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CT
of problem. Intraoral scanners are promising options for removable prosthodontics. However, analog aids, including occlusion
ill used, as a completely digital workflow is challenging and scientific evidence on the topic is scarce.

he purpose of this in vitro study was to assess and compare the trueness and precision of scans obtained from a reference
f a completely edentulous maxilla by using an intraoral scanner (TRIOS 3 Pod; 3Shape A/S) with scans obtained by using a
scanner (DScan 3; EGS S.R.L.) from both Type IV stone casts and polysulfide impressions.

nd methods. The polyurethane resin reference typodont was replicated from a clinical cast and was scanned with a metrological
obtain a reference scan. Ten digital casts were obtained by applying standardized scanning strategies to the reference typodont

traoral scanner. A device was created to make 10 consistent polysulfide impressions, and a scan of each impression was made with
ory scanner and then digitally reversed to obtain 10 digital reversed casts. Ten Type IV stone casts were poured and then scanned
boratory scanner to obtain 10 digital extraoral scanner casts. The scans in standard tessellation language (STL) format were
nto a dedicated software program, and the trueness and precision were calculated in mm. In addition to descriptive statistics
e interval 95%), 1-way ANOVA followed by the Bonferroni test or the Kruskal-Wallis and the Dunn tests were used to analyze
among groups (a=.05).

e trueness values (95% confidence interval) were digital intraoral scanner cast=48.7 (37.8-59.5), digital reversed cast=249.9 (121.3-
digital extraoral scanner cast=308.8 (186.6-430.9); significant differences were detected between digital intraoral scanner cast and
rsed cast (P<.001) and between digital IOS casts and digital extraoral scanner cast (P<.001). The precision values (95% confidence
ere digital intraoral scanner cast=46.7 (29.7-63.7), digital reversed cast=271.2 (94.6-447.8), and digital extraoral scanner cast=341.4
3); significant differences were detected between digital intraoral scanner cast and digital reversed cast (P=.003) and between
oral scanner cast and digital extraoral scanner cast (P=.001).

s. Directly scanning a solid typodont of a completely edentulous maxilla with the intraoral scanner produced better trueness and
han scanning the polysulfide impressions or the stone casts with a laboratory scanner. (J Prosthet Dent 2020;124:761.e1-e7)
Interest in fabricating completely digital complete den-
tures has focused on the use of intraoral scanners (IOSs),
as these may offer faster treatment, better prosthesis
fit, and ease of denture duplication.1 Moreover, the
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fabrication of completely digital dentures based on
computer-aided design and computer-aided
manufacturing (CAD-CAM) technology might offer
time and cost savings,1,2 better mechanical performance,1
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Clinical Implications
Digitizing the completely edentulous maxilla is
feasible with an intraoral scanner, whereas there is
no difference in trueness and precision for scanning
the elastomeric impression or the stone cast with a
laboratory scanner.
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optimum prosthetic fit,1,3,4 and ease of denture duplica-
tion and reproduction.1 Currently, laboratory costs are
still higher than conventional denture processing by
pressing heat-polymerizing resin,1,2,5 as the resin disks
are expensive.

The protocol for a digital complete denture starts by
digitizing an edentulous arch; this can be accomplished
in different ways.6-8 A laboratory scanner can be used to
obtain a file from a conventional stone cast. Alternatively,
the physical impression can be scanned by using a lab-
oratory scanner and then the file reversed to make a
positive digital cast.6-8 A third option is making a digital
scan of the edentulous arch with an IOS.6-12

Studies on digital procedures for completely edentu-
lous arches are still scarce, in particular with regard to
scanning methods, clinical usage, and digitization accu-
racy. The accuracy of a measurement method is described
by trueness and precision.13 Trueness refers to the
closeness of agreement among the mean of a large
number of test results and the reference value; precision
describes the closeness of agreement among intragroup
data obtained by repetitive measurements.13,14 Differ-
ences in accuracy have been reported among different
IOSs,15 between IOSs and laboratory scanners,16 and
between cone beam computed tomography (CBCT) and
laboratory scans.17

