI1=Yyi0 A} /w61 =11) 009¢SD
paJsedwlod a1eindoe aiow (wrgp=1d e dut
SS 249M Q09ESD pUe £SOl 40Q Wopaai4 v/N /i zz=11) €sol] (L =U) oA U] 22e4INS Q€ Ale||Ixew Jouaiue a|bulg [€7] |e 12 ouebuey
sueds SO|
WOl S|9pOoW paj|iw pue
pajuld gg 01 pasedwlod
uomisod uedwi Jo
Aoeindoe 1saybiy ayp (wrl 9/1) SO eAe
pey [apow ueidul (wn 7€) Aesy jersw (wrl gg) sou|
wnsdAB [puoUSAUOD BY | (VS g€ oUW 1€01Q PasO|2 OUOW JaY1aA|od (wrl /G)0I3]l  (S=U) OAIA U] aoepns Q¢ syuejdwirionalsod a1bulS  [z7] e 19 uurwIdIYNN
[opow paj|iu
3U1 01 MO[{IoM [eUBIP
ay1 ybnouyy srebedoud oy
UMOUYS 31aM JOLID Bul||iw
pUE I3uuUeds ‘91eMyos
2ouedylubis
|BD11S11RIS PRUGIYXD JOLID
13UUEDS PUB 2IPMYOS
woly bunjnsal sppow (|]opow uejdwl
P3)|IW Y3 Ul SUOIBLIBA 1915eW) | S URDS YAY ] v/N 0I3]1 (L =U) oAU aoepns Q¢ Aejjixew souaisod ajbulg [0€] e 19 Yooy
uondalIp
[BUOIOD Ul [9POW J3)SeW
0} paljedwod uonisod
anbojeue wuejdwi Jo
1UaWae(dSIp [ed1IaA
2I0W SS PaUGIYXS UBDS Ken Juejdu
SOI Woly S|pow paj|IN 1S UBdS YAY] Pasoja-ouow (jisenbe) Spad 013]l (L =U) oAUl 2oeNs Qe Alejjixew Jopaisod 91buls [6¢] e 19 997
(A>eandde

suoisnjpuod

1sed auo)s) adAy
uoissaidwi anbojeuy

pasn Jauueds

Jauueds 9duai3j9y |eioeaixa/|eioeiiu]

9dA1 Apn1s juswaINsea

uonedipu| IESTEYEIEN]

sanbiuy>3) jeuonnuanuod 03 pasedwod A>eindde sQ| z djqel



Page 5 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

3|geidadde i
wrl go| 01dn jo uoneinsqg
saseaiap Adeindde
SOl ‘saoueisIp Jabuoj Jo4
P21531 SO JaY10
3y} UeY} 31INDDR oW
SS pue Jauueds e 01
91eindde A|gesedwod sou|

[ulpIw ay3 buissoud
Ajjeadsa ‘sajpoqueds
US9M13Q S3DUBISIP
19BUO| YlMm S3583109p
SOl Jo uoisoaud ay |

winjuell| ueyl Janaqg
SI'33d JO Xapu| Aio1oel)Ry
SOldL
03 pasedwlod §S ou Ing
SO 2124NDDR 1SOW 00SESD

AjJeuonuan

-UOD Pa1eald 5158 YUM
SadUIYIP |eulbiew

10 32USIRYIP OU Iyl
PIMOYS $158D Paj|Iud 9y}
"ISASMOY ‘9oUsbBISAIP

4O 592169 G pue OE 1Y
51582 SAIIUYSP 21eINddR
s3] Apueoylubis Alybiy
Ul Pa)Nsai poy1oW
[eubIp ay3 ‘@dusbianip
JO s92169p G| pue 01y
"2I0w pabianlp siuejdul
94} USym 31e4ndde
2Jow sem anbiuysay
[eubip 2y ‘Ajjleubip
pa3eald SISed pa||iu
9y3 Jo Aoeindde ay)
pa1oaye Apuedyiubis
syue|dwl Usamisqg

1eJ1es-05S DNdN
WD

0scd

(@edmLW) 0L Qg ueds|

(wrig| pue
wrl €) YDILDYY oAy
(w09
pue wnrl /1) 42 ani
(wrlog
pue wrl /7) SOD eAe
v/N (wrt oz pue z) g souy

Jo@ anu
ol3|l
V/N SOUL

(wrl €6z-€€7) uedsueq
(wr €0t
-/ || uedsenu| xjz
(Wl €9-/%) 00S€ SD
V/N (wrl 17) ¢ soup

pajulds-uou

(9dourISIp

Buo| pue 1oys)

suejdwi ¢ yum a|qIp
-UeW 21e1uap Ajjelned

(1 Apauusy))
syuejdwil G yum a|qIp
-UeWw 31e1U3pP A||ellEd
syuejdwl ¢ yum a|q
(¢=u) oAU uoieNbue pue IDURISIJ  -IpuBW S1RIUSP A|[BlIEed

(z=u) oA u| 2oueIsig

syuejdwi 9 yum
e||IXew snojniuapa ||n4

syuejdwil € Yum ejjixew
SNoJNIUSPa Ajjened

(=u) oA U] 20euns gg

(so2169p

Sy pue Og'S1’0) suon
-e[nbue JuaIaYIp 7 pue
syuejdwi z yum a|qIp

[S] '|e 12 emezexn4

(€] e 12 266n|4

[#777] "|e 32 ouebuey

25UshISAIP JO JUNOWEe 3y | xiusbe)  ‘Aely uado (jIsenby) SAd 0l3]l (p=u)omAu|] uoieNbue pue dULISI] -uewl 21e3uap Ajjened 9] e 32 un
(A>eindde
158D 3u01s) 2adKy pasn Jauueds
suoisnpuo) Jauueds duUIBYRY  uoissasdwi anbojeuy |eJoelixa/|eioeiiu| 2dA1 Apnis jJuswWAINSe3 uoned|pu| IESITEYEIEN]

sanbjuyda) jeuonuaauod o} patedwod Ad>einde O € 3|qel



Page 6 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

wr 9G > SUOIBIASP MO
SEYNENele)
sAem|e 10U a1am 30U
-13YIP SS INq S1eINddR

2I0W Sem SO JoQ anJ]
Adeindde
SOl 5199y uonenbuy
‘SO| 01 pasedwod
Aoeindoe 1s3ybiy pey
syueiduwy 9)|esed ul sdwil
[BUOIIUSAUOD "sdwl SO
pUE [UO[IUSAUOD YUM

pUNO} 243M SUOILIOISI]
A2eINd2E 1934E 10U PIP

uonenbuy Adeindde Q|
pa1daye yidap juejdul

(wrl £5-97)

