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Intraoral scanners (IOSs) have been incorporated into
dental procedures.1-4 However, handling decisions such

as IOS technology,5-7 ambient lighting conditions,8-10
ambient temperature changes,11 length of the digital

ABSTRACT
Statement of problem. Varying complete-arch digital-implantescanning techniques have been described, but their accuracy remains
uncertain.

Purpose. The purpose of this in vitro investigation was to assess the effect of the implant angulation and impression method (conventional,
intraoral digital scan, intraoral scan with a splinting framework, and combining cone beam computed tomography [CBCT] and intraoral scan)
on the accuracy of complete arch implant recording.

Material and methods. The following 2 casts were obtained: one with 4 parallel (P group) and the other with 4 angled (up to 30 degrees)
implant abutment analogs (NP group). Both the casts were digitized (7Series Scanner) (control file). The following 4 subgroups were created:
conventional polyether impression with a splinted framework (CNV subgroup), intraoral scan (IOS subgroup), intraoral scan with a splinting
framework (S-IOS subgroup), and intraoral scan combined with CBCT scan (CBCT-IOS subgroup) (n=10). For each file, an implant-supported
bar was designed and imported into a program (Netfabb) to perform linear and angular interimplant abutment measurements. Two-way
ANOVA (Analysis of Variance) and Tukey tests were selected to examine the data (a=.05).

Results. Implant angulation (P=.010) and impression method (P=.003) significantly influenced the linear trueness. The P group (112 mm)
obtained better linear trueness than the NP group (144 mm). The CNV subgroup obtained the best linear trueness, while the IOS and
CBCT-IOS showed the worst trueness. Group (P<.001) significantly influenced angular trueness. Group (P=.009) and subgroup (P<.001)
influenced the linear precision. The P group (72 mm) obtained better linear precision than the NP group (91 mm). The IOS subgroup
obtained the best linear precision. Group (P=.034) significantly influenced the angular precision. The P group (0.46 degrees) had higher
angular precision compared with the NP group (0.60 degrees).

Conclusions. Implant angulation and the impression methods tested, impacted the accuracy of the complete-arch implant recording. Parallel
implants had better trueness and precision values than nonparallel implants. The conventional impression method showed the best trueness
and precision. Among the digital implant scan methods assessed, the S-IOS and CBCT-IOS subgroups acquired significantly better trueness
and precision than the IOS subgroup. (J Prosthet Dent 2022;-:---)
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scan,12,13 scanning protocol,14,15 clinician skills,16-18 and
features of the surface digitized19-22 can affect the accu-
racy of intraoral scanning. Additionally, implant angula-
tion23-27 and depth,28 interimplant distance,28-31 and
implant-scan body design are factors that can also reduce
scanning accuracy for implant-supported restorations.30-
34

Diverse techniques have been described that aim to
improve IOS scanning accuracy for implant-supported
restorations, including splinting implant scan bodies
and merging intraoral digital scans with cone beam
computed tomography (CBCT) images.35-41 However,
the accuracy of these techniques for complete-arch digital
scans remains unclear.

The objective of this investigation was to assess the
effect of the implant angulation (parallel or angled up to
30 degrees) and recording method (conventional
impression, intraoral digital scan, intraoral digital using a
splinting framework, and intraoral digital scans com-
bined with CBCT scans) on the trueness and precision of
complete-arch implanterecording techniques. The null
hypotheses were that the trueness and precision values
of the complete-arch implanterecording methods tested
with the different implant angulations assessed would
not be significantly different.

MATERIAL AND METHODS

A completely edentulous maxillary cast was obtained. A
computer-aided design (CAD) program (Dental Systems
2021, Model Builder; 3Shape A/S) was used to design 2
definitive casts (P and NP groups). An implant abutment
analog (Transepithelial implant analog digital model;
Avinent Implant System) was located in the right and left
first molar, and right and left canine positions at the same
apicocoronal height and 3 mm apical to the gingival
margin of the diagnostic denture tooth arrangement. In
the P group, the implant abutment analogs were placed
parallel, while in the NP group, the implant abutment
analogs were located with up to 30 degrees of angulation.

