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Abstract

Objectives: The aim of this in vitro study was to evaluate the accuracy of intraoral im-
pressions obtained using the Trios 3Shape® (3Shape Trios, Copenaghen, Denmark) and
Carestream CS 3600™ (Carestream Dental, Stuttgart, Germany) scanners, compared with
traditional polyvinyl siloxane (PVS) impressions. A laboratory scanner served as the gold
standard. Materials and Methods: The study was based on 3D-printed master models
derived from partially edentulous clinical cases previously treated at our department
(2017-2022). All cases required at least two implants. Data analysis was performed using
one-way ANOVA and two-sample Z-tests (o« = 0.05) to compare mean deviations and
variability. Results: All techniques demonstrated high accuracy, with deviations from the
reference point below 30 um. The digital intraoral scanners (Trios 3Shape® and Carestream
CS 3600®) showed superior accuracy compared with PVS analog impressions, with no
statistically significant difference between the two I0S systems. Conclusions: Within the
limitations of this in vitro study, both IOS systems and PVS analog impressions achieved
clinically acceptable accuracy. Digital systems exhibited improved performance in terms of
mean deviation and consistency. The higher accuracy and consistency of digital impressions
may translate into improved clinical efficiency and prosthetic fit in implant rehabilitations.
From a clinical perspective, these in vitro findings suggest that digital impressions may
enhance prosthetic fit and workflow efficiency, though further in vivo validation is required.
Clinical significance: This study supports the reliability of intraoral scanning compared
with conventional impressions in implant-supported rehabilitations. By demonstrating
high intrinsic accuracy, these findings contribute to optimizing digital workflows in im-
plant dentistry and reinforce the potential of intraoral scanning in static computer-guided,
flapless implant surgery. Trial registration: Ethical approval and trial registration were not
applicable to the present in vitro investigation, as no patients were directly involved in
the experimental phase. The digital data used to generate the laboratory master models
originated from a separate clinical study conducted at ASST Santi Paolo e Carlo, Milan
(Ethics Committee approval no. 1361, 12 July 2017; ClinicalTrials.gov registration, Unique
Protocol ID 1361).

Keywords: digital dentistry; CAD/CAM dentistry; implant restorations; dental scanner;
intraoral digital impression
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1. Introduction

In recent decades, the field of dentistry has undergone a transformation thanks to
the advent of digital technology. Digitalization is profoundly revolutionizing the way
clinicians deliver care to patients and how dental procedures are planned, performed, and
evaluated. This digital revolution has brought countless benefits for patients, improving
diagnostic accuracy, optimizing treatments, and overall making the chairside experience
more comfortable [1,2].

One of the first steps toward digitalization was the introduction of Cone Beam
Computed Tomography (CBCT), which enabled the acquisition of highly accurate three-
dimensional radiographic images while significantly reducing patients’ radiation exposure.
However, it would be limiting to consider CBCT merely as a diagnostic aid. When ac-
quired, it should be seen as an entry point into the CAD/CAM system. The introduction
of CAD/CAM systems in dentistry has radically changed the design and manufacturing
processes of prosthetic devices. After acquiring the patient’s impression—either digitally or
through a traditional analog method later digitized via laboratory scanners—the clinician
can use CAD software to design the prosthetic devices. The design can then be sent directly
to a 3D printer or milling machine, allowing for the rapid production of customized devices.
This new approach can eliminate cumulative errors typically associated with the lengthy
processes of traditional methods [3,4].

The digitalization of the CAD/CAM production workflow was ultimately completed
with the introduction of intraoral scanners (I0S). These systems have significantly reduced
the time required to take impressions and have made communication with the dental
laboratory much faster and more efficient [5,6].

Despite the remarkable technological advancements and increasingly promising
clinical outcomes achieved through digital workflows, the scientific literature has ques-
tioned the differences between traditional analog methods and digital ones. However,
current evidence remains inconsistent regarding the accuracy (trueness and precision)
of digital versus conventional impression techniques in implant-supported rehabilita-
tions. Several studies and reviews report high or comparable accuracy for 10S relative
to PVS in many clinical/in vitro settings [7-9], whereas other investigations highlight
limitations for full-arch or multi-implant spans (e.g., cumulative stitching and strategy-
dependent errors), sometimes favoring conventional approaches for long spans [10-12].
Moreover, direct head-to-head comparisons between different IOS systems and conven-
tional PVS under standardized conditions are still limited; specifically, evidence comparing
Trios3Shape® and Carestream CS 3600™—two widely adopted scanners with distinct
acquisition technologies—remains relatively scarce, although available in vitro data do
exist [13,14].

In this in vitro experimental protocol, intraoral scanners (IOS) are compared with the
current gold standard for impression taking, represented by traditional analog impressions.