Conventional elastomeric impression making and
stone cast pouring lead to inaccuracy of the definitive
cast18,19 because of the expansion, shrinkage, and distor-
tion of impression materials20-24 and/or stone casts.25,26 In
addition, detachment of the impression material from
the tray surface during impression removal,23 transfer to
the laboratory,21 changes in temperature,21,24 and the in-
fluence of disinfection agents27-30 may also lead to errors.
Conversely, the technology of the IOS, the scanning
procedure, and the anatomy of the tissues can affect
accuracy.15,31 When a flat and smooth edentulous ridge
and palatal vault are scanned, the stitching processing
of images or videos can introduce errors because of the
lack of anatomic landmarks.15,31 Accurate border molding
and providing a posterior palatal seal are not currently
possible when using an IOS because a method of soft
tissue displacement is lacking.7,8,10,12

The purpose of the present in vitro investigation
was to compare the trueness and precision of
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different intraoral and extraoral scanning approaches
on a reference typodont of a completely edentulous
maxilla. The null hypothesis was that no difference
would be found in trueness and precision among
the protocols.
MATERIAL AND METHODS

A reference typodont (RT) (Fig. 1) was fabricated by
pouring polyurethane resin (PRIMA-DIE; Gerhò S.P.A)
into a mold of an edentulous maxilla obtained from a cast
used for a clinical purpose and duplicated with a silicone
material (Elite Double 8; Zhermack SpA). Polyurethane
resin was used because of its high mechanical resistance32

and optimal light diffusion.33 The RT was then scanned
with a metrological scanner (Atos Core 80; GOM GmbH)
based on a structured white-light technology with a
working distance=170 mm, point spacing=0.03 mm, and
measure accuracy=±2.5 mm to obtain a digital reference
typodont (dRT) in standard tessellation language (STL)
format.

The RT was scanned by using an IOS (TRIOS 3 Pod;
3Shape A/S) with an accuracy of 6.9 ±0.9 mm. After the
calibration procedure of the IOS, 10 initial scans were
made as a test and then discarded. Subsequently, 10
digital IOS casts (dIOC) (Fig. 2) were obtained by scan-
ning the RT along the ridge of the arch, starting from the
right maxillary tuberosity and ending at the left one and
then continuing on the buccal side and finally on the
palatal vault with a clockwise movement (Fig. 3). One
prosthodontist (G.R.) performed all the scans sequen-
tially with an interval of 10 minutes to rest and allow the
IOS to cool.34,35 The numbers of images per scan varied
between 743 and 1126, and the scanning time was be-
tween 1 and 2 minutes.

Ten conventional polysulfide (Permlastic, regular
body; Kerr Corp) impressions of the RT were made in a
standardized and reproducible way with a dedicated
tester. The solid typodont in polyurethane resin was
hydrophobic and had undercuts at the edentulous crests;
for these reasons, polysulfide was chosen, as it is hy-
drophobic, with reduced rigidity and higher tear strength
and flexibility during removal than polyether, polyvinyl
siloxane, or condensation silicones.6,36-38 A custom
impression tray was made placing a 3-mm layer of wax
(Tenasyle; Associated Dental Products Ltd) onto the RT
as a spacer between the preformed light-polymerizing
resin base (ValSax; Capuozzo S.r.l.) and the RT. The
border area of the impression tray was 2-mm short of the
buccal vestibule.39 The tray was border molded with
modeling plastic impression compound (ISO Functional
Sticks; GC EUROPE A.G.). No handle was designed on
the tray because the tray was secured to the tester base
with 3 cylinders protruding from the external surface of
the tray. The impression trays were replicated with a
Zarone et al



Figure 2. Scan of reference typodont with intraoral scanner. Blue line
represents border line of specimens for superimposition.