(Aesy uado) sbuidod

uedwi paurds
Uo ouoWw JayiaA|od

Jauueds
[erasnput 088 A1AIDY

uoneinby

-uod uo buipuadsp

13AJIS [eGOID [SPOW (wrl €e-81) (Ken
INWD  WO1sNd) ouow Jayiak|od

(wrl 6€-£2) $2Q =il
(Wl G6-€€) wesuwo

uoneinby
-uod uo bujpuadap

(wrl Gp-1€) sou|

(7=u) oA U]

20elns Jd¢

(E=u)ollAU| uollRNBUE pue dULISI]

suuejdwl 7 Yum sa|q
-lpuew 21e1USp Ajjened  [L€] (e 19 luejeybiepy

suopnenbue Jus
-12yIp ¢ pue suejdull

Z yum mef jened [sz] e eyd

‘SO 01 pasedwlod 013] | syrdap Jua
UOIIRIADP SS3) SS pey J9A|IS [BQO|D) |9POWN (Ken IEleENIN -I34Ip 7 pue syuejdwl
suolssaidwl [eUOIIUDAUOD WIND  W0ISND) ouow JayiaA|od sou| (z=u)osIA Ul uonenbue pue adueIsig 7 Yam me[ |einied [zl |18 mayd
uopens yale
[IN4 Y1 01 pasedwiod wrl gl =1d
SOI |8 4o} Jaybiy st youe url |9=1]) JoaganiL
|ered ayy ur AoeInddy (wrlgz=1d
punoy /w86 =1]) wedjuwo
21om uoisdald Ul sadud (wr yz=1d
-1941p SS ON SOl Joylo /wr §7=11) 009¢SD
01 pasedulod ssauan.y (wr yz=1d syuejdwl € yum
13461y SS PRy 009€5D Ioplguess V/N /i og=up)€sou (L =u)oniAul 92BlNS Q€ Uole Asejjixews jeied  [9¢] ‘|e 12 eIbinqu|
S1SBD 9UO1S
01 pajedwlod a1eindoe
SS9 9I9M S158D (€ P3N
‘AoeIND2R 5O 109y 10U
pip uonenbue Juedw|
SOl ueyy (1 Apauusy))
91eINDDE 2JOW A|[edNnsh (wrl 9g) sAesy woisnd swuejdwl  Yyum a(qip
-B1S 219M SUOIssaldul] SAJ 018d yum aseydouow SAd (wrlg)olall (L =u)ollAU| oueIsig -UeW 21e1Uap Ajjeliied [17] e 3@ pfeseg
(A>eandde
1sed au03s) adAy pasn Jauueds
suoisn|puod Jduueds Duddjey  uoissaizdwi anbojeuy |eioeiIxd/[RIORIU| a2df1 Apn1s JUBWIAINSEIN uonedipuj S9DUIDYDY

(panunuod) € 3qey



Page 7 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

uolsidaid id ‘ssauaniy iy ‘d)qedidde jou y/N

s9)s Juedwil SNOJNUSPS |elried

abues 3|ge

-1dad2e |ediuld uiyum
s1 uoissaidwi [euonipes
pue |eybip usamiaq

Keiy uado ‘payurds

ueds Yool
—¢ pue syueidwll
Yim s|qipuewt pue

A>uedaidsip Qg ayL 008d  /papiroid 10U [eLale (wr zg)sou]  (LE=U) OAIA U] 90B4INS Q€ e||IXeud 911U |ellled [¢6] e 12 Buelr
(uosiedwod 10} pasn)
spoyiaul Aely pasopd
uoissaidwr dn-yoid pue uado ui pajulds
A1} P35OJD [PUOIIUSAUOD uou/Aely onsed
pue SO| 01 paledwod XIW [enp (jiIseued) SAd syuejdwl
91BINDOP 2IOW SS SeM (@>ua13j21 Se pasn) Juade(pe Jouaisod 7
uoissaidwr dn-yoid pa1ul|ds/Aeiy dnserd Y1IM 28||IXeW pue $3|q
Aely uado [euoiuaAUOD (leqo|D e2@) WIND XIW [enp (jIseued) SAd €Sol]  (8Z=U) OAIA U] 2doURISI]  -IpuBW A1eIUBP A|eIed  [z€] | 12 A1equeys)y
S)Nsal
31eIndde 3Jow padnpoid
SODBJINS IR YUM
S31POqUEDS [edUPUIIAD
‘ABatei1s ueds suQ ul ||y uj
(wrl gz 1) Adeu
-nd2e Jamo| padnpoid sa1balenls ueds
ueds a|yold duabiaw] JUBJRYIP T pue subisap
(wr /) synsal ApPOQUEDS JUIBYIP €
31eIndde 3Jow padnpoid pue syuejdwl € yam
ABa31ess ueds auQ Ul ||y I #0S SOLY v/N €SOl (L =U)OJUAU| Ddens ¢ pueadurislg  [opowl jeied winjuel| [59] ‘e 12 |910WN
(wrl6z=1d
/wrl 67 =1]) p|eiswi3
wrl ¢ =14
uonnjosal Jwn 6=11) OIMA
SOI 03 pa1e[2102 JON S (wrl ey =1d
youe 919/dwiod syuejdwi Jwirl g€ =11 ) wedjuwQ
Ul SOI 4o Adeinddy (wr z1=1d
SOl 43410 01 paled /it €2=11) 009€5D
-WO0D 31BINdJE 3IoW S§ (wr |[z=1d syuejdwil z yum eyl
2I9M Q09ESD PU €501 40Q wopaai4 v/N sl gz=u1) €soul (L =U)OlIA U] 90B4INS Q€ -Xew snojnjuapa [elded  [€7] ‘|e 12 ouebuepy
Adeindde
snojniuapa Ajjened
10} SSOI 18410 PaULIO)
-12d1n0 P3N pue o] ASEVE=RJIET]!
uopysod 005!
14R1S Y1 WIOJ4 S3seau| 009€SD siapullkd
9oueIsIp bujuueds se Wwesuwo uejdwi 9 yum a|qIp
SUORRIAID 1GIYXe SSOI IV O3UNYDSO09J91S V/N €50U]  (L=Uu)omAul souelsig -Uew 31e1usp Ajjened [£¥] e 1o wiy
(A>eandde
1sed> duoys) adfy pasn Jauueds
suoisn|puo) Jauueds dUIRY  uoissairdwi anbojeuy |eioeaXd/|RIORIIU| 2dA) Apn1s JUBWIAINSEIN uonesipu| CERIVEYETEN|