The objective of the present study was to evaluate the accuracy of the Trios3shape®
and Carestream CS 3600TM intraoral scanners, as well as the traditional analog impression
using polyvinyl siloxane (PVS). The impressions and scans were taken from different
implant cases treated prospectively. The null hypothesis is that there are no significant
differences in accuracy among the different impression techniques.

2. Materials and Methods

This in vitro study was based on 51 master models obtained from partially edentulous
clinical cases previously treated at the Implantology and Prosthodontics Department of
the University of Milan. Digital and conventional impressions were compared under
standardized laboratory conditions. The master models were generated from digital



Prosthesis 2025, 7, 162

30f16

patient data (CBCT and intraoral scans), but no patients were directly involved in the
experimental phase; therefore, ethical approval and informed consent were not required
for this in vitro analysis.

Ethical approval and trial registration were not applicable to the present in vitro in-
vestigation, as no patients were directly involved in the experimental phase. The digital
data used to generate the laboratory master models originated from a separate clinical
study conducted at ASST Santi Paolo e Carlo, Milan (Ethics Committee approval no. 1361,
12 July 2017; ClinicalTrials.gov registration, Unique Protocol ID 1361). STROBE guide-
lines were followed (https:/ /www.equator-network.org/reporting-guidelines/strobe /)
(accessed on 7 July 2023). Trend statement checklist was completed [15].

2.1. In Vitro Procedure

For each printed master model, implant scan bodies were positioned before scanning
with Trios3shape® scanner. A polycarbonate model was printed and implant analogs were
positioned in the master model.

The master model was the starting point for all measurements: a total of 4 scans were
performed. This study proceeds independently of the clinical management of cases, as it is
an in vitro study. The operator was aware of which scanner was being used during each
scan. No blinding of the operator or outcome assessor was performed. All included models
were analyzed; no data were lost. No protocol deviations occurred during the study. No
adverse events or unintended effects could occur due to the in vitro design of the study.

1.  Reference scan: Scan bodies were screwed on the master model, and a scan using a
laboratory scanner (the Concept Scan Top™) was performed.

2. Trios3shape® scan: Scan bodies were screwed on the master model, and a scan using
Trios3shape® scanner was performed.

3.  Carestream CS 3600TM scan: Scan bodies were screwed on the master model, and a
scan using Carestream CS 3600TM scanner was performed.

4. Analogical transfers were screwed on the implant analogues of the master model, a
standard impression with polyvinylsiloxanes (PVS) was taken, and a dental stone
model was obtained. Scan bodies were screwed on the stone model and scanned with
the laboratory scanner (the Concept Scan Top™).

To verify the accuracy of the 3D models printed after digital scanning and those from
the analog impression, the reference model used, due to its near-zero error, was the Concept
Scan Top™ laboratory scanner. A surface analysis was performed by superimposing the
STL files using Gom Inspect (Zeiss®, Oberkochen, Germany). After an initial manual
pre-alignment of each individual impression with its corresponding reference impression
obtained using the laboratory scanner (Figure 1a,b), the data were superimposed using the
Best-Fit technique (Figure 2a—c). This method relies on algorithms that recognize and align
homogeneous surface areas shared by both models. This approach ensures image alignment
that is independent of the operator’s skill and guarantees accurate superimposition. The
operator was aware of which scanner was being used during each scan. The distance
measurements between the models were performed and expressed in millimeters (mm).
The Gom Inspect software provided the distance value for each point, the mean value for
each model, and the standard deviation.
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Figure 1. (a,b) Selection of points to be overlapped by the operator.
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Figure 2. (a—c). Best fit performed by the software according to internal algorithms.

2.2. Statistical Analysis

The statistical analyses were performed using AnalystSoft StatPlus® (AnalystSoft
Inc., Alexandria, VA, USA, Version 1). Using Gom Inspect by Zeiss® (Zeiss, Oberkochen,
Germany), the mean deviation values from the reference file were calculated for each
model. They were expressed in absolute terms. In the present investigation, for each of the
three test techniques (TRIOS®-3Shape, CS 3600® Carestream Dental, and PVS), the average
values obtained from the superimpositions of 51 models ere calculated, resulting in the
mean deviation of each method from the reference.

For each impression technique, the surface deviation between the test model and the
reference model was computed using the Best-Fit alignment algorithm implemented in
GOM Inspect (Zeiss®, Oberkochen, Germany). The software calculated the linear distance
between corresponding surface points of the two superimposed STL files. The mean
deviation for each model was defined as the arithmetic mean of the absolute distance values
(in pm) of all surface points, while the standard deviation described the dispersion of these
values around the mean. Thus, each master model provided one mean deviation value,
representing its overall trueness relative to the reference scan.