The virtual cast designs were fabricated by using a
model resin (Nexdent Model 2.0 & Nexdent Gingiva
Mask; 3D Systems) and a printer (Nexdent 5100; 3D
Systems) according to the manufacturer’s instructions.
Subsequently, an implant abutment analog

(Transepithelial implant analog digital model; Avinent
Implant System) was placed on each analog housing. The
cast bases were filled with Type IV dental stone (GC
Fujirock EP; GC) after mixing 100 g dental stone with 22
mL of water under vacuum for 30 seconds as per
manufacturer recommendations. The casts were kept at
23 !C for 48 hours (Fig. 1).42

A previously calibrated scanner (7Series Desktop
Scanner; Dentalwings) was used to digitize the casts (P
and NP groups) by following the manufacturer’s proto-
col. First, a new implant abutment scan body (Trans-
epithelial 4.8 scanbody; Avinent Implant System) was
tightened to 15 Ncm (Torque wrench; Avinent Implant
System) on each implant abutment analog by following
the instructions of the manufacturer. Then, the reference
or control files were acquired. The accuracy of the scan-
ner was reported by the manufacturer to be 15 mm.

The following 4 subgroups were created depending
on the complete-arch implanterecording method used to
duplicate the definitive implant casts: conventional
impression (CNV subgroup), intraoral digital scan (IOS
subgroup), intraoral digital scan using a splinting
framework (S-IOS subgroup), and intraoral digital scan
combined with CBCT scan (CBCT-IOS subgroup)
(Table 1).

For the P-CNV and NP-CNV subgroup specimens, a
total of 10 splinted frameworks and 10 custom trays were
fabricated by using light polymerizing composite resin
material (Triad, clear; VOCO GmbH) (Fig. 2).43 An
implant impression abutment (Impression Coping 4.1
Open tray, Non-Engaging; Avinent Implant System) was
tightened to 15 Ncm (Torque wrench; Avinent Implant
System) on each implant abutment replica on the cor-
responding cast according to the manufacturer’s
endorsed protocol. Subsequently, a splinting framework
was attached to the impression abutments with light-
polymerizing acrylic resin (Conlight; Kuss dental).43
Then, an open-tray polyether impression (Impregum
Polyether Impression Material Penta; 3M ESPE) was
obtained at room temperature.44 The impression was
poured with Type IV dental stone (GC Fujirock EP; GC).
The cast was recovered after the dental stone had entirely
set. These procedures were repeated until 10 specimens
had been obtained in each subgroup.

For the P-IOS and NP-IOS subgroup specimens, a
new implant scan body (Avinent Transepithelial 4.8
scanbody; Avinent Implant System) was placed and
tightened to 15 Ncm (Torque wrench; Avinent Implant
System) on each implant abutment analog, on each
corresponding cast. The geometric bevel of the implant
scan body was oriented toward the lingual surface.26 A
total of 10 successive digital scans were acquired by using
an IOS (TRIOS 3, Pod, v. 1.7.19.0; 3Shape A/S) under
controlled ambient lighting illumination of 1003 lux
(Fig. 3).8-10 The device had been previously calibrated by

Clinical Implications
The accuracy of complete arch intraoral implant
digital scans might be improved by implementing
additional procedures, such as splinting frameworks
or combining the scans with CBCT files, especially in
unfavorable clinical situations such as when
restoring angled implants.
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following the manufacturer’s protocol before the first
scan of each subgroup.11 All the IOS digital scans were
acquired by a restorative dentist (M.G.-P.) with 8 years of
previous experience with IOSs. The scanning protocol
was performed by following a zigzag method.45-47 These
procedures were repeated until 10 STL files or specimens
had been obtained in each subgroup.