(panunuod) ¢ ajqel



Page 8 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

SOl wed
-lUwQ ueyl o21e4ndoe

2J0W SS SeM SO Jod =Ni |

suolssaidw 4 [euon
-USAUOD 01 pasedwod

(wrl gg1) (Aesy usdo

91BINDOP 2IOW SS dIIM (sondo wo3snd) pajulds (wrigl) Jog anip syueidwil G yum
suolssaidwl 4 SOI [ebig 1IBWS) 088 ANAIDY ouow Jay3ak|od (wrl gp) weduwO (L =U) OIUA U] 9284INS g€ 3|gIpuBW SNOJNIUSPT [F€] e 19 UWY
wrl g/ =14
/wrl 9| =11) Jo@sniL
uonenls ydJe ||n4 ayx (wr z6=1d
01 patedwlod SO |[e 104 Jwrl 99 =11 ) wedjuwQ
19yb1y st yde |einied ayy (wrl g9=1d
up A5eanddy "SO| J2Y10 /wr 09=11) 009£SD sjuejdul
01 pasedwlod Aoeindoe (wr =14 9 UM e|jixew
19ybiy SS Pey 009€SD 1oplyuens V/N Jwrt/9=1])gsoul  (L=u) oAl 92BlINS O¢ SNOJNJUSPS Ydie |In4 [ov] '[e 39 eibinqu
Adeindde (wrl 19) wesuwQo
youe ||ny buipiebal (wnl G€) Jog anuL syuejdwl
oM A1an pawioyiad (wr 71 1) SOD ene 9 Yum 3|qipuew
SO| uoneIauab JamapN RIENIN] v/N (wr gg) zsol] (L =u) oAUl 9284INS g€ snojniuspa ydle |In4 [t '|e 12 aybamapuep
AoeIndoe O 1098
lou pIp s93169p G1-01
01 dn suone|nbue
juejdwi sdwiy jeuon
-USAUOD pajul|ds-uou pajuljdsun
01 21eINJdE 2I0W SS /pa1ul|ds [9A9] JUBW
2I9M Y10g "suoissaidull -INQy OUOW JaY19K|0d
1ue|dwl |PUOIIUSAUOD pajuldsun/paiulds syueidw
pa1ulds o1 Jejiwis [9A3] Juejdul S Yyum s|qipuewl [e€]
A>eINdde Ul pa3Nsal SO ouIdW| €01 ! Ueds| ouow Jayiak|od Zsol]  (L=u)oniAul 9284INS g€ Snojniuspa yale ||n4 ‘|e 39 soxeplAdseded
Adeindoe
v4 J2ybiy payussald x47
Jauueds Jsayli
Yam Adeindde uj $adua
-I9441p uedYIubIS yum
P31e120558 10U 249M
yrdap 1uejdwi pue syuejdwl
‘uonenbue yueidwi 4oy xady uedsenu| X47 uon 9 1M e||IXew
-e15do sy Jo sdusuadx3 e1S1ID) OAOINUA WIND V/N ssaibold g€ (L =U) 0llA U] -e|nbue pue aduLrISIg SNojNIUSPS ydie ||n4 [8] "|e 19 ZoUBWID
A>5eIndde dU3N|YUl
s ou pip 3uawade|d jo
yidap pue uopenbuy syueidu
"AoeINDDe paduaNjul xady uon 9 YlM ejjIxeul [69]
s 9duaadxa Joleladp 151D 0AoINUN NIAD v/N SOD AR (| =U)OlIA U -e|nbue pue adurISIg SNOINIUSPa YdJe N4 ‘| 18 Z3|PZUOD-ZausWio)
(A>eandde
1sed> du0)s) adfy pasn sauueds
suoisn|puo) Jauueds DuUaIRRY  uoissairdwi anbojeuy |eJoea1X3/[RIORIIU| adA) Apn1s jJusWRINses| uonesipu| EERVEYETEN|

sanbiuy>3) jeuonnuanuod 03 pasedwod A>eindde sQ| ¥ djqel



Page 9 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

suolyelolsal uejdull
-9|dninwi ‘yaue-||ny 1oy
PaJapISUOD Ajjediul aq
1yb1w pue ‘s|gesedwod
sem syue|dwi |exusp
payi1 pue 1ybrens
10} sayoeoidde
Bupjew-uoissaidwi
[BUOIIUSAUOD pUE SO
9y3 Jo Adeindde 8y |