For data analysis, a one-way ANOVA test and a two-sample Z-test were applied, with
a significance level () set at 0.05. These tests were used both to compare the mean distances
and to assess the standard deviations. Each technique was considered accurate if its mean
deviation was less than 30 um.

3. Results

A total of 51 models were analyzed. Table 1 reports the mean deviation (trueness)
and standard deviation (precision) values for each impression technique. Both intraoral
scanners—Trios 3Shape® and Carestream CS 3600®—showed lower mean deviation and
variability compared with the conventional PVS impressions. Specifically, mean £+ SD
values were 13 & 79 um for Trios 3Shape®, 12 + 82 um for CS 3600%, and 25 =+ 213 pm
for PVS.
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Table 1. Absolute values in millimeters of the mean deviations for each model, corresponding
standard deviations, and final average values for the three impression techniques.

TRIOS3hape® Carestream3600° PVS

Media DVS Media DVS Media DVS
0 0TAGI 0.03 0.08 0.02 0.09 0.01 0.16
1 1MAFA 0.01 0.06 0.00 0.05 0.04 0.13
2 2DESA 0.00 0.07 0.03 0.10 0.03 0.14
3 3MOSA 0.02 0.06 0.01 0.07 0.05 0.24
4 4ANCA 0.02 0.08 0.01 0.09 0.05 0.19
5 5DEDO 0.02 0.08 0.02 0.08 0.04 0.35
6 6RIMA 0.01 0.09 0.01 0.10 0.03 0.24
7 7CATA 0.00 0.08 0.00 0.08 0.02 0.20
8 8GIPE 0.00 0.08 0.01 0.12 0.00 0.32
9 INILU 0.01 0.07 0.01 0.13 0.03 0.18
10 10ALSA 0.00 0.12 0.02 0.12 0.01 0.23
11 1INEDA 0.01 0.07 0.01 0.05 0.04 0.25
12 12MEYU 0.04 0.13 0.01 0.08 0.04 0.24
13 13NAGI 0.01 0.08 0.01 0.08 0.01 0.23
14 14SCSA 0.00 0.07 0.00 0.07 0.02 0.33
15 15YUME 0.04 0.11 0.01 0.07 0.01 0.14
16 16CAAN 0.01 0.08 0.01 0.08 0.04 0.20
17 17DISA 0.01 0.07 0.02 0.09 0.02 0.22
18 18PRPA 0.01 0.06 0.00 0.07 0.02 0.24
19 19LOGR 0.01 0.06 0.00 0.05 0.02 0.18
20 20PEGI 0.01 0.05 0.02 0.08 0.03 0.20
21 21BRRO 0.01 0.07 0.00 0.07 0.01 0.11
22 22BUMA 0.01 0.08 0.02 0.09 0.00 0.13
23 23MOIV 0.00 0.07 0.01 0.07 0.00 0.27
24 24POEL 0.00 0.06 0.00 0.06 0.01 0.28
25 25LILU 0.02 0.08 0.00 0.08 0.03 0.28
26 26FEGI 0.03 0.23 0.02 0.12 0.03 0.25
27 27FELA 0.02 0.07 0.03 0.07 0.05 0.22
28 28TAMA 0.02 0.07 0.01 0.10 0.01 0.33
29 29TAPR 0.02 0.09 0.02 0.09 0.01 0.25
30 30MALI 0.00 0.07 0.01 0.06 0.00 0.15
31 31MARI 0.00 0.07 0.03 0.08 0.04 0.17
32 32DARE 0.03 0.11 0.02 0.10 0.03 0.30
33 33DEVI 0.01 0.10 0.00 0.08 0.05 0.28
34 34BRMA 0.02 0.07 0.01 0.08 0.05 0.25
35 35GRLO 0.03 0.10 0.02 0.09 0.02 0.14
36 36TRCO 0.01 0.07 0.01 0.06 0.04 0.17
37 37FRBA 0.02 0.06 0.01 0.05 0.00 0.22
38 38FAGI 0.02 0.05 0.00 0.05 0.02 0.08
39 39VIMA 0.00 0.08 0.02 0.08 0.03 0.18
40 40AVDI 0.01 0.08 0.02 0.07 0.04 0.19
41 41GUFA 0.01 0.07 0.01 0.07 0.00 0.10
42 42DODE 0.01 0.07 0.00 0.13 0.01 0.19
43 43FAGU 0.01 0.08 0.01 0.07 0.00 0.15
44 44SCGE 0.01 0.07 0.01 0.09 0.03 0.30
45 45COMC 0.01 0.07 0.02 0.08 0.04 0.20
46 46FIGI 0.01 0.06 0.01 0.06 0.02 0.19
47 47FAMA 0.00 0.05 0.01 0.09 0.03 0.26
48 48PAPA 0.03 0.08 0.02 0.11 0.04 0.21
49 49ABAL 0.01 0.07 0.01 0.07 0.01 0.3
50 50PIFA 0.00 0.08 0.00 0.09 0.04 0.12
VALORE MEDIO 0.013 0.079 0.012 0.082 0.025 0.213

13 pm 79 pm 12 pm 82 pm 25 pym 213 pm

When analyzing signed deviations (Table 2), Trios 3Shape® tended to produce slightly
more negative deviations, whereas PVS showed a prevalence of positive deviations, in-
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dicating dimensional overestimation. Carestream CS 3600® demonstrated a balanced

distribution around zero.