For the P-S-IOS and NP-S-IOS subgroups, 10 initial
digital scans were captured by following the same
methodology as for the P-IOS and NP-IOS subgroups.
Then, 10 splinted frameworks (MedicalPlate; MedicalFit)
were used by following the technique described by
Gómez-Polo et al.41 Titanium abutments (Temporary
Abutment Nonengaging; Avinent Implant System) were
placed on the P and NP definitive implant casts to ac-
quire the P-S-IOS and NP-S-IOS subgroup specimens.
They were attached to the splinted framework with
autopolymerizing acrylic resin (Conlight; Kuss dental).
This procedure was repeated 10 times per subgroup
(P-S-IOS and NP-S-IOS subgroups) to obtain 10
frameworks with splinted titanium abutments per group.
A digital implant analog (ScAnalog; Dynamic Abutment)
was attached to each titanium abutment, and each
specimen was digitized by using the same IOS (TRIOS 3,
Pod, v. 1.7.19.0; 3Shape A/S). Finally, each digitized scan
of the titanium abutments was aligned with the initial
intraoral scan to acquire the definitive P-S-IOS and NP-
S-IOS file (Fig. 4).

For the P-CBCT-IOS and NP-CBCT-IOS subgroups,
the digital scans were obtained by combining intraoral
digital scans and CBCT images. A total of 10 consecutive
CBCT (CS9300; Carestream Dental LLC) and IOS
(TRIOS 3, Pod, v. 1.7.19.0; 3Shape A/S) scans were ob-
tained. The intraoral scans were obtained by following
the same protocol as in the P-CNV and NP-CNV sub-
groups. The corrected definitive implant cast was ob-
tained by following the technique previously described by
Gómez-Polo et al39 (Fig. 5).

The control file and experimental digital scans were
imported into a software program (exocad v 2.2 Valetta;
Align Technology). The implant scan bodies were aligned

using the corresponding implant scan body from the
program library. An implant-supported bar was designed
and exported in a standard tessellation language (STL)
file format. Each implant-supported bar design was im-
ported into a program (Netfabb, v. 2021; Autodesk) to
obtain 6 linear interimplant abutment analog measure-
ments and 3 angular calculations among the 4 implant
abutment analogs. Trueness was outlined as the average
discrepancy in implant position between the control file
and experimental scans.26,48,49 Precision was defined as
the measurement variations for each subgroup or stan-
dard deviation (SD).26,48,49

The Shapiro-Wilk and Kolmogorov-Smirnov tests
showed that the data were normally distributed (P>.05).
Two-way ANOVA and the pairwise comparison Tukey
tests were used to examine the trueness and precision
data (a=.05). All statistical analysis was accomplished by
using a statistical software program (IBM SPSS Statistics
for Windows, v26; IBM Corp).

RESULTS

The linear and angular trueness are described in Table 2.
Regarding linear trueness evaluation, 2-way ANOVA
showed that the groups (P and NP groups) (df=1,
MS=0.019712, F=6.98, Contribution=5.75%, P=.010) and
subgroup (implant impression method) (df=3,
MS=0.04247, F=5.01, Contribution=12.92%, P=.003)

Figure 1. Definitive implant casts. A, P group. B, NP groups. NP, nonparallel; P, parallel.

Table 1. Characteristics of tested complete-arch implant recording
methods
Group Recording Method

CNV Splinting framework
Open custom tray
Polyether impression material

IOS Intraoral scanner (TRIOS 3, Pod, v. 1.7.19.0; 3Shape A/S)

S-IOS Splinting framework (MedicalPlate; MedicalFit)
Intraoral scanner (TRIOS 3, Pod, v. 1.7.19.0; 3Shape A/S)

CBCT-IOS CBCT (CS9300; Carestream Dental LLC)
Intraoral scanner (TRIOS 3, Pod, v. 1.7.19.0; 3Shape A/S)

CBCT, cone beam computed tomography; CNV, conventional; IOS, intraoral scanner; S,
splinted.
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were significant factors in the linear trueness values ob-
tained. A significant interaction between group and
subgroup (df=3, MS=0.07315, F=8.63, Contribu-
tion=21.73%, P<.001) was found (Fig. 6A).