pasn 1ou

sem ABa1el1s [eIdYO SOIYL
21eJNDdR 1SOW

93 A]|BD1S RIS SEM 03] |
Buluueds ydJe ||ny 1oy

SOl ||e o uoisaid moT

A2eInd2E S| 3dUBNYUI
10U S20p uolenbue
juedwi Adeindde 5O
9oUaN|ul 10U S0P
uonOauUod ueidwl Jo
9dA] "pasold SAd ueyy
91eINdDE 20U SS S|
uado SAd Aeuy pasopd
pue uado SAd ueyy
31RINDIE 3IOW SS SeM SO

ueds Jo
Y1bua| sy U1 asealdul

YlIM pasealou] suonelrsd
AdeIndoe /4

[e2P3IN 31831 WD

WD SSI9Z 48D

08 210D SOy
WD PUe [BASIA ININD

Kes1 uado woisnd

yum yioq dais a1buls 34

XIW [enp SAd

V/N

(Keny pasopd pue
uado) sAeJy WoISND
YHUmXIW [enp SAd

Jagani

(wrl g1) 210D SOy
(wrl 1) 0la]l

(wr L 1) € souL

(wrl €9) ouow ¢ sou|

€ sou|

(="Uu) o1IA U]
(L=u) oAUl
(z=u)onu

oouelsig

oouelsig

uon
-e|nbue pue aduessiq

suole|nbue us

-I941p Yum syuedul

9 pue ¥ Ylm sjspow
Je|ngipuew snojnusp3

syue|dwl G Yam 1sed
AJe||IXew snojniusp3

(Uonoauuod

uobexay [eulaixe

pue paqo|i) yoes

siue|dw & yum ey
-Xeul snojnuspa A|in4 ¢

syuejdwl

[€9] |2 12 A1NeuD

[05] 10 33 1jleAIny

le€l e 12 Iseyiy

SOl Uesw dusnjjul 1ou 00€ DND Ysel4 9 yum s|qipuewu
pIp 9ouaLadxa JojesadQ adodsuews WINDO v/N (wrlzg-1¥) J2ganil (L =U) OIIA U| duelsig winluell snojniusp3 [09] '|e 39 B2D01D
Aoeindde
S1294Je (Yoie ||ny)
9dUelSIp UedS Aoeindde
9dUaN Ul 10U S0P Sa
-pogqueds Jo uole|nbuy
“AoeIndDe s10ayje Apoq xady uon syuedwil 9
-Ueds 3|qISIA JO 9ZIS S| R1S1ID) OAOINUA NIND v/N (wrlo/)jo@anil  (L=u) oAUl -e[nBue pue SDUEISIJ  YIM B||IXeW SNOJNIUSP3 [29] '|e 19 ZauUsWID
(K>eandde
1582 9Uu03s) adfy pasn Jauueds
suoisnpuo) Jauueds DUIBRY  uoissaidwi anbojeuy |eJoelixa/|eioeiu] ad£y Apnis juswiaInseapy uonedipu| LERIEIETEH]

(panunuod) ¢ 3|qey



Page 10 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

SOl Y1 Jo Adeindde
ay3 Jo Juspuadapui si
3]y IndIno 3y Jo zIs Y|

sueds ydle
[INJ Ul SISLI0 UBY} I}
-19q pawloylad SOf awos

sanbiuyda1 y1oq

40 AdeInde 3yl IaMO|

a1 ‘suejdul Usamisg
90UBISIP Y1 J9BUO| 3y

Aio10ejS11es aue

sanbiuysal y1oq (1 01

WWD 2dodg1ewS

V/N

aduelsIp

1uejdwiaiul 9y3 uo

Buipuadap wr g9-0z
pa1uljds-uou

(wri gy 1) OIMa

(wrl 101) plelawg
(Wl 19) 009£SD
(wrt Z01) 005€SD
?Cl ﬁvmv mm@_@O\_&Qm
(wrl | 2) wesuwQ
(wrl L1€) Jog aniL
(wr z¢) € sou|.

adURISIP
juejdwiiaiul 943 Uo
Bulpuadap (wr gy |

(1 =u) oAy

ERCITIN
ag pue 2uessig

S3IPOQURDS 9 LM
1583 YNNG Jeinqip

-UeW SNOJNIUSP3 ||N4 [1S]|e193I041Q

dn) syuejdwi Juadefpe Jo MeYSBUIUSH NIND (Reay uado) Jay3ak|od -l7)uoniuygaganil (L =u) oAU aouelsig  sauejdwl 9 yum [spoly [0%] | 18 ebanQ-yoay
10U JO UBDS 343 Ul
a1eed ay3 Jo uoisnpul syue|dwl 4 Yum
AQ pa123ye 10U SI 4 uon 158D Ale||IXRW duey}
syuejdwil -4 Jo AoeINDDY as11Inod v/N soul (L =u)olAul -ejnbue pue aduURISIg  -24nAjod SNOJNIUSPS [|N4 [S/] '|e 1@ oxownzIy
(wr 19=14
/wrl g9=1]) p|esswi3
uon wrl ||| =14
-Njosal SO O} polej2I02 /it z6=11) OIMA
LON ! v4 syuejdud (wrt68=1d
Ul SQJ Jo Aoeinddy /w07 =11) WeduwO
Se]RELte] (wrl ge=1d
0} pasedwod yse ||n4 Jwr y=11) 009£SD
Ul 91eJNdJe 3I0W S (wr g =14 syueidul 9 yum
QUM 009€SD PuB £SOU|L 400 Wopoai4 V/N Jurgp=1[) € soll  (L=u)oniAuj 9284INS Q€ BJ|Ixew SNojnIuspa A|jn4 [€2] e 10 ouebuey
SO| 01 pasedwod
suolssaidwi a1eindde
3o padnpo.d uols syueidw
-saidul Kesy paqunds pajul|ds-Aely woy 9 YUM e|jixew
-uado |euoIUDAUOD INND BINIUOD  -snd ‘ouowl |isenby SAd c€soll (L =u)olAul aouelsig SNOJNIUSPS YdJe [|n4 [9€] ‘e 1 Wiy
UORIOISIP SOI
9onpas djay Aewl souey
-sIp Juedwi buiseanag
SOl 01 paied 0060
-Wod AdeINdDE J9119q GX so7u|
pey sdwi [eUOIIUSAUOD 00pde [[lwels) syuejdwl
d1eindde (Kesy uado) pazuiids JElGENIN 8 puUB 9 Yum sjppow
SS9 SS Sem Jag ani|. (Mmeysiuay) WIND ouowl Jayiak|od SOl (z=u) oAUl 2ocuelsig youe ||ny KJefixeiy [/€] e 19 uel
(K>eandde
1sed auols) adAy pasn Jauueds
suoisn|puod Jauueds DUIRYRY  uoissaidwi sanbojeuy |eioe1xd/[eloRIU| adfy Apnis JUBWIAINSEIN uonedipuj SaDUDIDYDY