Table 2. Displacement values in mm, considering both positive and negative values.

TRIOS3hape® Carestream3600° PVS

Media DVS Media DVS Media DVS
0 0TAGI —0.03 0.08 —0.02 0.09 —0.01 0.16
1 1IMAFA 0.01 0.06 0.00 0.05 0.04 0.13
2 2DESA 0.00 0.07 0.03 0.10 0.03 0.14
3 3MOSA —0.02 0.06 —0.01 0.07 0.05 0.24
4 4ANCA —0.02 0.08 —0.01 0.09 0.05 0.19
5 5DEDO —0.02 0.08 —0.02 0.08 0.04 0.35
6 6RIMA —0.01 0.09 —0.01 0.10 —0.03 0.24
7 7CATA 0.00 0.08 0.00 0.08 0.02 0.20
8 8GIPE 0.00 0.08 —0.01 0.12 0.00 0.32
9 9NILU 0.01 0.07 0.01 0.13 0.03 0.18
10 10ALSA 0.00 0.12 0.02 0.12 0.01 0.23
11 1INEDA —0.01 0.07 0.01 0.05 0.04 0.25
12 12MEYU —0.04 0.13 —0.01 0.08 0.04 0.24
13 13NAGI 0.01 0.08 0.01 0.08 0.01 0.23
14 14SCSA 0.00 0.07 0.00 0.07 0.02 0.33
15 15YUME 0.04 0.11 0.01 0.07 0.01 0.14
16 16CAAN —0.01 0.08 0.01 0.08 0.04 0.20
17 17DISA —0.01 0.07 0.02 0.09 —0.02 0.22
18 18PRPA —0.01 0.06 0.00 0.07 0.02 0.24
19 19LOGR —0.01 0.06 0.00 0.05 0.02 0.18
20 20PEGI —0.01 0.05 0.02 0.08 0.03 0.20
21 21BRRO 0.01 0.07 0.00 0.07 0.01 0.11
22 22BUMA —0.01 0.08 —0.02 0.09 0.00 0.13
23 23MOIV 0.00 0.07 0.01 0.07 0.00 0.27
24 24POEL 0.00 0.06 0.00 0.06 0.01 0.28
25 25LILU —0.02 0.08 0.00 0.08 0.03 0.28
26 26FEGI 0.03 0.23 0.02 0.12 0.03 0.25
27 27FELA —0.02 0.07 —0.03 0.07 0.05 0.22
28 28TAMA —0.02 0.07 —0.01 0.10 0.01 0.33
29 29TAPR —0.02 0.09 0.02 0.09 0.01 0.25
30 30MALI 0.00 0.07 —0.01 0.06 0.00 0.15
31 31IMARI 0.00 0.07 0.03 0.08 0.04 0.17
32 32DARE 0.03 0.11 0.02 0.10 0.03 0.30
33 33DEVI —0.01 0.10 0.00 0.08 0.05 0.28
34 34BRMA —0.02 0.07 0.01 0.08 0.05 0.25
35 35GRLO 0.03 0.10 0.02 0.09 0.02 0.14
36 36TRCO 0.01 0.07 0.01 0.06 0.04 0.17
37 37FRBA —0.02 0.06 —0.01 0.05 0.00 0.22
38 38FAGI —0.02 0.05 0.00 0.05 —0.02 0.08
39 39VIMA 0.00 0.08 —0.02 0.08 —0.03 0.18
40 40AVDI 0.01 0.08 0.02 0.07 0.04 0.19
41 41GUFA 0.01 0.07 0.01 0.07 0.00 0.10
42 42DODE 0.01 0.07 0.00 0.13 0.01 0.19
43 43FAGU 0.01 0.08 0.01 0.07 0.00 0.15
44 44SCGE —0.01 0.07 0.01 0.09 0.03 0.30
45 45COMC 0.01 0.07 0.02 0.08 0.04 0.20
46 46FIGI —0.01 0.06 —0.01 0.06 0.02 0.19
47 47FAMA 0.00 0.05 0.01 0.09 —0.03 0.26
48 48PAPA —0.03 0.08 —0.02 0.11 0.04 0.21
49 49ABAL —0.01 0.07 0.01 0.07 0.01 0.3
50 50PIFA 0.00 0.08 0.00 0.09 0.04 0.12
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The ANOVA test (Table 3) revealed significant differences among the three techniques
(p < 0.001). Pairwise comparisons using the Z-test (Table 4) confirmed that both digital sys-
tems were significantly more accurate than PVS (p < 0.001), while no statistically significant
difference was found between the two scanners (p = 0.60).