Figure 3. Scanning strategy with intraoral scanner. Green arrow indicates
top ridge scanning. Blue arrow indicates scanning strategy of buccal
ridge. Orange arrow indicates scanning strategy of palatal vault.

Figure 1. Reference typodont in polyurethane resin.
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silicone material (ADDISIL A+B 85; Bartolini Dental
Group S.r.l.) poured with an autopolymerizing resin (BI
CRYL COLD N; Bartolini Dental Group S.r.l).

The tester was a custom-made, steel mechanical
precision device with a square support base. Three holes
in the base corresponded to the 3 reference cylinders of
the tray. The base supported 4 perpendicular cylinders,
allowing the upper plate to slide smoothly onto the base.
The upper base had 3 holes to block the typodont to its
lower surface with 3 passing screws. The upper plate was
loaded (49 N) to lock the typodont to the tray containing
the polysulfide. This force was higher than that used
clinically (approximately 10 N)40 but did not compress
the impression material because 4 polyvinyl chloride
tubes were used as a mechanical stop to provide a 3-mm
space. Ten polysulfide impressions were made: manual
mixing time=50 seconds (mixing ratio 1:1); placing ma-
terial into the tray and impression making=60 seconds;
removal of the tray from the tester=15 minutes from the
beginning of mixing. Because the manufacturer advises
pouring an impression between 30 minutes and 8 hours
after impression making and polysulfide-based materials
are dimensionally stable for up to 12 hours,41 each
impression was scanned with a laboratory extraoral
scanner (DScan 3; EGS S.R.L.) using a structured blue
light-emitting diode (LED) after 2 hours. Ten digital casts
(dREC) were obtained by activating the function “Invert
Selected Normals” of a software program (DentalCad
6.2; EGS S.R.L.) (Fig. 4A, 4B).

A Type IV stone (Elite Stone; Zhermack SpA) was
mixed as per the manufacturer’s instructions (150 g
powder, 37.5 mL water, 60-second manual mix, and 30-
second vacuum mix, poured into the impressions, and
removed after 45 minutes). They were immediately
scanned with the laboratory extraoral scanner to obtain
10 digital casts (dEOC) (Fig. 4C). These procedures
were performed in the same room under similar
Zarone et al
environmental conditions (temperature 24 �C, pressure
760 ±5 mmHg, and 50% relative humidity). The same
experienced and calibrated operator (R.S.) made and
poured the impressions. The 3 groups of STL files
(n=10) were imported into an inspection software pro-
gram (Geomagic Control X; 3D SYSTEMS) to calculate
trueness and precision in mm.

All the STL files were imported into a dedicated
software program (MeshLab v2016.12; ISTI-CNR) by
using the dRT as a guide to cut the surplus surfaces of
each digital experimental cast. The border line of speci-
mens for superimposition was delineated at the boxing
line of the native cast from which RT was obtained
(Fig. 2). The dRT and every digital cast were imported
into Geomagic Control X to be superimposed (Fig. 5),
indicating dRT as “reference data” in the software
program.42
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 4. Scans tested. A, Scan of physical impression in polysulfide with
laboratory scanner. B, Digital cast (dREC) obtained from inversion of scan
of polysulfide impression. C, Scan of stone cast with laboratory scanner
(dEOC). dEOC, digital extraoral scanner cast; dREC, digital reversed cast.
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The 2 digital casts were superimposed in the software
program by activating the function “initial alignment”
and then the function “best-fit alignment,” which
aligned the 2 digital casts with a minimal distance be-
tween the superimposed surfaces.43 Then, the “3D
compare” function was activated, and the value of
standard deviation (SD) was chosen from the “tabular
THE JOURNAL OF PROSTHETIC DENTISTRY
view-3D compare.” The SD value calculated by the
software program indicated a mean between the positive
and negative deviations resulting from each superimpo-
sition of the digital surfaces, and the mean of the SD
values was chosen to evaluate the trueness and pre-
cision.6,34 With this procedure, a color map was created
to visualize the displacement between the super-
imposed digital casts (Fig. 5). For each experimental
group, the trueness was calculated as the mean of the
SD values resulting from the superimposition of each
cast and the dRT. The precision was evaluated as the
mean of the SD values recorded after the superimpo-
sition between each cast of an experimental group and
the cast that recorded the best result of trueness in the
same group. Therefore, all the scans of the same group
were superimposed onto this selected cast, whose
trueness corresponded to the actual reference value
for precision.6,34