(panunuod) ¢ 3|qey



Page 11 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

|dwl z uo sainy

-dNiIsS JiUN-¢ 01 payiwl|
90 p|noys syuejdwi 10}
suolssaudwil jenbiq Aoel
-ndoe uolssaidul] padua

(wrl 1z=1d)
juswinge
-pauyds-Aesy uado
WwosNd YuMm (1

(wrl 1Z=1d) 009€5D
(W g1 =14d) wesuwQ
(wrl 9| =1d) Jo@aniL

syueidu
9 Y)M [9poul snoj

-nyul buluueds jo sbuey (wi 's=1d) 018Q Juudw|) X1w [enp SAd (wi pz=1d) zsou] (L =u)onA Ul adurIsIg -N1USPS AlB||IXEIN [S€] e 19 IySOAIN
e1ep ay1 buiaiasgqo
10} POY18W 159G 2yl
sem dew Q¢ ay] "pa1sal pleiaw3
sIsuueds ay1 buowe wesuwo syuedwl
PUNOJ 24aM S3OUBIIP JETGENIIN 9 YuM |apoul Jejngip
[EDIUIPD JO [BD1ISIIRIS ON (01e4) WIyURdS 96P3 v/N sou] (L =u)onAul 22e4INs g¢ -UBW SNojN1USpP3 [¢S] e 1o Iwes
(wrl g1 1) soyik
(wrl g€) uedsue|d
(wrizg) ar3
(wrl /€) 1@ ojjody
sasayisoud [eyusp (wrl 617) wedan|g
paxy yoie-213|duwod (wr 7€) wesuwo
pauoddns-juejdwi ioy (wn zo1)ssauboidqg
3|geMNS ale wedan|g (wrl €4) 11eD OUOWI SO |
pue |g ojjody ‘wed (wr of) 1ed J0jod sou| syueidwil 9 yum
-lUWQ 's921A8p SO L 08 4O SOLY V/N (Wl g) pod Iojodsou]  (L=U) OlA Ul 92BJINS dE s|gipuew snojmusp3  [€5] |e 18 nojbouswlig
p210219p Sem Adel
-NJ2e SO Y3} U0 103}
Joiesado Juedylubis oN
‘uonelnap Jejnbue ayy
uolisod uejdull ajiym
SUONPIASP Jeaul| 3y}
pa123ye Apuedyiubis
uonenbue yuedw|
S3NS2J 1SIOM
ay1 buimoys winjuei}
-122d yum ‘winjuen
AQ PaMOJ|0} ‘SIuDUW
-alnseaw Jejnbue pue
Jesul| Y104 uo s1nsai
1539 ay3 buimoys 3aad
yum uoissaudwi jenbip
V4 SOI pasusnyul
Ajpueoyiubls [eualew G ueds uon syuejdwl 9 yum
Apoqueds juejdul 10edwo) SOLY v/N €sol]  (L=u)onAul -e|nbue pue adURISI  Bj|IXeuw sNojnIuaPa A|jn4 [19] e 12 LUNd1Y
(K>eandde
1sed> duols) adfy pasn auueds
suoisnpuo) Jauueds DuUaIRRY  uoissairdwi sanbojeuy |eioeaIX3/[RIORIIU] adA) Apnis jJudWRINSea uonesipu| CERIEIETEY|

(panunuod) ¢ 3|qey



Page 12 of 24

(2021) 21:37

Michelinakis et al. BMC Oral Health

uolsidaid id ‘ssauanuy iy ‘d)qedidde Jou v/
sjuejdwi ajdijnw yum saydie snojnjusps a39|dwiod

ssou

yum 1ng suoissaidudl

SOl 91 ur uoneirsp

|eqolb ayy aseaidul

01 papua} Jaquinu
1ue|dwi ay1 buiseanu|

A>eInde [eDIUIPD 10}

o|geidadoe Ajjeuibiew

SEyoIym Wi 79| sem
uoneIASP SO| US|y

Aoeindoe panoidull
SS salpoqueds paydau
-U02I3UI Y1m ubissp
|eIuUsWIIRdX] 'SUols
-saudwiy [enbip SO| uey}
212JNDDL 2I0W SS oM
suoissaidwi Aesy uado
pa3ullds [euonuUSAUOD

SUBDS 91RJNJDE JIoW
2onpoud Jou pip (d1sed
aInssaid) suonesyipou
9DBJINS 3NSSI1 oS ‘0S|
(191399 21 Jlay100Ws
ay1) AoeIndde saduD
-nyul ubisap Apoqueds

anbiuyoa
Aely uado-auudud))
(SBUIp [BIUSQ) SIS/ SAd YD1 pue AreaH

(wrgl =1d/wr gz=1])
(Kesy usdo)
pajujds (wnbeyis)

(wrl gg1) syuejdui 9
(wr g7 1) syueidwi §
(wrl g 1) syuejdut
(W zol SINY)

Jo@ anil

(pasn Apoqueds
33 uo buipuadsp
(wrigy-£2=1d)
/ur ge-gz=11)