Table 3. ANOVA test between the means of the obtained values.

ANOVA TEST
Source of Variation d.f. SS MS F p-Value Fcrit Omega Squared (w?)
Between Groups 2 0.0053 0.00265 18.13015 8.8 x 1078  3.05637 0.18296
Within Groups 150 0.02191  0.00015
Total 152 0.0272
Table 4. Z-Test Between the Mean Values Obtained with the Three Methods.
TEST Z
_ Critical Z-Value (Two-Tailed
Z Value p Value & = 0.05 Distribution)
TRIOS3Shape®
CarestreamCS3600% 0.5218 0.6017 1.9599
®
TRIOS3Shape 45018 0.0000067 1.9599
PVS
CarestreamCS3600® 5.1663 0.00000023 1.9599
Showed a non-normal distribution with several outliers, particularly in the PVS group.
Figure 1 illustrates the overall distribution of deviations. All techniques achieved
accuracy within the clinically acceptable threshold of 30 um. However, the digital systems
displayed narrower dispersion and higher consistency, as evidenced by their lower SD
values (Tables 5 and 6).
Table 5. ANOVA test between the DVS of values obtained with the three methods.
ANOVA TEST
Source of . 2
Variation d.f. SS MS F p-Value Fcrit Omega Squared (w*)
Between Groups 0.60195  0.30097  170.19596 0 3.05637 0.68864
Within Groups 150 0.26526  0.00177
Total 152 0.86721
Table 6. Z-test between the DVS of values obtained with the three methods.
TEST Z
. Critical Z-Value (Two-Tailed
Z Value p Value o = 0.05 Distribution)
TRIOS3Shape®
CarestreamCS3600° 0.5391 0.5897 1.9599
TRIOS3Shape®
PVS 13.7027 0.0000 1.9599
®
Carestream =53600 13.9043 0.0000 1.9599

The mean deviation from the reference value was found to be (Table 1):
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e (GROUP 1) digital impression with TRIOS®-3Shape: 13 um with a standard deviation
of 79 um.

e (GROUP 2) digital impression with CS 3600®-Carestream Dental: 12 pum with a
standard deviation of 82 um.

e  (GROUP 3) Polyvinyl Siloxane impression: 25 pm with a standard deviation of 213 pm.

Applying descriptive statistics, we conclude that all three techniques are characterized
by high accuracy, as they deviate from the reference, assumed to have negligible error, by a
value on the order of a few um (less than 30 pwm).

It is interesting to make descriptive considerations, considering the RELATIVE VAL-
UES, that is, the average displacement values of the three methods with either a positive or
negative sign (Table 2). The positive and negative signs were automatically assigned by
the GOM Inspect software based on the direction of deviation between the test and refer-
ence surfaces. Positive values indicated that the test surface was located outward (above)
relative to the reference model, whereas negative values indicated that the test surface
was positioned inward (below) the reference surface. These signed deviations allowed
qualitative visualization of the directionality of errors in the color-mapping analysis.

From the qualitative analysis of the techniques (Figure 1), the following observations
can be made:

e  TRIOS®-3Shape shows a slightly higher prevalence of negative deviations.

e  PVSshows a clear prevalence of positive deviations.

e  CS 3600®—Carestream Dental exhibits an almost equal prevalence of positive and
negative values.

The 10S systems, TRIOS 3Shape® and Carestream CS3600®, generally show mean
deviation values that approach zero. However, a trend toward negative values is observed
for TRIOS 3Shape®, and toward positive values for Carestream CS3600° [16].

Both the mean and median values indicate that the major part of the measurements
are near zero. Therefore, it can be concluded that both IOS systems produce statistically
similar results relative to the reference point.

In contrast, the analog PVS impression shows deviation values primarily skewed
toward the positive, suggesting that in this study, the analog material tends to overestimate
actual dimensions. Furthermore, the range of deviations is wider compared to the digital
systems, and the mean and median values are shifted away from zero, indicating that
most measurements deviate more significantly from the reference value, unlike what was
observed with the IOS systems.

In summary, IOS systems such as TRIOS 3Shape® and Carestream CS3600® appear
to provide more accurate results than the analog PVS material, minimizing potential
underestimation or overestimation in morphological and geometric measurements.

The statistical analysis began with a one-way ANOVA test (Table 3), evaluating the
mean deviation values of the three measurement techniques, using a significance level (o)
of 0.05.