Statistical analysis was performed with a statistical
software program (IBM SPSS Statistics, v25; IBM Corp).
Both for the evaluation of trueness and precision,
descriptive statistics (mean, standard error, 95% confi-
dence intervals), and confirmatory factor analysis tests
were determined. The sample size was determined to be
appropriate for factor analysis by using the Kaiser-
Meyer-Olkin (KMO) measure of sampling adequacy
and the Bartlett test of sphericity. Thus, the KMO value
should be higher than 0.500 and the chi-square value of
the Bartlett test must be significant at a=.05.44 The
Shapiro-Wilk test was used to check data normality, the
Levene test was run to evaluate variance homogeneity,
and the 1-way ANOVA followed by the Bonferroni test
or the Kruskal-Wallis and the Dunn tests were run to
evaluate the statistical significance of the differences
among the groups (a=.05).
RESULTS

The trueness and precision of the KMO statistic were
0.572 and 0.650, respectively, values higher than the
recommended 0.500, and the Bartlett test was statistically
significant both for trueness (P=.009) and precision
(P=.007). The results for trueness are summarized in
Table 1; mean values were not normally distributed for all
groups of scans, as detected by the Shapiro-Wilk test
(P<.05). The Levene test showed no homogeneity of the
variances (P=.002) for the different groups. A log10
transformation of the data was performed because the
assumptions on the normal distribution and the homo-
geneity of the variances were violated to evaluate dif-
ferences with a 1-way ANOVA. After this trans-
formation, the Shapiro-Wilk test detected a normal
distribution (P>.05), and the Levene test reported ho-
mogeneity of the variances (P=.079). Furthermore, the
Bonferroni test detected statistically significant
Zarone et al



Table 1.Mean with 95% CI for trueness measures in mm by scanning
methods

Type of Cast Mean Lower-Upper Bound (95% CI) Standard Error

dIOC 48.720 37.876-59.564 4.793

dREC 249.960 121.349-378.571 56.853

dEOC 308.820 186.641-430.999 54.009

CI, confidence interval; dEOC, digital extraoral scanner cast; dIOC, digital intraoral
scanner cast; dREC, digital reversed cast.

Table 2.Mean with 95% CI and actual reference values for precision
measures in mm by scanning methods

Type of
Cast Mean

Lower-Upper Bound
(95% CI)

Standard
Error

Actual Reference
Value

dIOC 46.767 29.780-63.754 7.366 32.4

dREC 271.250 94.606-447.894 74.702 97.6

dEOC 341.438 175.500-507.375 70.175 136.9

CI, confidence interval; dEOC, digital extraoral scanner cast; dIOC, digital intraoral
scanner cast; dREC, digital reversed cast.

Figure 5. Evaluation of trueness and precision: Best superimposition for each group of scans. Green areas indicate minimum displacements of ±0.04
mm of digital cast compared with reference data. Red areas indicate outward displacement of +0.4 mm. Blue areas indicate inward displacement of -0.4
mm. dEOC, digital extraoral scanner cast; dIOC, digital intraoral scanner cast; dREC, digital reversed cast.
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differences between the means values of dIOC and dREC
(P<.001) and between dIOC and dEOC (P<.001).