€ SouL

SOl|

(9-1)
swueidwi o|diynuw
yum suaned snojny

2DBJNS JE  -USPR Aleljixeuu ydue [ [8S]"[e 12 ShieplIu0yd

subisap Apoq
-UeDS JUIDYIP € pue
syuedul 4 Yum 1sed

Je|ngipuew snojnusp3 [8€] |e 19 Bueny

316910115 1UBISYIP
 puUe S31POQ UBDS JO
$195 JURIBYIP G YUM
pauueds syuejdull {7

YUM BJ[IXeW SNOjNIUSpP] [99] '[e 32 oyoWINZIN

suoisnjpuod)

000zd 1yb1| pue Annd spd
Q€1 1INOD V/N
(A>eandde

1sed auoys) adAy
Jauueds DUIRYRY  uoissaidwi anbojeuy

pasn Jauueds
|eJoesyxad/[eioeiu|

uonesipu| S9UdIRYRY

(penunuod) ¢ 3jqeL



Michelinakis et al. BMC Oral Health (2021) 21:37

Page 13 of 24

Table 5 Studies on accuracy of 3D printed models with multiple implants

References 3D printers Indication = Measurement

tested

Study type

Reference  Conclusions

scanner

Intraoral/
extraoral
scanner
used

Analogue  Reference
impression cast
(type)

In vitro
(n=1)

Revilla-Leon Distance

etal. [42]

Projet 3510
(POLYJET)
Prodways
Promaker
D35 (DLP)
Objet Eden
(POLYJET)
Infinident
(SLA)

Maxillary
edentu-
lous arch
with 7
implants

In vitro
(n=1)

Papaspyrida-  Form2 Form- Mandibular 3D surface
kos et al. labs (SLA) edentu-
[41] lous cast

with 4

implants

CMM For the 3d
printed
models,
more dis-
tortion was
observed
in the X
axis

DLP and
POLYJET
showed
accuracy
compa-
rable to
stone cast

DS20 (Ren-
ishaw)

Polyether,
splinted

Type IV
gypsum
with (Fujirock)

custom with 7
tray ELOS ana-
logues

Trios 3 N/A Master stone  Activity 880
cast Smart

Optics

the printed
casts had
amean SD
RMS error
of 59 um

The implant
3D devia-
tions of
the printed
casts from
complete-
arch digital
scans had
statistically
significant
differences
compared
with those
of the mas-
ter cast but
may still be
within the
acceptable
range for
clinical
applica-
tion

N/A not applicable, Tr trueness, Pr precision

10S accuracy compared to conventional impression
accuracy in completely edentulous arches with multiple
implants

Complete-arch I0S accuracy of multiple implant impres-
sions has been studied intensively in the past 5 years. The
conventional method, utilizing elastomeric impression
materials and multiple implant impression post splinting,
has been the gold standard against which the accuracy of
various scanners was tested (Table 4). Current evidence
on the superiority of one technique over the other is
inconclusive. There is available research postulating that
IOS of complete edentulous arches with 5 or 6 implants

is either equally or statistically significantly more accu-
rate than conventional elastomeric impressions taken
using impression post splinting and an open custom tray
approach [33-35].This finding is independent of the scan-
ner used, as different IOS technologies such as confocal
microscopy and active triangulation have been tested in
the aforementioned studies. Impression material type is
also non-contributory, as both polyether (PE) and poly-
vinylsiloxane (PVS) high accuracy elastomeric materials
were used. In contrast, there is also available evidence
supporting the significant statistical superior accuracy
of the splinted, open-tray, conventional elastomeric
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impression technique over the IOS impression for com-
plete-arch implant rehabilitation [36-38]. Again, this
finding was irrespective of IOS device and impression
material used. This lack of consensus can be attributed to
factors such as the study design, the different IOS device
software and hardware used or the statistical analysis
employed but it is unclear whether statistical significance
translates into clinical significance.

There appears to be scientific evidence in the avail-
able literature, however, regarding the superiority of the
digital intraoral scanning method in relation to the con-
ventional, non-splinted elastomeric impression tech-
nique using either an open or a closed custom tray for
complete-arch impressions [39, 40]. In a study by Rech-
Ortega et al. [40], the authors stated that despite the
higher accuracy of the digital scanning method, both
techniques exhibited a deterioration when more than 4
implants were involved in the scanning scope. Alikhasi
et al. [39] reported that the digital impression technique
was statistically more accurate than both the direct (open
tray) and the indirect (closed tray) conventional elasto-
meric impression method.

Besides the conventional and the complete digital
workflow for edentulous arches with multiple implants,
there is always the option of producing a 3D-printed or
milled cast from the IOS impression and using this as the
master model. Research on the accuracy of such models
produced using rapid prototyping techniques is scarce
(Table 5). Papaspyridakos et al. [41] in an in vitro study
on the accuracy of 4 implant analogue positions in SLA
(Stereolithography) casts produced through IOS scans,
concluded that the mean deviation of the printed casts
was 59 (+£16) pm. The implant analogue 3d deviations
were statistically significantly different from the mas-
ter model, but still within a clinically acceptable range
according to the authors [41]. In another in vitro study,
Revilla-Leon et al. [42] tested several 3D-printing tech-
nologies for the production of a completely edentulous
maxillary cast with 7 implants. The authors reported
that not all production methods led to results compara-
ble to the conventional gypsum master model in terms of
accuracy. Digital light processing (DLP) and Polyjet 3D
printing technologies with specific 3D printers showed
comparable accuracy to the stone model. Implant ana-
logue deviations ranged from 21 (£ 16) um (Polyjet) to 27
(£20) um (DLP).

Factors influencing 10S accuracy in fixed
implant-supported restorations

Several in vitro studies have been conducted comparing
different scanner devices regarding both partial [43-47]
and complete-arch [23, 44, 48-54] accuracy. Digital
scans from the various IOS devices were compared for
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trueness and precision against the scans from a highly
accurate reference laboratory scanner. Evidence suggests
that scanner type and generation can influence scan-
ning accuracy as some scanner devices exhibited higher
precision (low standard deviation) and higher complete-
arch scanning accuracy compared to others. Neverthe-
less, the majority of newer generation scanners produce
complete-arch accuracy values less than the maximum
150 pum threshold, currently accepted in clinical practice
[45, 55-58].