The test revealed the presence of statistically significant differences among the tech-
niques. Since the F-value exceeded the critical F-value, it was concluded that there is a
statistically significant difference between the three methods analyzed. Moreover, the
p-value was very low, indicating that the observed differences are unlikely to be due to
chance. Therefore, since the p-value was less than «, the null hypothesis was rejected.

The analysis then proceeded with the two-sample Z-test (Table 4) to determine which
specific groups exhibited statistically significant differences.

Analysis of comparisons between mean deviations:
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e TRIOS 3Shape® and Carestream CS3600®: Since the Z-value is less than the critical
Z, there is no statistically significant difference in accuracy between TRIOS 3Shape®
and Carestream CS3600°. Additionally, there is a 60% probability that the results
are due to chance. Therefore, since the p-value is greater than «, the null hypothesis
is accepted.

e TRIOS 3Shape® and PVS: Since the Z-value is greater than the critical Z, there is
a statistically significant difference in accuracy between TRIOS 3Shape® and PVS.
Furthermore, the probability that the results are due to chance is negligible. Thus,
since the p-value is less than «, the null hypothesis is rejected.

e  Carestream CS3600® and PVS: Since the Z-value is greater than the critical Z, there is
a statistically significant difference in accuracy between Carestream CS3600®° and PVS.
Similarly, the probability that the results are due to chance is negligible. Therefore,
with the p-value less than «, the null hypothesis is rejected.

It can therefore be concluded that the two digital scanners exhibit comparable accuracy,
although they show statistically significant differences when compared to the analog
technique. For this reason, the null hypothesis is rejected.

The statistical analysis then focused on the study of the standard deviation (SD) (see
Tables 1 and 2), provided by the GOM software for each measurement. This represents the
spread of the data around a central value, which in this case is the mean.

Previously, the mean standard deviation for each impression technique had been
calculated (Table 1):

e  TRIOS 3Shape®: 79 um;
e  Carestream CS3600%: 82 pm;
e PVS:213 um.

An ANOVA test (Table 5) was then applied, with a significance level of 0.05, to
assess the differences in standard deviations associated with the mean deviations of the
three techniques. The test revealed the presence of significant differences in the standard
deviations among the three methods under analysis.

Since the F-value is greater than the critical F-value, it is concluded that there is
a statistically significant difference among the three techniques analyzed. Additionally,
the p-value is negligible, indicating that the observed results are unlikely due to chance.
Therefore, since the p-value is less than «, the null hypothesis is rejected.

A two-sample Z-test (Table 6) was then performed to determine which specific groups
exhibited statistically significant differences.

Analysis of comparisons between standard deviations:

e  TRIOS 3Shape® and Carestream CS3600®: Since the Z-value is less than the critical
Z, there is no statistically significant difference between the standard deviations of
TRIOS 3Shape® and Carestream CS3600®. Additionally, there is a 58% probability that
the results are due to chance. Therefore, since the p-value is greater than «, the null
hypothesis is accepted.

e TRIOS 3Shape® and PVS: Since the Z-value is greater than the critical Z, there is a
statistically significant difference between the standard deviations of TRIOS 3Shape®
and PVS. Moreover, the probability that the results are due to chance is negligible, so
the null hypothesis is rejected.

e  Carestream CS3600® and PVS: Since the Z-value is greater than the critical Z, a sta-
tistically significant difference exists between the standard deviations of Carestream
CS3600® and PVS. The p-value is negligible, so the null hypothesis is rejected.

From the Z-test analysis, it emerges that the two IOS systems exhibit similar ranges of
standard deviation, indicating comparable consistency. However, it is important to note
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that both digital systems show statistically significant differences when compared to the
analog technique, suggesting that PVS impressions have higher standard deviations.

In other words, the data from the IOS systems are more consistent, with less vari-
ability, than those obtained using the conventional method. This means that the analog
approach results in larger deviations, which can negatively affect measurement accuracy
and result reliability.

This is further confirmed by the visual graphical representation above:

The standard deviations of the analog impressions are consistently higher than
those of the IOS systems, and the variability between different standard deviation val-
ues is also significantly greater. This clearly indicates a higher dispersion of data in the
analog impressions.

In conclusion, the analog technique demonstrates greater variability in the data col-
lected, with significant discrepancies between measurements.

4. Discussion

The results of this study show that although all three impression techniques evaluated
(TRIOS® 3Shape and Carestream CS 3600® intraoral scanners, and polyvinyl siloxane
analog impressions) demonstrated high accuracy with mean deviations below 30 um, the
precision of digital impressions was significantly higher than that of traditional impres-
sions. Therefore, the null hypothesis, which assumed no significant differences in accuracy
between digital and analog techniques, was rejected. However, no statistically significant
difference was found between the two digital scanners. These findings confirm that digital
technologies represent an advancement over conventional methods while all tested systems
remain within clinically acceptable thresholds.