With respect to the group factor, the Tukey pairwise
comparison exhibited significant linear trueness value
discrepancies among the tested groups. The P group (112
mm) had higher linear trueness compared with the NP
group (144 mm). Additionally, the CNV subgroup had the
highest linear trueness (lowest linear mean discrepancy)
value, but the IOS and CBCT-IOS exhibited the lowest
trueness (highest linear measurement discrepancy) value
(Table 3). The linear trueness values of the CNV and S-
IOS subgroups were not significantly different (Fig. 6B).

Regarding angular trueness evaluation, the 2-way
ANOVA indicated that the group (df=1, MS=10.8865,
F=38.67, Contribution=31.89%, P<.001) was a significant
factor in the angular trueness values obtained among the
tested groups (Fig. 6C). The Tukey test exhibited no
significant angular trueness differences among the
different tested groups (P>.05) (Fig. 6D).

The linear and angular precision values are described
in Table 4. Regarding linear precision evaluation, 2-way
ANOVA indicated that the group (df=1, MS=0.007765,
F=7.22, Contribution=4.76%, P=.009) and subgroup
(df=3, MS=0.015846, F=14.74, Contribution=29.85%,
P<.001) were significant factors in the linear precision
values obtained among the tested groups. A significant

Figure 3. Representative intraoral digital scan (IOS subgroups). A, P group. B, NP groups. NP, nonparallel; P, parallel.

Figure 2. Representative conventional procedures (CNV subgroups). A, Splinting framework. B, Open-custom tray. C, Complete arch polyether implant
impression.

4 Volume - Issue -

THE JOURNAL OF PROSTHETIC DENTISTRY Gómez-Polo et al



interaction between group and subgroup (df=3,
MS=0.009524, F=8.86, Contribution=17.81%, P<.001)
was found (Fig. 7A). The Tukey multiple pairwise com-
parison test exhibited significant linear precision differ-
ences among the different groups evaluated. The P group
(72 mm) had higher linear precision compared with the
NP group (91 mm). The IOS subgroup had the highest
mean discrepancies in linear precision among all the
tested groups (Table 5) (Fig. 7B).

Regarding angular precision evaluation, the 2-way
ANOVA showed that the group (df=1, MS=0.41116,
F=4.65, Contribution=5.16%, P=.034) was a significant
factor in the angular precision obtained (Fig. 7C). The
Tukey multiple pairwise comparison test indicated
significant angular precision differences among the
different tested groups. The P group had higher
angular precision (0.46 degrees) than the NP group
(0.60 degrees). The Tukey multiple pairwise comparison
test revealed no significant differences in angular pre-
cision among the different subgroups assessed (P>.05)
(Fig. 7D).

DISCUSSION

Based on the results of this investigation, parallel im-
plants had significantly higher mean trueness and pre-
cision values than nonparallel implants. Additionally,

significant trueness and mean precision discrepancies
were found among the tested, complete-arch implante
recording methods. Thus, the null hypotheses were
rejected.

Previous investigations have examined the impact of
implant angulation on IOS accuracy, reporting higher
scanning accuracy with parallel implants.23-27 A recent
systematic review assessed the effect of the implant po-
sition on the accuracy of complete arch implant recording
techniques.24 Eight in vitro investigations were included
based on the inclusion criteria; however, 4 studies re-
ported that implant angulation had no impact on
intraoral scanning accuracy. Nonetheless, the remaining
4 studies did not provide information on implant angu-
lation or on whether the definitive implant reference cast
had the implant analogs positioned parallel.24 The au-
thors concluded that increased implant angulations (15
degrees) could impact IOS accuracy and that clinical
studies were needed to comprehend the connection be-
tween implant angulation and IOS procedures.