Several clinical factors contributing to the global devia-
tions in complete-arch intraoral scanning have been
identified and studied in the literature. Operator experi-
ence is one clinical parameter that has been reported to
influence scanning accuracy in a study utilizing an Active
Wavefront Sampling (AWS) technology scanner (Lava
COS) [59] but more recent studies with newer genera-
tion scanners using both AWS and Confocal Microscopy
technology failed to verify this finding, or identify the
clinically relevant level of operator experience [48, 60,
61].

Implant angulation is another clinical factor that has
been extensively studied for its effect on both partial and
complete-arch implant digital impression accuracy. In
the vast majority of studies, where single-part all-PEEK
scanbodies were used as scanning posts for both partial
[21, 24, 25] and complete-arch [33, 39, 48, 59, 62, 63]
digital impressions, scanbody angulation did not affect
scan accuracy. In the contrary, in a study by Arcuri et al.
[61], the authors reported that complete-arch scan accu-
racy was, indeed, influenced by scanbody angulation.
This finding may be attributed to the material of the
scanbodies themselves. The PEEK-titanium scanbodies
that were used in the study, presented the worst overall
accuracy results compared to the all-PEEK and the tita-
nium scanbodies they were compared against, possibly
due to the interlocking between the two parts. In another
in vitro study by Lin et al. [64], accuracy of the 2 implant
analogues position in partial, milled polyurethane casts
fabricated digitally following IOS, was found to be influ-
enced by minor implant angulation (0-15 degrees) but
not by major implant angulation (30-45 degrees). The
authors reported that it is unclear whether the design of
the two-piece scanbodies used in the study attributed to
this result.

Further-on, regarding the design characteristics of
scanbodies, their influence in scan accuracy has been
tested in both partial and complete-arch digital implant
impressions. The refractory and reflective indexes of
all-PEEK scanbodies have been reported to be beneficial
for complete-arch scan accuracy [44, 61]. Additionally,
implant placement depth has not been reported to play
a detrimental role in complete-arch 10S accuracy [48,
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59] assuming the visible part of the scanbody can pro-
vide adequate reference points for IOS registration [62].
Therefore, using scanbodies of adequate length for opti-
mum scan accuracy is indicated [57]. Cylindrical scan-
bodies with smoother surfaces have also been reported
to facilitate IOS digitization by producing less noise as
opposed to scanbodies with irregular shape [65-67].
Recent research has also highlighted the importance of
certain features related to scanbody manufacturing toler-
ances and their effect on the accuracy of the digital IOS
impression. Schmidt et al. [68] have reported significant
differences in design characteristics such as length and
diameter between implant scanbodies of the same manu-
facturer. These tolerances may affect the accurate trans-
fer of implant position and therefore contribute to the
final prosthetic misfit. In addition, Mangano et al. [69]
have reported on the congruence between the IOS mesh
file and the CAD library file of scanbodies when scanned
with different IOS devices. Certain scanners seem to digi-
tize the shape of the scanbody more closely to the actual
CAD library file compared to others. Finally, implant
scanbody reusability is another important parameter that
needs to be consider. Limited evidence regarding all-
PEEK scanbodies suggest that using them up to ten con-
secutive times does not impact on transfer accuracy [70].

Lighting conditions during a scanning session have
recently been reported to influence global scanning
accuracy. Research has shown that each IOS device
scans more accurately in specific lighting conditions
[71, 72] that correlate to its inherent image acquisi-
tion technology. Regardless of this technology how-
ever, precise superimposition or stitching of successive
images is imperative for accurate scan results. This
process is known to produce dimensional discrepan-
cies that are directly related to both the scanning scope
and the interimplant distance. Its effect is multiplied
in complete-arch edentulous jaws with limited refer-
ence points and landmarks among multiple implants as
well as in the mandibular posterior area where scanner
tip access is compromised due to tongue movement and
limited space [73, 74]. Studies on partial-arch digital scan
accuracy have shown that when the range of scan and
interimplant distance increased, the scanning accuracy
decreased [43, 45, 46, 54]. Moreover, increasing scanning
range and interimplant distance have also been reported
to influence complete-arch scan trueness and precision
[35, 40, 50, 60, 62, 75], although the minimum number
of installed implants for an accurate digital impression
has not yet been investigated. The main issue with mul-
tiple implant scanning in fully edentulous arches remains
the difficulty in predictable scanning of the soft tissue
between the fixtures themselves. Mizumoto et al. [75] in a
recent in vitro study have reported that in the completely
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edentulous maxilla with 4 installed implants, including
scanning data from the palate did not result in statisti-
cally significant higher accuracy. In an effort to minimize
discrepancies when scanning edentulous sites among
multiple implants, Iturrate et al. [76, 77] have investigated
the in vitro effectiveness of using an auxiliary geometric
device (AGD) firmly attached onto the implant scanbod-
ies. The authors reported statistically significantly higher
accuracy when the AGD was used regardless of the IOS
scanner tested. Huang et al. [38] in an in vitro study have
also reported improved complete-arch accuracy when
modified, interconnected scanbodies on 4 implants were
used. Motel et al. [65] in a recent in vitro study reported
that scanning for a partial edentulous site with 3 adjacent
implants in a single step (implant position scan only) led
to more accurate results compared to scanning in two
steps (emergence profile scan and implant position scan).
The authors attributed this to the superimposition dis-
crepancies that occur when the two scans are aligned in
the scanner software. Finally, Alikhasi et al. [39] reported
that the type of implant connection (internal or external)
did not influence complete-arch scan accuracy using a
confocal microscopy scanner in a maxillary edentulous
jaw with 4 implants.