The TRIOS® 3Shape intraoral scanner operates on the principle of focal microscopy,
using an LED light source and a projected laser pattern to capture 3D images based on
variations in reflected light and image focus. It employs Ultrafast Optical Scanning and
Real Color technology to acquire thousands of 3D images, which are combined into a
realistic digital impression in STL format, easily transferable to dental labs. The scanner
features a smart touch screen, anti-fog autoclavable tips, and interchangeable scanning
heads for both arches. The manufacturer reports an accuracy of 6.9 & 0.9 um and precision
of 4.5 + 0.9 um [17,18].

The Carestream Dental CS 3600® scanner captures full-color 3D images using struc-
tured LED light and exports them in STL format for compatibility with open software
systems. Its continuous scanning technology allows smooth operation even with sudden
movements, enhancing workflow stability. The device includes an audio guidance system,
real-time on-screen feedback with directional arrows, and colored indicators to highlight
incomplete or defective scan areas. It also features a built-in heater to prevent fogging and
uses autoclavable, interchangeable tips for flexible scanning [19,20].

The choice of polyvinyl siloxane (PVS), an elastomeric material, is due to its high
precision and accuracy, good rigidity, and excellent elastic recovery. It offers significant
resistance to deformation and ensures long-term dimensional stability. A one-step impres-
sion technique was used, and the models were subsequently poured using low-expansion
Type IV dental stone [20].

Concept Scan Top™ laboratory scanner utilizes a blue structured light detection
technology and is equipped with a 5-axis scanning system. The process of scanning the
entire arch takes approximately 40 to 60 s and produces output files in STL, OBJ, OFF, and
PLY formats. The specific performance characteristics of this scanner include an accuracy
of 5 um, precision of 2 pm, and resolution of 5 pm.
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Regarding the digital impressions, once the scans of the 51 models were acquired
using the two scanners, the digital volumes were exported as STL files to make them
suitable for overlay and comparison. Accurately capturing an impression to create a
model as close as possible to reality is a crucial step for the production of precise dental
prostheses. This phase requires careful management, as conventional techniques often
result in cumulative errors due to multiple steps in the process. Recent CAD-CAM digital
systems aim to reduce these steps and overcome some limitations of traditional impressions.
Intraoral scanners (IOS) have been compared to traditional methods, with promising results
emerging in the literature.

Numerous studies analyze the accuracy of IOS compared to traditional systems,
though findings often vary due to the lack of a universally accepted comparison protocol.
The clinically acceptable misfit threshold is still debated, with some studies suggesting up
to 30 um [20], while others allow up to 150 pm [21]. This study adopts the 30 um threshold
for defining an accurate impression system.

A systematic review by Rutkunas et al. (2017) [22] found that new-generation IOS have
accuracy equal to or greater than conventional methods, although the review’s limitation
was that only one of the 16 studies was in vivo. A 2020 study by Roig et al. found that
the CEREC® Omnicam 10S showed lower accuracy than polyether impressions, while
other systems outperformed traditional methods. Similarly, a 2021 study by Albayrak et al.
showed that IOS systems were more accurate than conventional methods, especially in
full-arch implant situations [13,23].

However, some studies, such as one by Nedelcu et al. (2018) [24], argue that conven-
tional methods (e.g., polyether impressions) may be more accurate than digital systems,
particularly in non-implant cases. In certain studies, accuracy between various IOS systems
was compared, with varying results due to differences in scanning techniques, software,
and scanner technology. Overall, while IOSs show promising accuracy, their performance
is influenced by many factors, including scanner technology, powder use, and scanning
strategy [24].

The quality of scans obtained with the TRIOS® 3Shape system is further confirmed by
a 2020 systematic review by Kihara et al., which found that the TRIOS® 3Shape scanner
delivered the best results among the analyzed studies, positioning it as the IOS device
closest to laboratory scanner performance [25].

Results from this study led to rejecting the null hypothesis, which posited that IOS and
analog impressions show similar accuracy in implant rehabilitation. Instead, it was found
that, both in terms of mean accuracy and data dispersion, PVS performed worse than digital
systems. Nonetheless, all three methods showed accuracy within the clinically acceptable
threshold of 30 pm. Some studies, favoring 10S systems, suggested that the advantages
were due to the multiple steps inherent in traditional methods, which may accumulate
errors, causing greater overall imprecision (e.g., errors in the traditional impression system,
plaster model expansion, and laboratory scanner inaccuracies).