The results for precision with the actual reference
values are summarized in Table 2; mean values were not
normally distributed for all groups of scans, as detected
by the Shapiro-Wilk test (P<.05). The Levene test
showed no homogeneity of the variances (P=.002) for the
different groups. A log10 transformation of the data was
performed because the assumptions on the normal dis-
tribution and the homogeneity of the variances were
violated to evaluate differences with a 1-way ANOVA.
After this transformation, the Shapiro-Wilk test did not
detect a normal distribution (P<.05), whereas the Levene
Zarone et al
test reported homogeneity of the variances (P=.083). The
Kruskal-Wallis (P<.001) and the Dunn tests were per-
formed with the Bonferroni correction, and statistically
significant differences were detected between the means
of dIOC and dREC (P=.003) and between dIOC and
dEOC (P=.001). P values of post hoc comparisons are
reported in Table 3.

The trueness and precision were better with the IOS
than with the laboratory scanner. No significant differ-
ences were detected between scanning the polysulfide
impressions or the stone casts. From the analysis of the
color maps (Fig. 5), dREC and dEOC exhibited more
displacement than dIOC. Particularly, outward
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 3. Post hoc comparisons among scanning methods

Accuracy (Log10) Type of Scan P

Log10 trueness dIOC dREC <.001*

dEOC <.001*

dREC dEOC .696

Log10 precision dIOC dREC .003*

dEOC .001*

dREC dEOC 1.00

dEOC, digital extraoral scanner cast; dIOC, digital intraoral scanner cast; dREC, digital
reversed cast. *Statistically significant differences (P<.05).
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displacements were detected at the buccal vestibule up to
400 mm, and inward displacements were observed at the
palatal vault and on the top of the edentulous crest up to
320 mm.

DISCUSSION

The null hypothesis that no difference would be found in
the trueness and precision among the various scanning
typologies tested was rejected because statistically sig-
nificant differences were detected between the means of
dIOC and dREC (trueness: P<.001; precision: P=.003)
and between dIOC and dEOC (trueness: P<.001; preci-
sion P=.001). The evaluation of trueness and precision
obtained with different digitization techniques showed
that scanning the typodont directly with an IOS (dIOC)
was more accurate in terms of trueness and precision,
with statistically significant differences compared with
the reverse scans of the physical impression (dREC) and
with the scans of the stone casts (dEOC), both with a
laboratory scanner. These results could be explained by
the absence of material distortions when direct scanning
with an IOS, particularly the negative effects of both
polysulfide25,26 and stone20-24 deformation on the final
accuracy.

Although significant differences were detected,
because of the experimental and comparative nature of
the present investigation, the clinical impact of these
differences may be small. The findings suggest no dif-
ference for trueness and precision in scans performed
with a laboratory scanner among the polysulfide im-
pressions and the corresponding stone casts, in spite of
the mean of the polysulfide impressions showing values
of trueness and precision better than the stone casts.
Moreover, the tested IOS has better trueness and preci-
sion than conventional impression making for recording
the test cast, notwithstanding the limitations of a solid
object. However, using an IOS in the oral cavity causes
passive and excessive displacements of soft tissues,
making the definition of the denture borders
inaccurate.7,8,10,12

Limitations of the present investigation included its
in vitro design with a solid polyurethane typodont. Fac-
tors, in particular, the temperature, humidity, optical
features, resilience, and mobility of soft tissues, related to
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the intraoral anatomic limitations and to the oral envi-
ronment were not taken into account. Moreover, the
experimental impressions were made at room tempera-
ture, making them more accurate than clinical impres-
sions because of the absence of the thermal contraction
of the impression materials from the intraoral to room
temperature.45 Further experimental studies with a larger
number of specimens should be made to confirm the
outcomes of the present investigation.

CONCLUSIONS

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

1. Direct scanning of a solid typodont of a completely
edentulous maxilla with an IOS produced better
trueness and precision than indirect digitization of
both polysulfide impressions and stone casts with
an extraoral laboratory scanner.

2. With the extraoral laboratory scanner, no significant
differences in trueness and precision were detected
between the scans of the polysulfide impressions
and of the corresponding stone casts on the refer-
ence typodont.
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