Recent in vitro studies have reported higher trueness
and mean values of precision on parallel implants when
compared with angled implant positions, when per-
forming complete arch intraoral digital scans.26,27 Simi-
larly, this in vitro investigation revealed better trueness
and mean values of precision with parallel implants
compared with angled implants. Parallel implants had a

Figure 4. Representative intraoral digital scan with splinting framework (S-IOS subgroups). A, Scan of digital implant analogs screwed to titanium
abutments and secured to scanning splint. B, Original scan superimposed to scanning splint considering implant positions. C, Deviations in scan body
locations between original scan (pink) and scanning splint (gray). D, Definitive digital implant cast after segmentation of original scan based on
scanning splint implant locations.
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linear trueness ±precision mean value of 112 ±72 mm and
nonparallel implants (up to 30 degrees) 144 ±91 mm, but
no significant differences were measured between the 2
tested implant angulations. The results of the present
study were consistent with those of previous publica-
tions; however, only the IOS subgroup could be directly
compared because those research methodologies were
similar.26,27

In the present study, 4 different complete implant
recording methods were compared. The conventional
method had the best mean values of accuracy with a
linear trueness ±precision of 99 ±65 mm and an angular
trueness ±precision of 1.15 ±0.53 degrees. Among the
digital implant scanning methods assessed, the S-IOS
and CBCT-IOS subgroups obtained significantly better

mean values of trueness and precision compared with the
IOS subgroup. The S-IOS subgroup had a linear trueness
±precision of 118 ±67 mm and an angular trueness
±precision of 0.88 ±0.49 degrees, while the CBCT-IOS
subgroup had a linear trueness ±precision of 133 ±71
mm and an angular trueness ±precision of 1.06 ±0.49
degrees. The worst accuracy values were computed in the
IOS group with a linear trueness ±precision of 163 ±124
mm and an angular trueness ±precision of 1.19 ±0.53
degrees, errors that were not clinically acceptable, indi-
cating that the method cannot be recommended for
complete-arch implant-digital scans.

Complete-arch intraoral scanning accuracy of different
IOSs technologies has been evaluated,23-38,41 but limited
information is available regarding the accuracy of CBCT
images for acquiring implant position.39,40 The majority of
studies have reported higher intraoral scanning accuracy
when splinting the implant scan bodies compared with
nonsplinting intraoral digital scan methods,23-38,41
consistent with the results of the present study.

Table 2. Trueness values for linear and angular measurement
discrepancies obtained among different tested subgroups

Group Subgroup

Mean ±SD Linear
Measurement

Discrepancies (mm)

Mean ±SD Angular
Measurement Discrepancies

(degrees)

P CNV 100 ±32 0.94 ±0.55

IOS 96 ±36 0.68 ±0.23

S-IOS 128 ±35 0.60 ±0.24

CBCT-IOS 126 ±35 0.59 ±0.25

NP CNV 99 ±70 1.36 ±0.94

IOS 230 ±85 1.69 ±0.59

S-IOS 108 ±56 1.17 ±0.54

CBCT-IOS 140 ±49 1.54 ±0.51

CBCT, cone beam computed tomography; CNV, conventional; IOS, intraoral scanner; NP,
non-parallel; P, parallel; S, splinted; SD, standard deviation.

Table 3. Tukey post hoc multiple comparison results for linear trueness
mean values obtained among tested subgroups
Subgroup Mean Linear Measurement Discrepancies (mm)

CNV 99b

IOS 163a

S-IOS 118b

CBCT-IOS 133a,b

CBCT, cone beam computed tomography; CNV, conventional; IOS, intraoral scanner; NP,
non-parallel; S, splinted Means with different letters are significantly different (P<.05).