Discrepancies with other studies can be attributed to differences in accuracy evaluation
methods and the software used to align the files. For instance, refs. [16,24] reported higher
accuracy for conventional impressions compared with certain IOS systems, particularly in
full-arch or long-span situations, where cumulative stitching errors may occur. In contrast,
ref. [16] found that the Trios® and CS 3600® scanners achieved comparable or superior
accuracy relative to analog techniques when applied to short-span implant scenarios. These
differences may arise from variations in the number of implants scanned, the alignment
algorithms adopted (Best-Fit vs. feature-based), and the surface characteristics of the test
models used.
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The present study, focusing on partially edentulous models and a standardized Best-
Fit alignment protocol, therefore showed results more consistent with those of Imburgia
et al. [12] and Kihara et al. [25], but not with Roig et al. [13] or Nedelcu et al. [24], whose
protocols involved full-arch or in vivo conditions with higher error propagation.

It’s also crucial to consider that the skill and experience of the operator play a sig-
nificant role in measurement accuracy, as a learning curve is required for the practitioner
to fully leverage the capabilities of the IOS device. Additionally, it is important to note
that this study was conducted in vitro, so the results may not directly reflect clinical reality.
For optical impressions, the presence of moisture (e.g., saliva and blood), along with soft
tissue mobility, could significantly affect the scanning process and impression accuracy.
Similarly, for elastomeric impressions, moisture could influence the accuracy of the results.
The present study provides additional quantitative evidence that, under standardized
conditions, both Trios3Shape® and Carestream CS 3600™ achieve accuracy values well
within the 30 um clinical threshold, confirming their suitability for implant-supported
restorations. This direct comparative data between these two scanners under identical
conditions has not been reported before.

It’s worth noting that the models used in this study were 3D-printed and had a rougher,
drier texture compared to the oral environment, which could have led to distortions in con-
ventional materials and difficulty in their flow during the impression phase. Additionally,
their opacity and lack of reflections (common on dental surfaces and mucosa due to saliva)
might have contributed to more precise recording with IOS systems.

Although the Best-Fit overlay used for surface superimposition is algorithm-driven,
our workflow included a manual pre-alignment step and the evaluator was not blinded to
the impression technique. These aspects may introduce a potential risk of bias and should
be considered a limitation of the present study.

The present investigation has several limitations that should be acknowledged. First,
it was conducted in vitro, under controlled laboratory conditions that do not fully replicate
the clinical environment; factors such as saliva, soft-tissue mobility, and patient movement
may affect impression accuracy in vivo. Second, the operator was not blinded to the
impression technique, potentially introducing measurement bias during scanning and data
processing. Third, the sample included only partially edentulous models with short implant
spans; therefore, the results cannot be directly extrapolated to full-arch rehabilitations.
Moreover, only two intraoral scanners were evaluated, and both the scanning strategy
and alignment method (Best-Fit algorithm) could influence deviation outcomes. Finally,
the study assessed trueness and precision only through surface superimposition, without
evaluating the clinical fit of the resulting prosthetic restorations.

This study specifically focused on partially edentulous implant rehabilitations, as
these represent the most frequent clinical scenarios and allow for standardized short-span
scanning procedures. Fully edentulous arches were intentionally excluded because they
involve different technical challenges—such as longer scanning spans and fewer anatomic
landmarks—which can increase cumulative stitching errors and reduce accuracy.

The available literature indicates that, despite continuous technological improvements,
intraoral scanning of fully edentulous arches still shows variable results compared with
conventional impressions, especially in full-arch implant cases. For this reason, the present
results should be interpreted strictly within the context of partially edentulous models,
without direct extrapolation to full-arch rehabilitations.

Within the limitations of this in vitro investigation, further in vivo studies are required
to validate these findings under clinical conditions. Future research should compare differ-
ent intraoral scanning systems, full-arch situations, and standardized scanning strategies
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to better assess the reproducibility and clinical applicability of digital versus conventional
impressions in implant-supported rehabilitations.

It is also important to consider that IOS devices are continually updated with new
hardware and software versions, while research on polyvinyl siloxanes (PVS) has largely
reached its development limit. Therefore, future comparisons are likely to increasingly
favor digital systems as technological improvements continue.

5. Conclusions

Within the limitations of this in vitro study, all three impression techniques—TRIOS®
3Shape, CS 3600 Carestream Dental, and PVS analog impressions—demonstrated high
intrinsic accuracy, with mean deviations below 30 um from the reference model.

Both digital systems showed superior accuracy and consistency compared with
the conventional PVS method. These findings suggest that intraoral scanning can pro-
vide more reliable and reproducible impressions, reducing potential errors related to the
analog workflow.

The conclusions are strictly limited to in vitro observations but clinical information
can be drawn from these. From a clinical perspective, the higher trueness and precision
of digital impressions may improve the passive fit of implant-supported restorations,
enhance efficiency in laboratory communication, and increase patient comfort during
impression procedures.

Further in vivo studies are needed to confirm these advantages under clinical condi-
tions and to evaluate their long-term impact on prosthetic success and implant survival.
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