Success and survival of monolithic single and multiple
implant restorations manufactured using the direct digital
workflow

Clinical studies regarding implementation of the com-
plete digital workflow have been reported in the lit-
erature (Table 6) with the focus being mainly on the
rehabilitation of single posterior implants following a dig-
ital intraoral impression procedure with or without the
fabrication of a 3D-printed or milled master cast. Mono-
lithic zirconia crowns and monolithic lithium disilicate
crowns have been studied individually or compared to
each other or to a metal-ceramic counterpart for success
and survival.

In the available literature on monolithic zirconia
crowns, success ranged from 92 to 100% and survival
ranged from 97.5 to 100% for a follow-up of 1-3 years
[78-81]. Technical complications such as ill-fitting crown
on a prefabricated abutment, fracture of a cusp, infra-
occlusion, inferior aesthetics and crown de-cementation
were reported. Biological complications were minimal.
A recent in vivo study by Lerner et al. [82] also reported
very promising results for monolithic zirconia crowns
fabricated on hybrid zirconia abutments following an
I0S procedure. Success and survival rates after a mean
of 3 years of follow-up were 91.3% and 99% respectively
with a 1.9% biologic and 5.7% prosthetic incidence rate.

Available literature on monolithic lithium disilicate
CAD-CAM crowns also shows encouraging results.



Michelinakis et al. BMC Oral Health (2021) 21:37

Short-term in vivo studies exhibited a success rate of
89-100% and a survival rate of 100% for a follow-up
of 2-3 years [5, 81]. Technical complications such as
minor chippings were observed. Biological complica-
tions were again minimal.

Joda and coworkers reported on a cohort of patients
rehabilitated with single-implant, porcelain-layered
zirconia crowns following an IOS impression and a
digital model fabrication process [83, 84]. At 3 years
follow-up, both the success and survival rates were
100% and the patients reported high levels of satis-
faction [84]. After 5 years of function however, one
implant was lost leading to a success/survival rate of
95%. Mean bone loss around the implants increased
significantly by 0.23 mm mesially and 0.17 mm distally
compared to baseline [83].

A recent in vivo study reported on the fit of 2,3 and
4-units zirconia fixed partial dentures on 2 implants
following a complete digital workflow [85] (Table 7.)
The authors claimed that interimplant angulation
exceeding 10 degrees could negatively influence the
passive fit of the restorations as opposed to their coun-
terparts, fabricated through a conventional workflow.
Interimplant distance, on the other hand, exhibited no
significant effect on passive fit of either group.

With regard to time efficiency of the digital work-
flow, several studies have reported statistically sig-
nificant shorter clinical and laboratory working times
for the complete digital, compared to a semi-digital
or conventional workflow for single-implant reha-
bilitation [79, 86—88]. Regarding patient satisfaction,
evidence also supported the significantly superior
acceptance of the digital workflow in terms of comfort
and ease of the IOS impression procedure compared
to the conventional elastomeric impression [88, 89],
although the final aesthetic outcome of monolithic zir-
conia restorations has been reported to be inferior to
their porcelain-layered zirconia counterparts [78].

Within the scope of this review, no studies on the
complete direct digital workflow for rehabilitation of
multiple implants in edentulous arches were identi-
fied. Systematic reviews on the success and survival of
implant-supported, zirconia complete fixed dentures
fabricated through a conventional impression work-
flow, suggest that the use of monolithic or minimally
veneered zirconia frameworks may help eliminate fre-
quent complications encountered with veneering por-
celain chipping [90, 91]. Minimal buccal veneering can
also aid in solving the aesthetic problem often encoun-
tered with such designs but this restorative option has
yet to be tested within the concept of the direct digital
workflow.
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Conclusions
Based on this literature review, the following can be
concluded:

The vast majority of identified studies were in vitro and
this limited their clinical significance. Important clinical
factors such as scanning accuracy and prosthesis’s misfit
and their effect on technical or biological complications
can only be studied effectively in longitudinal in vivo
studies. For the single and short span implant sites, the
IOS accuracy was high and the deviations in the position
of the virtual implant fell within the acceptable clinical
limits. When a semi-digital approach was elected, higher
deviations in the position of the implant platform could
be expected due to accumulated discrepancies in the
3D printing or milling fabrication process of the master
model.

In the complete edentulous arch with multiple
implants, there was no consensus regarding the superi-
ority of the conventional, splinted, custom tray impres-
sion procedure compared to the IOS impression. On
the contrary, digital complete-arch impressions were
more accurate than conventional, non-splinted, open or
close tray impressions. 3D-printing of the master model
could induce further discrepancies in the digital work-
flow depending on the printing technology and materials
used.

Newer generation scanners exhibited complete-arch
deviation levels below the current acceptable threshold.
Operator experience was not an influencing factor for
complete-arch accuracy with newer scanners but critical
experience level is yet to be determined. Lighting condi-
tions during scanning can influence IOS device accuracy.

All-PEEK, one-part scanbodies with cylindrical shape,
smooth surfaces and adequate length were preferred.
Implant angulation did not influence IOS accuracy when
scanbodies with the above features were used. Both scan-
body manufacturing tolerances and congruence between
scanbody IOS mesh and CAD file have been shown to
influence scan trueness and precision.

Increasing scanning range and inter-implant distance
can influence scan accuracy. Using auxiliary removable
devices and interconnecting the scanbodies making sure
not to disrupt their shape and size for correct digital reg-
istration, showed promising results. Limited evidence
also suggested that implant connection type did not
influence scan accuracy.

Regarding the complete digital workflow, for single
implants cases, monolithic restorations exhibited high
success and survival rates with minor technical complica-
tions for short to medium follow-up periods (3—5 years).
Patient acceptance and total clinical and laboratory time
efficiency has also been reported to be high. For multi-
ple implants, this workflow has not yet been documented
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adequately for clinical use. Future studies on outcome
measures such as patient acceptance, time efficiency,
and technical and biological complications of multiple
implant-supported prostheses should be conducted to
draw clinical conclusions.
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