Figure 5. Representative intraoral digital scan combined with CBCT scan (CBCT-IOS subgroups). A, CBCT scan. B, Isolation of digital implants position
from CBCT scan. C, Placement of digital scan bodies on implants from CBCT scan. D. Sectioning of original scan based on implant positions obtained
with CBCT scan. CBCT, cone beam computed tomography.
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The accuracy of CBCT imaging for capturing the 3-
dimensional implant position for fabricating complete-
arch implant-supported prostheses was evaluated in a

Table 4. Precision values for linear and angular measurement
discrepancies obtained among different tested subgroups

Group Subgroup

Mean ±SD Linear
Measurement

Discrepancies (mm)

Mean ±SD Angular
Measurement Discrepancies

(degrees)

P CNV 65 ±26 0.94 ±0.55

IOS 82 ±45 0.68 ±0.23

S-IOS 61 ±22 0.60 ±0.24

CBCT-IOS 80 ±13 0.59 ±0.25

NP CNV 66 ±37 1.36 ±0.94

IOS 166 ±53 1.69 ±0.59

S-IOS 72 ±27 1.17 ±0.54

CBCT-IOS 64 ±14 1.54 ±0.51

CBCT, cone beam computed tomography; CNV, conventional; IOS, intraoral scanners;
NP, non-parallel; P, parallel; S, splinted; SD, standard deviation.

Table 5. Tukey post hoc multiple comparison results for linear precision
mean values obtained among tested subgroups
Subgroup Mean Linear Measurement Discrepancies (mm)

CNV 65b

IOS 124a

S-IOS 67b

CBCT-IOS 71b

CBCT, cone beam computed tomography; CNV, conventional; IOS, intraoral scanner;
NP, non-parallel; S, splinted. Means with different letters are significantly different
(P<.05).
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cadaver study.40 Five implant-supported frameworkswere
manufactured with 6 implants per framework. Passive fit
of the framework was assessed by 2 operators using a 1 to
10 scale related to the detection of screw-friction when
seating the framework screws and direct clinical assess-
ment with an explorer, and by assessing periapical radio-
graphs and digital photography. The authors reported
good fit on 3 frameworks and slight discrepancies on the
remaining 2 specimens. However, the authors did not
provide accuracy values for the tested digital scan; there-
fore, comparisons with this study were difficult.

Based on the results of this study, the S-IOS subgroup
has statistically similar accuracy values to those of the
CBCT-IOS subgroup (P>.05). However, the CBCT-IOS

technique requires radiation exposure. Nevertheless,
additional in vitro and cadaver studies are necessary to
assess the accuracy of the CBCT-IOS technique.

Limitations of this investigation included the in vitro
experimental design and that a single IOS was used.
Additionally, the conventional impressions of the CNV
subgroups were obtained under room temperature con-
ditions, which might have influenced the results ob-
tained.44 The thermal contraction of the impression
material from mouth to room temperature was not
modeled in the present study, making the conventional
impression technique more accurate than it might be
expected clinically.44 Furthermore, the research meth-
odology did not include the computer-aided design
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(alignment between the implant scan body of the digital
scan and the implant scan body of the CAD library) and
manufacturing procedures (additive or subtractive
methods) for fabricating complete-arch implant-
supported prostheses. Therefore, higher discrepancies
may occur when fabricating implant-supported prosthe-
ses. Clinical studies are suggested to further assess the
impact of different complete arch implant recording
techniques including IOSs and photogrammetry
technologies.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. The implant angulation and impression methods
tested, influenced the accuracy of complete-arch
implant-supported prostheses.

2. Parallel implant position exhibited significantly
better trueness and precision mean values
compared with nonparallel implant position (up to
30 degrees).

3. The conventional implant impression method
showed the best trueness and precision mean
values. Among the digital implant scanning
methods assessed, the S-IOS and CBCT-IOS sub-
groups had significantly better trueness and preci-
sion mean values than the IOS subgroup.
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